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Chapteer 3: Understanding the Current Status
and Relevant Processes

“Mountains – a Hydrological Paradox or Paradise?”
(John C. Rodda)1

Understanding of the current status and relevant processes leading to the regional key issues as
identified in Chapter 1 is limited in the mountainous region of the HKH. This is caused in particular
by the absence of a long-term and high-resolution database as well as because the primary focus of
research and development is concentrated in the plain areas. The main processes of interest in this
study are precipitation, evaporation, discharge and runoff, sediment mobilisation and transport, and
rainfall-runoff relationships. The perception of the people is assessed through participatory surveys.
Finally, water balances are calculated and the water allocation is studied. The understanding of
these conditions and the relevant processes may support the development of sound management
and planning tools.

3.1 SPATIAL AND TEMPORAL DISTRIBUTION OF PRECIPITATION

This section firstly discusses rainfall during the study period from 1993 to 2000 in the
Jhikhu Khola catchment, and from 1998 to 2000 in the Yarsha Khola catchment in the
context of long-term data in order to put the study period into perspective. Temporal
precipitation analyses, including the discussion of temporal variability and the temporal
distribution of rainfall intensity are followed by a discussion of the spatial precipitation
distribution in the catchments. Frequency analyses are carried out for monthly rainfall to
establish the vulnerability of the current cropping systems to climatic variability. In addition,
the theoretical frequencies of annual maximum rainfall events are calculated and put into the
perspective of probable maximum precipitation. The Intensity-Duration-Frequency curves
established for two sites in the Jhikhu Khola catchment are compared with the theoretical
formula established for the middle mountains by Chyurlia (1984). The frequency analyses
are only calculated for selected sites in the Jhikhu Khola catchment with adequate length of
time series. Observed trends of different precipitation parameters conclude the analysis
section before a brief comparison of the two catchments is presented.

For precipitation event analyses refer to Section 3.4 Rainfall-Runoff in this chapter

3.1.1 Precipitation in Nepal and the HKH

Precipitation in the HKH shows a distinct variation from east to west and south to north as was
briefly shown in Chapter 2 and presented in Domroes (1978), according to whom a uniform climate
cannot be expected, mainly due to the orographic complexity of the mountain range. In principal,
two rainfall types can be observed (Domroes 1978), as follow.

1. The monsoon-type rainfall distribution can be seen, with two distinct seasons, a wet and a dry
season each covering about half a year. This rainfall type is valid for all parts south of the high
Himalaya with the exception of the Kashmir Himalaya.

2. The mixed monsoon-type rainfall is also observed. This is characterised by two rainfall maxima,
the primary maximum during winter and spring, the secondary maximum during summer. The
winter/spring maximum is due to the so-called ‘Christmas rains’ caused by weak westerlies in the
Mediterranean area. The maximum during summer is due to the monsoonal depression in
connection with the Bay of Bengal branch of the summer monsoon. The main regions of
distribution for this rainfall type are those parts north of the High Himalaya and the west in the
Kashmir Himalaya.

1 Rodda (1994)
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These macroclimatic conditions are further broken up into numerous meso-climatic regions, for
example, the phenomenon of dry mountain valleys or the luv and lee effect.

Nepal is primarily under the influence of the southwest monsoon (monsoon-type rainfall) with a
distinct summer peak and a prolonged dry season from about October to May, except the areas of
Nepal on the Tibetan plateau, which receive most of their annual rainfall during winter (January to
March). This is due to synoptic-scale disturbances with origins in the Mediterranean region
(Chyurlia 1984). The long-term mean precipitation in Nepal shows a decreasing trend from east to
west with the highest annual precipitation of up to 5000 mm expected in the region of Pokhara in
Kaski district (Chalise et al. 1996). The driest part of the country is the rainshadow area of Mustang
on the Tibetan plateau with below 200 mm annual rainfall. The Jhikhu Khola and the Yarsha Khola
catchments according to Chalise et al. (1996) receive about 1200 and 2200 mm respectively each
year on a long-term basis.

The measurement period from 1993 to 2000 in the case of the Jhikhu Khola catchment was normal
in the context of the long-term records. Statistically, using the U-test of Wilcoxon, Mann and Whitney
after Sachs (1997), no difference between the long-term records of DHM at Panchkhal and Dhulikhel
and the short-term records of the project at the same locations could be established (Table 3.1). In
terms of the maximum and the minimum annual rainfall, the years of the study period were all
within the range of the long-term records (Figure 3.1).

In the case of the Yarsha Khola, a comparison of long-term operational stations in Jiri, Charikot, and
Melung with project stations show that the studied years from 1998 to 2000 were wetter than normal
(Table 3.1). As there is no operational station within the Yarsha Khola catchment, adjacent stations
of similar altitude were compared. In terms of annual maxima and minima the project period was
within the range of the long-term records (Figure 3.1).

Table 3.1: Test statistics for comparison of short-term with long-term records 
 

U-test Wilcoxon, Mann and Whitney 
(H0 is accepted if U1 and U2> z) 

Critical value z, 
Sig. = 0.1 

Test value H0 HA 

Jhikhu Khola 

Panchkhal (865 masl) 39 
U1: 45 
U2: 75 

√ - 

Dhulikhel (1560 masl) 80 U1: 142 
U2: 116 

√ - 

Yarsha Khola 

Charikot (1940 masl) with Jyamire (1960 masl) 28 U1: 17 
U2: 91 

- √ 

Jiri (2003 masl) with Jyamire (1960 masl) 22 U1: 16 
U2: 71 

- √ 

Melung (1540 masl) with Gairimudi (1530 masl) 28 U1: 26 
U2: 82 

- √ 

H0:  PARDYP and DHM are from the same distribution √: not rejected  
HA:  PARDYP and DHM are from different distributions -: rejected 
Source for long-term data: DHM (2000) 
 

b) Yarsha Khola catchment

0

500

1000

1500

2000

2500

3000

Charikot
(1940)

Jiri (2003) Jyamire
(1960)

Melung
(1540)

Gairimudi
(1530)

A
nn

ua
l r

ai
nf

al
l [

m
m

]

Max Min Mean

a) Jhikhu Khola catchment

0

500

1000

1500

2000

2500

Panchkhal
(1970-2000)

Panchkhal
(1993-2000)

Dhulikhel
(1948-1998)

Dhulikhel
(1993-1998)

A
nn

ua
l r

ai
nf

al
l [

m
m

]

Max Min Mean

Figure 3.1:  Long- and short-term range of prLong- and short-term range of prLong- and short-term range of prLong- and short-term range of prLong- and short-term range of precipitation in a) the Jhikhu Khola catchment andecipitation in a) the Jhikhu Khola catchment andecipitation in a) the Jhikhu Khola catchment andecipitation in a) the Jhikhu Khola catchment andecipitation in a) the Jhikhu Khola catchment and
b) the Yb) the Yb) the Yb) the Yb) the Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment

(Source for long-term data: DHM 2000)
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The results suggest the data are representative for conditions in the Jhikhu Khola catchment. The
findings from the Yarsha Khola catchment have to be considered with caution as they represent
wetter conditions than normal.

3.1.2 Definition of Seasons

The main seasons experienced on the Indian sub-continent are the southwest monsoon (June to
September), the post-monsoon (October to November), winter (December to February), and the pre-
monsoon (March to May). Nayava (1980) and Subramanya (1994) describe the four seasons for the
case of Nepal as follows.

• Southwest monsoon (hereafter referred to as the monsoon)

The southwest monsoon is the principal rainy season for large parts of the HKH. During this
season 60 to 90% of the annual precipitation in Nepal occurs. The monsoon has its origin in the
Indian Ocean and moves from there towards the Indian sub-continent. Nepal is mainly in the
influence of the Bay of Bengal branch, setting in at Assam in India in early June and covering the
north-eastern Indian states before moving towards Bihar and Uttar Pradesh in India and Nepal.
The rainfall pattern is generally determined by the location of the monsoon trough, that is, the
low-pressure region between the Bay of Bengal and Arabian Sea’s monsoon branches. The
weather during this season is usually cloudy with frequent spells of rainfall.

• Post-monsoon
The post-monsoon is a transitional period where the subtropical westerly jet stream retreats from
the north side of the Tibetan plateau to the southern side of the Nepal Himalayas. During this
period, some isolated heavy rainfall events can be expected.

• Winter
In winter, continental, dry, calm winds prevail from the west-northwest in western Nepal and from
the east-northeast in eastern Nepal. Dry and clear weather prevails during this season. Westerly
disturbances can cause moderate snowfall in the eastern parts of the country.

• Pre-monsoon
Moderate to strong westerly winds prevail throughout Nepal, with scattered rainfall and a marked
increase in temperature in March. Thunderstorms can become quite frequent, especially towards
the end of this season.

The average duration of the monsoon in Kathmandu during the period from 1948 to 2000 and based
on official onset and offset dates from DHM is 101 days, ranging from a minimum of 72 days to a
maximum of 118 days. The earliest experienced onset of the monsoon for this period in Kathmandu
was May 31, the latest onset was June 27. The normal onset for this period is June 12, coinciding
with the normal onset as reported by Nayava (1980). The earliest offset of the monsoon was
experienced on September 2 and the latest offset was on October 8. Normal offset for this period is
September 20, one day earlier than the one reported by Nayava (1980). The monsoon onsets and
offsets for Kathmandu are listed in Appendix A3.8. During the study, period monsoon duration
ranged from 90 days in 1995 to 117 days in 1999. It is interesting to note that five monsoon seasons
of the study period from 1993 to 2000 equalled or exceeded 110 days, which, since 1948, has only
happened 11 times. During the study period, the onset of the monsoon was always close to the
normal onset date ranging from May 31 (10 days before normal) to June 17 (7 days after normal).
Offset ranged from September 2 (18 days before normal) to October 8 (18 days after normal).
For the seasonal calculations in the Jhikhu Khola and Yarsha Khola catchments, the monsoon was
assumed to start one day earlier and end one day later than in Kathmandu, due to their position
further to the east. The seasons for this study were defined as:

• pre-monsoon March to onset of monsoon (March to May)

• monsoon onset to offset of monsoon (June to September)

• post-monsoon offset of monsoon to November (October and November)

• winter December to February
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For reasons of simplicity, in certain cases the season’s definitions according to Hofer (1998b) given
in brackets above were chosen. These cases are specially mentioned.

In both catchments, the majority of precipitation falls as rainfall. Chyurlia (1984) determined the
snowline on the basis of different data for Nepal roughly as:

• 2430 masl in January on the basis of mean monthly minimum temperature;

• 5200 masl in July on the basis of mean monthly minimum temperature;

• 3460 masl in January on the basis of mean monthly temperature;and

• 6040 masl in July on the basis of mean monthly temperature.

During the project period the Jhikhu Khola catchment did not experience any snowfall. The
uppermost parts of the Yarsha Khola experienced some snowfall in winter with annually two to three
days of thin snow on the ground. Although the temperatures would have favoured snowfall, there
was no precipitable moisture in the air during the cold months. In general, both catchments can
therefore be assumed to be purely rainfed.

3.1.3 Temporal precipitation distribution

Temporal variability of precipitation is one of the main reasons for concern. Too much during the
monsoon and too little during the dry season cause problems for the local residents and the entire
region (Chalise and Sial 2000). Not only intra-annual variability but also inter-annual variability often
causes havoc in the region, be it due to late onset of the monsoon and therefore adverse conditions
for rice planting, or be it extraordinary events causing flooding and extensive erosion.

3.1.3.1 Jhikhu Khola

The long-term mean annual rainfall in the Jhikhu Khola catchment measured at Panchkhal in the
period 1976 to 2000 was 1235 mm, according to data from DHM (2000). However, there was a large
range between 882 to 1742 mm. The inter-annual variability over the entire period, measured with a
coefficient of variation (C.V.) of 0.17, was statistically limited at this station. In terms of impact
however, a range of 860 mm seems quite considerable. During the project period from 1993 to 2000,
mean annual rainfall was 1226 mm with a maximum of 1418 mm and a minimum of 1055 mm (Table
3.2). The C.V. was only 0.09 during this time, showing statistically low inter-annual variability during
the project period. The range between the minimum and maximum annual rainfall was 362.9 mm at
this station between 1993 and 2000.

Annual mean rainfall at the stations in the catchment ranged from 1071 mm at the Bhimsensthan
station (Site 15) to 1688 mm at the highest station in Bhattindanda (Site 19) during the study period.
The maximum was also observed at this station with 1929 mm in 1999. Inter-annual variability can
be characterised by C.V.s ranging from 0.09 to 0.15 and absolute ranges of 294 to 515 mm at the
different stations. For comparison, Chyurlia (1984) reported a C.V. of 0.22 with a mean of 1522 mm for
Dhulikhel (no period given).

The wettest year during the measurement period on the basis of annual rainfall (Figure 3.2) was
1999, with 1419 mm at the main meteorological station. The main reason for this was an exceptional
rainfall event from October 19 to 20, 1999 with 123 mm rainfall at the main meteorological station in

Table 3.2: Statistics of annual rainfall in the Jhikhu Khola catchment 
 

 Period Mean 
[mm] 

Standard 
deviation 

Max 
[mm] 

Min 
[mm] 

Range 
[mm] 

C.V. 

Site 3 1993-1996 1111 154 1291 942 349 0.14 
Site 4 1998-2000 1177 178 1442 1069 373 0.15 
Site 6 1993-2000 1249 149 1546 1045 501 0.12 
Site 9 1993-1998 1487 155 1758 1273 485 0.10 
Site 12 1993-2000 1226 108 1419 1056 363 0.09 
Site 14 1998-2000 1289 137 1481 1188 293 0.11 
Site 15 1993-2000 1071 104 1219 867 352 0.10 
Site 16 1993-2000 1232 150 1464 949 515 0.12 
Site 19 1998-2000 1688 236 1929 1456 473 0.14 
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the catchment. The lowest annual rainfall in this period was 1993, with 1056 mm at Site 12.
Intra-annually, rainfall is highly seasonal. About 78% of the annual rainfall in the Jhikhu Khola
catchment measured at Site 12 occurs during the monsoon season with the remainder occurring
during the pre-monsoon season (14%), post-monsoon (5%), and winter (3%) (Table 3.3). Typically, 962
mm of rainfall is expected during the monsoon and 173 mm during the pre-monsoon. During the
study period, 37 mm fell in winter and during the post-monsoon 67 mm of rain fell.

However, these percentages vary from year to year. The percentage for the monsoon varied from 69.8
to 84.9% at this site in the period from 1993 to 2000. This was mainly due to the high variability of
rainfall during the seasons just before or after the monsoon. The percentage for the pre-monsoon
ranged for the same station and period from 3.9 to 26.1%, and for the post-monsoon from 0.6 to
17.0%. During winter, the percentage varied from 0.0 to 6.8%. The other stations show a similar
pattern for the same period.

The same can be shown by the monthly rainfall distribution (Figure 3.3). July is generally the wettest
month with 27% of the annual precipitation, followed by August accounting for about 24% of the
annual rainfall total. June accounts for approximately 19% of the annual rainfall. The additional 10%
of rainfall during September adds up to the average monsoon rainfall as shown above. During the
pre-monsoon, May is the rainiest month with about 8% of the total annual rainfall. The remaining 7
months together account for less than 5% of the annual rainfall. The driest months were November
to February, each accounting for about 1% of total annual rainfall. This observed regime corresponds
with a typical tropical monsoon climate with 2.5 to 5 months of dry season and a distinct summer
peak (Mueller-Hohenstein 1981).
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Figure 3.2:  Annual rainfall in the Jhikhu Khola at differAnnual rainfall in the Jhikhu Khola at differAnnual rainfall in the Jhikhu Khola at differAnnual rainfall in the Jhikhu Khola at differAnnual rainfall in the Jhikhu Khola at different stationsent stationsent stationsent stationsent stations

Table 3.3: Seasonal rainfall in the Jhikhu Khola catchment, 1993-2000 (%) 
 

 Site 3 Site 4 Site 6 Site 9 Site 12 Site 14 Site 15 Site 16 

Winter 4 2 4 4 3 2 4 3 

Pre-monsoon 13 15 14 14 14 19 14 14 

Monsoon 77 79 77 78 78 75 77 78 

Post-monsoon 6 4 5 5 5 4 5 5 
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As mentioned above, this seasonal rainfall is highly
variable over the years (Figure 3.4a). The lowest
variability is shown by the monsoon season rainfall
with a C.V. of approximately 0.2. The highest
variabilities are shown in the case of the winter and
post-monsoon rains, with C.V.s of approximately 0.9
and 1.1 respectively. The C.V. values for both winter
and post-monsoon from the different stations in the
catchment are highly scattered. In winter, the
scatter is from 0.5 to 1.6, in the post-monsoon from
0.9 to 1.3, respectively. Pre-monsoon rainfall has a
C.V. of about 0.5 and ranging from 0.3 to 0.8 at the
different stations.

On a monthly basis, the months with the highest
variabilities are December, November, October, and

January, in this order (Figure 3.4b). The same result was observed by Chyurlia (1984) who reported
C.V.s for Dhulikhel ranging from 0.32 in August to 1.81 in November and December. No period is
given in this report. These months, along with February, are also the months with the lowest
monthly rainfall amounts: at Site 12 about 10 to 20 mm on average in the period from 1993 to 2000.
The scattering of the values from different sites is likewise the highest during these months.

Annually, in the Jhikhu Khola catchment, 93 rainy days (days with equal or more than 1 mm of rain
per day) are measured on average, ranging from 89 to 100 in the case of the site at Bhimsensthan
(Site 15) for the period from1993 to 2000. At other sites for the same period, 103 (94-106; Site 6), 105
(93-117: Site 9), and 96 (89-100; Site 16) rainy days were measured. These rainy days mostly measure
between 1 and 10 mm, according to the relative frequency distributions shown in Figure 3.5 between
10 and 20% per year or about 60% of all the rainy days. In terms of rainfall amount these days
contribute about 21% to the total annual rainfall.

The empirical frequency distributions of daily rainfall are highly skewed to the left, showing that low
magnitude rainfall is much more frequent than high magnitude rainfall. Days of more than 50 mm
only accounted for 3% of the rainy days with a maximum of 141 mm measured at Site 6 on June 28,
1999. On the same date the other sites experienced maxima with 90.7 mm at Site 15 and 110.3 mm at
Site 16. However, these events account for about 16% of the total annual rainfall. In 1999, this class
even accounted for 34% of the total annual rainfall. These observed 24 h maxima are below the
reported values of Chalise et al. (1996) according to which the 24 h maximum rainfall for this area is
between 150 and 175 mm in 24 hours.

Comparing the short-term data of the project period with the long-term data set of Site 9 (Figure 3.5),
it can be shown that the project period’s daily rainfall distributions are within the long-term average.
In the long-term data set both lower minima as well as higher maxima have been observed on the
basis of annual frequency distribution of daily rainfall.
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Diurnal variation depends on the season. During the monsoon season, most of the rainfall occurs
during the night half-day (6:00 PM – 6:00 AM). At Site 6, which is also representative for the other
sites in the catchment, 60% of the annual rainfall from 1993 to 2000 occurred during the night in the
monsoon season, in particular early in the morning between 12:00 and 6:00 AM (32%). During the
other three seasons, the pre-monsoon, post-monsoon and during winter, rainfall occurred mostly
during the afternoon between 12:00 and 6:00 PM (39.5 , 36.5 and 39.5%, respectively). Similar results
were shown by Gardner and Jenkins (1995). The reason for this variation is the differences in rainfall
generation. While during the monsoon season the rains are mainly of a frontal and orographic
nature, during the reminder of the seasons the rains are due to the convection of moist air. In the
pre-monsoon season these rains are mainly due to thunderstorms, formed by the heating up of the
land surface and the subsequent rapidly rising air masses.

For water availability considerations, the number of days without rainfall are important. In this
context days with rainfall of less than 1 mm are considered to be days without rainfall. This is mainly
due to the fact that 1 mm rainfall does not contribute to runoff, but mostly and immediately
evaporates from the soil surface. The number of days without rainfall ranged from 69 to 74% at Site 6
for the period 1993 to 2000. In general, days without rain make up 65 to 75% (230 to 275 days) of the
year (Figure 3.5). While single or a few days without rainfall are usual, many consecutive days
without rain may cause water stress in plants and trees. Mosley and Pearson (1997) defined a dry
spell as “a period of 15 days with no more than 1 mm of rain each day”. In the period from 1998 to
2000 a total of 13 dry spells was recorded at Site 12, with one as long as 113 days (Figure 3.6a). The
other sites had between 9 and 13 dry spells for the same period. The maximum length of a dry period
was 141 days at Sites 15 and 16 during the winter and pre-monsoon 1999. This was also the time
when the wheat harvest both in the Chinese catchment of Xizhuang and the two catchments in
Nepal was very poor according to personal observations. Such dry spells usually occur during the
dry season months of October to May.

During the period from 1993 to 2000, a total of 33 dry spells was recorded at Sites 6 and 16 (Figure
3.6b). The longest dry spell during that period was the same 141 days at Sites 15 and 16.
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For flood and erosion considerations, the temporally high resolved intensity distributions are very
important Figure 3.7a & b). On average, the highest 10-minute intensities on a daily basis occurred
during the late pre-monsoon and early monsoon months of May, June, and July followed by the late
monsoon months of August and September throughout the period from 1993 to 2000 (Figure 3.7b).
These intensities measured about 50 to 80mm/h, that is, about 8.3 to 13.3 mm/10min. The maximum
10-minute intensity of 80 to 100 mm/h (13.3 to 16.7mm/10min) was usually measured during the
same months (Figure 3.7a). However, isolated events in the late monsoon or in the post-monsoon
season in the study period had very high intensity rainfalls.

The highest measured 10-minute intensity in the Jhikhu Khola catchment was measured at Site 16,
with 149.4 mm/h. For comparison, the greatest 8-minute intensity ever recorded was 126 mm/8min
(945mm/h) in Fuessen, Bavaria/Germany, and the greatest 15-minute intensity was measured at
Plumb Point (Jamaica) with 198 mm (792 mm/h) (WMO 1994). In the Leissigen catchment in the
foothills of the Swiss Alps, the highest 10-minute rainfall intensity measured in the period from 1994
to 1997 was 93.6 mm/h (Wuethrich 1999). There is no 10-minute data available for comparison from
Nepal.

The 30 and 60-minute intensities show similar distributions, with the highest measurements during
the late pre-monsoon and early monsoon season. In the case of 30-minute intensities, the maximum
is either measured in June or July with the higher intensities occurring, on average, during July.
Maxima rainfall can reach 80 mm/h. For 60-minute maximum intensities, values of up to 50 to 60
mm/h were observed in the study period, usually occurring in July.
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The erosivity of rainfall depends largely on rainfall amount, duration, intensity, drop size, and wind
speed (Ries 1993). As it is difficult to measure drop size under field conditions, different authors
have proposed a number of erosivity indices that are usually a combination of maximum rainfall
intensity and rainfall amount. Ries (1993) discusses different erosivity indices and proposes the use
of the AI

m
-index according to Lal (1976), the reason being that this index is purely dependant on

rainfall parameters without considering soil parameters or vegetation, as for example EI
30

 of
Wischmeier and Smith (1978). The EI

30
 often underestimates the erosivity of a single large storm

event. Furthermore, Ries (1993) proposes the use of the AI
1030m

 index, which incorporates the short-
term intensity with a measure of the often longer duration of high intensities in storms of the
monsoon areas.

For this study the AI
10m

 and the AI
1030m

 as proposed by Ries (1993) were calculated as follows and
used for comparison:

AI
10m

 = ΣΣΣΣΣ(ΣΣΣΣΣai
m

) Equation 3.1

and

AI
1030m

 = AI
10m

 * I
30

Equation 3.2

where
a = amount of rainfall events 1 to n [mm]
I

m
= maximum m-minute intensity [mm/h]

I
30

= maximum 30-minute intensity [mm/h]

The temporal distribution of the erosivity indices shows that the highest rainfall erosivities have to
be expected during the months of June to July (Figure 3.8). Interestingly, the erosivities calculated
for the sites on the south-facing slope are considerably higher than the ones from the valley bottom
and the north-facing slope.

In terms of rainfall amount, it was shown that events of less than 3 mm do not usually have the
potential to mobilise soil (Carver 1997). As will be shown in Section 3.5 for runoff on the plot level,
rainfall events of more than 2 mm may generate runoff. Over the duration of the entire year, about
90% of the rainfall may produce runoff (Table 3.4). Approximately 87% of rainfall on average may
produce- sediment mobilisation over all stations. Seasonally, it can be observed that during the pre-
monsoon and the monsoon season this annual average is achieved at all stations. During the post-
monsoon and winter the percentage varies considerably between the different stations.

On the basis of the data and discussion above based on the period from 1993 to 2000, average
conditions in the Jhikhu Khola catchment in terms of rainfall can be described as follow:

• annual rainfall [mm]: 1000 - 1700,

• seasonal distribution (winter/pre-/monsoon/post-) [%]: 3:15:77:5,

• monthly distribution (Jan – Dec) [%]: 1:1:2:3:8:19:27:24:10:4:1:1,

• wettest month [mm]: July with 27% of the annual rainfall,
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• driest month [mm]: January, February, November, December with 1% each of the annual rainfall,

• most variable months: December, November, October,

• most variable season: post-monsoon season,

• number of days without rain [No.]: 230 - 275 per annum,

• number of rainy days [No.]: 89 - 117 per annum,

• number of dry spells [No.]: 9 - 13 in the period 1998 to 2000,

• month of highest erosivity: July followed by June, and

• total rainfall amount contributed by days with P > 50 mm [%]: 16 per annum.

Extreme conditions both in terms of minimum as well as maximum rainfall can be described as
below:

• maximum annual rainfall [mm]: 1200 - 2000,

• minimum annual rainfall [mm]: 800 - 1500,

• maximum seasonal distribution [%/season]: 4:19:79:6,

• maximum seasonal distribution [%/season]: 2:13:75:4,

• absolute daily maximum rainfall [mm]: 141 on 28/06/99 at Site 6,

• longest dry spell [days]: 141 days at Sites 15 and 16,

• highest 10-minute maximum intensity [mm/h]: 149.4,

• highest 30-minute maximum intensity [mm/h]: 84.6, and

• highest 60-minute maximum intensity [mm/h]: 58.0.

3.1.3.2 Yarsha Khola catchment

In the Yarsha Khola catchment only three complete years of data are available, from 1998 to 2000.
The temporal variability, therefore, has to be looked at with caution, firstly due to the short data set,
secondly due to the fact that the study period was wetter than normal (see above). The annual
rainfall at the main meteorological station in Bagar (Site 7) varied from 2018 to 2468 mm during the
three years (Table 3.5). The range at other sites is usually lower except at Site 10, where a range of
623 mm was measured during the project period. The C.V. (with caution) was, as expected, small
and ranging from 0.02 to 0.12. A maximum of 3132 mm was observed at Site 10, the highest station
in the catchment. The absolute minimum was recorded at Site 1, the lowest station.

Table 3.4: Precipitation with potential for runoff generation and sediment mobilisation, 
Jhikhu Khola catchment [in % from the total rainfall] 
 

Runoff generation (> 2mm) Sediment mobilisation (> 3mm) 
 Total Pre Mon Post Winter Total Pre Mon Post Winter 

Site 6 88 93 88 84 63 85 85 86 80 06 
Site 12 92 86 90 93 13 89 84 88 60 12 
Site 14 93 85 95 64 28 90 82 93 53 28 
Site 15 91 89 94 74 65 87 83 91 67 61 
Site 16 92 93 92 75 84 87 83 91 67 61 

Table 3.5: Statistics of annual rainfall in the Yarsha Khola  
 

 Period Mean 
[mm] 

Standard 
deviation 

Max 
[mm] 

Min 
[mm] 

Range 
[mm] 

C.V. 

Site 1 1998-2000 1601 76 1665 1517 148 0.05 
Site 3 1998-2000 1860 136 2010 1747 263 0.07 
Site 4 1998-2000 2677 100 2767 2570 197 0.04 
Site 5 1998-2000 2886 47 2940 2855 85 0.02 
Site 6 1998-2000 2402 91 2496 2316 180 0.04 
Site 7 1998-2000 2277 233 2469 2018 451 0.10 
Site 9 1998-2000 1708 27 1738 1692 46 0.02 
Site 10 1998-2000 2894 338 3132 2508 624 0.12 
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For comparison with long-term data, Chyurlia (1984) calculated C.V.s of 0.13 with a mean of 2160 mm
for Charikot, 0.10 with a mean of 2261 mm for Jiri, and 0.22 with a mean of 1816 mm for Melung (no
period given). This indicates that the maximum C.V.s observed during the study period at selected
sites correspond to the long-term results from sites nearby. However, at most sites the variability is
greatly underestimated in the short-time period.

The three years are very similar in terms of rainfall at the different stations (Figure 3.9). It is therefore
not possible to identify one year which was much wetter or much drier than others. The average of
all stations over the three years differs only in millimetres. The average in 1998 was 2275.4 mm, in
1999 2288.2 mm, and in 2000 2300.8 mm. Although there is only a small difference in rainfall, the year
2000 can be considered the wettest year during the three-year study period. However, the absolute
annual maximum was measured in 1999 with 3131.6 mm at Site 10. (The same can be shown on the
basis of the areal rainfall for the different catchments [see Figure 3.23, p84]).

Monsoon rainfall accounts, on average across all stations, for 78.6% of the annual total rainfall
(Table 3.6) with a maximum of 81.7 and a minimum of 74.2%. The monsoon is followed by the pre-
monsoon where 17% of the rain fell in the study period. The winter season accounts for 1.8 and the
post-monsoon for 2.6% of annual rainfall. Expressed in mm at Site 7, the main meteorological station
in the catchment, 1879.1 mm of rain fell on average during the monsoon periods of the three study
years. During the pre-monsoon 329.6, in winter, 35.9 , and post-monsoon 55.5 mm of rain fell.

July was the wettest month during the study period, with about 30% of the total annual rainfall
(Figure 3.10). August follows with 22% and June with 16%. During September 13% of the annual
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Table 3.6: Seasonal rainfall in the Yarsha Khola catchment, 1998 – 2000 [%] 
 

 Site 1 Site 3 Site 4 Site 5 Site 6 Site 7 Site 9 Site 10 

Winter 2 2 2 2 2 2 2 1 

Pre-monsoon 18 17 16 17 17 14 21 17 

Monsoon 77 78 80 79 79 82 74 80 

Post-monsoon 3 2 2 2 3 2 3 3 
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rainfall occurred, adding up to 81% of total
annual rainfall falling during the monsoon
months. May is the wettest month outside the
monsoon season and accounts for 10% of the
annual rainfall. The remaining months all
contributed less then 5% each to the annual
rainfall with the lowest rainfall amounts in
November, January, and February, each with
less than 1%.

The regime with a distinct monsoon peak in
summer and about five months rather dry
conditions shows the pattern of a tropical
monsoon climate as shown by Mueller-
Hohenstein (1981).

The distribution of daily rainfall amount is positively skewed with most daily measurements
between 0 and 1 mm (Figure 3.11). In terms of rainy days, 1 to 10 mm is measured most often on
about 45 to 50% of all rainy days. About 60 to 70% (or 219 to 256 days per annum) do not have any
rain in the Yarsha Khola catchment. In terms of total rainfall these events account for approximately
15% of the total annual rainfall in the period from 1998 to 2000. Days with more than 50 mm rainfall
contributed on average about 21% to the total annual rainfall. The absolute maximum of 97.8 mm
was measured at Site 10 on 11/08/98. On the same date a maximum of 95.7 mm was measured at
Site 5. The highest measurement in the project duration was in 1997 with 121.4 mm on 17/07/97.
However, these measurements were not taken into consideration as the project had just begun and
only an incomplete dataset is available for that year. Comparing the short-term data sets from the
project period with the long-term data sets from the DHM monitoring stations in Charikot, it can be
seen that the data of the project period is within range of the long-term observations. However, the
maximum daily rainfall amounts ever measured probably did not occur during this period.
According to Chalise et al. (1996) the maximum 24 h rainfall for this area was 250 to 300 mm.
Variability of seasonal rainfall is highest during the winter and post-monsoon seasons with least
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variation during the monsoon and pre-monsoon seasons (Figure 3.12a). The sites differ greatly,
especially during the winter season. On the basis of monthly data, the months of November to
March show the highest variabilities (Figure 3.12b). The monsoon months receive generally very
similar amounts of rainfall between the different years. This shows that the time farmers are most
vulnerable seems to be around maize planting, which is usually in April in the pre-monsoon season
— but only if there is enough moisture available. During the project period, a very wet pre-monsoon
as well as a very dry pre-monsoon were experienced in 1998 and 1999. Chyurlia (1984) showed a
similar distribution of monthly C.V.s in Jiri, Charikot, and Melung with the highest values observed
in the winter followed by the post-monsoon and pre-monsoon months.

A total of 8 to 11 dry spells were recorded at different sites in the period from 1998 to 2000 (Figure
3.13). The longest dry spell was measured at Site 3 with 134 days without more rain than 1 mm (or
occasionally less). At Site 9, a dry spell of 127 days was observed. None of the other sites observed a
dry spell longer than 100 days. Dry spells of up to 5 days are very common in this catchment.

During rainy days, rainfall intensity varies greatly. At most of the sites the maximum 10-minute
intensity peaked in the month of May (Figure 3.14). However, the maximum 10-minute rainfall
intensity measured in the study period was reached at Site 6 with a maximum of 175.2 mm/h in the
month of June, with the next highest intensities in September. The very high intensities during
September are the result of a major storm, which occurred in September 1999.
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In the case of maximum 30 and 60-minute intensities, the same pattern was shown with an absolute
30-minute maximum of 119.6 mm/h and an absolute 60-minute maximum of 67.4 mm/h.

The erosivity of rainfall measured, as indicated in Figure 3.15, is highest in July, followed by June.
The reason for the high erosivity calculated for the month of September is the same storm as
indicated above. No distinct aspect difference in terms of erosivity can be determined in the case of
the Yarsha Khola catchment. A relationship between erosivity and elevation is, however, indicated
(further details in the next section).

The part of the overall rainfall which has potential to generate runoff (events > 2 mm) and sediment
mobilisation (events > 3 mm) is fairly high in the Yarsha Khola catchment. About 94% of the total
annual rainfall has the potential to produce runoff (Table 3.7). This value is higher during the
monsoon season. During winter this varies greatly between stations, with the percentage of rainfall
having the potential to cause runoff ranging from 10 to 51%. Over the year, approximately 90% of
total annual rainfall in the Yarsha Khola catchment has the potential to cause sediment
mobilisation. During the monsoon itself about 90% of the rainfall has the potential to cause
sediment mobilisation. This value drops to about 86% in the pre-monsoon, and 70 to 80% in the post-
monsoon season. Again, during winter this figure varies widely from 8 to 50%.
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On the basis of the data and discussion above, based on the years 1998, 1999, and 2000, average
conditions in the Yarsha Khola catchment in terms of rainfall can be described as follow:

• annual rainfall [mm]: 1600-2900,

• seasonal distribution (winter/premonsoon/monsoon/postmonsoon) [%]: 2:17:78:3,

• monthly distribution (Jan – Dec) [%]:0:0:2:4:10:16:30:22:13:3:0:1,

• wettest month [mm]: July with 30% of the annual rainfall,

• driest month [mm]: November, January, and February with less than 1% each of annual rainfall,

• most variable months: December, November, February, March, January,

• most variable season: winter and post-monsoon season,

• number of dry spells [No.]: 8-11 in the period 1998 to 2000,

• number of days without rain [No.]: 219-256 per annum,

• month of highest erosivity: July followed by June,and

• total rainfall amount contributed by days with P > 50 mm [%]: 21 per annum.

Extreme conditions in terms of both minimum as well as maximum can be described as below:

• maximum annual rainfall [mm]: 1600-3200,

• minimum annual rainfall [mm]: 1500-2900,

• maximum seasonal distribution [% /season]: 2:21:82:3,

• maximum seasonal distribution [% /season]: 1:14:74:2,

• absolute daily maximum rainfall [mm]: 97.8 on 11/08/98 at Site 10,

• longest dry spell [days]: 134,

• highest 10-minute maximum intensity [mm/h]: 175.2,

• highest 30-minute maximum intensity [mm/h]: 119.6, and

• highest 60-minute maximum intensity [mm/h]: 67.4.

Again, it should be remembered that the conditions in the Yarsha Khola during the study period
were wetter than normal compared with the long-term data sets from the DHM stations in Charikot,
Jiri, and Melung.

3.1.4 Spatial precipitation distribution

Both catchments are within the influence of the monsoon rains and show high temporal variability
within a year, as shown above. Spatial variations on this scale are mainly observed in terms of
altitudinal variations and, to a lesser extent, according to aspect. Local climatic effects also play a
major role, especially in the more heterogeneous Jhikhu Khola catchment. This was shown very
clearly by Carver (1997) who monitored a dense 24-hour rain gauge system within the Bela-
Bhimsensthan area. He showed that low rainfall events were highly variable, while events of more
than 10 mm rainfall showed less variation. The relationship between elevation, aspect, and rainfall
parameters are discussed below on an aggregated time series’ bases. For a discussion of events
refer to Section 3.4.

Table 3.7: Precipitation with potential for runoff generation and sediment mobilisation, 
Yarsha Khola catchment [in% from the total rainfall] 
 

 Runoff generation (> 2 mm) Sediment mobilisation (> 3 mm) 
 Total Pre Mon Post Winter Total Pre Mon Post Winter 

Site 3 95 94 95 75 10 92 89 93 69 10 
Site 4 94 93 96 92 20 92 91 94 86 11 
Site 5 93 86 95 86 51 91 84 94 83 51 
Site 6 88 89 89 88 47 86 86 88 86 8 
Site 9 93 86 95 89 22 90 83 92 81 8 
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3.1.4.1 Jhikhu Khola catchment

The elevation-rainfall relationships in the Jhikhu Khola are not very clear, as the catchment is not
homogeneous. On an annual basis, the lapse rates show, on average, a pattern of 444±167 mm
increase in precipitation per 1000 m elevation (Figure 3.16). Amongst the seasonal relationships only
the lapse rates for the monsoon show a similarly distinct pattern with 355±184 mm increase in
precipitation per 1000 m elevation. The lapse rates in the pre-monsoon already vary greatly, but they
still indicate a direct relationship. During the seasons with low rainfall (post-monsoon and winter)
the relationships vary tremendously, and there are years where there is a negative relationship
between rainfall and elevation, that is, there is more rainfall in the lower stations than in the upper
stations. This is due to the very local storm cells during these seasons, which do not impact the
entire catchment.

The maximum and minimum annual rainfall amounts over the entire period both show elevation
dependency. While the maximum changes with a slope factor of 0.53 at an r2 value of 0.73 show a
very clear relationship with elevation, the minimum is related with a slope factor of 0.26 (r2 = 0.27) to
elevation, indicating that the linear relationship is not very strong nor very distinct.

The same can be shown for monthly rainfall, where no consistency in terms of lapse rates could be
observed. In general, months with high rainfall — the monsoon months from June to September in
particular — show clear and direct elevation-rainfall amount relationships. However, there are a
number of exceptions to this rule, e.g., July 1997. In months with low rainfall, no regular pattern was
observed. Local climatic effects are more important for daily rainfall. In addition, there are events
that only partly affect the catchment, while other parts remain dry. Some of these events are
discussed in Section 3.4.

There is a distinct relationship between the number of rainy days and elevation. The number of rainy
days for the same period changed with elevation according to

rainy days per year [No.] = 0.0143*elevation [m] + 83.104 (r2 = 0.62) Equation 3.3
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Figure 3.16:  Annual and seasonal elevation Annual and seasonal elevation Annual and seasonal elevation Annual and seasonal elevation Annual and seasonal elevation-----rainfall amount rrainfall amount rrainfall amount rrainfall amount rrainfall amount relationships for the Jhikhu Kholaelationships for the Jhikhu Kholaelationships for the Jhikhu Kholaelationships for the Jhikhu Kholaelationships for the Jhikhu Khola
catchment, 1993 to 2000 catchment, 1993 to 2000 catchment, 1993 to 2000 catchment, 1993 to 2000 catchment, 1993 to 2000 (for equations refer to Appendix A3.9).
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No relationship with elevation can be observed for dry spells. The spatial distribution of dry spells is
not related to either elevation or to aspect.

The annual isohyets for the calculation of areal rainfall were carried out using the ArcView spline
interpolator. This interpolator was used rather than the inverse distance weighted (IDW) interpolator
due to the shown influence of elevation on annual rainfall. Before interpolation a number of high-
altitude stations were introduced and their annual rainfall calculated on the basis of the above lapse
rates. The areal rainfall was calculated on the basis of the isohyet grids.

In general, the minimum rainfall in the catchment was observed in its northeastern part, the area of
Shree Ram Pati-Kubinde-Bhimsensthan (Figure 3.17). This observation is also reflected in the areal
precipitation calculated for the Kubinde sub-catchment (Figure 3.18). The highest rainfall input is
normally calculated for the Upper Andheri Khola sub-catchment. Of the ungauged sub-catchments,
it is the upper parts of the Jhikhu Khola — the Dhulikhel Khola and the Danphe Khola — which
receive the highest rainfall input. Due to these upper zones in the western part of the Jhikhu Khola
catchment, the entire catchment shows consistently high areal rainfall values, peaking in 1999 with
1628 mm.

Figure 3.17: Isohyets of annual rainfall in the Jhikhu Khola, 1993 to 2000Isohyets of annual rainfall in the Jhikhu Khola, 1993 to 2000Isohyets of annual rainfall in the Jhikhu Khola, 1993 to 2000Isohyets of annual rainfall in the Jhikhu Khola, 1993 to 2000Isohyets of annual rainfall in the Jhikhu Khola, 1993 to 2000
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Despite it being commonly acknowledged that rainfall intensity decreases with increasing elevation
(Carson 1985), this thesis is not borne out by the maximum intensity data of the Jhikhu Khola
catchment where different trends were observed. While both the 10 and 60-minute maximum
intensities usually follow an indirect relationship with elevation — or at least have no distinct
positive or negative trend — in the Jhikhu Khola catchment they show a fairly strong direct
relationship as well. In terms of erosivity, there was likewise no clear spatial dependence observed
when taking into account all events at all sites in one year. However, if we take the 10, 50, or 100
biggest events in terms of AI

10
, AI

1030
 or AI

1060
 of all stations, there is a clear relationship to altitude

(Figure 3.19). The reason and justification for this approach is that only the largest events cause
major destruction in terms of flooding and sediment losses. In terms of water availability, where low
amounts of rainfall are also important, rainfall intensity and erosivity do not play a major role.

0

200

400

600

800

1000

1200

1400

1600

1800

A
nn

ua
l a

re
al

 ra
in

fa
ll 

[m
m

]

Main 1082 1189 1242 1221 1333 1400 1628 1266

Lower Andheri 1072 1164 1214 1273 1283 1335 1507 1164

Upper Andheri 1171 1252 1242 1347 1364 1526 1490 1168

Kukhuri 1086 1177 1201 1320 1326 1384 1499 1173

Kubinde 943 1100 1177 1162 1230 1296 1507 1198

1993 1994 1995 1996 1997 1998 1999 2000

Figure 3.18: ArArArArAreal rainfall of the Jhikhu Khola catchment and its sub-catchments, 1993 to 2000eal rainfall of the Jhikhu Khola catchment and its sub-catchments, 1993 to 2000eal rainfall of the Jhikhu Khola catchment and its sub-catchments, 1993 to 2000eal rainfall of the Jhikhu Khola catchment and its sub-catchments, 1993 to 2000eal rainfall of the Jhikhu Khola catchment and its sub-catchments, 1993 to 2000

a) EI10

Sum of biggest 50 events
y = 1.5655x - 420.57

Sum of 10 biggest events
y = 1.0574x - 154.11

Sum of 100 biggest events
y = 0.364x + 16.207

0
200
400
600
800

1000
1200
1400
1600
1800

800 900 1000 1100 1200 1300

Elevation [m]

Su
m

 o
f E

I1
0

10 (AI10) 50 (AI10) 100 (AI10)

b) EI1030

Sum of 50 biggest events
y = 7.1193x - 3285.6

Sum of 10 biggest events
y = 5.7054x - 2292.6

Sum of 100 biggest events
y = 2.685x - 764.46

0

1000

2000

3000

4000

5000

6000

7000

800 900 1000 1100 1200 1300
Elevation [m]

Su
m

 o
f E

I1
03

0

10 (AI1030m) 50 (AI1030m) 100 (AI1030m)

Figure 3.19:  AI AI AI AI AI
1010101010
 (a) and AI (a) and AI (a) and AI (a) and AI (a) and AI

10301030103010301030
 (b) (sorted accor (b) (sorted accor (b) (sorted accor (b) (sorted accor (b) (sorted according to size) in rding to size) in rding to size) in rding to size) in rding to size) in relation to elevation, Jhikhu Kholaelation to elevation, Jhikhu Kholaelation to elevation, Jhikhu Kholaelation to elevation, Jhikhu Kholaelation to elevation, Jhikhu Khola

catchmentcatchmentcatchmentcatchmentcatchment



81Chapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and Relevant Pelevant Pelevant Pelevant Pelevant Processesrocessesrocessesrocessesrocesses

Due to the limited station network for
exact aspect comparisons, only rough
estimates can be made at this stage. For
this purpose Sites 3 (elevation 830 masl)
and 15 (880 masl) were chosen to
represent the lower foot slopes of the
Jhikhu Khola catchment; Site 3 being
north-facing and Site 15 south-facing. For
the upper slopes, Sites 6 (1260 masl) for
north-facing and 16 (1200 masl) for south-
facing aspects were selected.

During the dry season months, no
distinct difference between the north-
and south-facing slopes can be observed;
neither in terms of mean nor maximum
rainfall. In some instances the rainfall on
the north-facing slopes is higher, and
sometimes it is the other way round.
During the dry season, the minimum was
consistently lower on the south-facing
side, while during the monsoon season
there was a difference between the upper
and the lower slopes. While on the lower
slopes the rainfall on the north-facing side was consistently higher for mean, maximum, and
minimum rainfall, a similar relation could not be seen on the upper slopes. The mean rainfall tends
to be higher on the north-facing side. No such relationship was observed for maximum and
minimum rainfall.

The differences between the south-facing and the north-facing slopes can also be seen in Figure
3.17. While in the upper areas the rainfall amount does not seem to differ significantly, the lower
areas tend to be drier on the south-facing foot slopes than on the north-facing foot slopes.

In summary, it can be said that in the Jhikhu Khola catchment:

• rainfall amount on an annual basis and during the monsoon and pre-monsoon season increases

with elevation;

• rainfall amount on the basis of post-monsoon and winter seasons shows irregular behaviour;

• rainfall amount on the basis of monthly data does not show a distinct correlation with elevation;

• the maximum and the minimum annual rainfall observed over the entire period shows elevation

dependence;

• the number of rainy days increases with elevation;

• the lower slopes on the south-facing slopes tend to be receive less rainfall than the lower slopes

on the north-facing side of the catchment;

• no distinct difference in terms of aspect can be observed in the upper areas; and

• rainfall erosivity of larger events increases with elevation.

The relationships observed are presented in Figure 3.20 with the parameters standardised according
to the values at 800 masl corresponding to 1. The erosivity parameters, AI

10
 and AI

1030
 , show the

biggest change with increasing elevation at about 0.5 times the value at 800 masl per hundred
metres change in elevation. The annual rainfall parameters double (approximately) over the entire
relief of the catchment. The number of dry spells as well as the maximum intensity do not show any
distinct relation to elevation.

3.1.4.2 Yarsha Khola catchment

In general, much stronger and clearer elevation-rainfall relationships are observed in the Yarsha
Khola catchment. This is mainly due to the rather homogenous and bowl-shaped topography of the

Table 3.8: Differences in mean, maximum, and 
minimum monthly rainfall due to aspect of 
stations on the upper and on lower slopes,  
Jhikhu Khola catchment 
 

 Upper slope Lower slope 

 Mean Max Min Mean Max Min 

January N>S N>S S>N N>S N>S S>N 

February S>N N>S S>N S>N N>S S>N 

March S>N S>N S>N N>S N>S S>N 

April N>S N>S S>N N>S N>S S>N 

May N>S N>S S>N N>S S>N N>S 

June S>N S>N S>N N>S N>S N>S 

July N>S S>N N>S N>S N>S N>S 

August N>S N>S S>N N>S N>S N>S 

September N>S S>N N>S N>S N>S N>S 

October S>N N>S S>N S>N N>S S>N 

November N>S N>S S>N S>N S>N S>N 

December N>S N>S S>N N>S N>S S>N 

Annual N>S N>S N>S N>S N>S N>S 

N>S 9 9 3 10 11 6 

S>N 4 4 10 3 2 7 
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catchment. The lapse rates in the Yarsha
Khola catchment were, on average,
887±233 mm per 1000 m elevation on an
annual basis for the year 1998 to 2000
(Figure 3.21). The monsoon lapse rates
for the same period were 746±257 mm
per 1000 m elevation. The pre-monsoon
lapse rate in the case of the Yarsha Khola
catchment and the given period likewise
shows a distinct pattern with 114±34
mm per 1000 m.

The strong elevation-rainfall relationship
in 1998 is due to large rainfalls in
December 1997, which is part of winter
1998. The remaining years only show
weak linear relations with elevation.

The maxima of annual rainfall measured at all sites show likewise a very strong relation with a slope
factor of 1.0 and an r2 of 0.91. The minima show a slightly weaker but still very strong relationship
with a slope factor of 0.8 and r2 of 0.80.

The lapse rate for the number of rainy days in relation to elevation can be expressed as follows:

Rainy days per year [No.] = 0.0147*elevation [m] + 112.2 (r2 = 0.66) Equation 3.4

As in the Jhikhu Khola catchment, no relationship between the number of dry spells and elevation,
nor dry spells and aspect could be established.
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Figure 3.21:  Annual and seasonal elevation Annual and seasonal elevation Annual and seasonal elevation Annual and seasonal elevation Annual and seasonal elevation-----rainfall amount rrainfall amount rrainfall amount rrainfall amount rrainfall amount relationships for the Yelationships for the Yelationships for the Yelationships for the Yelationships for the Yarsha Kholaarsha Kholaarsha Kholaarsha Kholaarsha Khola
catchment, 1998 to 2000 catchment, 1998 to 2000 catchment, 1998 to 2000 catchment, 1998 to 2000 catchment, 1998 to 2000 (for equations refer to Appendix A3.9)
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The annual isohyets calculated in the Yarsha Khola catchment range from 1500 to 3300 mm with a
very steep gradient over a distance of only about 11 km from the outlet to the highest point in the
catchment (Figure 3.22). It is important to note that there is no distinct difference visible between
the north- and the south-facing slopes in the catchment. The isohyets follow roughly the contours on
both sides of the catchment.

The same results are evident if stations from both major aspects on the lower and the upper slopes
of the catchment are compared (Table 3.9). Sites 3 and 9 are representative for the lower slopes on
the south-facing and the north-facing side of the catchment, respectively. For the upper slopes, Sites
5 on the south-facing and Site10 on the north-facing slope are compared after adjusting for slight
differences in elevation.

The three years were very similar in terms of areal precipitation (Figure 3.23). The Upper Khahare
Khola sub-catchment usually shows the highest per area precipitation of about 3000 mm. The north-
facing and lower elevation Gopi Khola sub-catchment contributes least to the overall areal
precipitation of the entire catchment. This is less due to differences in general aspect (see also
above), and much more due to the fact that the mean and maximum elevation of this sub-catchment
are the lowest in the entire Yarsha Khola catchment.

Maximum rainfall intensity does not show any clear and distinct relationship with elevation. Most of
the relationships are positive, but show very low regression coefficients. In addition, at a number of
sites at higher elevations the intensities are lower than at lower elevation sites, and vice versa. This
is true for all three intensity parameters calculated in this study, that is, 10, 30, and 60-minute
maximum intensities.

Figure 3.22:  Isohyets, 1998 to 2000, Y Isohyets, 1998 to 2000, Y Isohyets, 1998 to 2000, Y Isohyets, 1998 to 2000, Y Isohyets, 1998 to 2000, Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment

Table 3.9: Differences in rainfall amount due to aspect 
 

 Upper slope Lower slope 

 Site 5 (2300 masl) Site 12 (2260 masl) Site 9 (1410 masl) Site 3 (1530 masl) 

 M E D M E D M E D M E D 

Jan 5.7 5.6 0.1 6.9 7.1 -0.1 1.5 1.6 -0.1 2.5 2.3 0.2 

Feb 13.3 13.1 0.2 12.5 12.7 -0.2 10.1 11.0 -0.9 9.7 8.9 0.8 

Mar 65.6 64.5 1.1 57.6 58.6 -1.0 44.2 48.0 -3.8 50.4 46.4 4.0 

Apr 83.7 82.3 1.5 85.3 86.8 -1.5 88.2 95.7 -7.5 82.8 76.3 6.5 

May 283.6 278.6 4.9 297.4 302.7 -5.3 199.2 216.2 -17.0 171.2 157.7 13.4 

Jun 518.9 509.9 9.0 507.2 516.2 -9.0 235.2 255.2 -20.0 294.0 270.9 23.1 

Jul 863.9 848.9 15.0 824.5 839.1 -14.6 534.9 580.5 -45.5 577.5 532.2 45.3 

Aug 638.9 627.7 11.1 557.4 567.3 -9.9 371.3 402.9 -31.6 383.4 353.3 30.1 

Sep 411.1 403.9 7.1 426.0 433.5 -7.5 168.0 182.2 -14.3 215.5 198.6 16.9 

Oct 88.8 87.3 1.5 108.6 110.5 -1.9 49.3 53.4 -4.2 58.6 54.0 4.6 

Nov 9.5 9.3 0.2 9.2 9.4 -0.2 6.9 7.5 -0.6 7.5 6.9 0.6 

Dec 27.3 26.8 0.5 2.1 2.2 0.0 21.0 22.8 -1.8 23.0 21.2 1.8 

M: measured E: estimated on the basis of rainfall from the other site D: difference 
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The erosivity index in the Yarsha Khola
catchment has a direct relationship
with elevation (Figure 3.24), unlike in
the Jhikhu Khola where only the largest
events show a relationship with
altitude. In the Yarsha Khola the
erosivity index has a clear relationship
with altitude for all rainfall events. The
year 1998 shows a slightly different
picture than the remaining two years,
with very high erosivities in the upper
part of the catchment.

In summary, it can be said that in the
Yarsha Khola catchment:

• rainfall amount on an annual basis and during the monsoon and pre-monsoon season increases

with elevation;

• no trend can be observed in the remaining seasons mainly due to very low and erratic rainfalls;

• in case of a large event during these dry seasons a trend can also be observed;

• the number of rainy days increases with elevation; and

• rainfall erosivity increases with elevation.

The observed elevation-rainfall parameter relationships are compiled in Figure 3.25 showing a
similar picture as in the Jhikhu Khola catchment. AI

10
 shows the biggest change with elevation

followed by the annual rainfall parameters, which, as in the Jhikhu Khola catchment, nearly doubled
over the entire relief of the catchment.
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3.1.5 Frequency

For the estimation of future rainfall, it
is important to review empirical
rainfall distributions and the
frequency of selected events. For
different susceptibilities different
rainfall parameters and their
distribution are important. The
distribution of dry spells and
minimum rainfall amounts are of
importance when estimating water
scarcity, while high rainfall amounts
and rainfall intensities must be
understood when considering floods
and soil erosion.

The project sites in the Jhikhu Khola
catchment were only been installed in
1993 and there were just 8 years of data available at the end of the year 2000 at Sites 6, 15, and 16.
Therefore, all frequency analyses are carried out only at these sites and then compared with the
long-term data sets of Sites 9 and 12 monitored by DHM to assess their validity. In the Yarsha Khola
catchment the longest record is 3 complete years, from 1998 to 2000. Frequency analyses have
therefore not been calculated for this catchment, but for governmental sites close to the catchment
where possible and applicable.

3.1.5.1 Frequency of selected monthly rainfall amounts

The empirical frequency distributions of monthly rainfall at sites in the Jhikhu Khola catchment
show two patterns which, according to Gommes (1983), are typical for tropical countries with a
distinct wet and dry season (Figure 3.26):
a) the positively skewed pattern in the dry season months (thin black and thick white lines);and
b) the pattern resembling a normal distribution in the monsoon months (thick black lines).
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b) Site 9
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Figure 3.26:  RRRRRelative frelative frelative frelative frelative frequencies of monthly rainfall amount at Sites 6, 9, and 12 and average ofequencies of monthly rainfall amount at Sites 6, 9, and 12 and average ofequencies of monthly rainfall amount at Sites 6, 9, and 12 and average ofequencies of monthly rainfall amount at Sites 6, 9, and 12 and average ofequencies of monthly rainfall amount at Sites 6, 9, and 12 and average of
these, Jhikhu Khola catchment these, Jhikhu Khola catchment these, Jhikhu Khola catchment these, Jhikhu Khola catchment these, Jhikhu Khola catchment (data source for Sites 9 and 12: DHM 2000)
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This pattern is seen in particular at Sites 9 and 12, where long-term data were used (b and c). The
same was also clearly shown by averaging all the stations (d). At Site 6 (a), where only 8 years’ data
were available, the pattern is not as clear, but shows the same trend. Figure 3.26 and Table 3.10 show
that at sites in the Jhikhu Khola catchment:

• in about 45% of the cases the months of November and December received no rainfall;

• in more than 75% of the cases the months of January, February, March, October, November and

December received less than 50 mm rainfall;

• in about 60% of all cases the month of May received less than 100 mm rainfall;

• in about 60% of all cases the month of September had less than 150 mm rainfall;and

• July and August rainfall was never less than 150 mm and was most frequently between 250 and

300 mm.

Looking back at the study period, these results show that during a number of months the local
farmers did not receive adequate water for the different development stages of their various crops.
The most critical months in terms of water availability for different crops are given below. Note that
water stress during any of the months below can cause a drastic decreases in yield (ILACO 1981;
Doorenbos et al. 1979) (also refer to the agricultural calendar in Section 3.6, Figure 3.154).

• April to June (onset of monsoon rains) for maize (rainfed)

The maize crop is sown any time after the first pre-monsoon showers, usually starting in the

month of March/April. After germination, the young maize plants need adequate moisture for the
early development stage of establishment (15 to 20 days). Flowering (after 40 to 65 days), where
moisture stress can reduce yields, occurs in the early monsoon months and is therefore usually
no problem. However, if the onset of the monsoon is late, yields can be reduced drastically.

• October/November and February/March for wheat and barley (rainfed)

Wheat is sown in November, when the seed needs adequate soil moisture for germination and

establishment. This soil moisture is usually provided by monsoon season rains, however, in case
of early offset and no rains in September and October, germination rates can be reduced
drastically. A critical time is February/March during ear formation and flowering, when wheat
needs adequate moisture for good yield.

• September and November for potatoes (rainfed)

Potatoes are sensitive to water deficit and the soil should be maintained with a relatively high

moisture content. A potato crop needs about 100 mm of rainfall per month and even a short
period of drought can cause decreased yields. For tuber formation and yield, adequate water is
crucial in November, the middle part of the growing period.

Table 3.10: Average monthly relative frequencies at all sites [%] (black = maximum) 
 

  0- 50- 100- 150- 200- 250- 300- 350- 400- 450- 500- 550- 600- 650- 700- 750- 800- 850- 900- 
Month 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 
Jan 18.5 67.3 14.1                  

Feb 4.3 94.8 0.9                  

Mar 12.0 73.3 14.2 0.4                 

Apr 0.4 59.8 32.3 6.1 1.4                

May  10.9 50.2 28.0 10.0 0.9               

Jun  1.0 1.9 17.3 19.1 24.3 13.6 10.8 8.3 1.9 1.5 0.5         

Jul     7.5 8.8 21.9 19.3 17.9 14.7 6.2 0.5 1.4 0.5 0.5 0.5   0.5  

Aug     5.9 16.6 41.3 18.0 11.3 3.6 1.4 0.5 0.0 0.5 0.9      

Sep  11.8 21.6 27.3 21.8 10.7 3.6 0.5 1.4 0.5 0.5 0.5         

Oct 11.2 66.5 7.9 3.7 3.9 3.9 3.0              

Nov 43.4 47.3 6.9 2.5                 

Dec 43.3 43.5 13.2                  
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For ripening and harvesting some crops need dry conditions . The months for two selected crops

are given below (ILACO 1981; Doorenbos et al. 1979):

• April for wheat and barley (rainfed)

For maturing and ripening in about April/May the wheat crop needs dry weather.

• October/November for rice (irrigated)

After a long period where rice needs very moist conditions for its different development stages,

which are usually met by both irrigation and rainfall, it then requires dry conditions during the
ripening and harvesting for an even maturation and a low percentage of broken grains. This
development stage is reached in about October.

For a preliminary analysis of farmers’ vulnerability the following questions arise (the values are
taken with reference to the calculated crop water requirements in Table 3.115). The answers are
based on Figure 3.26 and Table 3.10.

1. How many times was rainfall less than 50 mm in the month of April or less than 100 mm in May,
which may have caused decreasing yields in maize on rainfed land?

During the study period in 2/3 of the cases, rainfall was neither adequate in the month of
April nor in May, and this presumably has an impact on maize yields.

2. How many times was rainfall less than 70 mm in the month of February or 50 mm in the month of
March, which may have caused decreased yields in wheat and barley on rainfed land?

In most of the years rainfall was below 50 mm in the month of February and in 3/4 of the
years it was less than 50 mm in the month of March, giving lower yields of wheat and barley
crops.

3. How many times was rainfall less than 100 mm in the months of September to October each,
which may have caused a decrease in potato yields on rainfed land?

In 1/3 of the years rainfall was below 100 mm in the month of September and in 3/4 it was
below 100 mm in the month of October, resulting in lower potato yields.

4. How many times was rainfall more than 50 mm in the month of April or May, which potentially
caused a decrease in wheat yields?

In 1/3 of the years rainfall was higher than 50 mm in the month of April, potentially causing
damage to wheat yields. More than 90% of the years had more than 50 mm in May.

5. How many times was rainfall more than 50 mm in the month of October, which potentially caused
a decrease in rice yields?

In 1/4 of the years rainfall was higher than 50 mm, potentially damaging the rice crop.

As shown in Figure 3.26, the monthly rainfall distribution in the dry season, especially the months
with a high probability of having no rainfall at all, is strongly skewed. Chow et al. (1988) suggest the
use of the Gamma function for the purpose of calculating the probabilities. However, this function is
not appropriate for distributions where the lower end is bigger than 0. Gommes (1983) proposes the
use of the incomplete Gamma function for this purpose. In this study, the Bernoulli equation of
independent trials as discussed by Chyurlia (1984) and the formula corrected according to Sachs
(1997) —

P
(x,n)

 = n!/[(x!*(n-x)!) * px*(1-p)(n-x)] (Sachs 1997) Equation 3.5

where
P = probability of x favourable events in n trials
p = probability of a single favourable outcome
x = number of years with a certain rainfall
n = number of total years
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was applied to determine the probability of water stress or excess water during different stages of
crop development. This would then show the vulnerability of the farmers who grow the respective
crops in the catchment.

On the basis of Figure 3.27 and in answer to the questions above, the following can be noted:
(numbering of response corresponds to numbering of questions, above).
1. The probability that in 6 out of 10 years rainfall is below 50 mm in April is 33% and there is a 25%

probability that in half the years the rainfall in May is below 100 mm.
2. The probability that in all years rainfall in February is below 70 mm is 100%. For 9 out of 10 years,

the rainfall is below 50 mm with a probability of 40%.
3. The probability that rainfall in September is below 100 mm in 1 out of 10 years is 40%. In October

10 out of 10 years are below 100 mm with a probability of 65%.
4. The probability that in 4 years out of 10 rainfall in April is higher than 50 mm is 25%. The

probability that the rainfall in May is higher than 50 mm in 9 years out of 10 is 33%.
5. The probability that rainfall is higher than 50 mm in October in 2 out of 10 years is 30%.

From these analyses it is indicated that farmers are most vulnerable in terms of reduced water
availability mainly in the post-monsoon and the early to late pre-monsoon season.

3.1.5.2 Distribution of extreme rainfall values

For flood and degradation considerations the maximum rainfall is of most importance as these
events cause the most damage (see also Sections 3.5 and 3.6). For the empirical assessment of
return periods of extreme rainfall amounts, Chyurlia (1984) proposes using the Weibull equation for
plotting positions, as this equation does not make any a priori assumption with regards to the type of
distribution represented by the data. This equation is expressed as follows (Chyurlia 1984):

p = r/(n+1) Equation 3.6
where

p = probability
r = rank
n = number of observations
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Figure 3.27:  PrPrPrPrProbabilities for monthly rainfall of differobabilities for monthly rainfall of differobabilities for monthly rainfall of differobabilities for monthly rainfall of differobabilities for monthly rainfall of different amounts in a 10-year period, Site 12 (1976 –ent amounts in a 10-year period, Site 12 (1976 –ent amounts in a 10-year period, Site 12 (1976 –ent amounts in a 10-year period, Site 12 (1976 –ent amounts in a 10-year period, Site 12 (1976 –
2000), Jhikhu Khola catchment2000), Jhikhu Khola catchment2000), Jhikhu Khola catchment2000), Jhikhu Khola catchment2000), Jhikhu Khola catchment
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For frequency analyses of annual daily rainfall maxima, Chyurlia (1984) used Log-Pearson Type III
and Gumbel Extreme Value (GEV) distributions. Using this approach he identified the maximum
daily rainfall intensities of a 100-year return period as exceeding 400 mm in the mountainous regions
of Nepal.

Different return periods can be calculated for the data of the Jhikhu Khola catchment (Figure
3.28a,b,c & d). The limiting factor in this case is the time series’ duration. In general, a return period
cannot be longer than double the length of the base time series. The longest return period therefore
can be estimated for Site 9, where 43 years of data are available. On the basis of this data, rainfall
with a 100-year return period (probability p = 0.01) can be estimated on 267 mm using the GEV for
this location (Figure 3.28d). The result of the Log-Pearson Type III distribution, estimating a 100-year
return period rainfall of 182 mm seems however to be more appropriate comparing the Weibull
plotting positions with the theoretical distribution. The same can also be observed for the other
sites, where the Log-Pearson Type III distribution generally shows a better fit with the Weibull
plotting positions than the GEV. The maximum return period that can be estimated at Site 12 is 50
years (p = 0.02). The Log-Pearson Type III estimate for this return period is 146 mm (Figure 3.28b)
with a considerably higher estimate by the GEV of 208 mm. For the same return period on the basis
of data at Site 9, 135 mm is estimated applying Log-Pearson Type III, and 261 mm using GEV. On the
basis of the project period of 8 years, a maximum of 20 years’ return period can be estimated, as
follows.

• Site 6 (8 years) GEV: 197 mm; Log-Pearson Type III: 136 mm

• Site 9 (43 years) GEV: 184 mm; Log-Pearson Type III: 143 mm

• Site 12 (25 years) GEV: 165 mm; Log-Pearson Type III: 125 mm

• Site 15 (8 years) GEV: 128 mm; Log-Pearson Type III: 93 mm

The empirical and theoretical frequency of events with different return periods (above) were
established on the basis of observed years. In order to identify the biggest possible events, the
probable maximum precipitation (PMP) defined as “theoretically the greatest depth of precipitation
for a given duration that is physically possible over a given storm area at a particular geographical
location at a certain time of the year” (Hansen et al. 1988) was calculated according to the method
devised by Hershfield and described in WMO (1986).
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Figure 3.28:  TheorTheorTheorTheorTheoretical retical retical retical retical recurrecurrecurrecurrecurrence prence prence prence prence probabilities for daily maximum rainfall at Sites 6obabilities for daily maximum rainfall at Sites 6obabilities for daily maximum rainfall at Sites 6obabilities for daily maximum rainfall at Sites 6obabilities for daily maximum rainfall at Sites 6
(a) and 15 (b) compar(a) and 15 (b) compar(a) and 15 (b) compar(a) and 15 (b) compar(a) and 15 (b) compared with long-term data sets at Sites 12 (c) and 9 (d)ed with long-term data sets at Sites 12 (c) and 9 (d)ed with long-term data sets at Sites 12 (c) and 9 (d)ed with long-term data sets at Sites 12 (c) and 9 (d)ed with long-term data sets at Sites 12 (c) and 9 (d)
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According to this method the
maximum point PMP in the catchment
was calculated for Site 9 in Dhulikhel
with 537 mm in 24 hours (Table 3.11).
This is 30 mm more than the point
PMP determined for Site 12 in the
valley bottom. On the basis of
calculations for Nagarkot, which lies
adjacent to the Jhikhu Khola
catchment, the PMP was determined
as 336 mm in 24 hours. Converting the
point PMP to area PMP a reduction of
about 20 mm was observed for an area
of 100 km2.

For the stations close to the Yarsha
Khola catchment, much larger PMPs
were determined in the case of
Charikot, with 893 mm in 24 hours and
763 mm at the site in Melung (Table
3.12). In the case of Jiri, the determined
PMP was only 426 mm in 24 hours.

Comparing these calculated
values with the extreme one-day
rainfall events observed in Nepal
and an empirical relationship
between PMP and elevation
established for Western Nepal by
Tahal Consulting Engineers (2002)
(Figure 3.29), it is evident that the
values in the Jhikhu Khola seem
to be rather low. Comparing the
values with the 100-year return
periods determined above for Site
9 of 182 mm (Log-Pearson Type III)
and 267 mm (GEV) they do seem
justified. The values for the sites
close to the Yarsha Khola are very
high in comparison to the other
values shown in the figure.

3.1.5.3 Intensity-duration-frequency relationships

For a number of applications in engineering as well as for the estimation of soil erosion and runoff
generation vulnerability, knowledge on the frequency of certain rainfall intensities is desirable.
However, the number of observation sites in Nepal with high temporal resolution rainfall
measurements is limited. In addition to the sites in the Jhikhu Khola, some of which have been
monitored since 1993, only short-term measurements have been conducted (such as Likhu Khola,
Gardner and Jenkins 1995). Some of the high-resolution recording rain gauges are still monitored:

• ICIMOD established an automatic weather station in 1995 in its T&D site at Godavari;

• Kathmandu University has maintained an automatic weather station since 1999.

In the absence of the required data, Chyurlia (1984) estimated intensity-duration-frequency
relationships for Nepal on the basis of an empirical relationship from monsoonal areas in West
Africa. This work had shown that precipitation generally obeys a power function with a square root

Table 3.12: PMP calculated according to Hershfield 
for different sites near the Yarsha Khola catchment 
 

Site No. Elevation 
[masl] 

PMP (24 hrs) 
[mm] 

Area PMP for 60km2 
(24 hrs) [mm] 

Charikot 1940 893 875 
Jiri 2003 426 417 
Melung 1536 763 748 
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Figure 3.29:   Comparison of calculated PMP with extrComparison of calculated PMP with extrComparison of calculated PMP with extrComparison of calculated PMP with extrComparison of calculated PMP with extremeemeemeemeeme
one-day events and empirical rone-day events and empirical rone-day events and empirical rone-day events and empirical rone-day events and empirical relationship between PMP andelationship between PMP andelationship between PMP andelationship between PMP andelationship between PMP and
elevation by Televation by Televation by Televation by Televation by Tahal Consulting Engineers (2002) (ahal Consulting Engineers (2002) (ahal Consulting Engineers (2002) (ahal Consulting Engineers (2002) (ahal Consulting Engineers (2002) (data source
for maximum observed events: Thapa and Khanal 2002)

Table 3.11: PMP calculated according to Hershfield 
for different sites in the Jhikhu Khola catchment 
 

Site No. Elevation 
[masl] 

Point PMP (24 
hrs) [mm] 

Area PMP for 
100km2 (24 hrs) 

[mm] 
Site 9 1560 537 521 
Site 12  865 504 489 
Nagarkot* 2150 336 326 
Site 6 1260 441 428 
Site 15  880 354 365 
Site 16 1200 546 530 
* Daily precipitation data for calculation from DHM (2000) 
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in the power index to duration. On the basis of investigations on the world record line of event
rainfall (e.g., WMO 1994), the same authors concluded that precipitation intensity likewise follows a
function with a power index to duration and therefore proposed:

I = at-0.5(Chyurlia 1984) Equation 3.7
where

I = precipitation intensity [mm/h]
a = constant
t = duration [h]

As the constant, ‘a’, is a function of the return period, ‘T’, measured in number of years Chyurlia
(1984) replaced ‘a’ with the empirical relationship of maximum daily rainfall as a function of the
return period. This yielded the empirical relationship for intensity-duration frequency for each
physiographic region. Only the relationship valid for the middle mountains is given here:

I = 23.5*T0.18*t-0.5 (Chyurlia 1984) Equation 3.8

This empirical approach on the basis of no high-resolution rainfall data was tested using the
available rainfall intensity data sets with 2 min resolution from the Jhikhu Khola catchment. The
intensity-duration-frequency diagrams (IDF) were prepared according to Chow et al. (1988), on the
basis of which the design rainfall depth for a given return period ‘T’ is determined by

p
T,t 

= p
tmean

 + K
T
*p

tstdev
(Chow et al. 1988) Equation 3.9

where
p = design precipitation depth [mm]
T = return period [years]
t = duration [h]
p

mean
= mean precipitation of the rainfall depths of a specified duration t [mm]

K
T

= frequency factor
p

stdev
= standard deviation of the rainfall depths of a specified duration t [mm]

The frequency factor K
T
 is determined according to

K
T
 = -(60.5/ð)*[0.5772 + ln(ln(T/T-1)] (Chow et al. 1988) Equation 3.10

Due to the short time series of only 8 years, the maximum return period that can be determined on
the basis of annual maxima series is 20 years. In general, they show a similar shape and similar
values. For comparison of the IDF curves of the two sites, 6 and 15, the calculated values of each
relationship are given below:

• for a return period of 8 years the 30-minute intensity was determined to be 69.2 mm/h at Site 6

and 68.5 mm/h at Site 15;

• for a return period of 8 years the 10-minute intensity was determined to be 103.9 mm/h at Site 6

and 106.0 mm/h at Site 15;and

• for a return period of 20 years the 30-minute intensity was determined to be 79.2 mm/h at Site 6

and 81.9 mm/h at Site 15 (see Figure 3.30).

Comparing the IDF curves established on the basis of data from sites in the Jhikhu Khola catchment
with the theoretical relationship proposed by Chyurlia (1984) it is evident that the return periods of
intensities for low duration rainfall, where no data were available in 1984, when Chyurlia developed
his method, were underestimated (Figure 3.31). For example, the two-year return period for a 30-
minute maximum intensity was determined to be 26 mm/h by the Chyurlia formula. On the basis of
data from Site 15 the two-year return period rainfall was 49 mm/h and for Site 6 it was 52 mm/h.
For longer time durations, the Chyurlia formula tends to overestimate the values at Site 15, for
example for daily values the Chyurlia formula calculates 4.3 mm/h (= 103 mm/day), while the
established IDF shows a value of 2.9 mm/h (= 70 mm/day). For Site 6 the Chyurlia formula seems to
calculate appropriate values at longer duration.
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3.1.5.4 Summary

The frequency analyses of rainfall in the Jhikhu Khola catchment above can be summarised as
follows.

• ‘No rainfall’ occurs most often in November and December.

• The months of October to April generally have less than 50 mm.

• The pre-monsoon months are the months where farmers are at highest risk if there is inadequate

water.

• The Log-Pearson Type III fits better with the empirical return periods than the GEV;

• Events of 20 years’ statistical return period are estimated between 100 to 150 mm in the

catchment.

• Long-term observations at Site 9 estimate approximately 180 mm for a rainfall event with a 100-

year return period.

• The 100 km2 PMP is estimated to be between about 300 and 600 mm for different sites according

to the Hershfield method.

• In the Yarsha Khola catchment, the PMPs are estimated to be between 500 and 900 mm on the

basis of long-term data close to the catchment.

• The 20-year return period maximum 10-minute rainfall intensity was estimated 116 mm/h for Site

6 and 153 mm/h for Site 15.

• The 20-year return period maximum 60-minute rainfall intensity was estimated as 57 mm/h for

Site 6 and 51 mm/h for Site 15.

• The Chyurlia IDF formula seems to underestimate the short duration intensities by about 50%.

3.1.6 Trends for precipitation

Nepal’s long-term data do not show an increasing trend of precipitation according to Shrestha et al.
(2000), despite a number of climatic models predicting an increase in monsoon precipitation. The
authors attribute this to the countering effects of increased atmospheric sulphate aerosols. Sharma
(1997) came to a similar conclusion on the basis of his studies of the long-term precipitation data
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Figure 3.30:  IDF curve for Sites 6 and 15 in the Jhikhu Khola catchmentIDF curve for Sites 6 and 15 in the Jhikhu Khola catchmentIDF curve for Sites 6 and 15 in the Jhikhu Khola catchmentIDF curve for Sites 6 and 15 in the Jhikhu Khola catchmentIDF curve for Sites 6 and 15 in the Jhikhu Khola catchment

b) Comparison with Site 6
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sets of Kathmandu and selected
stations in the Koshi basin,
where he was not able to
establish any homogenous and
significant trends.

As the long-term annual
precipitation of Panchkhal and
Dhulikhel is not distributed
normally (see Appendix A3.10),
the non-parametric test
according to Mann-Kendall was
used to test the existing time
series for trends. According to
Salas (1992), although the test is
mostly used for sample sizes of
more than 40, it can also be
applied for samples as small as 10. On the basis of the long-term data available for the Jhikhu Khola
catchment, no significant trend can be established for annual precipitation amount at the
confidence level of 5% (Table 3.13). The same can be concluded for the case of annual absolute
maximum, where no trend was observed over the measurement period.

The short-term time series from
the study period are distributed
normally (Appendix A3.11) and
therefore a parametric method
to test for trends can be
applied. For this purpose, the
test for linear regression
according to Sachs (1997) was
selected. Unlike for the long-
term data series, for the short-
term data series of eight years,
all selected stations show a
linear trend (Table 3.14).

There are no long-term data available for the Yarsha Khola catchment, so the three adjacent stations
from the DHM network, Charikot, Jiri, and Melung, were used for the assessment of trends. As the
data of some of the sites are not distributed normally (Appendix A3.12), the Mann-Kendall test for
trends was used for all three stations. On the basis of these datasets no homogenous and significant
trend can be established (Table 3.15). At the site in Charikot a negative trend was established over
the period from 1961 to 1996. However, at the two other sites, no significant trend could be
established. The same is true for the annual daily maximum where statistically no trend could be
observed over the measurement period.

Table 3.13: Mann-Kendall test statistics for trend of 
mean annual rainfall in the Jhikhu Khola catchment 
(data source: DHM 2000) 
 

Station Period Critical value* Test 
value 

Result 

Annual mean 
Site 9 1948 - 1996 

(N= 36) 
1.96 (Sig.=0.05) 1.3605 H0 is rejected 

Site 12 1976 - 2000 
(N= 23) 

1.96 (Sig.=0.05) 0.1585 H0 is rejected 

Annual daily maximum 
Site 9 1948 - 1996 

(N= 36) 
1.96 (Sig.=0.05) 0.1884 H0 is rejected 

Site 12 1976 - 2000 
(N= 23) 

1.96 (Sig.=0.05) 0.4465 H0 is rejected 

* according to Salas (1992) 
Test: H0 is accepted if the test value is bigger than the critical value1  
H0: there is a significant trend 
HA: there is no significant trend 
 

Table 3.14: Linear trend test statistics for annual mean in 
the Jhikhu Khola catchment 
 
Station Period Critical value* Test value Result 
Site 6 1993 - 2000 

(N= 8) 
0.707 

(Sig.=0.05) 
1.378 H0 is not rejected 

Site 12 1993 - 2000 
(N= 8) 

0.707 
(Sig.=0.05) 

0.814 H0 is not rejected 

Site 15 1993 - 2000 
(N= 8) 

0.707 
(Sig.=0.05) 

1.123 H0 is not rejected 

Site 16 1993 - 2000 
(N= 8) 

0.707 
(Sig.=0.05) 

2.017 H0 is not rejected 

* according to Sachs (1997) 
Test: H0 is accepted if the test value is bigger than or equals the critical value 
H0: there is a significant trend HA: there is no significant trend 
 

Table 3.15: Mann-Kendall test statistics for trends around the Yarsha Khola catchment 
(data source: DHM 2000)  
 

Station Period Critical value* Test value Result 
Annual mean 
Charikot 1961 – 1996 (N= 36) 1.96 (Sig.=0.05) 2.3564 H0 is not rejected 
Jiri 1962 – 1996 (N= 29) 1.96 (Sig.=0.05) 0.8816 H0 is rejected 
Melung 1961 – 1996 (N= 36) 1.96 (Sig.=0.05) 1.5119 H0 is rejected 
Annual daily maximum 
Charikot 1961 – 1996 (N= 36) 1.96 (Sig.=0.05) 0.1046 H0 is rejected 
Jiri 1962 – 1996 (N= 29) 1.96 (Sig.=0.05) 0.7747 H0 is rejected 
Melung 1961 – 1996 (N= 36) 1.96 (Sig.=0.05) 0.5993 H0 is rejected 
* according to Sachs (1997) 
Test:  H0 is accepted if test value is bigger than critical value 
 H0: There is a significant trend   HA: There is no significant trend 
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The study period in the Yarsha Khola from 1998 to 2000 is, at only three years, too short to assess
trends.

In summary, it can be said that no trend was observed over the long-term period. In recent years
over the duration of the study in the Jhikhu Khola catchment, an increasing trend was observed.

3.1.7 Summary and impact of rainfall on water-related susceptibilities

The comparison with the long-term data showed that the project period in the Jhikhu Khola
catchment from 1993 to 2000 was average in terms of precipitation. In the Yarsha Khola catchment,
the project period from 1998 to 2000 was wetter than average. It also showed that, although there
was a trend observed in the short-term data of the project period, no trend was detected in the long-
term data.

There is a distinct difference in rainfall behaviour, mainly rainfall amount, between the Yarsha Khola
and the Jhikhu Khola catchments. The main reason for this is the higher mean elevation of the
Yarsha Khola catchment, which is about 650 m higher than the mean elevation of the Jhikhu Khola
catchment. Annual rainfall in the Yarsha Khola catchment is about double that of the Jhikhu Khola.
While the amount differs between the catchments, the distribution is very similar, showing that the
wettest month is July and the driest months are November to February. The Jhikhu Khola catchment
also displays drier conditions than the Yarsha Khola catchment in terms of number of days without
rain and number of dry spells. In terms of events, the Yarsha Khola catchment shows higher rainfall
intensities, although the largest event measured in the study period was observed in the Jhikhu
Khola catchment.

Temporal variability is mainly expressed by a distinct seasonal behaviour with most of the rainfall
(about 75% to 80%) occurring in the monsoon season. An additional 10 to 15% of the annual rainfall
occurs during the pre-monsoon season. The remainder of the year is nearly dry, with occasionally
some exceptionally heavy events during the post-monsoon season. The highest variability of rainfall
can be seen during the dry season, the months of November to January in particular.

The lowest amounts of rainfall on average were observed in November to January. Annually, about 3
to 4 dry spells, that is, periods of 15 or more days with no more than 1 mm rainfall, can be seen. The
longest dry spells observed during the study period from 1993 to 2000 were approximately 110 to 140
days in the Jhikhu Khola catchment, and between 1998 to 2000, about 130 days in the Yarsha Khola
catchment. For farmers the most critical period for an additional crop is the pre-monsoon season. In
case there is adequate water availability for irrigation, an additional crop, such as tomato or maize,
is grown (also see Section 3.6). Rainfed land lies fallow during this period. The highest vulnerability
farmers experience is in terms of maize planting in the pre-monsoon, rice transplanting in the early
monsoon, and the post-monsoon for yield formation of wheat, barley, and potato.

The maximum intensities are observed late in the pre-monsoon and early in the monsoon seasons.
The highest 10-minute intensities that were observed during the study period were about 150 mm/h
in the case of the Jhikhu Khola catchment and about 175 mm/h in the Yarsha Khola catchment. This
high-resolution rainfall data set with this duration is unique in Nepal and could be used for the
establishment of intensity-frequency-duration relations. They were established for two sites in the
Jhikhu Khola catchment and showed that the theoretical relation proposed by Chyurlia (1984)
largely underestimates the short-time interval intensities for given return periods by about half. The
20-year return period daily rainfall varies from site to site, ranging from about 125 to 200 mm. The
PMP was estimated at about 500 to 700 mm in the Yarsha Khola catchment and about 300 to 500
mm in the Jhikhu Khola catchment, depending on the site.

Spatially, a number of rainfall parameters show a good relation with elevation, for example, annual
rainfall amount, maximum rainfall amount, erosivity, and number of rainy days. Rainfall intensity,
however, did not show any significant relation with elevation. In general, it can be said that the
longer the duration, the wetter the conditions; which leads to a better relationship with elevation.
This means that annual rainfall shows a better relation than seasonal rainfall, which shows a better
relation than monthly rainfall.
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Water availability is mainly dependent on the rainfall amount of different temporal aggregation as
well as the frequency of no or low rainfall. In addition, the duration and number of dry spells is
important for water availability considerations. The indicators, which have an impact on the water
resource availability and are used for the calculation of an index, are compiled in Table 5.1.

In terms of flood generation, the most important indicators for flood hazards are related to
precipitation amount and intensity (Table 5.2, Chapter 5, p. 292, this volume). This includes
maximum rainfall amount, intensity, rainfall events with a high return period, and the PMP. Roughly
the same indicators, with the addition of rainfall erosivity, are used for the Water Induced
Degradation Index (Table 5.3,Chapter 5, p. 293, this volume).

3.2 EVAPOTRANSPIRATION – AN IMPORTANT WATER LOSS IN THE CATCHMENTS

Potential evapotranspiration was calculated using a temperature-based method on the basis
of the data available. After a discussion of the temperature, wind, radiation, and humidity
parameters for the Jhikhu Khola and Yarsha Khola catchments, the results of the potential
evapotranspiration calculations are presented and discussed on the basis of temporal and
spatial distribution. Finally, actual evapotranspiration is determined for the calculation of
water balances.

3.2.1 Evapotranspiration in Nepal and the HKH

Evapotranspiration in the HKH is discussed briefly in Chapter 2 on the basis of Wyss‘ study (1993).
To summarise, mean potential evapotranspiration in the region ranges from about 1000 mm in the
high areas of the Tibetan plateau to about 2000 mm in the Tharr Desert. In general, a decreasing
gradient from south to north and from east to west can be seen.

In Nepal, Lambert and Chitrakar (1989)
showed a decreasing trend for potential
evapotranspiration with increasing
elevation (Figure 3.32). For western
Nepal, Tahal Consulting Engineers
(2002) likewise determined an overall
decrease in potential evapotranspiration
across the country. However, during the
coldest month, January, the upper areas
seem to have higher potential
evapotranspiration. This is believed to be
due to the higher wind factor in these
areas. The evaporation rates are highest
immediately before the onset of
monsoon when saturation deficits in the
air are highest (Chyurlia 1984 and Figure
3.32). During this time, potential
evapotranspiration rates in the Terai are
considerably higher than in the
mountains (Tahal Consulting Engineers
2002).

3.2.2 Calculation of reference evapotranspiration

There is a range of methods which can be used to compute potential evapotranspiration. Selecting
the appropriate method largely depends on the availability of data for different climatological
parameters such as radiation, sunshine hours, cloud cover, and others. Following the decision
support system in Shuttleworth (1993) and the data locally available for the Jhikhu and Yarsha Khola
catchments, a temperature-based method was used for these calculations. In this context the FAO
Penman-Monteith method with limited climatic data as proposed by FAO (1998) was selected.

Figure 3.32: Seasonal trSeasonal trSeasonal trSeasonal trSeasonal trends in potential evapotranspirends in potential evapotranspirends in potential evapotranspirends in potential evapotranspirends in potential evapotranspir-----
ation at selected elevations of Nepal ation at selected elevations of Nepal ation at selected elevations of Nepal ation at selected elevations of Nepal ation at selected elevations of Nepal (from Lambert and
Chitrakar 1989)
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The FAO Penman-Monteith method calculates reference evapotranspiration ET
0
 or potential

evapotranspiration on the basis of the following.

• The aerodynamic and surface characteristics of a reference surface, that is, “a hypothetical

reference crop with an assumed crop height of 0.12 m, a fixed surface resistance of 70 sm-1, and
an albedo of 0.23” (FAO 1998). This reference crop closely resembles an extensive surface of green
grass of uniform height, actively growing, completely shading the ground and with adequate
water.

• The FAO Penman-Monteith Equation (for example, FAO 1998). This equation requires location

parameters of the station such as elevation above sea level, and latitude. It also needs input data
of radiation, air temperature, wind speed, and humidity on a daily basis for daily calculations. For
the selected catchments only daily air temperature is available. Other missing climatic data were
estimated from short-term measurements in the catchment, from data of stations close by or on
the basis of the estimation approaches from FAO (1998). The estimated parameters are validated
on the basis of measured data sets in the two catchments, from the Godavari T&D site of ICIMOD,
or on the basis of the literature.

The quality of the evaporation data collected from the agro-climatological stations of DHM is very
questionable and full of gaps. Due to this reason no comparison was made.

3.2.2.1 Air temperature

Air temperature is the main parameter used for the reference evapotranspiration calculations in this
study. Temperature was measured at different locations throughout the catchments, as shown in
Section 2.4, using automatic temperature loggers in both the Jhikhu Khola and Yarsha Khola
catchments recording hourly temperature values.

In the Jhikhu Khola catchment no trends were
observed over the project period from 1993 to
2000, neither for minimum nor maximum, nor
for mean temperatures (Figure 3.33). Mean
annual temperatures in this period were about
18 to 20°C at the selected sites. The minimum
annual temperatures measured at the same
sites ranged from -0.5 to 5°C. Maximum
temperatures reached up to 40°C with a lowest
value of 33°C.

Intra-annually, there is a temperature variation
between average temperatures of 11.3°C in
January to 26.2°C in June measured at Site 12
(Figure 3.34a). The data of the main
meteorological station in the Jhikhu Khola
catchment are only for the period from 1998 to
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2000. At Site 15 with data from 1993 to 2000, a variation of from 12.3°C in January to 26.3°C in June
was observed (Figure 3.34b). The absolute minima are observed in both cases in the month of
January, with values around 0°C. The highest values are observed in the months of April to June.
Seasonally, the highest maximum temperatures are measured in the pre-monsoon, although the
highest average temperatures are usually observed in the monsoon season. This is mainly due to
the increased cloud cover during the rainy season. In the pre-monsoon season this cloud cover often
breaks up and allows full sunshine and heating up of the air.

Diurnal variation is very important for
agronomic considerations. Rice yields are
increased if temperature varies about 10°C
between night and day, while large differences
between night and day temperatures improve
tuber formation in potato crops (ILACO 1981).
The diurnal variation differs according to the
month. At Site 12 and in the coldest month of
January, the minimum average temperatures
of 4°C were observed at 7 AM (Figure 3.35).
The maximum average temperature in the
same month was recorded at 3 PM at about
22°C.

In the hottest month, June, the temperature
varied from 22°C at 5 AM to 32°C at 2 PM. The
July and August temperatures, when rice is being cultivated, differ about 7 C to 8°C between night
and day. The November temperature, decisive for potato yields, varied about 14°C between minimum
and maximum temperatures.

Elevation is the main influencing factor on temperature, together with geographical location and
aspect. About 99% of the variation in temperature can be explained by elevation and geographical
location, and 90% by elevation alone (Khanal et al. 1998). Dobremez (1976; Khanal et al. 1998)
observed a lapse rate of -0.52°C/100 m. In this study, the observed average lapse rate for the period
from 1993-2000 was -0.51°C/100 m on the basis of annual data (Table 3.16). The lapse rates vary
seasonally with mean changes of -0.43°C/100 m during the pre-monsoon and -0.65°C/100 m during
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Table 3.16: Temperature lapse rates in the Jhikhu Khola catchment: for mean 
(maximum, minimum) temperatures [°C/100 m] 
 

 Annual Pre-monsoon Monsoon Post-monsoon Winter 
1993 -0.631 

(-0.84, -0.31) 
-0.47 

(-0.96, -0.03) 
-0.71 

(-0.86, -0.82) 
-0.80 

(-1.08, -0.35) 
-0.56 

(-1.25, -0.23) 
1994 -0.60 

(-0.85, -0.33) 
-0.57 

(-0.95, -0.07) 
-0.73 

(-0.82, -0.71) 
-0.61 

(-1.13, -0.03) 
-0.48 

(-1.17, -0.16) 
1995 -0.58 

(-0.55, 0.10) 
-0.50 

(-0.76, 0.13) 
-0.64 

(-0.71, -0.61) 
-0.62 

(-1.39, -0.06) 
-0.47 

(-1.13, 0.04) 
1996 -0.56 

(-0.73, -0.07) 
-0.41 

(-0.88, -0.11) 
-0.61 

(-0.80, -0.35) 
-0.64 

(-1.09, -0.20) 
-0.62 

(-1.13, -0.12) 
1997 -0.54 

(-0.73, -0.06) 
-0.51 

(-0.71, -0.17) 
-0.55 

(-0.72, -0.32) 
-0.56 

(-1.21, -0.09) 
-0.59 

(-1.02, 0.08) 
1998 -0.44 

(-0.66, 0.09) 
-0.40 

(-0.82, -0.13) 
-0.56 

(-0.85, -0.453) 
-0.43 

(-1.18, -0.16) 
-0.38 

(-1.16, 0.01) 
1999 -0.27 

(0.85, 1.01) 
-0.23 

(-0.75, 0.59) 
-0.68 

(-0.89, -0.40) 
-0.19 

(-0.73, 0.39) 
0.24 

(-0.64, 0.95) 
2000 -0.42 

(-0.80, 1.11) 
-0.36 

(-0.83, 0.37) 
-0.74 

(-0.93, -0.42) 
-0.34 

(-1.01, 0.53) 
-0.08 

(-0.81, 1.01) 
      
Mean -0.51 

(-0.75, 0.19) 
-0.43 

(-0.83, 0.07) 
-0.65 

(-0.82, -0.51) 
-0.52 

(-1.11, 0.01) 
-0.37 

(-1.04, 0.20) 
Max -0.27 

(-0.55, 1.11) 
-0.23 

(-0.71, 0.59) 
-0.55 

(-0.71, -0.32) 
-0.19 

(-0.73, 0.53) 
0.24 

(-0.64, 1.01) 
Min -0.63 

(-0.85, -0.33) 
-0.57 

(-0.96, -0.17) 
-0.74 

(-0.93, -0.82) 
-0.80 

(-1.01, -0.35) 
-0.62 

(-1.25, -0.23) 
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the monsoon itself. The lowest temperature changes can be seen during the winter season with a
mean lapse rate of -0.37°C/100 m.

The minimum temperatures and maximum temperatures change at very unsystematic lapse rates.
Mainly the minimum temperatures are directly affected by inversion during the colder season, from
December to February in particular.

Aspect only shows a difference in temperature for the sites on the lower slopes, in this case the
comparison of Site 3 at 830 masl on the north-facing slope and Site 15 at 880 masl on the south-
facing slope. Mean and minimum temperatures at Site 15 are always 1 to 2°C higher than at Site 3
(note that these differences are after adjusting for the elevation difference of 50 m by means of a
calculated lapse rate; see below). The maximum temperatures, on the other hand, are approximately
1 to 2°C higher at Site 3. At the sites higher up the slope, in this case Sites 6 on the north-facing
slope at 1260 masl and Site 16 on the south-facing slope at 1200 masl, no systematic difference was
observed.

The mean temperature does not seem to be as influenced by aspect as the minimum and maximum
temperatures on the lower foot slopes of the Jhikhu Khola catchment (Figure 3.36). In the first four
years, mean temperature at Site 3 was lower than at Site 15; during the remaining years, however,
no distinct difference was observed. The minimum temperature, however, is generally lower on the
north-facing foot slope at Site 3 and the maximum temperature vice versa, that is, higher at Site 15
on the south-facing slope. On the upper slope at Sites 6 on the north-facing slope and Site 16 on the
south-facing slope, no systematic difference was seen.

In the Yarsha Khola catchment, temperature
decreased over the project period (Figure 3.37).
However, trends cannot be calculated due to
the short time period of only three years. The
average temperature ranged between 15°C and
17°C at Site 7, the main meteorological station.
The maximum temperature ranged from 28 to
31°C, while the minimum temperatures
observed during this period were between -2
and 2°C. At the highest station (Site 5), average
temperature was about 10°C. The minimum
temperature at this site reached a low of -5.2°C.
The highest maximum temperature was
measured at the lowest station, Site 1, at 35.2°C.

The lowest average temperatures of about 8°C
at Site 7 were measured in January (Figure 3.38). The highest average temperatures were observed
in the month of June. Maximum temperatures were observed in the same month with a first peak in
April. Seasonally, the highest temperatures were observed in the monsoon season closely followed
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Figure 3.36:  TTTTTemperaturemperaturemperaturemperaturemperature differe differe differe differe differences accorences accorences accorences accorences according to aspect at differding to aspect at differding to aspect at differding to aspect at differding to aspect at different elevation zonesent elevation zonesent elevation zonesent elevation zonesent elevation zones
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Figure 3.37:  Annual meanAnnual meanAnnual meanAnnual meanAnnual mean-minimum-maximum-minimum-maximum-minimum-maximum-minimum-maximum-minimum-maximum
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by the pre-monsoon season. The lowest
temperatures were observed in the month of
January.

In the Yarsha Khola catchment at Site 7 in
Bagar, diurnal variation varied, on average, from
about 10°C in January (4.5°C at 6 AM to 14°C at
2 PM) to about 6°C in June (18°C at 5 AM to
24°C at 2 PM) (Figure 3.39).

The average lapse rates for annual mean
temperatures during the period from 1998 to
2000 were -0.65°C/100 m (Table 3.17). The
maximum temperatures changed at the rate of -
0.89°C, the minimum temperatures at -0.46°C/
100 m. In the Yarsha Khola catchment the
seasonal difference is negligible. The lapse rate
during winter is slightly lower, at about -0.58°C/
100 m, whereas in the other seasons the lapse
rate is about -0.66°C/100 m.

In summary, it is evident that:

• no trend in either mean, minimum, or

maximum temperature could be established;

• January is generally the coldest and June

the hottest month in both catchments;

• there is a lower temperature variation during

the monsoon months than during the
reminder of the year;

• diurnal variations are higher in winter;

• there is a good relationship between elevation and mean temperature;

• there is no distinct relationship between elevation and minimum or maximum temperature;

• there is a difference in temperature according to aspect on the lower slopes; and

• differences between sites on the north- and south-facing upper slopes are negligible and

unsystematic.

3.2.2.2 Wind speed

Wind speed in both catchments was only measured at one location, and in the case of the Jhikhu
Khola catchment only during two incomplete years. Therefore the wind speed data used for the
calculation were estimated from these incomplete datasets. Figure 3.40 (a& b) shows the
distribution of daily wind speed from the two catchments. In the Jhikhu Khola catchment most of
the days have a daily wind speed of 0.5 to 1 m/s. The average wind speed is 0.7 m/s. In the Yarsha
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Figure 3.38:  Annual temperaturAnnual temperaturAnnual temperaturAnnual temperaturAnnual temperature variation ate variation ate variation ate variation ate variation at
Site 7 of YSite 7 of YSite 7 of YSite 7 of YSite 7 of Yarsha Khola, period 1998 - 2000arsha Khola, period 1998 - 2000arsha Khola, period 1998 - 2000arsha Khola, period 1998 - 2000arsha Khola, period 1998 - 2000

Table 3.17:  Temperature lapse rates in the Yarsha Khola catchment: for mean 
(maximum, minimum) temperatures [°C/100 m] 
 

 Annual Pre-monsoon Monsoon Post-monsoon Winter 
1998 -0.64 

(-1.03, -0.57) 
-0.66 

(-0.97, -0.49) 
-0.65 

(-0.85, -0.50) 
-0.64 

(-0.80, -0.73) 
-0.61 

(-0.96, -0.58) 
1999 -0.61 

(-0.74, -0.53) 
-0.66 

(-0.79, -0.54) 
-0.62 

(-0.73, -0.53) 
-0.59 

(-0.66, -0.48) 
-0.49 

(-0.60, -0.47) 
2000 -0.70 

(-0.89, -0.30) 
-0.73 

(-0.88, -0.55) 
-0.72 

(-0.88, -0.57) 
-0.70 

(-0.79, -0.61) 
-0.65 

(-0.68, -0.42) 
Mean -0.65 

(-0.89, -0.46) 
-0.68 

(-0.88, -0.53) 
-0.66 

(-0.82, -0.54) 
-0.65 

(-0.75, -0.61) 
-0.58 

(-0.75, -0.48) 
Max -0.61 

(-0.74, -0.30) 
-0.66 

(-0.79, -0.49) 
-0.62 

(-0.73, -0.50) 
-0.59 

(-0.66, -0.48) 
-0.49 

(-0.60, -0.42) 
Min -0.70 

(-1.03, -0.57) 
-0.73 

(-0.97, -0.55) 
-0.72 

(-0.88, -0.57) 
-0.70 

(-0.80, -0.73) 
-0.65 

(-0.96, -0.58) 
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Khola catchment the most frequent wind speed is likewise 0.5 to 1 m/s, with a mean wind speed of
0.99 m/s. This mean wind speed measured at 1.7 m was then transformed into a mean wind speed at
2 m of 1.02 according to the formula described in FAO (1998). For further calculations, therefore, the
daily wind speed was assumed to be 0.7 m/s in the Jhikhu Khola catchment and 1.0 m/s in the
Yarsha Khola catchment, respectively.

These values correspond to the reported values by Baidya (2001), presented in the form of a map.
According to this map, mean annual wind speed at 20 m for the area of the Jhikhu Khola catchment
has to be estimated between 0.5 and 1.0 m/s. The calculated value for Panchkhal adjusted for 10 m
above ground is 0.9 m/s. In the Yarsha Khola catchment the values would have to be estimated
between 1.0 and 1.5 m/s. The calculated value for 10 m above ground is 1.3 m/s.

3.2.2.3 Relative humidity

Relative humidity is monitored at only one site in each catchment. However, the spatial variability of
this parameter is too high and cannot be estimated from this single location. Therefore the FAO
(1998) method was used to determine relative humidity from the maximum and minimum
temperatures measured at each site. FAO ‘s method (1998) assumes that the dew point temperature
is close to the minimum daily temperature and therefore uses this value for the estimation of the
actual vapour pressure.

The results of this calculation show big differences from the measured values, as shown in Figure
3.41. It is mainly during the dry season that relative humidity is largely overestimated. During the
monsoon season the estimation is very close, within 10% relative difference to the measured values.
During the dry season the differences may be up to 60%. In absolute terms, the relative humidity is
overestimated by between 15 and 20% during the months of May and April. The most obvious
explanation for this is the fog during the cold months.

However, for the final reference evapotranspiration calculations, humidity is not directly used but
actual vapour pressure (e

a
)

 
estimated on the basis of the assumption that T

dew
 is approximately T

min
.

The error resulting due to this assumption is a maximum of ±0.2 mm difference in daily reference
evapotranspiration, which totals approximately 6 mm per month at most.

3.2.2.4 Radiation

Radiation is, like relative humidity, estimated from the observed temperature data according to the
Hargreaves’ radiation formula presented in FAO (1998). The formula is based on the principle that
the maximum and the minimum air temperatures are related to the degree of cloud cover at a given
location. The cloud cover itself is an important factor in the amount of radiation that reaches the
earth’s surface. The minimum and maximum temperatures can therefore be used as indicators for
radiation.

Figure 3.42 shows a comparison of the ET
0,
 calculated using the measured radiation data and the

estimated radiation data at Site 7 in the Yarsha Khola catchment and at the meteorological station
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Figure 3.40:  WWWWWind speed in the Jhikhu (a) and Yind speed in the Jhikhu (a) and Yind speed in the Jhikhu (a) and Yind speed in the Jhikhu (a) and Yind speed in the Jhikhu (a) and Yarsha Khola (b) catchments (note that in thearsha Khola (b) catchments (note that in thearsha Khola (b) catchments (note that in thearsha Khola (b) catchments (note that in thearsha Khola (b) catchments (note that in the
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at the ICIMOD T&D site in Godavari. In general, a good fit can be observed, with the exception of the
dry season where the potential evapotranspiration rates based on the estimated data generally
overestimate ET

0
 by a maximum 0.5 mm. This results in an error of about 15 mm during those

months. Altogether, over the period of one year, an average error of 7 mm per month can be
estimated between the ET

0
 calculated on the basis of measured data and on the basis of estimated

data. In Godavari, the error is bigger due to a higher difference during the pre-monsoon season
months.

3.2.2.5 Results of the reference evapotranspiration calculation

On the basis of the measured and estimated data as discussed above, mean daily reference
evapotranspiration rates were calculated (see Table 3.18). The values in the Jhikhu Khola catchment
range from 1.7 mm/day at different sites, in both January and December, up to about 5 mm/day in
the month of May. In the Yarsha Khola catchment the minimum daily ET

0
 was calculated to be

between 1.0 and 1.5 mm/day. The maximum is reached in the months of April and May with values
ranging from 3 to 5 mm/day, depending on the location of the station.

The results from this study were compared with the results of other studies of Lambert and
Chitrakar (1989), MacDonald & Partners (1990), and Tahal Consulting Engineers (2002) for validation
(Figure 3.43). The calculated values correspond well throughout the range with the values reported
by Lambert and Chitrakar (1989). The calculated values are slightly lower compared to the values

Figure 3.41:  Comparison of measurComparison of measurComparison of measurComparison of measurComparison of measured with calculated humidityed with calculated humidityed with calculated humidityed with calculated humidityed with calculated humidity, Site 7 Y, Site 7 Y, Site 7 Y, Site 7 Y, Site 7 Yarsha Kholaarsha Kholaarsha Kholaarsha Kholaarsha Khola
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Figure 3.42:  Comparison of ETComparison of ETComparison of ETComparison of ETComparison of ET
00000
 determined by measur determined by measur determined by measur determined by measur determined by measured net radiation and calculated net radiationed net radiation and calculated net radiationed net radiation and calculated net radiationed net radiation and calculated net radiationed net radiation and calculated net radiation

at Site 7 in Yat Site 7 in Yat Site 7 in Yat Site 7 in Yat Site 7 in Yarsha Khola catchment and Godavari T&Darsha Khola catchment and Godavari T&Darsha Khola catchment and Godavari T&Darsha Khola catchment and Godavari T&Darsha Khola catchment and Godavari T&D
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reported by MacDonald & Partners (1990). MacDonald (1990) used the method as proposed by FAO
(1977), which, according to FAO (1998), was reportedly found to frequently overestimate ET

0
. A

considerable difference can be seen in comparison to values reported by Tahal Consulting Engineers
(2002), where a wide divergence in the values of sites higher than 1500 masl is evident.

It has to be noted that the given values of Tahal Consulting Engineers (2002) are all from Western
Nepal, that is, west of Kathmandu. There is a considerable difference in terms of sunshine duration
between the western and the eastern parts of the country. The months of April, May, and June in
particular differ widely in terms of mean daily sunshine (Chalise et al. 1996). These are incidentally

Table 3.18: Mean daily ET0 for different sites in the Jhikhu and Yarsha Khola catchments 
[mm/day] 
 

Jhikhu Khola Yarsha Khola 
Month 

Site 3 Site 6 Site 12 Site 15 Site 16 Site 1 Site 3 Site 5 Site 7 Site 9 Site 10 

January 1.9 1.7 2.0 1.9 1.7 2.0 1.8 1.3 1.6 1.7 1.4 

February 2.7 2.4 2.7 2.6 2.3 2.6 2.3 1.8 2.1 2.3 1.8 

March 3.8 3.3 3.7 3.6 3.2 3.8 3.1 2.4 3.0 3.2 2.6 

April 4.8 4.2 4.7 4.6 4.1 4.7 3.9 3.1 3.7 4.0 3.2 

May 5.1 4.5 4.9 4.9 4.5 4.4 3.9 3.0 3.7 3.9 2.8 

June 4.8 4.2 4.8 4.6 4.2 4.4 3.8 2.7 3.6 3.7 2.7 

July 4.5 4.2 4.3 4.4 3.9 3.8 3.8 2.5 3.2 3.4 2.4 

August 4.3 3.9 4.0 4.2 3.8 3.5 3.5 2.4 3.0 3.2 2.2 

September 3.8 3.5 3.7 3.8 3.4 3.3 3.1 2.2 2.9 2.9 2.1 

October 3.3 3.0 3.2 3.3 3.0 3.0 2.6 2.0 2.5 2.6 2.0 

November 2.4 2.1 2.3 2.4 2.2 2.2 2.0 1.5 1.9 2.0 1.6 

December 1.9 1.7 1.8 1.9 1.7 1.9 1.6 1.2 1.5 1.6 1.3 

Annual 3.6 3.2 3.5 3.5 3.2 3.3 3.0 2.2 2.7 2.9 2.2 
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the months with the highest reference evapotranspiration rates (see above) and could therefore
explain the differences between the two calculations. In general, the above-calculated values are
plausible.

3.2.3 Temporal distribution

As shown above, the daily
reference evapotranspiration
rates are highest just before
the onset of the monsoon
during the pre-monsoon
season months of April, May,
and June. The same can be
shown with the temporal
distribution of monthly
reference evapotranspiration
rates, which peak in May in
the Jhikhu Khola and in April
and May in the Yarsha Khola
catchment (Figure 3.44). The
peak in April was also
observed in the long-term
monthly distribution of
potential evapotranspiration
calculated on the basis of
pan evaporation in Jiri (Merz et al. 2000b).

This distribution is worth keeping in mind in terms of agricultural water demands (see also Section
3.6). It is during this time that maize is broadcasted on the rainfed agricultural land and the rice
seedbed is prepared. While the latter depends on irrigation water, the former depends solely on
rainfall and soil moisture. Usually, farmers plant maize after the first pre-monsoon rains. If these
rains are isolated storms, the soil moisture depletes rapidly and the freshly germinated maize plants
are subject to considerable water stress.

3.2.4 Spatial distribution

Depending on the spatial distribution of the different parameters relevant for reference
evapotranspiration calculations (temperature in particular) ET

0
 decreases with altitude in the

selected catchments (Table 3.19). The ET
0
 lapse rates varied between about 18 mm and 42 mm per

100 m decrease in elevation during the study period from 1993 to 2000 in the Jhikhu Khola
catchment. In the Yarsha Khola catchment, it varied from 25 to 30 mm per 100 m in decrease
elevation in the period from 1998 to 2000. On average, the reference evapotranspiration is estimated
to change at about 28 to 32 mm per 100 mm elevation difference.

The isopleths shown in Figure 3.45 indicate that the highest reference evapotranspiration rates have
to be expected in the valley bottom of the Jhikhu Khola catchment, the area of Shree Ram Pati in
the central to southeast corner of the catchment in particular. The highest annual ET

0
 rates observed

in the project period were between 1400 and 1500 mm. The minimum rates were seen in the area of
Tinghare, the highest area in the catchment.

In the Yarsha Khola catchment (Figure 3.46) the highest reference evapotranspiration of 1300 mm
was estimated at the outlet of the catchment at about 1000 masl gradually decreasing towards the
highest point at Hanumante, where ET

0
 of about 700 to 800 mm was estimated for the project period.
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Table 3.19: Annual lapse rates for ET0 [mm/100m] 
 

 1993 1994 1995 1996 1997 1998 1999 2000 Average 
Jhikhu Khola -26.7 -31.0 -33.1 -33.7 -36.0 -42.1 -17.8 -31.6 -31.5 
Yarsha Khola - - - - - -28.3 -25.3 -29.4 -27.7 



104 WWWWWater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Transport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kush-Himalayasush-Himalayasush-Himalayasush-Himalayasush-Himalayas

3.2.5 Conversion of reference to actual evapotranspiration

The reference evapotranspiration is, by definition, the evapotranspiration of a grass crop with
defined parameters (FAO 1998). The conversion of this evapotranspiration to the actual to-be-
expected evapotranspiration — usually called actual evapotranspiration or AET — can be calculated
using different methods (for example, Thornthwaite and Mather 1955; FAO 1998). In this study, the
crop coefficient approach, as discussed by FAO (1998), was used, according to which the reference
evapotranspiration ET

0
 is multiplied with a crop specific coefficient K

c
 as shown in Equation 3.11

(FAO 1998).

AET = K
c
 * ET

0
Equation 3.11

where
AET = actual evapotranspiration [mm]
K

c
= crop coefficient

ET
0

= reference evapotranspiration [mm]

The crop coefficients used are listed in Appendix A2.1. On the basis of these crop coefficients and a
number of assumptions shown below, an average crop coefficient over the entire year according to
the cropping calendars (in Figure 3.154) and land use was estimated as shown in Table 3.20.
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Figure 3.45:  Isopleths of ETIsopleths of ETIsopleths of ETIsopleths of ETIsopleths of ET
00000
 in the Jhikhu Khola catchment for 1993 to 2000 in the Jhikhu Khola catchment for 1993 to 2000 in the Jhikhu Khola catchment for 1993 to 2000 in the Jhikhu Khola catchment for 1993 to 2000 in the Jhikhu Khola catchment for 1993 to 2000
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00000
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The rationale of the coefficients is as follows.

• The reference crop is green grass with a good cover

of 10 cm length and ample water supply (→ K
c
 = 1).

• On the cultivated land there are (brief) periods of

fallow and initial crop development stages with low
K

c
 values, which reduce the overall K

c
.

• In the Yarsha Khola catchment only two crops are

grown on the irrigated land, therefore K
c
 is lower

than in the Jhikhu Khola catchment.

• There are only limited times of fallow on the irrigated

land in the Jhikhu Khola, which is the reason for a
higher K

c
 on irrigated land than on rainfed land in this catchment.

• The forests in the Jhikhu Khola are of sub-tropical vegetation (mainly) and therefore more

adjusted to reduce transpiration. In addition many forests have no understorey.

• The shrub in the Jhikhu Khola catchment is generally of bad quality, which reduces the K
c
 in

comparison with the Yarsha Khola catchment.

It is important to note that these coefficients are very arbitrary and mainly based on assumptions.
Further work on this issue is crucial in order to fully understand evapotranspiration losses. First
steps towards this have already been taken by establishing a catchment-wide measurement network
for relative humidity at an hourly time interval. In addition, crop water requirements should be
further studied and phenological characteristics of the major crops documented (see Chapter 6).

On the basis of the available database AET was estimated as shown in Table 3.21 for the Jhikhu
Khola catchment and in Table 3.22 for the Yarsha Khola catchment. The AET varies from sub-
catchment to sub-catchment according to location and mean elevation. The highest AET values are
estimated in the Kubinde Khola catchment with the entire sub-catchment area below 1000 masl.
Values of areal AET in this sub-catchment ranged from 917 to 1011 mm per annum for the project
period. The lowest AET values were estimated in the Upper Andheri Khola sub-catchment, with a
mean elevation of 1408 masl. Here, AET values ranged from 793 to 831 mm per annum. For the entire
Jhikhu Khola catchment values of 850 to 886 mm per annum were estimated.

Table 3.20: Average crop coefficient 
Kc for different land uses 
 

 Jhikhu Khola Yarsha Khola 

Irrigated land 0.80 0.70 

Rainfed land 0.70 0.70 

Forest 0.80 0.90 

Grazing land 0.50 0.80 

Shrub 0.60 0.90 

Other 1.05 1.05 

 

Table 3.21: Areal AET in the Jhikhu Khola catchment for the period from 1993 to 2000 
calculated by FAO (1998) and Thornthwaite and Mather (1955) (T&M) [mm] 
 
Sub-catchment 1993 1994 1995 1996 1997 1998 1999 2000 

 FAO T&M FAO T&M FAO T&M FAO T&M FAO T&M FAO T&M FAO T&M FAO T&M 

Main 850 826 886 786 854 776 873 738 859 851 884 909 878 804 869 836 

Lower Andheri 851 892 892 870 863 855 876 830 866 923 864 973 874 882 855 906 

Upper Andheri 804 885 831 846 794 824 810 817 793 903 823 946 828 862 809 890 

Kukhuri 820 884 861 846 835 823 841 816 831 902 801 946 812 848 791 874 

Kubinde 917 912 990 924 917 927 979 863 958 973 995 1036 1003 947 1011 996 
 

Table 3.22: Areal AET in the Yarsha Khola catchment for the period 
from 1998 to 2000 calculated by FAO (1998) and Thornthwaite and 
Mather (1955) (T&M) [mm] 
 

Sub-catchment 1998 1999 2000 

 FAO T&M FAO T&M FAO T&M 

Main 778 845 790 677 732 715 

Upper Khahare Khola 694 762 657 611 592 638 

Lower Khahare Khola 690 807 698 690 645 723 

Gopi Khola 809 937 840 818 759 811 
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These values roughly correspond with the values calculated according to Thornthwaite and Mather
(1955). The biggest variations can be seen between the values of the two methods in the entire
Jhikhu Khola catchment. The variation in this catchment ranged from 25 to 150 mm. In the Kubinde
Khola catchment, values from both methods correspond.

In the Yarsha Khola catchment AET values were estimated at about 730 to 790 mm per annum in the
period from 1998 to 2000. The highest values are estimated for the Gopi Khola sub-catchment,
mainly due to the lowest mean elevation of all sub-catchments in the Yarsha Khola catchment.

3.2.6 Summary

Evapotranspiration was calculated applying the FAO-Penman-Monteith method with the proposed
equations for estimation of missing climatological data other than minimum and maximum
temperature. Actual evapotranspiration was determined using the crop coefficient approach.

The evapotranspiration analyses can be summarised as follows:

• annual reference evapotranspiration rates at different sites in the Jhikhu Khola range from 800 to

1400 mm per annum;

• annual reference evapotranspiration rates at different sites in the Yarsha Khola range from 600 to

1300 mm per annum;

• actual evapotranspiration accounts for about 800 to 900 mm per annum in the Jhikhu Khola and

600 to 800 mm per annum in the Yarsha Khola catchment; and

• the evapotranspiration showed a good regression with elevation.

In general, it has to be noted that although the values calculated above seem to be plausible in
comparison with measured data and data from other studies, evapotranspiration remains an area
where much more work is required to reach conclusive answers. In order to improve the quality of
the evapotranspiration data, additional measurements are necessary at all sites. The measurement
of relative humidity in particular is necessary and possible, and has already been initiated in the
Jhikhu Khola catchment. In addition, the actual water demand of the different plants in the
catchment (both natural as well as cultivated) is not known. This may have a major impact on the
accuracy of the evapotranspiration calculations.

In terms of indicators for the indexes, only the Water Poverty Index is relevant for the parameter
evapotranspiration (proposed indicators are compiled in Table 5.1, Chapter 5, p. 291, this volume).
For flood generation and land degradation, evapotranspiration plays only a minor role in connection
with the antecedent moisture. However, this changes frequently and constantly and can not be used,
therefore, as an indicator for the two indexes.

3.3 RUNOFF AND DISCHARGE

This section describes runoff on three different spatial scales — from the study plots, sub-
catchments, and catchments. After a comparative analysis of the plot scale runoff, the
temporal and spatial variability of runoff in the catchments and sub-catchments are
discussed. The low flows are sustained over the entire dry season by the groundwater and
soil water storage in the catchments. Groundwater information is presented from the well
monitoring network in the Jhikhu Khola catchment. The section ends with some frequency
considerations and concludes with a summary of the main findings.

For discharge event analyses refer to Section 3.4, Rainfall-Runoff, in this chapter.

There is often confusion over the use of the words ‘runoff’ and ‘discharge’ and in many cases they
are used interchangeably. Runoff is understood in this study as the water leaving a delineated
catchment as surface flow and expressed as a volume (usually mm). Discharge is the rate of flow of
a river at a particular moment in time and usually related to its volume and its velocity, for example,
m3/s or l/s (Whittow 1984).
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3.3.1 Rivers in Nepal and the HKH

The Hindu Kush-Himalayas and the Tibetan plateau are the largest storehouse of freshwater in the
lower latitudes. Not only nearly one hundred and fifty million people in the mountains depend on the
freshwater from these mountain ranges, these ranges also supply water to nearly five hundred
million people in the adjacent plains and downstream basins. Mighty rivers such as the Indus, the
Ganges, the Yarlung-Tsangpo, the Brahmaputra, the Nu-Salween, the Yangtze, the Yellow River, the
Mekong and others have their origin in these mountains. Some of them, such as the Huang He or
the Indus, are the lifeline for the lower areas, providing water for human consumption and irrigation.
They also contain the largest mass of ice and snow outside the earth’s polar regions (Chalise 2000).

Nepal has four major river systems draining the country (Figure 3.47). These are the Saptakosi in the
east, the Sapta Gandaki in central Nepal, the Karnali in the west, and the Mahakali in the far west of
the country (Sharma 1977). Both the Jhikhu Khola and the Yarsha Khola catchments are part of the
Saptakosi system, first draining into the Sunkosi, which forms the Saptakosi after the confluence
with the Tamur and Arun rivers. The Saptakosi is a tributary of the Ganges. The diverse basin
characteristics and differences in human activities combine to generate a spatially and temporally
dynamic mosaic of river flows across the physiographic regions of Nepal (Kansakar et al. 2002).
However, the flow of these rivers is mainly characterised by a distinct peak in either July to
September, July to August, or August depending on the length of the monsoon rains. The sizes of
the flow peaks closely correspond to the average basin rainfall amount. Baseflow of the major rivers
is characterised by the snow and glacier cover in its highest headwaters.

The Jhikhu Khola and Yarsha Khola are both rainfed rivers. Their regime is therefore characterised
by high flows during the monsoon season, receding rapidly to a dry season flow with a minimum in
May depending solely on the soil and groundwater storage within their catchment area (for more
detail see below).

In the following paragraphs the runoff from three different spatial units will be discussed. Firstly,
runoff from the erosion plots will be presented as a first approach to understanding the flow
response to rainfall, followed by the runoff from the sub- and the entire catchments, which includes
the storage component. For detailed analyses on the rainfall-runoff response during rainfall events
refer to Section 3.4.
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3.3.2 Runoff at the plot scale

Surface runoff is one of several streamflow generation processes discussed in Chapter 1 and
illustrated in Figure 1.3. Two different surface runoff types can be expected, Hortonian overland flow
and saturation overland flow. Hortonian overland flow is generated when rainfall intensity exceeds
infiltration capacity and is usually associated with impermeable soils, little vegetation, and high soil
compaction (Anderson and Burt 1990). Saturation overland flow is mostly expected on shallow soils
with moderate hydraulic conductivity and on flat land.

The PARDYP project established erosion plots with different land use to monitor surface runoff. For
the analysis below, four erosion plots in the Jhikhu Khola catchment and four plots in the Yarsha
Khola catchment were selected on the basis of data availability.

The plots were compared in terms of annual and seasonal response to the respective rainfall
conditions at each site in order to understand the magnitude of difference between land under
various uses and in different locations.

3.3.2.1 Runoff analyses in the Jhikhu Khola catchment

The four erosion plots included
in the analyses for the Jhikhu
Khola catchment include two
plots on degraded land, Sites
4a and 14a; and two sites on
rainfed agricultural terraces,
Sites 6a and 16a. In Table 3.23,
below, annual runoff from all
the plots is compiled.

At a first glance, it is evident
that the annual runoff between
the degraded and the
agricultural plots varies
tremendously. The average
runoff on the degraded plots is
about 20 times more than the
runoff from the agricultural
plots. Rainfall at the sites
differs only slightly by about
100 mm. In addition, it is not
only the plots with the highest

rainfall that produce the highest runoff, but often vice versa. This is also shown with the average
runoff coefficients of 1 and 3% on agricultural land and 34 to 40% on degraded land. Inter-annual
runoff variation is very small and is comparable to the variation of rainfall.

Seasonally, it can be seen that most of the runoff occurs during the monsoon season on all plots.
About 80% of the annual runoff occurred in this season on the degraded plots (Figure 3.48). This
shows the direct relationship between rainfall and runoff. As shown in Section 3.1, about 78% of the
annual rainfall is expected during the monsoon season. On the agricultural terraces on the other
hand, although most of the runoff (about 60%) likewise occurs during the monsoon season, about
30% of the annual runoff occurs during the pre-monsoon season. This shows a significantly higher
portion of runoff during the pre-monsoon season where about 14% of the annual rainfall occurs at all
selected sites. The pattern of the plots of the same land use is congruent, which shows that there is
a high probability that most of the differences between the plots can be explained by differing land
use and management.

On the basis of monthly data, distinct differences can be confirmed (Figure 3.49). The maximum
average monthly runoff was observed in July on the degraded plots — incidentally the month with
the highest monthly precipitation (see Section 3.1). The months with the next highest runoff were

Table 3.23: Annual runoff at the plots in the Jhikhu Khola 
catchment (in mm; in brackets: annual rainfall) 
 

Year 
Plot 4a 

(d/11.5) 
Plot 6a 

(r/20.4) 
Plot 14a 
(d/14.0) 

Plot 16a 
(r/6.7) 

1993  23*(1045)  5* (949) 

1994  17 (1136)  31 (1173) 

1995  17 (1176)  15 (1157) 

1996  26 (1291)  52 (1287) 

1997 458* (1084) 35 (1294) 296* (1195) 33 (1313) 

1998 445 (1111) 33 (1288) 449 (1292) 20 (1217) 

1999 519 (1442) 35 (1546) 476 (1481) 13 (1464) 

2000 497 (1069) 36 (1213) 416 (1188) 5 (1296) 

Average** 487 (1207) 28 (1278) 447 (1320) 24 (1272) 

Average 98-00 487 (1207) 35 (1349) 447 (1320) 13 (1326) 
Average runoff 
coefficient [%] 
98-00 0.40 0.03 0.34 0.01 
d= degraded, r = rainfed agriculture 
* This figure should not be used for calculations as this represents the data of the 
 first year where the soil in the plot was disturbed during its setting up. 
**  This average is calculated excluding the first year's runoff. 
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August and June, indicating that the mid- to late-monsoon season is particularly prone to runoff
generation on the degraded plots. On the agricultural plots the maximum mean monthly runoff was
seen in the late pre-monsoon season and the early monsoon season months. At Site 6a the
maximum mean monthly runoff was recorded in May, followed by June and July. At Site 16 the
maximum runoff was observed in July, followed by June, then May.

In the study of Gardner et al. (2000), who monitored agricultural plots in western Nepal, runoff
usually peaked in the months of June, July, or August. Relating rainfall with runoff, monthly runoff
coefficients of the type monthly runoff/monthly rainfall are determined (Figure 3.50a). While the
mean monthly runoff coefficients on degraded plots reach their maximum of 40 to 50% in the main
monsoon season months of June, July, and August; on the agricultural land the maximum mean of
6% on Plot 6 and 3% on Plot 16 were observed in May and June respectively, during the late pre-
monsoon and early monsoon season. The mean runoff coefficients on the agricultural sites were
consistently observed to be below 5%, which corresponds with the findings of Gardner et al. (2000).
On the agricultural plots in that study, runoff consistently represented only up to 10% of the rainfall.
Infiltration in these plots is very high and 50 to 80% of the annual rainfall infiltrated to a depth below
the root zone (>40 cm) on all the monitored plots. They identified distinct differences between the
pre-monsoon and the monsoon seasons. In the pre-monsoon season about 30% of the rainfall
infiltrated to depth with the remainder wetting the surface soil layer. In the monsoon season, 60 to
80% infiltrated and soil saturation was attained most of the time.

The maximum runoff coefficients on degraded plots were observed throughout the rainy season
from April to September (Figure 3.50b). In addition to this, at Site 4 a maximum of the same
magnitude was also observed in April. On the rainfed agricultural land on the other hand, the
maxima are confined to the late pre-monsoon to early monsoon season with one exception in
October. This was due to the exceptional event mentioned several times above.
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On the degraded land approximately 20 to 25 of all the runoff events produce 75% of the annual
runoff (Figure 3.51). This differs from the number of events producing the same amount of annual
runoff on agricultural land. On these plots about 10 to 15 events cause 75% of the annual runoff. The
number of events producing the same amount of annual runoff differs slightly from year to year, for
example, on Plot 6a in 1998, 11 events produced 75% of the annual runoff, while in 1999 it was 13
events and in 2000, 14 events. On Plot 16a, 75% of the annual runoff was generated by 9 events in
1998, 10 events in 1999, and 11 events in 2000; resulting in an overall average of 10 events per annum
producing about 75% of the annual runoff. On Plot 4a, 21 events were responsible for 75% of the
annual runoff in 1998, 22 events in 1999, and 19 events in 2000, respectively. Plot 14a shows a similar
behaviour to Plot 4a, with 23 events in 1998, 20 events in 1999, and 17 events in 2000; producing 75%
of the annual runoff. On the basis of these results, it can be said that in terms of runoff generation
the importance of single, large events is more important on rainfed agricultural land than on
degraded land.

The above analyses can be summarised as follow:

• there is a distinct difference in runoff from agricultural and from degraded land with degraded

land experiencing runoff some 20 times greater than agricultural land;

• the percentage of runoff amount on degraded land during the different seasons roughly

corresponds to the seasonal rainfall pattern;

• on agricultural land, runoff during the pre-monsoon season is more important than runoff in the

same season on degraded land;

• runoff coefficients vary greatly between degraded and agricultural land;

• runoff coefficients peak at about 0.40 throughout the wet season on degraded land;and

• on agricultural land the peak is in the late pre-monsoon or early monsoon season.
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Figure 3.51:  Cumulative runoff for all plots in the Jhikhu Khola catchmentCumulative runoff for all plots in the Jhikhu Khola catchmentCumulative runoff for all plots in the Jhikhu Khola catchmentCumulative runoff for all plots in the Jhikhu Khola catchmentCumulative runoff for all plots in the Jhikhu Khola catchment
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3.3.2.2 Runoff analyses in the Yarsha Khola catchment

In the Yarsha Khola catchment the selected plots included two plots on rainfed agricultural terraces,
Sites 6a and 9a; and two plots on grazing land, Plots 5a and 9b. These plots were all on similar
slopes and on the south-facing part of the catchment (Table 3.24). The plots, however, differ in terms
of elevation, which has a considerable impact on the rainfall amount as well as on the erosivity of
the rainfall (see Section 3.1). For this reason, two approaches were selected:

a) to compare the annual runoff coefficients between plots;and
b) to compare Plots 9a and 9b located 20 m apart from each other.

Both approaches show that rainfed agricultural land produces considerably less runoff than grazing
land. Plot 5a, with the highest rainfall inputs, produces on average about 615 mm runoff annually,
which corresponds to a mean annual runoff coefficient of 21%. The other grazing land, Plot 9b, in a
lower rainfall regime with about 1100 mm less rainfall per annum, shows a similar runoff coefficient
of 22% and a mean annual runoff of 375 mm. Comparing this runoff coefficient with that of the
adjacent plot 9a, it is evident that plot 9a only accounts for about half the runoff with the same
rainfall and a mean annual runoff of 202 mm. This ratio runoff at Plot 9a to runoff at Plot 9b varies
from 40 to 65%. Plot 6a, about 500m higher than Plot 9a and with 700 mm more rainfall per annum,
shows a similar annual runoff coefficient of 10% with a runoff coefficient at Plot 9a of 12%.

Seasonally, there is no distinct difference observed between the different land uses (Figure 3.52a).
Average seasonal runoff varies from 75 to 90% on all the plots during the monsoon season with the
observed minimum at Site 9a and the observed maximum at Site 6a. During the pre-monsoon
season, 10 to 20% of the runoff occurs on all the plots with the maximum observed on Plot 6a.

On the basis of the monthly runoff data (Figure 3.52b) it can be shown that the maxima in all plots
was observed in the month of July, the wettest month of the season, followed by August and
September or June. However, there was no distinct difference observed between the plots in terms
of runoff volume. At Site 9a May seems to have played an important role during the study period. In
terms of mean monthly runoff coefficients, the grazing plots show generally higher values
throughout the year (Figure 3.53a). The mean coefficients tend to peak in the rainy season any time
between May and September. No seasonal pattern between pre-monsoon and monsoon and
differences between grazing and rainfed agricultural land could be observed. The same can be said
for the maximum runoff coefficients observed during the study period (Figure 3.53b).

Table 3.24: Annual runoff [mm] (in brackets the annual rainfall in mm at the plot 
and the annual runoff coefficient) 
 

Year 
Plot 5a 

(g/19.1) 
Plot 6a 

(r/17.0) 
Plot 9a 

(r/17.5) 
Plot 9b 

(g/17.5) 

1998 673 (2940/0.23) 250 (2496/0.10) 108 (1692/0.06) 276 (1692/0.16) 

1999 468 (2864/0.16) 232 (2316/0.10) 240 (1693/0.14) 376 (1693/0.22) 

2000 704 (2855/0.25) 239 (2393/0.10) 258 (1738/0.15) 473 (1738/0.27) 

Average 615 (2886/0.21) 240 (2402/0.10) 202 (1708/0.12) 375 (1708/0.22) 
g = grazing,  r = rainfed agriculture 
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There is no distinct difference visible in terms of cumulative runoff on the different plots in the
Yarsha Khola catchment (Figure 3.54). Approximately 20 events produce 75% of the annual runoff in
this catchment, varying from 19 events on Plot 9a, 21 events on Plots 6a and 9b, to an average of 28
events on Plot 5a. The number of events responsible for 75% of the annual runoff differs slightly
between the years. On Plot 5a the plot where the largest number of events produced 75% of the
annual runoff, 1998 had 28 events, 1999 saw 26 events, and 2000 had 30 events. On the other
grassland plot (9b) 21 events caused the same percentage of runoff in 1998, 21 in 1999, and 22 in
2000. On the adjacent plot (9a), 21 events were responsible for 75% of the annual runoff in 1998, 18
events in 1999, and 18 events in 2000, totalling an average of 19 events over the study period and the
lowest number of events amongst the four plots. On Plot 6a, rainfed agricultural land, 17 events
caused 75% of the annual runoff in 1998, 25 events in 1999, and 22 events in 2000.
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Figure 3.54:  Cumulative runoffCumulative runoffCumulative runoffCumulative runoffCumulative runoff, Y, Y, Y, Y, Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment
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In summary, it can be said that:

• there is no distinct difference between seasons in terms of runoff from grazing and agricultural

land;

• runoff on grazing land is about double the runoff on agricultural land;

• average runoff coefficients on grazing land are about 20 to 25%;

• average runoff coefficients on agricultural land are about 10 to 15%; and

• the peak runoff coefficients tend to be later in the wet season on all plots.

It has to be noted that the results above are from plot studies and therefore run-on is controlled.
However, Gardner et al. (2000) identified sites with run-on from fields above as the most critical sites
for soil erosion and therefore causing severe land management problems.

3.3.3 Discharge in the rivers of the catchments and the sub-catchments

In addition to the surface runoff from the plots and the slopes as far as it reached the drainage
network, further processes contribute to the generation of basin runoff. This includes different
subsurface flow processes and contributions by groundwater (see Figure 1.3). Below, the flow
measured at the hydrological stations is examined after a brief discussion of the data origin and
quality.

3.3.3.1 Measurement and calculation of discharge

As described in Section 2.4, discharge at five sites in the Jhikhu Khola catchment and four sites in
the Yarsha Khola catchment was measured indirectly with the help of a rating curve. In the same
section the difficulties related to the generation of a rating curve were discussed (more detail can be
found in Appendix A3.1). Overall, it can be said that:

• the data quality of low flows is inadequate due to instable and low flow insensitive cross-

sections;and

• the data quality of high flows has to be considered inadequate due to missing measurements for

the establishment of that range of the rating curves.

As identified above, the stability of the cross-sections and the measurement of high as well as very
low flows compromises the accuracy of the rating curves and therefore the discharge data. For
future analyses Merz (2002; Appendix B.6) suggested the following:

• stabilising the cross-sections on either side as well as on the bottom with artificial cross-

sections;and

• constructing defined structures such as flumes and various weirs and compounds, mainly to

cater for the low flow sensitivity and the infrastructural problems associated with night
measurements.

Due to the inaccuracies of the data in this range of the rating curves:

• the annual runoff values, which are heavily dependent on accurate low flow measurements, of

Sites 8 and 13 in the Jhikhu Khola catchment had to be discarded;and caution is advised with low
flows and very high flows.

3.3.3.2 Temporal variability at the main hydrological stations

In both catchments, the Jhikhu Khola and the Yarsha Khola catchments, the integral systems
response to rainfall is monitored at the outlet with a main hydrological station (also see Section 2.4).
Below the hydrological data of these two sites are discussed in relation to temporal variability of flow.

The mean discharge at the main station at the outlet of the Jhikhu Khola catchment was 1.45 m3/s in
the period from 1993 to 2000 (Table 3.25). It ranged from 1.12 m3/s in 1994 to 1.79 m3/s in 1996. In this
period the daily maximum discharge was observed to be about 30 m3/s, and the minimum was
below 10 l/s during the same time. However, these extreme values have to be considered with
caution due to the insecurities related to the stage-discharge relationship (see above). However,
there are no long-term data sets available at this site for validation of the results.
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The annual mean specific yields range from 0.010 to 0.016 m3/s*km2. These values are very low and
show a considerable human impact on the streamflow conditions in the catchment. For comparison,
the Rosi Khola in a catchment south and adjacent to the Jhikhu Khola and with an area of 87 km2

the specific yield was recorded to be 0.030 m3/s*km2 (Alford 1992). The reason for the higher specific
yield in this catchment is that water is used extensively for irrigation and for the domestic supply of
the small townships of Banepa and Panauti, and it is located in a higher rainfall regime. The
catchment extends up to 2943 masl at its highest point and receives much more rainfall than the
Jhikhu Khola catchment, having a peak elevation of 2200 masl.

Seasonality is evident from the
average runoff regime, including the
major percentiles and the extreme
values (Figure 3.55). The highest
mean and median flows were
observed during the month of August
followed by July and June. In
comparison with the monthly
distribution of rainfall (Figure 3.3) this
maximum is delayed by one month.
The absolute minimum flows occur in
the month of March closely followed
by April, February, and May,
indicating the driest time of the year
in terms of discharge in the river
system completely fed by
groundwater (see below). With
increasing pre-monsoon showers in
May, the flow starts to pick up and
rapidly increases to maximum flows
in the monsoon season. After
reaching the maximum flows in this
season, the flows decline, reaching
dry season flows in November, with
September and October usually
showing intermittent flow amounts.

The daily discharge shows the
distinct dry season/ wet season
pattern which can also be observed in
Figure 3.56, above. The largest events
usually occur during the wet season
with only very few and small peaks
during the dry season. These dry

season events usually occur during the early dry season, the post-monsoon season (such as the
event on October 19/20 1999) or during the late dry season. These events could already be classified
as wet season events, as they occur in the often long and extended pre-monsoon showers that
continue up to the onset of the monsoon rains (also see Section 3.1). Occasionally, large events
happen during the dry season, such as occurred on January 15-16, 1996, but only rarely.

Table 3.25: Annual principal discharge figures for Site 1, Jhikhu Khola catchment 
 
 1993 1994 1995 1996 1997 1998 1999 2000 

Mean discharge [m3/s] 1.198 1.118 1.440 1.788 1.143 1.675 1.578 1.660 

Max discharge [m3/s] 19.671 12.428 32.966 30.804 29.033 19.890 20.258 14.989 

Min discharge [m3/s] 0.005 0.005 0.004 0.115 0.022 0.000 0.002 0.001 
Mean specific yield [m3/s*km2] 0.011 0.010 0.013 0.016 0.010 0.015 0.014 0.015 
Annual runoff [mm] 339 317 408 506 324 474 447 470 
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Figure 3.55:  ComprComprComprComprComprehensive runoff rehensive runoff rehensive runoff rehensive runoff rehensive runoff regime at Site 1, Jhikhuegime at Site 1, Jhikhuegime at Site 1, Jhikhuegime at Site 1, Jhikhuegime at Site 1, Jhikhu
Khola catchmentKhola catchmentKhola catchmentKhola catchmentKhola catchment

0

5

10

15

20

25

30

35

1/
1/

19
93

5/
1/

19
93

9/
1/

19
93

1/
1/

19
94

5/
1/

19
94

9/
1/

19
94

1/
1/

19
95

5/
1/

19
95

9/
1/

19
95

1/
1/

19
96

5/
1/

19
96

9/
1/

19
96

1/
1/

19
97

5/
1/

19
97

9/
1/

19
97

1/
1/

19
98

5/
1/

19
98

9/
1/

19
98

1/
1/

19
99

5/
1/

19
99

9/
1/

19
99

1/
1/

20
00

5/
1/

20
00

9/
1/

20
00

D
is

ch
ar

ge
 [m

3 /s
]

Figure 3.56:  Daily discharDaily discharDaily discharDaily discharDaily discharge at Site 1 of the Jhikhu Kholage at Site 1 of the Jhikhu Kholage at Site 1 of the Jhikhu Kholage at Site 1 of the Jhikhu Kholage at Site 1 of the Jhikhu Khola
catchmentcatchmentcatchmentcatchmentcatchment



115Chapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and Relevant Pelevant Pelevant Pelevant Pelevant Processesrocessesrocessesrocessesrocesses

The monthly flows are generally
variable in the catchment (Figure
3.57). The lowest variabilities were
observed in the monsoon season, the
months of August and July in
particular. The February flows also
have low variability as they were
consistently low throughout the
measurement period. Generally, the
pre-monsoon flows in March, April,
and May show the highest
variabilities as they can be very low if
there are late, weak pre-monsoon
rains. They can also be high if intense
pre-monsoon events and extended
showers occur, as they do at this time
of the year.

The highest flow at Site 1 during the year is, on average, 16 times higher than the mean annual flow.
With respect to the minimum flow, the highest daily discharge was approximately1500 times bigger
on average throughout the study period and the mean flow was 83 times bigger than the lowest
annual flow.

Data monitoring started in the
Yarsha Khola catchment in 1997,
and complete annual data are
available from 1998 to 2000. In this
period the mean discharge was
observed to range from 1.9 to 2.9
m3/s (Table 3.26). The maximum
discharge in the same period
ranged from 11.6 to 14.3 m3/s. The
observed minima were below 100 l/
s in 1998 and about 250 l/s in the remaining years. The same reservations about the quality of the
extreme values have to be made here as in the case of Jhikhu Khola catchment.

The mean specific yield was considerably higher in this catchment, ranging up to 0.05 m3/s*km2 in
2000. In 1998 and 1999, the measured specific yield was 0.04 m3/s*km2. This matches with the values
observed in the Rosi Khola of similar size and similar elevation, but where there is much more
human interference.

The absolute minimum flows in this
catchment were observed in the
month of May (Figure 3.58). However,
where there are strong pre-monsoon
rains or early onset of the monsoon
events, the minima are observed in
the month of April and February, with
the smallest range of flows over the
study period. The flows are
consistently low from December
onwards up to the onset of the new
rainy season. The maxima are
observed in July and August followed
by September and June, with October
and November showing intermittent
flows. The flows observed during the
month of August range from 4 to 12
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Table 3.26: Annual principal discharge figures for Site 
1, Yarsha Khola catchment 
 

 1998 1999 2000 

Mean discharge [m3/s] 1.930 2.056 2.862 

Max discharge [m3/s] 11.637 12.978 14.265 

Min discharge [m3/s] 0.086 0.280 0.256 
Mean specific yield [m3/s*km2] 0.036 0.039 0.054 
Annual runoff [mm] 1140.3 1214.7 1690.6 
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m3/s. As mentioned above, the smallest range in terms of minimum flows is shown in February, with
values of 0.36 to 0.52 m3/s.

No dry season events of mentionable
size were observed during the study
period in the Yarsha Khola catchment
(Figure 3.59). The earliest sizable
events were observed in early June
and the latest events in late October. It
is important to note that the base flow
during the monsoon season was
consistently high in all three years
compared to the Jhikhu Khola
catchment, where baseflows were
quite low even during the monsoon
season.

Variability was not assessed for the
Yarsha Khola catchment as only three
years’ worth of data were available
and a variability analyses would not

make any sense. The intra-annual variability can, however, be shown with the ratio between the
highest, lowest, and mean flows at the outlet of the catchment. The highest flows are, on average,
about 6 times bigger than the mean flows. With respect to the lowest flows at the outlet, the highest
flows are approximately 64 times bigger on average. The lowest flows on average only show about 1/
10 of the mean flow.

A comparison of the daily runoff at the
hydrological stations located at the
outlet of the Yarsha and Jhikhu Khola
catchments (Figure 3.60) shows that
the Yarsha Khola generally carries
more water per unit area than the
Jhikhu Khola. The baseflow in
particular is higher in the latter
catchment (this will be discussed in
further detail below).

The analyses from above can be
summarised as follows:

• distinct wet season/dry season

regime with the lowest flows in the
pre-monsoon season (March/April)
and the highest flows in July/August;

• mean specific yields of about 12 l/s*km2 in the Jhikhu Khola catchment and 40l/s*km2 in the

Yarsha Khola catchment;

• the annual runoff ranging from 300 to 500 mm during the period from 1993 to 2000 in the Jhikhu

Khola catchment and from 1200 to 1600 mm in the Yarsha Khola catchment for the period 1998 to
2000;and

• highest flow variabilities observed in the pre-monsoon season flows.

3.3.3.3 Spatial variability

Discharge often varies spatially to a considerable degree. This is mainly due to different catchment
size, different rainfall patterns, and different catchment characteristics. Below, the flow of Site 1 in
both catchments is compared with the flow from selected sub-catchments where the data allow. It is
important to note that the following analyses were carried out for two catchments in the middle
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mountains between 800 and 3000 masl of Eastern Nepal and are, therefore, only strictly applicable
for the two catchments studied. For the applicability of these relationships in other areas their
validity has to be tested first.

The area of the catchment is the most obvious parameter to be used for the prediction of flow
parameters, assuming that the larger the catchment the larger the flow. This, however, only yields a
limited regression with annual mean flow (Figure 3.61a). The regression with average maximum
daily discharge over the study period on the other hand shows a very strong relationship (Figure
3.61b). This suggests that in the middle mountains of Nepal a catchment’s area could be used for
the prediction of large events.

The specific discharge expressed in ls-

1km-2 adjusts the streamflow for the
catchment area and allows the
comparison of different catchments. As
Alford (1992) notes, the specific
discharge varies with the mean
altitude of the catchments. It tends to
increase with elevation from sea level
up to about 3200 masl in the case of
the Sapta Koshi basin. In catchments
with mean altitudes higher than 3200
masl, the specific discharge tends to
decrease again with increasing
elevation. For the Jhikhu Khola
catchment and the Yarsha Khola
catchment and their sub-catchments
this proves to be true, as shown in
Figure 3.62. The relationship between
mean catchment elevation and specific discharge in the case of the Jhikhu and Yarsha Khola
catchments was determined to be

q = 0.0374 z - 28.991 Equation 3.12
where

q  = specific yield [m3/s*km2]
z  = elevation [masl]

This equation had a very good fit shown by a regression coefficient r2 of 0.95. The determination of
this relationship excluded the data from Site 13, which, as mentioned above, has very doubtful low
flows. By means of this equation, a specific yield, q, can be estimated for this site to be used in
Section 3.7 on water balances. None of the other relationships between percentage of different land
use and specific discharge, or mean catchment slope and specific discharge, produced any
significant regressions. This suggests that the elevation of the catchment is the most important
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factor in determining the specific discharge in the catchment. As shown in Section 3.1, the annual
rainfall is closely related to the elevation and this relationship between elevation and specific
discharge is therefore well explained.

As shown in Section 3.1, most of the rainfall in the Jhikhu Khola catchment is expected during the
monsoon season from June to September. During this time, 75 to 80% of the annual rainfall occurs.
As the Jhikhu Khola is completely rainfed and no snow is observed in the catchment, the discharge
follows the same pattern as rainfall (also shown in Figure 3.55). The sub-catchments in the Jhikhu
Khola likewise follow this seasonal pattern. It is, however, important to note that there is a difference
in terms of monthly peak flow between the different catchments. In the Jhikhu Khola catchment the
small upland catchment of the Kukhuri Khola displays its peak in July, while at Sites 1 and 2 the
peak is in August (Figure 3.63a). In the Yarsha Khola catchment this difference cannot be observed
as all catchments show their peak flows in the month of August, one month after the peak rainfall in
the catchments (Figure 3.63b).

The spatial variability can be summarised as follows:

• the maximum daily discharge shows a significant regression with catchment area;

• annual specific discharge varies with elevation according to the relation, q = 0.0374 z - 28.991; and

• no particular spatial difference can be observed in the flow regime of the two catchments and

their sub-catchments.

3.3.3.4 Low flows and storage

While the flow during the monsoon season is governed by rainfall distribution, the flow in the post-
monsoon and winter season — and often to a large extent also in the pre-monsoon season — is
dependent on the emptying of the storages in the catchment. These storages and their capacities
are important for potential water availability assessment in particular. Some of the best storage
systems are glaciers and snow as well as lakes (natural and man-made) delaying flow by a year or
even years in the case of glaciers (Table 3.27). None of the catchments studied contain any of these
and therefore rely solely on groundwater and soil water storage for the low and dry season flows. In
general, these storage systems are believed to have capacities of up to one year. Kansakar (2001)
mentions three main types of geological settings where groundwater can be expected in the hills of
Nepal:

a) Jhikhu Khola catchment
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Figure 3.63:  HydrHydrHydrHydrHydrological rological rological rological rological regime in the Jhikhu Khola catchment (a) and the Yegime in the Jhikhu Khola catchment (a) and the Yegime in the Jhikhu Khola catchment (a) and the Yegime in the Jhikhu Khola catchment (a) and the Yegime in the Jhikhu Khola catchment (a) and the Yarsha Kholaarsha Kholaarsha Kholaarsha Kholaarsha Khola
catchment (b) (period 1998 to 2000)catchment (b) (period 1998 to 2000)catchment (b) (period 1998 to 2000)catchment (b) (period 1998 to 2000)catchment (b) (period 1998 to 2000)

Table 3.27: Storage of different water bodies  
(after Schaedler 1990; Nemec 1993) 

 
Time Storages min hours days weeks months year years 

Soil water in upper zone XXXX XXXX XXXX XXXX XX   
Soil water in lower zone  XXXX XXXX XXXX XXXX   
Groundwater   XXXX XXXX XXXX XXXX  
Snow cover  XX XXXX XXXX XXXX X  
Glacier      XXXX XXXX 
Lakes   XXXX XXXX XXXX XX  
Reservoirs (man-made)  XX XXXX XXXX XXXX X  
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• thick unconsolidated fluvial, glacial, and lacustrine sedimentary deposits in river and tectonic

valleys;

• thick weathering mantles with coarse debris over bedrock;and

• fractured bedrock.

The main valley of the Jhikhu Khola catchment is filled with alluvial deposits, forming a potential
aquifer of the first type (see also section on geology in Chapter 2). Adhikari et al. (2003) showed that
spring yield closely correlated with rock type in the eastern part of the Jhikhu Khola catchment,
showing a potential aquifer of the third type. Seventy-five per cent of the high yields were related to
carbonate rocks such as limestone, dolomite, and marble beds. These were observed to be highly
fractured and contained interconnected holes and fissures. In contrast, metamorphic rocks, such as
phyllite, schist, quartzite, and gneiss, showed moderate to low discharge. The highest yields were
further observed in the base of the syncline fold in the Jhikhu calcareous beds.

In the Yarsha Khola, both massive sedimentary deposits and thick weathering mantles are to a large
extent missing. Subsurface water feeding base flow therefore mainly hails from potential aquifers in
the fractured bedrock and from soil water storage.

In general, the Yarsha Khola catchment shows a higher storage capacity than the Jhikhu Khola
catchment. This was shown by Dongol (2003) with the base flow index (BFI). The period BFI for 1998
to 2000 for the Jhikhu Khola catchment was 0.36. For the same period in the Yarsha Khola
catchment the BFI was 0.46, showing a higher proportion of the annual runoff sustained by
baseflow. In order to assess the storage capacities, the flow recession curves after the monsoon
rains were determined at Site 1 in both catchments (Figure 3.64). The fit in the Yarsha Khola
catchment of a logarithmic curve with base e is very good with r2 of 0.93 in the dry season 1998/1999,
and 0.95 in the dry season 1999/2000. Following the curve to the point of intercept with the x- axis, a
storage capacity of about 310 days (304 days in 1998/1999, 321 days in 1999/2000) was determined. In
the Jhikhu Khola catchment the fit was not as good: it was especially poor in 1999 after a drop of the
hydrograph (probably a measurement error) after a very large event at that site. The storage capacity
was determined at 299 days in 1998/1999 and 305 days in 1999/2000, with an average of about 300
days.

a) Recession 1998/99 Jhikhu Khola catchment
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c) Recession 1998/99 Yarsha Khola catchment
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b) Recession 1999/00 Jhikhu Khola catchment
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d) Recession 1999/00 Yarsha Khola catchment
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Figure 3.64: Flow rFlow rFlow rFlow rFlow recession curves in the Jhikhu Khola: a) dry season 1998/1999, b) dry seasonecession curves in the Jhikhu Khola: a) dry season 1998/1999, b) dry seasonecession curves in the Jhikhu Khola: a) dry season 1998/1999, b) dry seasonecession curves in the Jhikhu Khola: a) dry season 1998/1999, b) dry seasonecession curves in the Jhikhu Khola: a) dry season 1998/1999, b) dry season
1999/2000; and the Y1999/2000; and the Y1999/2000; and the Y1999/2000; and the Y1999/2000; and the Yarsha Khola c) dry season 1998/1999, d) dry season 1999/2000.arsha Khola c) dry season 1998/1999, d) dry season 1999/2000.arsha Khola c) dry season 1998/1999, d) dry season 1999/2000.arsha Khola c) dry season 1998/1999, d) dry season 1999/2000.arsha Khola c) dry season 1998/1999, d) dry season 1999/2000.
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For a first assessment of the groundwater in the Jhikhu Khola catchment, PARDYP is monitoring
dug wells constructed by local residents. The monitoring programme is presented in Dongol et al.
(2003) and Schaffner (2003). It includes microbiological, physical, and chemical quality parameters
on a seasonal basis during the first year, as well as on-going monthly measurements of water level.
The quality parameters are discussed in the above-mentioned publications. In total, 43 wells are
monitored at present in Tamaghat (wells W1-3), Shree Ram Pati (W4-14), and in the Dhunganabesi
area (W15-38) of the Jhikhu Khola catchment (see Figure 3.65). Of these 43 wells, 25 could be used
for water table analyses as they had adequate data to identify at least one recession period and one
recharge period.

The depth of the water table, measured from the soil surface at the wellhead shows very different
patterns in different wells (Figure 3.66). In most of the wells, a clear seasonal pattern is visible with a
recharge period of one to four months (usually around May to August) and a recession period lasting
from August to April or May. This pattern is very clearly visible in wells W11 to 14 (Figure 3.66c). In
these wells the largest differences between the maximum water level in the monsoon season and
the minimum water level in the pre-monsoon season were observed (see also Figure 3.67). This is
due to their location on top of an accordant ridge. The recharge of these wells is very fast: usually
the maximum water level is reached within one to two months. Recession of the water table obeys
an exponential decay function of the form

WT = a*e-bt Equation 3.13
where

WT = water table [m]
t = time [days]
a,b = coefficients

W13 shows the best example of a recession up to a plateau of about 10 m depth. Other wells, such
as W3, never reach this plateau before the recharge of the early monsoon season sets in again.

Figure 3.65:  Location of the monitorLocation of the monitorLocation of the monitorLocation of the monitorLocation of the monitored dug wells in the Jhikhu Khola catchmented dug wells in the Jhikhu Khola catchmented dug wells in the Jhikhu Khola catchmented dug wells in the Jhikhu Khola catchmented dug wells in the Jhikhu Khola catchment
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Other wells, such as wells W38, 23, or 6 only show a slight seasonal pattern and very low differences
between high water table and low water table. The last mentioned wells are all located adjacent to a
stream, thereby benefiting from direct recharge of river flow. Neither a distinct recharge nor
recession period is visible in these wells.

The rainfall amount of 2001 and 2002 varied considerably with 1109.8 mm in 2001 and 1656.6mm in
2002, as measured at Site 12 in Panchkhal (Figure 3.66f). This difference is also visible in many wells,
with a higher water table during the peak recharge period in 2002 than in 2001. This is particularly
visible in wells 11 to 14. However, in others, such as wells 1 to 5, this could not be observed.

The fast recharge of the wells above, in addition to the importance of river water for the recharge of
certain wells, has to be considered in terms of water pollution considerations. As Dongol et al. (2003)
have shown, wells 11 to 14, with very fast recharge times and located in the vicinity of human
settlements with sanitation facilities and livestock stables, show the highest nitrate contamination.
Phosphate levels were generally higher in the agricultural areas of the catchment, although all wells
exceeded the guideline values in all seasons.
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e) Wells 30 to 38
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d) Wells 15 to 25
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c) Wells 11 to 14
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b) Wells 6 to 10
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f) Rainfall at Site 12
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Figure 3.66:  Depth of the water table at selected well (a – e) and rainfall at Site 12 (f)Depth of the water table at selected well (a – e) and rainfall at Site 12 (f)Depth of the water table at selected well (a – e) and rainfall at Site 12 (f)Depth of the water table at selected well (a – e) and rainfall at Site 12 (f)Depth of the water table at selected well (a – e) and rainfall at Site 12 (f)
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In summary it can be noted that:

• both catchments have soil and groundwater storage only;

• the storage can provide water for about 300 days in the Jhikhu Khola and 320 days for the Yarsha

Khola catchment before it runs completely empty;

• the shallow groundwater is most reliable in river depressions and foot slopes;and

• the highest variations in shallow groundwater are observed on ridges.

3.3.3.5 Probabilities of exceedance and deficit

For flood- and water-caused land degradation the probability of the occurrence of high flows Q
x(exc)

 is
of particular interest. For low flow considerations and water availability analyses it is the probability
of occurrence for low flows Q

x(def)
. As shown above, it is these values that are most likely affected by

inadequate discharge measurements. However, by using the major percentiles for this analysis a
quite stable result can be expected as the most likely errors are in the extreme values.

As shown above, only the 20 to 30 biggest events generate a large part of the annual runoff on the
erosion plots (Figures 3.51 and 3.54). In terms of days, this corresponds to 5 to 10% of the year.
Assuming that the events on the erosion plots are also representative for the floods at the
catchment scale (this will be further investigated in Section 3.4), it can be said that only 5 to 10% of
the annual events seriously affect flood behaviour in the catchment. For this reason, the Q

5(exc)
 and

the Q
10(exc)

 identified from the duration curves shown in Figure 3.68 were used for further analyses of
flood behaviour in the catchments. In terms of low flows Q

25(def)
 was determined.

At Site 1 a, Q
95(exc)

 was determined as nearly 6 m3/s. This corresponds to 53 l/s*km2. At Site 2, Q
95(exc)

was determined as 0.41 m3/s or 76 l/s*km2, which was the highest value in relation to the catchment
area amongst the sub-catchments of the Jhikhu Khola catchment. In terms of low flows, the highest
values were observed at Site 8 with 0.02 m3/s or 11.2 l/s*km2 for Q

25(def)
. The lowest values were

observed at Site 2 with 0.003 m3/s or 0.6l/s*km2. This underlines the flashy nature of the stream at
Site 2 (Table 3.28).

Figure 3.67:  VVVVVariation in depth of the water table in selected wellsariation in depth of the water table in selected wellsariation in depth of the water table in selected wellsariation in depth of the water table in selected wellsariation in depth of the water table in selected wells
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At the outlet of the Yarsha Khola
catchment, a Q

25(def) 
of 0.49 m3/s or 9.2 l/

s*km2 was determined (Table 3.29). This
in comparison to a value of 2.4 l/s*km2

in the Jhikhu Khola catchment, which
shows that the Yarsha Khola has a
better and more sustained baseflow
throughout the year, as is also evident
above in the low flow section. Q

95(exc)

displays a value of 8.55 m3/s or 160.2 l/
s*km2 compared with 53.1 l/s*km2. This
shows both the impact of the steep
overall topography in the Yarsha Khola
catchment as well as the high rainfall
regime here. The duration curve for Site
1 in Yarsha Khola is given in Figure
3.69.

For theoretical design flow estimation
of daily discharge, Shakya (2001)
proposes the use of the Pearson Type
III distribution. Chyurlia (1984) used
the Log-Pearson Type III and the GEV
III to estimate extreme events. He
finally recommended the GEV
distribution as this provided the best
fit for the three highest-ranking events.

In this study only eight years of daily
discharge data were available by the end of
2000 and the three proposed distributions
were calculated for the maximum discharge
at Site 1 (Figure 3.70). Therefore the
maximum theoretical event that can be
estimated with reasonable confidence is the
event with a 20-year return period. On the
basis of this data, the Log Pearson Type III
distribution shows the best fit (Table 3.30).
This is confirmed both by analysing the
residuals for all cases as well as for the
highest ranked cases.

The difference between the estimated
design flows calculated on the basis of the three different distributions is small. The estimated value
for the 25-year flood applying the Log-Pearson Type III distribution is 39.492 m3/s. The flow for the
same return period estimated with the GEV is 37.933 m3/s, and with the Pearson Type III distribution
37.290 m3/s. The 95% confidence interval is slightly bigger in the case of the Log-Pearson Type III
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Figure 3.68:  Duration curve for Site 1 in the Jhikhu KholaDuration curve for Site 1 in the Jhikhu KholaDuration curve for Site 1 in the Jhikhu KholaDuration curve for Site 1 in the Jhikhu KholaDuration curve for Site 1 in the Jhikhu Khola
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Table 3.28:  Critical values of deficit and exceedance, Site 1 Jhikhu Khola catchment 
(nr = not reliable) 
 

Parameter Site 1 Site 2 Site 7 Site 8 
 m3/s l/s*km2 m3/s l/s*km2 m3/s l/s*km2 m3/s l/s*km2 

Q90(exc) /Q10(def) 0.06 0.5 nr nr nr nr nr nr 
Q75(exc) /Q25(def) 0.27 2.4 0.003 0.6 0.002 2.7 0.02 11.2 
Q50(exc) /Q50(def) 0.68 6.1 0.02 3.7 0.006 8.1 0.03 16.9 
Q25(exc) /Q75(def) 1.37 12.3 0.05 9.3 0.01 13.5 0.04 22.5 
Q10(exc) /Q90(def) 3.27 29.4 0.19 35.3 0.03 40.1 0.08 44.9 
Q5(exc) /Q95(def) 5.92 53.1 0.41 76.1 0.04 54.1 0.12 67.4 
 

Table 3.29: Critical values of deficit and exceedance 
at Site 1, Yarsha Khola catchment [m3/s] 
 
Parameter m3/s l/s*km2 Parameter m3/s l/s*km2 
Q5 (def) 0.30 5.6 Q25(exc) 3.53 66.1 
Q10(def) 0.36 6.7 Q10(exc) 6.44 120.6 
Q25(def) 0.49 9.2 Q5(exc) 8.55 160.2 
Q50(exc) /Q50(def) 0.94 17.6 
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Figure 3.70:  TheorTheorTheorTheorTheoretical and empirical design flows for Site 1 in the Jhikhu Kholaetical and empirical design flows for Site 1 in the Jhikhu Kholaetical and empirical design flows for Site 1 in the Jhikhu Kholaetical and empirical design flows for Site 1 in the Jhikhu Kholaetical and empirical design flows for Site 1 in the Jhikhu Khola

regression Line reduced variate oberved frequencies

lower confidence limit data

upper confidence limit data

Pearson 3 Distribution G= 8.89   B= 2.53   X0 = 0.00  95% Confidence interval

regression Line reduced variate oberved frequencies
upper confidence limit data

lower confidence limit data

Log Pearson Distribution G= 42.73   B= 0.05   Y0 = 0.89   X0 = 0.00  95% Confidence interval

regression Line reduced variate oberved frequencies

upper confidence limit data

lower confidence limit data

Gumbel Distribution B= 5.89   X0= 19.11   95% Confidence interval
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distribution, with a range from 24.103 to 64.707 m3/s. For the other two distributions the upper
confidence limit is about 10 m3/s less.

A comparison of the design flows calculated above with the estimation method as proposed by
WECS (1990) showed that the WECS method in general overestimates the maximum daily flows for
any return period. While the return periods for a 2-year flood above was estimated at about 20 m3/s,
the WECS method calculates about 75 m3/s. For a 100-year flood the three distributions above
estimate flows between 45 and 100 m3/s, while the WECS method estimated for the same 223 m3/s.
In WECS (1990) it was shown that the method often overestimates the design flows for smaller
catchments. It also must be noted that that report cautions and recommends the use of the method
only for pre-feasibility studies.

3.3.3.6 Trend in flow characteristics

Precipitation showed an increasing trend in the study period from 1993 to 2000, which may just be
part of a cycle, or may even indicate the start of an increase in annual precipitation. On the basis of
the long-term data at Sites 9 and 12, no trend could be established for these sites (for a more
detailed discussion see Section 3.1).

The flow data in the Jhikhu Khola show
a number of different trends, whereas
with the increase in precipitation an
increase in flow would be expected as a
result. This is observed in the case of
mean annual discharge and mean
specific discharge (Table 3.31), which
both show an increasing trend on the
basis of the Mann-Kendall test for
trends. This test was chosen because
the values proved to be abnormally
distributed on the basis of a
Kolgomorov-Smirnov test for normality.
In the case of annual minimum flow, a
decrease was observed over the study
period. However, Q

5(def) 
shows no trend

and Q
25(def)

 shows an increasing trend.
In addition to this, the differences at
the lowest flows between 1993 and 2000 are only in the order of one to two litres. The maximum
annual flows do not show any trend over the study period.

The same pattern can be shown for monthly discharge, where either increasing or no trends were
observed over the study period. These results of the trend analyses are in stark contrast to the
observations by PARDYP staff, who have carried out field work over the last 15 years in the Jhikhu
Khola catchment. Bhuban Shrestha presents his observations on the flows in the Jhikhu Khola:

Table 3.30: Comparison of theoretical design flows on the basis of different 
distributions, Site 1, Jhikhu Khola catchment (all flow values in m3/s) 
 

 Pearson Type III Log-Pearson Type III GEV 
 Estimated 95% confidence 

interval 
Estimated 5% confidence 

interval 
Estimated 5% confidence 

interval 
 value Lower Upper value Lower Upper value Lower Upper 

2 21.667 16.558 26.776 21.015 16.369 26.979 21.265 16.462 26.067 
5 28.490 21.287 35.692 28.082 21.007 37.541 27.936 19.848 36.023 
10 32.558 23.324 41.793 33.001 23.029 47.291 32.353 21.429 43.276 
25 37.290 25.254 49.325 39.492 24.103 64.707 37.933 23.204 52.662 
 
Average residuals 
All values 0.078 0.068 0.071 
Top 3 ranks 0.105 0.076 0.078 
 

Table 3.31: Mann-Kendall test statistics for trend 
of flow parameters at Site 1 in the Jhikhu Khola 
catchment (period from 1993 to 2000) 
 

Station N Critical value* Test 
value 

Result 

Site 1 MQ 8 0.707 (α=0.05) 1.113 H0 is not rejected 
(positive trend) 

Site 1 Mq 8 0.707 (α=0.05) 1.113 H0 is not rejected 
(positive trend) 

Site 1 HQ 8 0.707 (α=0.05) 0.371 H0 is rejected 
Site 1 LQ 8 0.707 (α=0.05) 1.361 H0 is not rejected 

(negative trend) 
Site 1 Q25 8 0.707 (α=0.05) 2.103 H0 is not rejected 

(positive trend) 
Site 1 Q5 8 0.707 (α=0.05) 0.619 H0 is rejected 
* according to Sachs (1997) 
Test: H0 is accepted if the test value is bigger than the critical value 
H0: there is a significant trend 
HA: there is no significant trend 
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“... in the early nineties there was always water, about 2 feet deep near the Baluwapati and 2.5
to 3 feet near the main station, even during the dry season in April and May. I remember those
hot and humid days in the dry season when I went to download data from the automated
logger at the main station. I used to cross the Jhikhu Khola near Baluwapati and the main
station got my trousers wet up to the knee. Now times have changed completely; over the last
decade the water flow has changed drastically.

Now during the dry season my trousers do not get wet at all when crossing the Jhikhu Khola
near Baluwapati and the main station. There is hardly any water and one can see ants
marching along the river bed....” (from Merz et al. 2002)

This difference between the staff observations and the flow data in the Jhikhu Khola needs further
investigation. It is, however, acknowledged that the low flow data are the most difficult data to
obtain, as already discussed above. Mistakes in the dataset for these values cannot be excluded. For
this purpose, the sites have to be improved mainly for low flow sensitivity (see also Merz 2002 or
Appendix B.6). This includes the replacement of pressure transducers, which are not sensitive at low
flows, with floaters.

3.3.4 Summary and Synthesis

The runoff regime shows a distinct wet season/dry season regime with the lowest flows occurring in
the pre-monsoon season (March/April), and the highest flows in July/August. This roughly coincides
with the start of the wet season and the peak of the wet season. The mean specific yields in the
catchments are very low, indicating high human impact on the water resources. The specific
discharge in the two catchments and their sub-catchments showed a good regression with
elevation, indicating the overriding importance of precipitation. On an annual basis, the runoff
ranges from 300 to 500 mm during the period from 1993 to 2000 in the Jhikhu Khola catchment and
from 1200 to 1600 mm in the Yarsha Khola catchment for the period from 1998 to 2000.

It is important to note that the maximum daily discharge shows a significant regression with
catchment area, which is testimony to its importance for the flood generation index. The flood with a
return period of 25 years at the outlet of the Jhikhu Khola catchment was determined at about 40 m3/
s with a confidence interval ranging from about 20 to 60 m3/s.

In terms of low flow, the storage within the catchment is important. In both catchments only soil and
groundwater storage are observed. Long-term storage supplying continuous flow for the dry season
delayed from the monsoon rainfall would provide water for about 300 days in the Jhikhu Khola and
320 days in the Yarsha Khola catchment before it ran completely empty. The recently developed
shallow groundwater shows the highest reliability in river depressions, river tars, and foot slopes,
while it is very variable on ridges. It was also shown that the Yarsha Khola catchment generally has
more sustained baseflow and higher runoff values than the Jhikhu Khola catchment. This is both
due to the higher rainfall observed in the Yarsha Khola catchment and the lower pressure placed on
water resources by agriculture. This pressure, particularly in the last 10 years, has been observed by
PARDYP staff who have worked in the Jhikhu Khola catchment since the late 1980s. However, this
cannot be supported with the runoff data due to the low flow insensitivity of the hydrological
stations.

Regarding indices, it is mainly the principal values of runoff as well as selected values from the
duration curve that are are important. In terms of the water availability index, it is mainly the low
flows and the low flow parameters that are decisive (see Table 5.1). For floods and high flows, it is
the discharge at the upper end of the duration curve that needs attention.
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3.4 RAINFALL-RUNOFF RELATIONSHIPS AND EVENT ANALYSES

This section presents detailed event analyses at the level of precipitation, erosion plot, and
hydrological data and their combinations. It mainly focuses on the parameters important for
runoff generation and sediment mobilisation. In each section the respective events are
statistically and qualitatively described. This is followed by a discussion of the
interrelationship between the parameters as well as a discussion of the causes for these
conditions. This section ends on a synthesis of the event parameters in relation to
catchment characteristics and a discussion of the largest events in each catchment.

On the basis of the annual areal data for
the Jhikhu Khola catchment, about 32%
of the precipitation became runoff,
ranging from 25 to 40% between 1993
and 2000. In the Yarsha Khola
catchment about 62% of precipitation
became runoff in the period from 1998
to 2000 ranging from 53 to 74%. In
comparison with other catchments in
Nepal, the runoff percentage is very low
in the Jhikhu Khola (Figure 3.71). The
Yarsha Khola catchment is more in line
with other catchments in terms of
rainfall and runoff pattern. It is
important to mention that the rivers
marked with ‘A’ are rivers with high
contributions from glacial melt as well
as with a significant portion of their
area on the Tibetan plateau. This
includes rivers such as the Arun, the
Bhotekosi, the Kali Gandaki, and the Karnali. For comparison with the Jhikhu Khola and the Yarsha
Khola, the Rosi Khola (B) and the Sun Koshi (C) are particularly interesting. These two rivers show
rainfall-runoff ratios similar to those of the Jhikhu Khola and Yarsha Khola catchments. The reason
for the very low percentage of runoff in the Jhikhu Khola catchment is also believed to be because of
the high degree of agricultural water used for irrigation in the catchment (see Section 3.7 for more
detail).

In the following the rainfall-runoff relationships are discussed in detail on the basis of single events
at the meteorological sites, at the hydrological sites, and at the erosion plot sites.

3.4.1 Event analyses

Event analyses have been conducted in many studies, particularly with the aim of investigating
runoff generation processes (for example, Mosley 1979; Naef et al. 1986; Merz 1997; Wuethrich 1999;
Laemmli 2000; Voegeli 2002). In general, these studies comprise

• rainfall event separation;

• hydrograph separation;

• identification of typical events of different magnitudes; and

• statistical observations.

In the case of this study, the event analyses were carried out to answer the questions on when and
under what conditions runoff occurs, as well as under what conditions floods are generated. The
event analyses here were carried out separately at different levels in the Jhikhu Khola and Yarsha
Khola catchments, and each for different purposes (see below and Table 3.32):
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precipitation event analyses —> investigation of runoff triggering mechanisms
erosion plot event analyses —> investigation of surface runoff generation
discharge event analyses —> investigation of runoff concentration
different combined event analyses —> investigation of runoff routing

The results are finally summarised
for each catchment before they are
compared across the catchments in
relation to catchment characteris-
tics and with respect to the largest
events in the catchments during
the study period.

As mentioned in Section 2.4, the
measurement network was set up according to the nested approach. This resulted in the station
hierarchy as shown in Figure 3.72. From this figure, it is evident that plot-sub-catchment-catchment
analyses cannot be conducted for all the sites. For this purpose only two options were given in the
case of the Jhikhu Khola catchment, one including Sites 6 and 7 and the other including Sites 14
and 13. In the Yarsha Khola catchment this included likewise two complete ’nests‘, one with Sites 5
and 7, the other with Sites 6 and 7.

For precipitation analyses, all sites with adequate data were used in both catchments. In the case of
erosion plots in the Jhikhu Khola catchment, the sites (which are part of a nest as shown above and
in Figure 3.72) were included as well as an additional plot on degraded land and one on rainfed
agricultural land. In the Yarsha Khola catchment all plots were included in the analyses, that is, the
’nested’ plots 5a and 6a as well as the two plots at Site 9.

3.4.2 Event definition and parameters

Carver (1997) defined a storm event on the basis of the storm separation time S
min,

 (that is, the time
between two distinct rainfall events without any rain) and a minimum precipitation amount P

min
. For

the Jhikhu Khola catchment and the years 1993 to 1995, he proposed to define an event with P
min

 = 3
mm and S

min
 = 120 min. P

min
 was given as 3 mm because storms below 3 mm are unimportant for

sediment generation. The figure of 120 min is derived from the investigation of the numbers of
events with different S

min
. A major change in N could be observed between S

min
 = 60 min and S

min
 =

120 min.

In terms of S
min

 the same could be shown for the data from 1993 to 2000, and therefore this value was
adapted. In terms of P

min
 it was shown that the value of 3 mm is not appropriate for studying runoff

generation. While on degraded plots events with as little as 2 mm rain can produce runoff and
sediment, on cultivated plots runoff generation only starts at more than 5 mm rainfall.

Table 3.32: Structure of the chapter on event analyses 
 

 Precipitation Erosion plot Discharge 

Precipitation JK 3.4.3/ YK 3.4.6   

Erosion plot JK 3.4.4/  YK 3.4.7  

Discharge  JK 3.4.5/ YK 3.4.8  

Synthesis  3.4.9-3.4.10  

 

Site 1

Jhikhu Khola catchment

Catchment

Sub-catchment

Erosion plot

Rain gauge

Site 2

Site 7 Site 8
Site 13

Site 16 Site 6 Site 14

Site 16 Site 6 Site 4 Site 14

Yarsha Khola catchment

Site 1

Site 2 Site 7

Site 5

Site 9a/b Site 6 Site 5

Site 6 Site 5Site 9
Figure 3.72:  Site hierarSite hierarSite hierarSite hierarSite hierarchy for event analyses (for a map of the measurchy for event analyses (for a map of the measurchy for event analyses (for a map of the measurchy for event analyses (for a map of the measurchy for event analyses (for a map of the measurement networks see Fement networks see Fement networks see Fement networks see Fement networks see Figurigurigurigurigureseseseses
2.16 (Jhikhu Khola) and 2.17 (Y2.16 (Jhikhu Khola) and 2.17 (Y2.16 (Jhikhu Khola) and 2.17 (Y2.16 (Jhikhu Khola) and 2.17 (Y2.16 (Jhikhu Khola) and 2.17 (Yarsha Khola)arsha Khola)arsha Khola)arsha Khola)arsha Khola)
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For this study the following values were selected for rainfall event separation:

P
min

 = 2 mm
S

min
 = 120 min

A rainfall event can be characterised with a variety of parameters. A selection of parameters as
proposed by Mosley (1979), Merz (1997), and Wuethrich (1999) and used in the following sections is
given below and in Figure 3.73.

• P
tot

[mm] rainfall amount during the event

• t
P

[s] rainfall event duration

• I
10max

[mm/h] maximum 10-min rainfall intensity during the event

• I
30max

[mm/h] maximum 30-min rainfall intensity during the event

• I
60max

[mm/h] maximum 60-min rainfall intensity during the event

• I
ave

[mm/h] average rainfall intensity during the event

• P
25

[%] rainfall amount after 25% of the event duration in% of total rainfall

• P
50

[%] rainfall amount after 50% of the event duration in% of total rainfall

• P
75

%] rainfall amount after 75% of the event duration in% of total rainfall

The above parameters show the following: (Wuethrich 1999)

• the shape of the hyetograph (P
25

, P
50 

, P
75

);

• the intensity of the event (I
ave

, I
10max

, I
30max

, I
60max

);

• the duration and magnitude of the event (P
tot

, t
P
).

An event on the erosion plot is considered when the reader has taken a sample from at least the first
drum. This means that runoff was generated on the plot with or without mobilising sediment.
Usually a minimum of 5 cm depth of water has to be observed in the collection drum to facilitate
proper sampling. Events that produced lower runoff were discarded.

Hydrologically, an event is defined as a flow peak on the hydrograph differing from the baseflow due
to rainfall, snow, and glacial melt; or the surge of a GLOF, the break of a landslide dammed lake, or a
human intervention. The peaks from GLOFs or breached dams show very rapid rising limbs (for
example ICIMOD 2000; Mool et al. 2001a and b). The rising limb of peaks caused by rainfall depends

 

Qmax 

I10max 

Time tQ 

trec trise 

QE 

tP 

Ptot 

Qstart 
Qend 

Figure 3.73:  PrPrPrPrPrecipitation and runoff event parameters ecipitation and runoff event parameters ecipitation and runoff event parameters ecipitation and runoff event parameters ecipitation and runoff event parameters (explanation in the text)(explanation in the text)(explanation in the text)(explanation in the text)(explanation in the text)
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on the rainfall characteristics. Snow and glacial melt only cause very slow rises in the hydrograph.
In the following, only hydrological events caused by rainfall are discussed as there is no snow or
glacier in the PARDYP catchments. Large landslide dams have not been observed in the last ten
years.

Similar to the rainfall event analyses, discharge events can also be analysed. Before starting with
event analysis, the event flow has to be separated from the base flow. Base flow separation in this
study was carried out using the straight-line method (Chow et al. 1988). A discharge event can be
characterised with the parameters proposed by Mosley (1979), Merz (1997), and Wuethrich (1999),
and these are as follows.

• Q
E

[mm] event runoff, i.e., runoff between baseflow separation line and hydrograph

• Q
Emax

[mm] peak event runoff

• Q
B

[mm] base runoff, i.e. runoff between zero and baseflow separation line

• Q
tot

[mm] total runoff, i.e. runoff between zero and hydrograph

• Q
max

[m3/s] event peak flow

• Q
start

[m3/s] flow at the beginning of the event

• Q
end

[m3/s] flow at the end of the event

• Q
E
/ Q

tot
event based runoff vs. total runoff

• t
Q

[s] event duration

• t
rise

[s] duration of rising limb, i.e. time between start of hydrograph rise and peak

• t
rec

[s] duration of recession limb, i.e. time between peak and start of baseflow

• α runoff coefficient, i.e. event runoff/event rainfall

For the estimation of moisture conditions before the onset of the event antecedent, precipitation
indices were calculated. AP

x
 as proposed in Wuethrich (1999) are the short-term indices indicating

the expected moisture conditions of the few days prior to the event. The indices API
x
 (Merz 1997)

give an indication of the long-term moisture conditions:

• AP
1

[mm] rainfall 1 day before the event

• AP
2

[mm] rainfall 2 days before the event

• AP
3

[mm] rainfall 3 days before the event

• AP
4

[mm] rainfall 4 days before the event

• AP
5

[mm] rainfall 5 days before the event

• API
1

[mm/d] sum of rainfall 1 day before the event divided by 1

• API
7

[mm/d] sum of rainfall 7 days before the event divided by 7

• API
10

[mm/d] sum of rainfall 10 days before the event divided by 10

• API
14

[mm/d] sum of rainfall 14 days before the event divided by 14

• API
30

[mm/d] sum of rainfall 30 days before the event divided by 30

(AP
1
 and API

1
 show the same information and give the same result).

The above discharge event parameters can be grouped as follows (adapted from Wuethrich 1999):

• Duration and amount (t
Q
, t

rise
, t

rec
, Q

tot
, Q

E
, α);

• Intensity (Q
max

, Q
Emax

);

• Pre-event moisture conditions (AP
x
, API

x
, Q

start
, Q

B
).

3.4.3 Precipitation event analyses in the Jhikhu Khola catchment

3.4.3.1 Description of the precipitation events

In the Jhikhu Khola catchment, seven sites were instrumented with an automatic rain gauge for
more than three years any time between 1993 and 2000. The number of events therefore varies
considerably according to the number of observation years and missing data. Table 3.33 presents
the summary of all sites and events. Most events were observed at Site 6, where data are available
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from 1993. This is followed by Site 15, where data are likewise available from 1992. Site 16, which has
data available from 1992 was excluded from the following analyses as there were too many gaps in
the automatic rain gauge data (519 days), for the rainy season in particular.

Annually, there are on average approximately 86 events with 73% of the events occurring during the
monsoon followed by 20% of the total events in the pre-monsoon season. It is therefore not
surprising that during the observation period most of the events were observed during the monsoon
season followed by the next largest number of events in the pre-monsoon season. About 10 to 30
events at each site were also observed during the post-monsoon season. The events during the
winter season in the study period numbered about 5 to 30. The minimum number of events — 249 —
was observed at Site 12 during a two-year study period from 1998 to 2000. The maximum number of
events on an annual basis of 114 events was measured at Sites 4 and 6 in 1998. According to rainfall
amount the most frequently occurring events are the 2 to 5 mm events, which account for more than
30 and up to 45% of all events (Figure 3.74). Due to this strongly left-skewed distribution of events,
the analyses below are all based on the median values of the distribution as proposed by Helsel and
Hirsch (1992), as the mean does not seem to be appropriate for this purpose due to the strong
maximum outliers. The same skew is true for other parameters, that is, events of low rainfall
intensity are much more frequent than a few events with exceptionally high rainfall intensities.

Note: Note: Note: Note: Note: The event data in the following analyses is for different years and different period length,
influencing the number of events per site. As shown above in Section 3.1, the rainfall during the
study years is not exceptional. It can therefore be assumed that all the events show situations
representative for the area and that the median and the other statistical values show
representative conditions.

The events above 25 mm, probably the most important events in terms of sediment mobilisation and
runoff generation, numbered between 30 and 70 depending on the site; or between 9 and 15% of all
the events. As mentioned above, each event can be described with a number of parameters. Table
3.34 just shows the median values for all sites and all rainfall event parameters calculated in this
study. To show the range of the most important parameters, refer to Figure 3.75, which shows the
quartiles for rainfall amount P

tot
 and maximum 10 min rainfall intensity I

10max
.

The median of the rainfall amount ranged, depending on the site, from 5 to 8 mm with durations of 1
to 3 hours. The 75% quartile for rainfall amount reached a maximum of approximately 15 mm with a
25% quartile of about 4 mm. Fifty per cent of the events in the Jhikhu Khola catchment are therefore
within the range of about 4 to 15 mm and are classed as minor events. I

10max
 ranged in general from a

25% quartile of about 1 mm/10 min (= 6 mm/h) to about 4 mm/10 min (= 24 mm/h). The observed
median was at all sites around 2 mm/10 min (= 12 mm/h). In terms of hyetograph shape parameters
there seems to be a difference between the sites on the north-facing slopes (Sites 3, 4, and 6) and
the sites on the south-facing slope or the valley bottom (Sites 12, 14, and 15). The P

25
 values showed

that in more than 50% of the events more than a quarter of the event rainfall amount — in certain
cases nearly half the rainfall amount (for example, Sites 4 and 6) — occurs in the first quarter of the
event duration (which may have an impact on the intensity during this time). On the south-facing
slopes about 30 to 35% of the rainfall amount occurs in the first quarter. Another 30 to 35% of the
rainfall occurs in the second quarter at these sites, with 20 to 25% of the rainfall in the third quarter

Table 3.33: Events at selected sites (in brackets: no of missing days) 
 

Site Period Pre-monsoon Monsoon Post-monsoon Winter Total 
3 1993-1996 38 (0) 270 (0) 20 (5) 14 (0) 342 (5) 
4 1997-2000 80 (2) 270 (63) 11 (33) 12 (1) 373 (99) 
6 1993-2000 150 (10) 511 (141) 35 (21) 34 (22) 730 (194) 
12 1998-2000 55 (26) 181 (40) 9 (0) 4 (0) 249 (66) 
14 1997-2000 75 (45) 247 (23) 10 (0) 7 (1) 339 (69) 
15 1993-2000 130 (4) 453 (94) 27 (5) 27 (9) 637 (112) 
16 1993-2000 113 (115) 299 (367) 25 (36) 26 (1) 463 (519) 
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Table 3.34: Median of different event parameters considering all events 
 

Site 
(N) 

Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10min] 

I30max 

[mm/30min] 
I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 

3 (342) 5.2 90 4.2 2.1 3.1 4.2 40.0 50.0 74.2 

4 (372) 6.3 91 4.5 2.1 3.1 4.2 42.9 53.3 75.0 

6 (729) 6.3 80 5.1 2.1 3.2 4.2 45.5 50.0 72.7 

12 (249) 7.4 172 2.9 2.0 3.4 4.8 33.9 65.9 88.2 

14 (337) 8.0 182 3.1 2.2 3.7 5.0 34.5 67.1 89.5 

15 (637) 6.9 186 2.5 1.8 3.4 4.3 35.0 66.4 88.9 
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and about 12% of the rainfall in the last quarter of the event. At the north-facing sites the second
quarter is rainfall poor and the two last quarters receive proportional amounts of rainfall with
respect to time.

The typical event in the Jhikhu Khola catchment therefore has the following properties:

• about 5 mm to 8 mm rainfall amount;

• from about 1 to 3 hours duration;

• from about 2 mm/h to 5 mm/h average intensity with 10-minute maximum intensities of 2 mm/10

min, 30-minute intensities of 3.5 mm/30 min and 60-minute intensities of 4.5 mm/60 min;

• about 35%- 40% of rain falls in the first quarter of the event, 50% - 70% in the first half, and 70%-

90% in the first three quarters of the event.

Large events are more important for runoff generation and sediment mobilisation as they are
responsible for most of the soil loss (Nakarmi et al. 2000; Voegeli 2002) as well as for the largest
flood events (Merz et al. 2000a). Carver (1997) showed that serious sediment output from the
catchments occurred at a threshold of 30 mm P

tot
 and I

10max
 of 50 mm/h. He therefore defined major

events as events with rainfall amounts higher than 30 mm and maximum 10-minute intensities of
more than, or equal to, 50 mm/h. He excluded events with large rainfall amounts but minor to
medium rainfall intensity from the class of major events. This is, as he has shown, certainly correct
for sediment considerations. However, for flooding the definition of major events is believed to be
different. While short and intense storms can lead to sharp peaks, long and persistent rainfall of low
intensity can produce large flood volumes with minor peaks (for example Wuethrich 1999 or
following sections). Therefore rainfall intensity was left out of event classification at this preliminary
stage of event description and will be further discussed later in the section. A large event in the
following is therefore understood as an event of P

tot
 > 30 mm. Medium events are of 10 to 30 mm

rainfall amount and minor events are designated as P
tot

 < 10 mm. The limits are adopted from
Carver (1997).

The statistics of the large events for all sites are shown in Table 3.35 and Figure 3.76. It should be
noted that the range has decreased considerably between the different sites in comparison to the
statistics shown for all events. However, there is still high variation for all parameters at the different
sites.

The median of these large events ranged from 40 to 45 mm in the case of P
tot

. The 25% quartile of
about 32 to 35 mm and the 75% quartile of about 50 to 60 mm show that 50% of the large rainfall
events are between 30 and 60 mm. In terms of I

10max
 half the large events are between 3 and 12 mm/

10 min (= 18 to 72 mm/h). The same difference of shape parameters between the north- and the
south-facing sites is shown for large events, where the first quarter of the event from the north-
facing sites accounts for more than a third of the total amount, whereas on the south-facing slope
less than a quarter of the rainfall occurs during this quarter. The remaining quarters are similar.

A typical large event in the Jhikhu Khola catchment therefore has the following qualities:

• rainfall is about 40 mm in quantity;

• is from about 6 to 8 hours in duration;

• is, on average, about 4 to 7 mm/h in intensity, with 10- minute maximum intensities of about 5-7

mm/10 min;

Table 3.35: Median for selected rainfall parameters of large events 
 

Site 
(N) 

Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10min] 

I30max 

[mm/30min] 
I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 
3 (19) 40.7 464 5.1 5.2 9.4 14.6 39.0 58.8 84.6 
4 (22) 41.7 387 6.7 7.3 13.6 20.9 35.3 59.4 90.1 
6 (51) 39.0 356 6.5 6.3 13.7 20.0 34.5 67.5 85.7 
12 27) 39.8 523 4.7 5.4 11.8 16.2 22.8 57.0 88.3 
14 (31) 43.6 474 5.5 6.0 11.0 16.7 23.4 66.4 89.8 
15 (46) 41.0 477 5.5 7.3 13.4 19.9 23.8 63.7 89.6 
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• has 30 minute intensities of about 10-15 mm/30 min; and 60 minute intensities of about 15-20

mm/60 min; and

• has about 20-40% of rain falling in the first quarter of the event, 55-60% in the first half, and 85-

90% in the first three quarters of the event.

As shown above in Table 3.33 most rainfall events occur during the pre-monsoon and monsoon
seasons. This is also the case for the medium- and large-sized rainfall events, in particular the large
events that mostly occur during the monsoon season (see Figure 3.77). However, the largest events
of the year often occurred in the post-monsoon season during the study period. In general, these
values roughly match with Carver’s (1997) classification, according to which 76.8% of the events
were minor, 19.7% were intermediate, and 3.5% were major. Classified only on the basis of rainfall
amount, 63.5% were minor events, 28.6% were medium events, and 7.8% were large events. The
difference hails from the inclusion of rainfall intensity in Carver’s classification, which
underestimates the number of large and medium events for flood generation.

Large pre-monsoon and monsoon events differ on the basis of the calculated statistics (Table 3.36).
While the rainfall amount tends to be lower during a large pre-monsoon event, the intensities —
both maximum and average — tend to be higher (see also Figure 3.78). Pre-monsoon storms tend to
be shorter than the storms in the monsoon season. Interestingly, at most sites the event rainfall is
concentrated to one quarter of the event duration during pre-monsoon events. At Sites 3, 4, and 6 it
is during the first quarter of the event duration. At Sites 12 and 15 it is during the third quarter of the
event. During monsoon season events the rain is more evenly spread throughout the event duration.
The number of pre-monsoon events is limited, in general only one to five events were observed in
the study period.

The typical large event in the pre-monsoon in the Jhikhu Khola catchment therefore has these
qualities:
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Figure 3.76: 11111ststststst (25%), 2 (25%), 2 (25%), 2 (25%), 2 (25%), 2ndndndndnd (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3rrrrrddddd (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10-
min intensity [mm/10 min] distribution of larmin intensity [mm/10 min] distribution of larmin intensity [mm/10 min] distribution of larmin intensity [mm/10 min] distribution of larmin intensity [mm/10 min] distribution of large events at all sitesge events at all sitesge events at all sitesge events at all sitesge events at all sites
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• rainfall is about 35 mm in quantity;

• rainfall is of about 4 hours duration;

• average intensity is from about 13 mm/h, with 10 minute maximum intensities of about 10 mm/10

min; 30 minute intensities of about 19 mm/30 min; and 60 minute intensities of about 26 mm/60
min;

• about 10 - 50% of rain falls in the first quarter of the event: 50% - 80% in the first half, and 75 - 90%

in the first three quarters of the event.

The typical large event in the monsoon in the Jhikhu Khola catchment has these qualities:

• rainfall is about 40 mm rainfall in quantity;

• rainfall is of about 8 hours duration;

• average intensity is from about 6 mm/h, with 10 minute maximum intensities of about 6 mm/

10min; 30 minute intensities of about 12 mm/30 min; and 60 minute intensities of about 18 mm/
60 min;

• about 10 – 35% of rain falls in the first quarter of the event, 60 - 70% in the first half, and 80 - 90%

in the first three quarters of the event.

The ten largest events at all stations show a median rainfall amount of about 60 mm ranging from a
25% quartile of about 55 mm up to maximum 75% quartiles of 100 mm (Figure 3.79 and Table 3.37).
The maximum intensities (median) are very low and show only values of 4 to 7 mm/10 min (=24
mm/h to 42 mm/h). The 75% quartile can reach more than 10 mm/10 min (66 mm/h) in the case of
Sites 4 and 14.

Table 3.36: Rainfall event parameters (median) for large pre-monsoon and monsoon 
events 
 

Site* 
(N) 

Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10 min] 

I30max 

[mm/30 min] 
I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 

3PM (1) 30.2 56 32.4 15.6 22.9 30.2 51.7 72.4 93.1 

M (17) 40.7 464 5.1 5.2 9.4 14.6 33.3 58.8 81.8 

4PM (2) 41.7 259 10.2 8.9 17.2 23.5 52.7 61.6 75.5 

M (18) 39.6 387 6.7 7.8 14.1 20.9 35.3 62.7 90.2 

6PM (2) 37.9 317 7.3 9.0 16.3 19.0 51.2 78.1 93.2 

M (46) 39.5 347 6.5 7.4 14.8 20.6 34.3 66.3 85.1 

12PM (3) 39.8 315 9.0 8.0 20.4 28.2 25.7 43.5 92.5 

M (23) 37.0 523 4.2 5.4 11.8 16.2 19.5 58.5 88.3 

14PM (5) 37.8 318 10.7 10.0 17.7 22.4 34.5 67.1 98.4 

M (28) 43.6 493 4.5 5.4 9.2 13.9 23.0 69.0 90.1 

15PM (2) 36.4 203 10.7 10.3 18.8 27.3 12.7 36.4 81.6 

M (42) 42.2 477 5.5 7.3 13.6 20.7 29.2 72.0 91.0 
* In the pre-monsoon only one to five events were observed and therefore no further statistics were calculated. 
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Figure 3.78: 11111ststststst (25%), 2 (25%), 2 (25%), 2 (25%), 2 (25%), 2ndndndndnd (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3rrrrrddddd (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10-
min intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for large prge prge prge prge pre-monsoon and monsoon events at all sitese-monsoon and monsoon events at all sitese-monsoon and monsoon events at all sitese-monsoon and monsoon events at all sitese-monsoon and monsoon events at all sites
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3.4.3.2 Relationships between the different precipitation parameters

In order to review the full content of information of a rainfall event, many event parameters were
calculated. This is accepting that many parameters are closely related and show similar
characteristics of the events. For further analyses the parameters with the highest information
content had to be established. This was done by means of correlation and factor analyses. As the
event parameters are not normally distributed (see Kolmogorov-Smirnov test results for normality in
Appendix A3.13), the non-parametric correlation analysis according to Spearman was used to show
the correlations between the different rainfall parameters. Table 3.38 shows the summary of the
correlation analyses from Sites 3, 4, 6, 14, and 15. This table shows the correlation coefficients of
Site 6 and number of significant correlations at all sites in brackets. The maximum that can be
reached is five, corresponding to five sites. The detailed correlation tables are appended in Appendix
A3.14.

Table 3.38: Correlations at Site 6 with number of sites with significant correlations at 
all sites in brackets (maximum = 5; detailed correlation matrices in Appendix A3.14) 
 

 Ptot tP Iave I10max I30max I60max P25 P50 P75 
Ptot 1.00(5)  0.67(5) 0.10(5) 0.67(5) 0.82(5) 0.90(5) -0.29(5) 0.22(4) 0.72(5) 
tP  1.00(5) -0.64(5) (2) 0.20(3) 0.34(5) -0.32(5) (1) 0.35(5) 
Iave   1.00(5) 0.62(5) 0.54(5) 0.43(5) 0.14(3) 0.21(5) 0.21(5) 
I10max    1.00(5) 0.91(5) 0.84(5) (2) 0.35(5) 0.59(5) 
I30max     1.00(5) 0.96(5) (1) 0.35(5) 0.68(5) 
I60max      1.00(5) -0.16(3) 0.31(5) 0.72(5) 
P25       1.00(5) 0.58(5) (2) 
P50        1.00(5) 0.60(5) 
P75         1.00(5) 
 

Table 3.37: Rainfall event parameters (median) for the ten largest events 
 
Site  Ptot 

[mm] 
tP 

[min] 
Iave 

[mm/h] 
I10max 

[mm/10 
min] 

I30max 

[mm/30 
min] 

I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 

3 Median 59.5 705 4.5 3.7 8.9 13.0 20.4 55.6 82.5 
 75% quartile 62.3 957 6.5 7.6 18.8 27.9 54.2 66.9 86.5 
4 Median 60.0 493 8.4 6.3 13.6 21.9 36.0 59.4 89.1 
 75% quartile 70.4 772 11.8 11.2 24.8 35.7 43.8 74.7 90.9 
6 Median 66.4 1032 5.6 4.2 8.4 13.2 27.3 53.0 81.9 
 75% quartile 98.8 1466 6.2 5.3 11.9 20.8 39.2 58.3 85.0 
12 Median 51.4 494 5.8 7.0 14.0 18.0 22.4 50.6 88.5 
 75% quartile 63.1 830 7.4 7.9 16.7 20.8 36.3 68.5 94.0 
14 Median 60.5 451 8.1 7.7 16.8 23.5 21.2 56.8 88.2 
 75% quartile 94.1 1390 9.5 10.4 24.3 36.9 33.5 69.3 93.8 
15 Median 62.2 622 5.7 6.7 16.6 22.3 22.1 59.0 89.1 
 75% quartile 93.2 1538 8.5 9.4 21.7 33.4 53.3 75.5 91.6 
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Figure 3.79: 11111ststststst (25%), 2 (25%), 2 (25%), 2 (25%), 2 (25%), 2ndndndndnd (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3rrrrrddddd (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10-
min intensity [mm/10 min] distribution for the 10 larmin intensity [mm/10 min] distribution for the 10 larmin intensity [mm/10 min] distribution for the 10 larmin intensity [mm/10 min] distribution for the 10 larmin intensity [mm/10 min] distribution for the 10 largest events at all sitesgest events at all sitesgest events at all sitesgest events at all sitesgest events at all sites
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A rather strong correlation of P
tot

 with most parameters is evident at all sites except I
ave

 and the
shape parameters. The different maximum intensity parameters I

10max
, I

30max,
 and I

60max
 in particular

show a strong linear relation with P
tot

 at all sites. The correlation of the shape parameters P
25

, P
50,

and P
75

 is only limited, which shows that the rainfall amount is not influenced by these parameters
or vice versa. In fact, certain events show very strong rainfall in the early stages, others at late
stages or throughout the event that shows a large rainfall amount. In the section above, where the
events were described, the hypothesis was formulated that in case over proportional amounts of
rainfall occur in any particular quarter of the event duration, the intensity would be higher. This
cannot be shown on the basis of the correlation between the shape parameters and the intensity
parameters. The event duration t

P
 is only strongly related to the event amount P

tot
 in a linear way.

The remaining correlations are weak. As expected, the interrelation between the intensity
parameters are strong.

The strong correlation between the intensity parameters and P
tot

 suggest that the rainfall intensity
parameters, which are very important for the streamflow generation and sediment mobilisation
assessment (see also sections below and Section 3.5), could be estimated rather well from the daily
rainfall data if the intensity data are not available. This assumption was tested on the basis of the
data from Sites 4 and 14 (Figure 3.80). The best fit is observed for daily rainfall with I

60max
 showing a

regression coefficient of 0.85 and 0.91 at Sites 4 and 14, respectively. It is also the regression with
I

60max
 that is comparable in both catchments. For the regression between daily rainfall and I

30max
 the

regression coefficient is 0.88 and 0.76 at Sites 14 and 4 respectively, indicating a slightly lower fit
than I

60max
. For I

10max
 the regression coefficients were 0.55 at Site 4 and 0.77 at Site 14.

This fact cannot be used to estimate I
xmax

 data from daily rainfall measurements where no intensity
measurements are available. However, for missing days due to instrument failure, for the intensity
estimation and for back logging of intensity at a rain gauge site upgraded with a recording gauge, it
could be used.

Different parameters show very similar aspects of the hyetographs, for example, the four intensity
parameters I

ave
 and I

xmax
. In order to identify the key variables of precipitation on the basis of the

different rainfall parameters, multivariate statistics were applied. Wuethrich (1999) suggested the
use of factor analyses as discussed in StatSoft (1999). For this purpose, the parameters were firstly
standardised and transformed to z-scores with mean 0 and standard deviation 1. The reason for this
transformation are the different scales of the various parameters going into the analyses, e.g., P

25
 in

% (0.00 to 1.00), t
P
 in minutes (>1).

The factor extraction was carried out on the basis of the principal components approach, as
discussed in StatSoft (1999). The extracted factors, i.e., the factors with eigen values of at least 1
(and herewith explain at least their own variance) are rotated using the varimax method (StatSoft
1999). The results of these analyses suggest the following grouping with the following key
parameters ( ) (see also Table 3.39):

Figure 3.80:  Daily rainfall in rDaily rainfall in rDaily rainfall in rDaily rainfall in rDaily rainfall in relation to Ielation to Ielation to Ielation to Ielation to I
10max10max10max10max10max

, I, I, I, I, I
30max30max30max30max30max

 and I and I and I and I and I
60max 60max 60max 60max 60max 

for Sites 4 and 14, Jhikhu Kholafor Sites 4 and 14, Jhikhu Kholafor Sites 4 and 14, Jhikhu Kholafor Sites 4 and 14, Jhikhu Kholafor Sites 4 and 14, Jhikhu Khola
catchmentcatchmentcatchmentcatchmentcatchment
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Three factors:
- I

ave
, I

10max
, I

30max 
( ), I

60max

- P
25

, P
50 

( ), P
75

- P
tot

, t
P 

( )

For comparison and support of
the identified groups, roughly the
same grouping with the same key
parameters was seen at the

Fulwasser station in the Leissigen catchment in Switzerland (Wuethrich 1999). The above grouping
can also be supported with a hierarchical cluster analysis on the basis of the variables as shown in
Figure 3.81. The dendrogramme shows the hierarchical pattern of proximity between the different
variables. It shows that variables 5 and 6 (I

30max
 and I

60max
) have the closest distance followed by I

10max

and later I
ave

. This intensity group is joined by a group of the amount P
tot

 and duration t
P
 and only

later by the shape parameters P
50

, P
75,

 and P
25

.

The precipitation events were classified according to P
tot

 and the thresholds proposed by Carver
(1997). This classification was based on the observations of major storm events with a particular
focus on sediment issues as well as on the plot experiments. The classification presented here is
based on the k-means cluster analysis (SPSS 1999). For this purpose the key variables for
precipitation I

30max
, t

P,
 and P

50
 were used in the clustering process. In addition, on the basis of the

dendrogramme presented in Figure 3.81 and the strong correlation of this parameter with most other
parameters, the variable P

tot
 was added.

The number of clusters has to be defined in advance in the case of the k-means cluster analysis.
Four clusters were identified as appropriate. Three clusters lump the lower clusters together into a
main lower cluster, a medium cluster, and a cluster of the very large events. Four clusters do not
change anything in the large events, but divide the lower cluster into an additional cluster. Five
clusters results in the break down of the largest event cluster, producing two very small clusters
with only two to three cases in each.

On the basis of four predefined clusters, the cluster centres as shown in Table 3.40 were identified.
The centres roughly show classes with gradients from low to high rainfall amount, intensity, and
duration.

The events, which formed the basis of these cluster centres, were all attributed to one cluster centre.
The range of the parameters is given in Table 3.41.

Table 3.39: Key variables ( ) for precipitation, Jhikhu 
Khola catchment 
Site Ptot tP Iave I10max I30max I60max P25 P50 P75 

3 2 ( )2 1 ( )1 1 1 2 ( )2 2 
4 2 ( )2 1 1 ( )1 1 3 ( )3 3 
6 2 ( )2 1/2 1 ( )1 1 3 ( )3 3 
12 3 ( )3 1 ( )1 1 1 2 ( )2 2 
14 3 ( )3 1 1 ( )1 1 2 ( )2 2 
15 1/2 ( )2 1 1 ( )1 1 2 ( )3 3 

Figure 3.81:  DendrDendrDendrDendrDendrogramme of rainfall variables, Site 14, Jhikhu Khola catchmentogramme of rainfall variables, Site 14, Jhikhu Khola catchmentogramme of rainfall variables, Site 14, Jhikhu Khola catchmentogramme of rainfall variables, Site 14, Jhikhu Khola catchmentogramme of rainfall variables, Site 14, Jhikhu Khola catchment
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These clusters can be described in words as follows.

Cluster 1: Minor
Low amount – short duration – low maximum intensity rainfall event with most rainfall
amount in the first half of the event.

Cluster 2: Medium
Low to medium amount – medium duration – medium intensity rainfall event with
rainfall occurring throughout the event.

Cluster 3: High intensity
Medium amount – medium duration – high intensity rainfall event with most rainfall
occurring in the first half of the event.

Cluster 4: Large
High amount – long duration – medium intensity rainfall events with most rainfall in the
second half of the event.

On average over all sites and all events, it was noted that most of the events belong to cluster 1, the
minor events (71.9%; Figure 3.82a). Of these events, 49.9% occur during the monsoon season and
16.1% during the pre-monsoon season. Another 14.2% of the events during the monsoon season
belong to cluster 2, accounting overall for 16.2% of the events. Cluster 3 contains 10.9% of the events,
while cluster 4, the exceptional events, only account for 1% of all events.

Seasonally, it is noted that the post-monsoon and winter seasons account for an over- proportional
share of events belonging to cluster 4 (Figure 3.82b). During the post-monsoon in particular, a
number of exceptional storms occurred. During the pre-monsoon season the share of minor events
as well as the high intensity events is higher in comparison with the other clusters.

Table 3.41:  Final clusters for rainfall event classification, Jhikhu Khola catchment 
 

Variable Cluster 1 Cluster 2 Cluster 3 Cluster 4 

 Min Max Min Max Min Max Min Max 
Ptot [mm] 2.1 9.6 9.4 32.5 12.8 45.4 52.1 164.4 
tP [min] 22 250 98 728 46 421 795 1931 
I30max [mm/30 min] 1.8 5.4 2.7 10.4 9.4 28.7 4.7 10.7 
P50 [%] 40.0 82.6 29.7 80.6 43.3 91.3 36.6 62.2 
 

Table 3.40: Cluster centres of different parameters at different sites 
 

 Variable Cluster 1 Cluster 2 Cluster 3 Cluster 4 
Site 3 Ptot [mm] 5.0 16.7 43.1 56.8 
 tP [min] 88 201 263 1028 
 I30max [mm/30 min] 2.8 7.9 25.7 6.8 
 P50 [%] 9.1 28.0 24.5 4.0 
Site 4 Ptot [mm] 5.5 22.6 23.4 145.0 
 tP [min] 93 140 424 1493 
 I30max [mm/30 min] 3.1 14.3 5.6 9.9 
 P50 [%] 11.7 36.6 10.6 14.8 
Site 6 Ptot [mm] 4.8 19.4 24.2 113.4 
 tP [min] 75 340 151 1480 
 I30max [mm/30 min] 3.1 5.4 15.1 7.4 
 P50 [%] 15.0 0.6 32.0 14.4 
Site 12 Ptot [mm] 6.4 25.0 31.6 126.4 
 tP [min] 159 617 247 1711 
 I30max [mm/30 min] 3.8 5.1 17.8 9.2 
 P50 [%] 22.9 22.5 28.0 13.8 
Site 14 Ptot [mm] 7.0 27.3 32.5 118.9 
 tP [min] 167 621 251 1815 
 I30max [mm/30 min] 3.8 6.4 17.9 7.3 
 P50 [%] 22.9 14.6 37.3 17.7 
Site 15 Ptot [mm] 6.2 21.2 30.2 74.7 
 tP [min] 170 601 252 1661 
 I30max [mm/30 min] 3.4 4.9 16.9 5.7 
 P50 [%] 24.1 20.2 28.4 23.4 
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Comparing the classifications on the basis of rainfall amount only, according to Carver (1997) and on
the basis of cluster analysis (see Figure 3.77ab and Figure 3.82ab) it can be observed that the cluster
analysis-based classification puts more emphasis on the events with high intensities and high
rainfall amount, which in theory are the most destructive events. It takes into account the difference
between the high intensity-medium duration events, which are particularly important during the pre-
monsoon season, as well as the exceptional events with long duration and high rainfall amounts,
but only medium intensities. The latter drop out of Carver’s classification, as they are not decisive
for sediment mobilisation. For the remaining classes, Carver’s classification and the cluster
analysis-based classification are generally very close with similar thresholds of 10 mm rainfall
amount for intermediate/medium events and 30 mm for major/large events.

The rainfall-runoff analyses on the erosion plots and the sub-catchments in the following sections
are based on the cluster analysis-based classification shown in Table 3.41. In terms of annual and
seasonal frequencies of the different clusters, refer to Table 3.42. This table shows that on average
over the entire catchment about 61 minor events should be expected a year. Medium events number
about 14, while the high intensity events number about nine. These high intensity events mainly
occur during the monsoon season, with about six to ten events. During the pre-monsoon season,
two to three of these events have to be expected. Large events only occur exceptionally with about
one each year occurring either in the monsoon or post-monsoon season. According to Carver’s
classification (1997), 2.8 major storms have to be expected, 1.0 storm during the pre-monsoon
season, and 1.8 storms during the monsoon season. However, this also includes some of the large,
high intensity storms.

3.4.3.3 Summary

• Annually, about 86 events occur, of which approximately 73% occur in the monsoon season and

20% in the pre-monsoon season.

• The event distribution is strongly left skewed with the events between 2 to 5 mm being most

frequent.

• During an average rainfall event, about 5 to 8 mm rainfall is observed during one to three hours

and with a maximum 10-minute intensity of 12 mm/h.

Table 3.42:  Annual frequencies of different events classified according to clusters 
 

 Pre-monsoon Monsoon Post-monsoon Winter 
Cluster 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

Site 3 7.8 1.5 0.3 0.0 43.8 20.0 2.5 1.3 4.0 0.8 0.0 0.0 3.3 0.3 0.0 0.3 
Site 4 15.0 1.0 2.8 0.0 43.5 10.8 10.8 0.3 2.3 0.3 0.0 0.3 2.5 0.3 0.0 0.0 
Site 6 14.0 1.6 2.3 0.0 41.1 11.4 10.3 0.4 3.4 0.5 0.4 0.1 2.9 0.9 0.1 0.1 
Site 12 15.0 0.3 3.0 0.0 42.3 11.7 6.0 0.3 2.3 0.3 0.0 0.3 1.0 0.3 0.0 0.0 
Site 14 16.0 0.3 2.3 0.0 43.5 11.0 6.5 0.5 2.0 0.3 0.0 0.3 1.3 0.5 0.0 0.0 
Site 15 14.5 0.5 1.3 0.0 40.5 8.0 7.5 0.6 2.6 0.5 0.1 0.1 2.9 0.4 0.0 0.1 
Catchment 13.7 0.9 2.0 0.0 42.5 12.1 7.3 0.6 2.8 0.4 0.1 0.2 2.3 0.4 0.0 0.1 
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• During average large events, about 40 mm rainfall is observed during 6 to 8 hours and with a

maximum 10-minute intensity of 30 to 42 mm/h.

• The pre-monsoon events show higher maximum intensities, shorter duration, and less rainfall

than the events during the monsoon season.

• The total event rainfall volume P
tot

 is strongly correlated with most other rainfall event

parameters.

• The rainfall event duration t
P
, the maximum 30-minute intensity I

30max 
, and the rainfall that

occurred in the first half of the event P
50

 are the key variables in a rainfall event.

• The maximum intensities can be estimated on the basis of daily rainfall with r2 values of more

than 0.85 in the case of I
60max

.

• Four clusters can be identified on the basis of P
tot

, t
P
, I

30max ,
 and P

50
:

Cluster 1 – minor events. Low amount – short duration – low maximum intensity rainfall
event with most rainfall amount in the first half of the event.
Cluster 2 – medium events. Low to medium amount – medium duration – medium intensity
rainfall event with rainfall occurring throughout the event.
Cluster 3 – high intensity events. Medium amount – medium duration – high intensity
rainfall event with most rainfall occurring in the first half of the event.
Cluster 4 – large events. High amount – long duration – medium intensity rainfall events
with most rainfall in the second half of the event.

• Annually about nine high intensity events and one large event occurred.

• Out of these, seven high intensity events occurred during the monsoon season and two to three

during the pre-monsoon season.

• Large events generally occurred during the monsoon season or the post-monsoon season.

3.4.4 Runoff event analyses from the erosion plots in the Jhikhu Khola catchment

In the following only runoff from the erosion plots will be discussed. The analysis of the sediment
data will be discussed in the next section, Section 3.5, on sediment mobilisation and dynamics. At
this point it is important to note that, strictly speaking, a comparison of the plots is not possible due
to differences between them, including slope, soil type, rainfall at the site, and land management.
However, the main purpose of the comparison below is to identify the orders of magnitude and to
identify processes common for their areas. Later in this section the differences between the plots are
further discussed.

Note:  Note:  Note:  Note:  Note:  The land use of each plot is mentioned in all figures and tables below with ‘d’ for
degraded land and ‘a’ for agricultural land.

3.4.4.1 Description of the runoff events

From the eight erosion plots in the Jhikhu Khola catchment, data from Sites 4, 6, 14, and 16 were
used. Sites 4 and 14 represent degraded land on red soils, and Sites 6 and 16 sloping rainfed
agricultural land. Degraded land on red soils is prevalent in the lower areas of the catchment up to
1200 masl. In these foot slope areas, the slopes are generally gentle. The sloping agricultural lands
of the upper areas, for which the two plots 6 and 16 are representative, are generally steeper.
Degraded lands, in the sense of the degraded areas for which Plots 4 and 14 are representative, are
widely missing in this altitudinal belt above 1200 to 1900 masl.

About 55 runoff events are observed on the degraded plots annually. Most of these events occur
during the monsoon season, about 4/5 of all events (Table 3.43). This is followed by the number of
events in the pre-monsoon season, about 1/5 of all events per year. On the rainfed agricultural plots,
only about 20 to 30 events were observed annually, with most events occurring in the monsoon
season. During the monsoon season about twice as many events can be observed on the degraded
plots than on the plots on rainfed agricultural land. The same approximate factor applies for the pre-
monsoon season.
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According to the evidence presented above
and the results in the next section on
sediment dynamics, it is clear that the plots on
the degraded land and the plots on the
agricultural land behave differently. The same
can be shown on the basis of the runoff event
analyses. The median runoff of all measured
events at Sites 4 and 14 is, at 40 m3/ha (= 4
mm), about 8 times higher than on the
agricultural plots at Sites 6 and 16, where only
about 2 to 5 m3/ha (= 0.2 to 0.5 mm) runoff
were measured (Figure 3.83). The values on
degraded land range from a 25% quartile of
about 1 mm up to a 75% quartile of 9.5 mm. On
the agricultural land the statistical values are
consistently below 1 mm.

The median rainfall parameters corresponding to these runoff events are of medium size, that is,
between 10 and 30 mm rainfall (Table 3.44). Again, the plots of different land use differ slightly, with
the median rainfall amount of the events on agricultural land being slightly higher than on the
degraded land, that is, lower rainfall leads to more runoff and to earlier runoff than on agricultural
land. This was also shown with the establishment of lower thresholds for runoff generation on
degraded plots (see Figure 3.89 later in this section). Comparing the runoff coefficients a from the
degraded plots and the agricultural plots, it can be shown that degraded plots are more susceptible
to runoff generation than the agricultural plots. A median 31% of the rainfall from the degraded plots
runs off, while on agricultural land this value is only about 1 to 3%. In terms of the other parameters,
there is no distinct visible difference. A slight difference is observed between the intensity
parameters from the different plots, that is the I

60max
 on the degraded plots tends to be slightly lower

than on the agricultural land.

The events differ largely between the seasons. While runoff events on the plots during the post-
monsoon and winter are seldom (Table 3.43), about ten events on degraded plots and five events on

Table 3.43:  Erosion plot events in the Jhikhu Khola catchment 
 

 Site 4 (d) Site 6 (a) Site 14 (d) Site 16 (a) 

 Pre Mon Post Win Pre Mon Post Win Pre Mon Post Win Pre Mon Post Win 

1993* 0 13 0 0 6 4 1 0 

1994 5 14 0 2 1 31 0 1 

1995 4 20 3 2 2 1 1 0 

1996  1 19 1 0  0 27 2 1 

1997* 11 43 3 4 4 24 0 1 9 33 1 1 6 20 0 2 

1998 12 48 2 1 8 22 1 1 10 42 1 1 4 17 0 1 

1999 6 54 2 0 3 28 1 0 9 54 1 0 2 8 1 0 

2000 15 26 0 0 9 25 0 0 14 45 0 0 no rainfall data 
 Pre: pre-monsoon  Mon: monsoon  Post: post-monsoon   Win: winter 
* 1993 in the case of Sites 6 and 16, and 1997 in the case of Sites 4 and 14 are the initial years and therefore are only of 

limited use. This is due to the disturbed soil conditions just after installation of the plots. 
 

Table 3.44: Medians of all runoff events on the erosion plots, Jhikhu Khola catchment 
 

 RO 
[mm] 

Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10 min] 

I30max 

[mm/30 min] 
I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 
α 

4(d) 3.7 10.4 138 4.6 2.1 4.2 6.3 33.3 60.0 80.0 30.9 

6(a) 0.4 14.8 166 5.8 3.2 6.3 8.4 40.0 63.6 83.3 2.7 

14(d) 3.5 11.0 214 3.5 3.0 5.0 6.7 34.5 70.6 90.9 31.2 

16(a) 0.2 19.4 270 4.1 3.7 7.7 10.5 29.6 67.4 91.7 0.9 
 

Figure 3.83: Event parameters (first, second, andEvent parameters (first, second, andEvent parameters (first, second, andEvent parameters (first, second, andEvent parameters (first, second, and
thirthirthirthirthird quartile) for runoff distribution of all events ond quartile) for runoff distribution of all events ond quartile) for runoff distribution of all events ond quartile) for runoff distribution of all events ond quartile) for runoff distribution of all events on
the erthe erthe erthe erthe erosion plots in the Jhikhu Khola catchmentosion plots in the Jhikhu Khola catchmentosion plots in the Jhikhu Khola catchmentosion plots in the Jhikhu Khola catchmentosion plots in the Jhikhu Khola catchment
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agricultural plots occur during the pre-
monsoon season. Most of the events
occur during the monsoon season.
While on the degraded plots the runoff
volume largely follows the rainfall
distribution (more rainfall occurring
during the monsoon season, therefore
more runoff occurring during the same
season, Table 3.45); on agricultural
plots runoff is higher during the pre-
monsoon season or is the same as
during the monsoon season, although
more rainfall occurred. The same can
be shown with the runoff coefficient a,
an overall and summarised measure of
infiltration and storage processes
(Scherrer 1997). On degraded plots the
runoff coefficients during the pre-
monsoon season tend to be smaller than during the monsoon season (also see Figure 3.84). On
agricultural plots it tends to be just the other way around, that is, higher coefficients during the pre-
monsoon season. This is particularly interesting as the intensity parameters only differ slightly
between the seasons. However, the pre-monsoon events tend to be more intense according to the
I

xmax
 parameters. The range of runoff coefficients is rather high, ranging from 10 to 40% on degraded

land during the pre-monsoon season and about 20 to 50% during the monsoon season. On
agricultural land, runoff coefficients of only up to roughly 10% are observed.

This seasonal pattern can also be shown in a runoff coefficient time series with data from Plot 6
representing the agricultural land and Plot 14 for degraded land (Figure 3.85). While there is no
obvious seasonal pattern visible in the case of data from Plot 14, there is a clearly visible higher
contribution of pre-monsoon (May and early June) and early monsoon events (late June and early
July) in the case of Plot 6. Fourteen events had a runoff coefficient of higher than 10% in the pre-
monsoon season. In addition, 11 events in the early monsoon exceeded 10%. Only 9 events
exceeding 10% were observed in the late monsoon. The same pattern was observed in the other two
plots, Plots 4 (like Plot 14) and 16 (like Plot 6).

Of all the rainfall events during a year, only some generate runoff on the plots. Most of these runoff
events however are minor events with only small amounts of runoff. Only the largest events can be
considered important (Figure 3.86). At Sites 4 and 14, the degraded lands, about 10 events produce
50% of the total annual runoff. Twenty events produce about 75% and 30 to 35 events produce about
90% of the total annual runoff. On the rainfed agricultural land, (Sites 6 and 16) only 5 events
produce 50% and 10 to 15 events produce 75% of the total annual runoff. At Sites 16, 15 to 20 events
produce 90% of the total annual runoff. At Site 6 the same is achieved by 20 to 30 events. The
importance of selected large storms is even higher in the case of soil loss (see Section 3.5).

Table 3.45: Median all PM and M events 
 

 RO 
[mm] 

Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10 min]

I30max 

[mm/30 min] 

I60max 

[mm/h
] 

P25 

[%] 
P50 

[%] 
P75 

[%] 

α 

4(d) PM 1.9 7.3 120 4.7 3.1 4.2 5.2 41.4 54.4 78.9 4.7 
M 4.3 11.5 154 4.5 3.1 4.2 6.3 33.3 62.5 83.3 31.1 
6(a) PM 0.6 10.5 72 7.5 4.2 7.4 9.0 42.9 66.7 85.6 6.9 
M 0.4 15.8 190 5.4 3.2 6.3 8.4 40.0 60.9 83.3 2.5 
14(d) PM 2.3 9.7 130 5.6 4.0 6.2 6.9 46.4 76.0 93.8 7.1 
M 3.7 11.1 249 3.3 2.7 4.9 6.7 33.3 70.6 90.5 33.2 
16(a) PM 0.2 17.4 170 5.0 5.5 9.2 11.5 30.4 74.0 94.9 13.4 
M 0.2 19.7 313 3.8 3.9 7.7 10.0 28.5 67.5 91.5 0.9 
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The ten largest runoff events on the erosion plots of the Jhikhu Khola catchment show a similar
picture to that described above for all events and for seasonal breakdown. There is a distinct
difference between the events on the agricultural plots and the plots on the degraded land (Table
3.46 and Figure 3.87). The events on degraded lands show median values of about 25 mm runoff
during the largest events. On the agricultural land the largest events only record about 6 mm runoff.
A difference is also observed in terms of the runoff coefficient α. On the degraded plots 40 to 50% of
rainfall results in runoff on average, while on the agricultural land only medians of 16.2% at Site 16
and 32.3% at Site 6 were observed.

The above descriptions can be summarised as follows:

• the runoff behaviour on the degraded plots differs strongly from the runoff behaviour on the

agricultural plots;

• there is a clear seasonal pattern on the agricultural plots;

• no seasonal pattern was observed on the degraded plots;
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Figure 3.85:  Monthly distribution of runoff coefficients on Plot 6 (agricultural land) and Plot 14Monthly distribution of runoff coefficients on Plot 6 (agricultural land) and Plot 14Monthly distribution of runoff coefficients on Plot 6 (agricultural land) and Plot 14Monthly distribution of runoff coefficients on Plot 6 (agricultural land) and Plot 14Monthly distribution of runoff coefficients on Plot 6 (agricultural land) and Plot 14
(degraded land)(degraded land)(degraded land)(degraded land)(degraded land)
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c) Site 14 (d)

0
10
20
30
40
50
60
70
80
90

100

0 20 40 60 80 100

Events

C
um

ul
at

iv
e 

ru
no

ff 
[%

]

1997 1998 1999 2000

d) Site 16 (a)

0
10
20
30
40
50
60
70
80
90

100

0 20 40 60 80 100

Events

C
um

ul
at

iv
e 

ru
no

ff 
[%

]

1994 1995 1996 1997 1998 1999 2000

a) Site 4 (d)

0
10
20
30
40
50
60
70
80
90

100

0 20 40 60 80 100

Events

C
um

ul
at

iv
e 

ru
no

ff 
[%

]

1997 1998 1999 2000

Figure 3.86:  Annual cumulative curves for runoff on all erAnnual cumulative curves for runoff on all erAnnual cumulative curves for runoff on all erAnnual cumulative curves for runoff on all erAnnual cumulative curves for runoff on all erosion plots, Jhikhu Khola 38osion plots, Jhikhu Khola 38osion plots, Jhikhu Khola 38osion plots, Jhikhu Khola 38osion plots, Jhikhu Khola 38
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Table 3.46: Median of the largest 10 runoff events, Jhikhu Khola catchment 
 

 RO 
[mm] 

Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10 min] 

I30max 

[mm/30 min] 

I60max 

[mm/h
] 

P25 

[%] 
P50 

[%] 
P75 

[%] 
α 

4(d) 23.0 42.8 215 10.9 10.4 24.5 26.1 47.0 60.3 90.2 50.9 
6(a) 6.0 18.4 74 11.2 5.8 9.5 12.6 50.0 71.9 85.8 32.3 
14(d) 25.1 41.8 286 8.7 8.0 15.3 21.7 32.5 76.4 93.5 43.1 
16(a) 5.6 35.7 242 6.6 9.7 16.2 21.3 53.0 92.0 96.6 16.2 
 

• an average event on a degraded plot produces about 3 to 4 mm runoff, while on a rainfed

agricultural plot it only produces 0 to 0.5 mm;

• the ten largest events on a degraded plot produce on average about 2 to 25 mm runoff, while on a

rainfed agricultural plot these only produce 5 to 6 mm;and

• of annual runoff, 75% is produced during about 20 events on the degraded plots, while on rainfed

agricultural plots only 10 to 15 produce the same percentage of runoff.

3.4.4.2 Causes for the runoff conditions described

Surface runoff at the plot scale is caused by a number of factors. Collins et al. (1998a) show that
both infiltration excess and saturation excess processes contribute to runoff generation in the
middle mountains of Nepal. Kandel et al. (2002) therefore use a surface runoff model, which
incorporates both processes after accounting for the canopy interception losses. In this respect,
vegetation parameters, a number of soil parameters including hydraulic conductivity, infiltration
capacity, and soil moisture are equally important as rainfall characteristics. In the following, the
runoff data from the erosion plots are studied in an attempt to shed more light on the causes of
runoff generation on the plots.

Rainfall parameters

The comparison of the plots as described above assumed similar conditions over time, that is, over
the number of events a difference of rainfall between the sites would be averaged. In order to
compare events, which probably have similar rainfall conditions, five events were identified and
selected for detailed investigations (Figure 3.88; the number of five events is random). These events
showed a difference in rainfall amount of a maximum of 7 mm between the lowest rainfall and the
highest rainfall. The rainfall intensities differed by a maximum of 4 mm in one case, in the event of
August 5 1997; by 3 mm in the event of July 17 1997; and only in the order of 1 mm during the
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remaining events. The reason why the two events with the larger differences were included is that
otherwise only events of small intensities would have been included.

From the data of these five events, the same can be shown as above, that the degraded plots
generally produce more runoff in the order of one magnitude. The differences between the two land
uses are also observed with the runoff coefficients. While the degraded land shows runoff
coefficients ranging from 10 to 70%, on the agricultural land α generally shows values below 5%.
That the differences are due to location or rainfall parameters can be excluded, since these are more
due to the plot’s characteristics. Below, rainfall parameters are discussed in relation to the runoff of
the plots. The differences in plot characteristics will be discussed later in this section.

There is no argument that the triggering mechanism for surface runoff is rainfall. However, the
question regarding what parameter leads to lower or higher runoff remains and will be discussed
here. The Spearman correlation coefficients (the erosion plot data are not distributed normally;
Appendix A3.15) presented in Table 3.47 show that there is a distinct difference between the plots on
agricultural land (grey shaded) and the plots on degraded land. The runoff amounts from the
degraded plots show a strong correlation with the rainfall amount P

tot
 as well as the intensity

parameters, I
60Max

 in particular. The runoff amounts on the rainfed agricultural land however show
only poor relations with the rainfall amount as well as with the intensity parameters. This suggests
that other factors, such as land management and cropping, are more important for the estimation of
runoff generation on these plots. On all four plots the antecedent precipitation shows mostly
significant, but only weak correlation with the runoff amounts on the plots. The rainfall 24 hours
prior to the event expressed with both the API

1
 and AP

1
 shows the highest correlation coefficients,

ranging from 0.20 to 0.43. On Plot 16, however, no significant correlation between runoff and these
two parameters was observed. The shape of the event hyetograph shows no or only very weak
correlation and can therefore be assumed to have no influence on the runoff generation.

The significant correlations between rainfall amount and runoff can also be shown with Figure 3.89,
which shows the seasonally disaggregated data from four erosion plots on a daily basis. Runoff
rates on degraded plots are generally higher with the highest events at well over 10 mm.

Figure 3.88:  FFFFFive runoff events measurive runoff events measurive runoff events measurive runoff events measurive runoff events measured at all sites with similar rainfall conditionsed at all sites with similar rainfall conditionsed at all sites with similar rainfall conditionsed at all sites with similar rainfall conditionsed at all sites with similar rainfall conditions
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On agricultural land, the highest measured rates were between 8 and 10 mm. The thresholds where
rainfall produces runoff are lower on degraded land than on rainfed agricultural land. These
thresholds are estimated as 2 mm rainfall on degraded sites and 5 mm on rainfed agricultural land.
While seasonality does not seem to have any effect on degraded sites, on rainfed agricultural plots
pre-monsoon rainfall events seem to yield higher runoff rates than events in the remainder of the
year.

In Section 3.4.3, rainfall events were classified into four clusters according to event rainfall amount,
maximum 30-minute intensity, rainfall event duration, and shape parameter P

50
. Comparing the

runoff events from the erosion plots with these rainfall event clusters, it is evident that cluster 3
event rainfall events, that is, high intensity events, are most responsible for runoff generation on the
degraded plots (Figure 3.90). This is followed by cluster 2 events. The large-amount-long-duration
events (cluster 4) are only marginally responsible for runoff generation and are often in the same
range as the runoff generated by cluster 1 events.

On the agricultural plots the picture presented is different between the two plots at Sites 6 and 16.
While at Plot 6 there is a clear dominance and role of cluster 4 events responsible for runoff
generation, at Site 6 both cluster 3 and 4 events show similar impact. In both cases, events of
clusters 1 and 2 do not show much impact. A possible explanation for this difference between the
plots is the importance of different runoff generating mechanisms on the land under different uses.

Table 3.47: Correlation coefficients for plot runoff – Summary of the four erosion plots in 
the Jhikhu Khola catchment (grey shaded: agricultural plots) 
 

Site Ptot tP α Iave I10max I30max I60max P25 P50 P75 API1 API7 API10 API14 API30 AP1 AP2 AP3 AP4 AP5 

4 (d) 0.82 0.31 0.82 0.38 0.62 0.72 0.81  0.26 0.51 0.20    0.15 0.20 0.22 0.21 0.24 0.21 

6 (a) 0.37  0.56 0.23 0.36 0.38 0.39   0.18 0.32 0.35 0.32 0.27  0.32 0.35 0.35 0.36 0.38 

14 (d) 0.67 0.24 0.74 0.42 0.63 0.71 0.74   0.19 0.43 0.22 0.20 0.16 0.16 0.43 0.43 0.32 0.27 0.26 

16 (a) 0.51  0.70 0.39 0.49 0.51 0.53     0.21 0.20 0.23 0.20   0.21 0.17 0.18 
 

Figure 3.89: Daily rainfall versus daily runoff on degraded plots (Sites 4 and 14) and on rainfedDaily rainfall versus daily runoff on degraded plots (Sites 4 and 14) and on rainfedDaily rainfall versus daily runoff on degraded plots (Sites 4 and 14) and on rainfedDaily rainfall versus daily runoff on degraded plots (Sites 4 and 14) and on rainfedDaily rainfall versus daily runoff on degraded plots (Sites 4 and 14) and on rainfed
agricultural land (Sites 6 and 16). Note: graphs aragricultural land (Sites 6 and 16). Note: graphs aragricultural land (Sites 6 and 16). Note: graphs aragricultural land (Sites 6 and 16). Note: graphs aragricultural land (Sites 6 and 16). Note: graphs are in log-log scalee in log-log scalee in log-log scalee in log-log scalee in log-log scale
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Figure 3.90:  RRRRRelationship between runoff and the rainfall clusterselationship between runoff and the rainfall clusterselationship between runoff and the rainfall clusterselationship between runoff and the rainfall clusterselationship between runoff and the rainfall clusters

Table 3.48: Plot and soil characteristics (source: Singh 2001) 
 

Site Slope Textural composition Textural class Infiltration rate 
 [degree] Sand% Clay% Silt%  [cm/h] 

4 (d) 11.5 43.3 23.9 32.8 loam 3.2±1.2 
6 (a) 24.7 33.3 25.9 40.8 loam 9.7±3.8 
14 (d) 15.0 49.3 17.9 32.8 loam 15.5±4.3 
16 (a) 6.7 49.9 31.9 18.2 sandy clay loam 6.9±3.3 
 

While on degraded land it is mainly infiltration excess overland flow that contributes to the runoff,
on agricultural land saturation excess overland flow gains importance. However, this depends on the
plot characteristics and different agricultural plots can show a different picture.

Plot characteristics

Scherrer (1997) has shown that to explain the size of a runoff reaction to a precipitation event, soil
parameters solely describing the soil matrix such as bulk density, and textural classes are not useful.
The same can be shown on the basis of the textural composition of the studied plots (Table 3.48).
None of the tabled parameters could be established as the main reason for high or low infiltration
rates. The infiltration rates are assumed to be more dependent on parameters describing the
structure of the soils, such as the permeability and surface crust. This phenomenon of the surface
crust, often called surface seal, seems to be particularly important in preventing infiltration on the
degraded plots. The impact of a crust on infiltration is described in detail in Hillel (1998). In
summary, a crust can reduce infiltration even it is very thin or the underlying soil is very permeable.
On both degraded plots a surface seal can be observed, while a crust of this sort cannot form on the
agricultural land.

Preferred pathways, the type of clay, as well as organic matter content (which improves the soil
structure) further influence infiltration rates. In addition, the infiltration rates given in Table 3.48
were measured using the ring-infiltrometer method (e.g., Chow et al. 1988). This method, however, is
acknowledged to overestimate the infiltration capacity of a soil due to a standing water head, which
is physically very different from a rainfall event (Dunne and Leopold 1978). Furthermore, infiltration
is spatially very variable and can change in an order of magnitude at small spatial intervals (Merz
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1997). This was taken into account during the measurement of the infiltration rates by conducting
three measurements at three different sites in the plot. Shrestha (1999) made several measurements
on different bedrock and on land under different use in the eastern part of the Jhikhu Khola
catchment, but could not establish any valid relationship to be used for runoff generation
assessment.

Trials to use the erosion plot results to identify the infiltration rates did not produce the same results as
given in the table above. For this analysis, only events with event rainfall amounts of more than 5 mm,
event durations of less than 60 minutes, and average intensities of a minimum of 10 mm/h were used
to calculate the infiltration rate over the duration of the entire event. This resulted in infiltration rates of
about 10 mm/h for degraded land and about 20 mm/h for rainfed agricultural land (Table 3.49).

While these values differ considerably when compared with the values given in Table 3.48, they
correspond quite well with the values given in Hillel (1998). The steady infiltration rates for loams are
given as 5 to 10 mm/h and for clayey soils 1 to 5mm/h. The reason for higher infiltration rates on the
rainfed agricultural land is assumed to be due to the land management and the continuous breaking
up of the surface. This basically suggests that this ’natural sprinkler‘ approach yields more feasible
results than the ring infiltrometer approach.

Land management

The seasonality shown above on the
agricultural plots cannot only be
explained by the changing vegetation
cover, but also by field preparation and
land management. While there is no
human influence on the degraded plots
at present, except activities related to
this research such as soil samples and
infiltration measurements, on the
agricultural plots a considerable impact
has to be expected from land
management and crop production. An
example of a calendar of the farmer’s activities on the erosion plots on agricultural land is given in
Table 3.50. The fields are prepared and the maize is sown after the first pre-monsoon rains at the end
of April to the end of May. This is followed by hoeing after about one month and a second time after
two months in certain plots and in certain years. In July, the field can be prepared for millet
transplantation. Harvesting of maize begins in August and can last up to September. Grasses are cut
any time during the year on the basis of need and availability. If there is adequate moisture, wheat is
broadcast in November, for which the field first has to be ploughed.

Out of these activities, ploughing and hoeing are considered to have an impact on plot
characteristics, mainly by breaking up the soil surface. Theoretically, this can lead to increased
infiltration and therefore decreased runoff generation, as well as making soil particles available for
mobilisation as their natural aggregates are broken up. On the other hand, decreased runoff also
theoretically means less soil loss (see Section 3.5 for details on soil losses).

To shed some light on this issue and to test the hypothesis that farmers’ interventions, such as
ploughing and hoeing, decrease runoff, data from the two plots 6a and 16a were screened for events
close to before and after the farmers’ intervention with more than 10 m3/ha runoff and:

Table 3.49: Infiltration rates calculated from rainfall events tP<60min, Iave > 10 mm/h 
and Ptot > 5 mm [all values in mm/h] 
 

Site Count Mean Median 75% quartile 25% quartile 
4 (d) 20 10.2 8.4 14.6 5.6 
6 (a) 28 24.7 20.4 30.4 15.3 
14 (d) 11 12.4 9.8 16.6 7.0 
16 (a) 8 22.1 17.2 26.4 11.1 
 

Table 3.50: Example of farmer’s activities on the 
Plot 16a in 1998 
 

Month Day Activities 
April 13 Adding compost 
April 27 Harvesting wheat  
May  28 Ploughing and sowing maize 
June 22 Applying fertilizer  
July 1 Preparing bed for millet 
September 7 Transplanting tomatoes in the upper plot  
October 26 Harvesting maize, stalks and grass  
November 18 Ploughing and wheat broadcasting 
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• similar rainfall amounts and maximum rainfall intensity to show a difference between before and

after the farmer’s intervention;

• similar rainfall amount and higher intensity in the event after the farmer’s intervention to show

that the hypothesis can be assumed to be correct;or

• similar rainfall amount and higher intensity in the event before the farmer’s intervention to show

that the hypothesis does not hold.

On the agricultural plots in the Jhikhu Khola, a constellation which allows the drawing of some
preliminary conclusions only occurred once (Figure 3.91). On June 18, 1995, a 35.8 mm rainfall event
caused 28.3 m3/ha (= 2.8 mm) runoff. The maximum hourly rainfall intensity observed during this
event was 14.8 mm/h. Seven days later, the farmer hoed the plot. Another 8 days later, a 40.0 mm
rainfall event with an I

60max
 of 30.6 mm/h caused only 8.8 m3/ha (= 0.9 mm) of runoff.

Overall, the runoff seems to have decreased after the intervention with most values below 0.5 mm
runoff, and only 2 events out of a total of 6 events (33%) above 0.5 mm runoff after the intervention.
This is in contrast to the events before the intervention with 5 out of 12 events (42%) above 0.5 mm.

The difference between before and after the intervention is clear, however, the data could not show
the opposite. For strong conclusions this is not enough and therefore has to be considered with
caution.

In summary it can be said, that:

• total rainfall volume and the maximum intensities, I
60max

 in particular, show the highest

correlations with runoff;

• on degraded plots a rainfall event volume threshold of 2 mm was observed for runoff generation;

• on rainfed agricultural land the threshold was 5 mm;

• infiltration excess overland flow is the dominant surface runoff generation process on degraded

land;

• saturation excess overland flow is the dominant surface runoff generation process on rainfed

agricultural land;

• there is a clear impact of seasonal as well as weed vegetation on the agricultural plots;

• infiltration on rainfed agricultural land exceeds the infiltration rates on degraded land mainly due

to a surface seal on the latter; and

• the impact of land management is likely, but only proven on the basis of one case.
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3.4.4.3 Runoff prediction and input for modelling

Surface runoff is an important parameter both for hydrological models as well as for erosion models.
As shown above, precipitation amount, intensity, and to a certain extent the pre-event conditions
play a major role in the generation of this flow parameter. This assumption seems to certainly be
valid for the degraded plots. On the agricultural plots the vegetation cover was crucial.

For a first proximate, a multi-linear
regression was calculated using the
three independent parameters P

tot
,

API
1
, and I

60max
. These parameters

were selected on the basis of the
factor analysis above. As shown
above, these variables are not
normally distributed, therefore a
multiple regression can only be
performed after a transformation of the data (SPSS 1999). In this case, the data were lognormal
transformed with base e. The resulting coefficients are tabulated in Table 3.51. It is immediately
clear that the multiple regression only yields acceptable results for the two degraded plots (Figure
3.92), while the results for the two agricultural plots are not satisfactory. It therefore seems that
using only precipitation parameters to explain the runoff on the plots is not sufficient and the
inclusion of a vegetation parameter, such as canopy interception, is crucial to further improving the
result.

It was also shown that the importance of the two main surface runoff-generating mechanisms might
differ between the plots (see Figure 3.90). While on the degraded plots, infiltration-excess runoff is
more important (and can be, to a large extent, explained by rainfall parameters and the infiltration
capacity of the soil) saturation-excess overland flow depends, in addition to the precipitation
parameters, on other factors such as the permeability of the soils and soil depth.

In this context it seems appropriate that Kandel et al. (2002) have selected a surface model that
represents the processes precipitation, canopy interception, infiltration, evapotranspiration, and
deep percolation to account for both infiltration and saturation excess overland flow.

3.4.4.4 Summary

The surface runoff event analyses on the erosion plots can be summarised as follows:

• degraded lands are more prone to runoff generation than rainfed agricultural land;

• degraded lands yield higher runoff rates than rainfed agricultural lands;

• degraded lands do not show seasonal effects, while agricultural land shows a clear seasonality;

• rainfed agricultural lands are more prone to high rates of direct runoff during the pre-monsoon

than during the remainder of the year;

• only a few large rainfall events cause a large portion of the annual runoff on the erosion plots;

Table 3.51: Coefficients for multiple regression  
y = a+b*Ptot+c*I60max+d*API1 

 
Site a (coefficient) b (Ptot) c (I60max) d (API1) r2* 

4 (d) -0.183 0.700 0.778 0.201 0.564 
6 (a) -0.072 0.056 0.334 0.305 0.199 
14 (d) 0.333 0.165 0.989 0.275 0.473 
16 (a) -1.415 0.106 0.918 -0.027 0.183 
* r2 between the observed and the estimated values 

a) Plot 4a

y = 0.792x + 5.2013
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Figure 3.92:  Multiple rMultiple rMultiple rMultiple rMultiple regregregregregressions for Plots 4a and 14a on degraded landessions for Plots 4a and 14a on degraded landessions for Plots 4a and 14a on degraded landessions for Plots 4a and 14a on degraded landessions for Plots 4a and 14a on degraded land
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• event rainfall volume and maximum 60-minute intensity are the key variables in terms of runoff

generation;

• infiltration excess flow is the key process in terms of runoff generation on the degraded land;and

• saturation excess overland flow is the key process in terms of runoff generation on the rainfed

agricultural land.

3.4.5 Hydrological event analyses in the Jhikhu Khola catchment

After a general description of the hydrological events at all sites in the catchment, more detailed
event analyses are conducted for the four sub-catchments in the Jhikhu Khola catchment. The main
reason is the clear attribution of rainfall events to the resulting hydrographs at the outlet of each
sub-catchment. For the entire Jhikhu Khola catchment this is difficult as the entire upper and north-
western part is not monitored, neither hydrologically nor meteorologically. The relevance of different
land use and other catchment characteristics is discussed after the detailed event analyses of the
Yarsha Khola catchment together with the data from that catchment. Finally some special events are
discussed in detail.

Note: Note: Note: Note: Note: The site numbers used in this section refer to the site numbers in Figure 2.16.

3.4.5.1 Description of the hydrological events

All in all, 655 hydrological events could be clearly identified and used for further analyses (Table
3.52). It is important to stress at this point that these are not all the events that occurred in the sub-
catchments, but only the events that could be clearly identified. Some hydrological events had to be
excluded later from the analyses, as the corresponding rainfall was missing or incomplete. The
number of events at Site 1 is less. This is due to the overlay of hydrographs with their origin from
other and ungauged parts of the catchment, which often produces a very complex and unclear

event. Only events that could be
clearly separated from the rest of
the hydrograph are included in
these 95 events. The number of
events at Sites 7, 8, and 13 is very
similar, however at Site 7 these
events were observed in a three-
year period, while at the other
sites the 127 and 128 events
respectively were observed in a
four-year period from 1997 to 2000.

It is clear that most of the events occur during the rainy season, mostly in the monsoon season from
June to September. Only about 15 to 20% of the events occur during the pre-monsoon season. In
winter, only a few events occurred which were observed at the hydrological stations. During the
post-monsoon season a number of heavy events were recorded, such as the event on October 19 to
21, 1999.

In general, the largest events are observed at the outlet of the Jhikhu Khola catchment (Table 3.53).
These events also show the longest duration and longest rising and receding limbs. The rising limbs
in the sub-catchments are very short and in the order of 30 to 60 minutes. Event duration in the sub-
catchments ranges from 2 to 6 hours, with the shortest events observed at Site 8. Q

start
 and Q

end
 are

both very dependant on the base flows and therefore differ widely due to different catchment sizes.
Q

B
 is adjusted for catchment size and can therefore be directly compared. The values range from 0.6

mm in the two upland sub-catchments of Sites 7 and 8, with negligible baseflows throughout the dry
season and only little baseflow during the monsoon season. The total event flow was observed to be
lowest at Sites 7 and 8, likewise the maximum event runoff was observed at these sites. The peak
runoff rates expressed in mm are observed at Sites 1, 2, and 13. The ratio Q

E
/Q

tot
 shows that about 50

to 65% of the total runoff originates from the rainfall of the event.

Table 3.52: Events at all sites in the Jhikhu Khola 
catchment (in brackets: events where rainfall was 
missing) 
 

Site Period Pre-
monsoon Monsoon Post-

Monsoon Winter Total 

1 1997-2000 16 78 1 0 95 

2 1997-2000 35 135 4 0 174 

7 1997-1999 15 111 (5) 2 3 131 (5) 

8 1997-2000 21 104 (1) 2 0 127 (1) 

13 1997-2000 16 (1) 106 (3) 5 (1) 1 128 (5) 
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The biggest ranges in event runoff are observed at Sites 1 and 2 (Figure 3.93a) with the highest
median of 1.7 mm observed at Site 1. This is followed by Site 2 with a median of 1.5 mm. The lowest
range as well as the lowest median is observed at Site 8 with 0.5 mm. In terms of peak event runoff,
a different picture is presented (Figure 3.93b). The highest peak event runoffs were observed at Site
2 in terms of range as well as in terms of median. The median peak event runoff at this site is 0.4
mm. At Site 1 the median is 0.3 mm.

There is a distinct difference between the events of the pre-monsoon and the monsoon season
(Table 3.54 and Figure 3.94). The events during the pre-monsoon season are based on lower
baseflows, as shown with the variables Q

start
 and Q

B
. The same can also be shown by the ratio

between Q
E
 and Q

tot
, which is generally higher in the pre-monsoon season. This suggests that during

the pre-monsoon season the event runoff is more important than during the monsoon season.
However, the monsoon season events tend to be of bigger magnitude, shown with Q

tot
, Q

E,
 and Q

Emax
.

No distinct differences can be observed in terms of timing on the basis of event duration, the rising,
or the receding limb of the hydrographs.

Table 3.53: Median of all parameters for hydrological events, Jhikhu Khola 
 
Site tQ 

[min] 
Qstart 

[m3/s] 
Qend 

[m3/s] 
Qtot 

[mm] 
QB 

[mm] 
QE 

[mm] 
QEmax 
[mm] 

Qmax 
[m3/s] 

QE/Qtot trise 
[min] 

trec 
[min] 

1 630 1.944 3.404 2.7 0.9 1.7 0.3 19.909 0.65 120 510 

2 360 0.117 0.301 2.6 1.0 1.5 0.4 1.464 0.64 60 270 

7 270 0.013 0.033 1.8 0.6 1.1 0.3 0.175 0.65 60 180 

8 120 0.054 0.152 1.1 0.6 0.5 0.2 0.313 0.41 60 60 

13 180 - - 2.6 - 1.4 0.4 0.430 0.53 30 120 
 

Figure 3.93:  Event runoff (a) and peak event runoff (b) at differEvent runoff (a) and peak event runoff (b) at differEvent runoff (a) and peak event runoff (b) at differEvent runoff (a) and peak event runoff (b) at differEvent runoff (a) and peak event runoff (b) at different sites in the Jhikhu Kholaent sites in the Jhikhu Kholaent sites in the Jhikhu Kholaent sites in the Jhikhu Kholaent sites in the Jhikhu Khola
catchmentcatchmentcatchmentcatchmentcatchment
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Table 3.54: Median of pre-monsoon and monsoon hydrological events, Jhikhu Khola 
 

Site tQ 
[min] 

Qstart 
[m3/s] 

Qend 
[m3/s] 

Qtot 
[mm] 

QB 
[mm] 

QE 
[mm] 

QEmax 
[mm] 

Qmax 
[m3/s] 

QE/Qtot trise 
[min] 

trec 
[min] 

1 PM 525 0.754 1.998 1.7 0.4 1.2 0.2 15.958 0.74 120 450 

M 705 2.163 3.745 3.4 1.0 2.02 0.3 20.589 0.63 120 540 

2 PM 360 0.05 0.203 1.5 0.5 0.94 0.2 0.739 0.68 60 300 

M 360 0.147 0.396 3.2 1.2 1.96 0.4 1.62 0.64 90 270 

7 PM 210 0.002 0.008 0.6 0.1 0.44 0.3 0.113 0.76 60 150 

M 270 0.015 0.035 2.1 0.6 1.24 0.4 0.186 0.65 60 180 

8 PM 120 0.038 0.111 0.8 0.4 0.24 0.2 0.279 0.34 60 60 

M 120 0.062 0.165 1.1 0.7 0.5 0.2 0.3135 0.41 60 60 

13 PM 240 0.06 0.116 2.6 1.1 1.4 0.4 0.395 0.60 90 165 

M 165 0.076 0.15 2.7 1.0 1.38 0.4 0.483 0.51 30 120 
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The median values for the largest 10 events at all sites are compiled in Table 3.55 (see also Figure
3.95). Adjusted to the catchment area, the highest events are observed at Site 2 with median values
for Q

E
 of 13.9 mm and Q

Emax
 of 4.6 mm.

At all stations, the median Q
E
/Q

tot
-ratio was about 80%, that is, 80% of the event was caused by the

rainfall and about 20% was due to baseflow in the stream.

The duration of the rising limb expressed with t
rise

 shows similar durations for all events, with no
distinct difference being observed between the largest events and all the events. This is with the
exception of Site 1, where the rising limb of large events is about two hours longer. The same can be
observed for the entire event duration t

Q
. Except for Site 1, the event durations of large events do not

differ considerably from the event durations of al events.

Table 3.55: Median of maximum ten hydrological events, Jhikhu Khola 
 

Site tQ 
[min] 

Qstart 
[m3/s] 

Qend 
[m3/s] 

Qtot 
[mm] 

QB 
[mm] 

QE 
[mm] 

QEmax 
[mm] 

Qmax 
[m3/s] 

QE/Qtot trise 
[min] 

trec 
[min] 

1 1200 2.831 2.895 11.7 2.3 9.4 1.0 64.815 0.84 225 870 

2 480 0.290 1.020 16.5 3.1 13.9 4.6 14.088 0.79 60 420 

7 345 0.015 0.054 8.1 1.3 7.5 2.6 1.124 0.87 60 285 

8 135 0.141 0.675 6.8 2.1 5.9 2.2 2.804 0.66 60 90 

13 180 0.068 0.551 11.5 2.3 7.9 4.1 3.578 0.83 30 135 
 

Figure 3.94:  Event runoff of prEvent runoff of prEvent runoff of prEvent runoff of prEvent runoff of pre-monsoon events (a) and monsoon events (b) at all sites in thee-monsoon events (a) and monsoon events (b) at all sites in thee-monsoon events (a) and monsoon events (b) at all sites in thee-monsoon events (a) and monsoon events (b) at all sites in thee-monsoon events (a) and monsoon events (b) at all sites in the
Jhikhu Khola catchmentJhikhu Khola catchmentJhikhu Khola catchmentJhikhu Khola catchmentJhikhu Khola catchment

a) Event runoff in pre-monsoon events
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b) Event runoff in monsoon events
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Figure 3.95:  Event runoff (a) and peak event runoff (b) during the ten larEvent runoff (a) and peak event runoff (b) during the ten larEvent runoff (a) and peak event runoff (b) during the ten larEvent runoff (a) and peak event runoff (b) during the ten larEvent runoff (a) and peak event runoff (b) during the ten largest events at each site,gest events at each site,gest events at each site,gest events at each site,gest events at each site,
Jhikhu Khola catchmentJhikhu Khola catchmentJhikhu Khola catchmentJhikhu Khola catchmentJhikhu Khola catchment
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b) Peak event runoff QEmax
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Table 3.56: Correlation coefficients at Site 2 and number of significant correlations at all 
four sub-catchments, Jhikhu Khola (maximum = 4; Appendix A3-16) 
 

 tQ Qstart Qend Qtot QB QE QEmax Qmax QE/Qtot trise trec 

tQ 1.00(4) (0) (1) 0.48(4) 0.38(4) 0.50(4) 0.23(3) 0.20(3) 0.37(3) 0.68(4) 0.92(4) 

Qstart 1.00(4) 0.76(4) 0.43(4) 0.73(4) 0.24(2) 0.22(3) 0.33(3) -0.47(3) (0) -0.17(1) 

Qend 1.00(4) 0.76(4) 0.88(4) 0.62(4) 0.63(4) 0.73(4) (2) (0) (1) 

Qtot 1.00(4) 0.88(4) 0.96(4) 0.86(4) 0.90(4) 0.43(4) 0.28(3) 0.47(4) 

QB 1.00(4) 0.74(4) 0.61(4) 0.70(4) (2) 0.33(4) 0.31(4) 

QE 1.00(4) 0.93(4) 0.92(4) 0.63(4) 0.23(3) 0.53(4) 

QEmax 1.00(4) 0.98(4) 0.68(4) (0) 0.33(3) 

Qmax 1.00(4) 0.57(4) (0) 0.27(3) 

Qtot/QE 1.00(4) (2) 0.49(4) 

Trise  1.00(4) 0.40(4) 

Trec  1.00(4) 
 

Table 3.57: Results of the factor analyses for hydrological parameters of all events, 
Jhikhu Khola 
 

Site tQ 
[min] 

Qstart 
[m3/s] 

Qend 
[m3/s] 

Qtot 
[mm] 

QB 
[mm] 

QE 
[mm] 

QEmax 
[mm] 

Qmax 
[m3/s] 

Trise 
[min] 

Trec 
[min] 

2 ( )1 ( )3 3 1 3 1 ( )2 2 1 1 

7 ( )1 ( )3 3 1 1 1 ( )2 2 1 1 

8 ( )2 1 1 1 1 1 1 ( )1 2 2 

13 ( )2 ( )3 1 1 2 1 ( )1 1 2 2 
 

3.4.5.2 Relationships between the different hydrological event parameters

Several parameters calculated for this study have similar information content. The parameters t
Q
, t

rise

and t
rec

 are duration parameters, while Q
B
, Q

E
, Q

Emax
, Q

tot
 and Q

max
 represent amount and intensity

parameters. Q
start

 and Q
end

 are based on baseflow and represent pre-event conditions. Most of the
parameters are therefore significantly correlated with the other parameters according to the
Spearman correlation coefficients in Table 3.56. This table is a summary table of all hydrological
stations. The detailed correlation tables for each site can be found in Appendix A3.17. This is with
the exception of t

rise
, the rising limb of the hydrograph, which is only strongly correlated with t

Q
. The

other correlations are only weak. t
rec

 is generally significantly correlated but like t
rise,

 only strongly
with t

Q
. The strongest correlations are observed between parameters Q

tot
, Q

E
, Q

Emax,
 and Q

max
.

In order to identify the key parameters of the above parameter set, factor analyses using the
principle components approach for the factor extraction and the varimax method for rotation of the
factors (StatSoft 1999), was conducted, resulting in the following groupings and key parameters ( )
(see also Table 3.57):

• Q
Emax

 ( ), Q
max

, (Q
tot

)

• t
Q
 ( ), t

rise
, t

rec,
, (Q

tot
)

• Q
start

 ( ), Q
end

The Sites 2, 7, and 13 generally show the same results in terms of key parameters. However, different
results were obtained for parameters Q

tot
, Q

B,
 and Q

E
. While Q

tot
 was lumped into the duration

parameters group in the case of Sites 2 and 7, it belonged to the amount and intensity parameters
group for Sites 8 and 13. Q

B
 was part of group pre-condition at Site 2, duration at Site 7, pre-

condition and amount at Site 8, and duration at Site 13. Q
E
 belonged to group duration at Sites 2 and

7 and to group amount and intensity at Sites 8 and 13.

The dendrogramme shown in Figure 3.96 roughly supports the grouping presented above. It shows
that the intensity parameters Q

Emax
 and Q

max
 have the smallest distance simultaneously with the
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amount parameters Q
tot

 and Q
E
. The grouping on the basis of the dendrogramme suggests three to

four groups with the intensity parameters, the amount parameters, the duration parameters, and
finally the pre-conditions’ parameters in case of four groups and lumping the duration and amount
parameters into one group in the case of three groups.

On the basis of the result from the factor analyses, hydrological event parameter clusters were
identified using the k-means cluster approach (SPSS 1999). For this analysis, the following variables
were used: Q

Emax
, t

Q
, Q

start
, and Q

tot
. Several trials with different cluster numbers showed that 3

clusters gave the best results. This is also shown in the dendrogramme above in Figure 3.96.
However, the cluster sizes differ widely. Most of the events belong to cluster 1, where about 90 to
95% of all the events were located, that is, 87% of the events at Site 2, 96% at Site 7, 96% at Site 8,
and 90% of all events at Site 13 (Table 3.58). The final clusters are given in Table 3.59.

These clusters can be described as follows:
Cluster 1: Minor

short to medium duration – small runoff volume – small peak
Cluster 2: Large peak

short to medium duration – medium to large runoff volume – large peak
Cluster 3: Large volume

long duration – large runoff volume – small peak

Table 3.58: Discharge event parameter clusters 
 

  Site 2 Site 7 Site 8 Site 13 

Cluster 1 Count 152 122 121 111 

 tQ [min] 386 302 177 200 

 Qstart [m3/s] 0.190 0.019 0.073 0.080 

 Qtot [mm] 3.3 2.3 2.0 2.8 

 QEmax [mm] 0.5 0.5 0.4 0.6 

Cluster 2 Count 19 2 2 2 

 tQ [min] 565 255 450 75 

 Qstart [m3/s] 0.233 0.014 0.658 0.125 

 Qtot [mm] 16.2 13.4 28.5 34.0 

 QEmax [mm] 3.8 9.0 2.7 23.3 

Cluster 3 Count 3 2 3 10 

 tQ [min] 1920 1935 2600 840 

 Qstart [m3/s] 0.208 0.020 0.055 0.079 

 Qtot [mm] 54.3 37.6 16.5 16.8 

 QEmax [mm] 2.5 2.0 0.3 2.0 
 

Figure 3.96:  DendrDendrDendrDendrDendrogramme for hydrogramme for hydrogramme for hydrogramme for hydrogramme for hydrological event parameters at Site 2, Jhikhu Khola catchmentological event parameters at Site 2, Jhikhu Khola catchmentological event parameters at Site 2, Jhikhu Khola catchmentological event parameters at Site 2, Jhikhu Khola catchmentological event parameters at Site 2, Jhikhu Khola catchment
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3.4.5.3 Reasons for these events

In the following analyses, the current situation of conditions and reasons for flood events in the
Jhikhu Khola catchment are assessed. Whether these conditions have changed or not over time
cannot be assessed with the current dataset. There was insufficient change in terms of land use
over the study period of eight years (see also Chapter 2) , neither was there any dramatic change in
terms of urbanisation or increased degradation. The main change that occurred in the catchment
during the study period was agricultural intensification. This change is not believed to have an
impact on the flood pattern in the catchment. It is, however, suggested that similar analysis be
conducted on the bases of longer time series or time series in a later phase of this project or a
follow-up project. Changes in flood generation at the process level could then be detected. The
major reasons for flood generation therefore are believed to be antecedent moisture conditions,
rainfall characteristics, surface flow generation, and catchment characteristics. The first three
reasons are discussed in detail below. The impact of catchment characteristics is discussed in
combination with the results from the Yarsha Khola catchment at the end of this chapter.

Antecedent moisture conditions

Antecedent moisture conditions expressed with the precipitation prior to the event of different
duration only shows very limited correlation with most parameters (Table 3.60) .

Table 3.59: Final clusters 
 

Site  Qtot [mm] QEmax [mm] 

  Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3 
Site 2 75% quartile 5.1 18.7 51.1 0.7 4.6 2.7 

 25% quartile 1.2 10.7 49.4 0.1 2.6 2.6 

 median 2.5 13.4 50.2 0.3 3.3 2.7 

Site 6 75% quartile 3.2 16.3 37.8 0.7 10.9 2.3 

 25% quartile 0.6 10.5 37.3 0.1 7.0 1.7 

 median 1.7 13.4 37.6 0.3 9.0 2.0 

Site 8 75% quartile 1.8 35.3 21.7 0.5 3.0 0.3 

 25% quartile 0.6 21.7 12.5 0.1 2.5 0.2 

 median 1.0 28.5 18.8 0.2 2.7 0.2 

Site 13 75% quartile 3.5 35.0 23.4 0.9 26.7 2.1 

 25% quartile 1.0 33.0 11.1 0.1 20.0 0.9 

 median 1.9 34.0 15.5 0.3 23.3 1.2 
 

Table 3.60: Correlation coefficients of hydrological parameters with respect to 
antecedent precipitation conditions at Site 2 and number of significant correlations in 
brackets, Jhikhu Khola catchment (maximum = 4; detailed matrices in Appendix A3-18) 
 

 API1 API7 API10 API14 API30 AP1 AP2 AP3 AP4 AP5 
tQ (1) (0) (0) (1) (1) (1) (1) (0) (0) (0) 

Qstart 0.26(3) 0.46(4) 0.49(3) 0.52(3) 0.53(3) 0.26(4) 0.31(4) 0.40(4) 0.45(4) 0.45(4) 

Qend 0.41(4) 0.49(4) 0.51(4) 0.55(4) 0.53(3) 0.41(4) 0.43(4) 0.45(4) 0.49(4) 0.51(4) 

Qtot 0.37(4) 0.41(4) 0.46(4) 0.48(4) 0.44(3) 0.37(4) 0.37(4) 0.38(4) 0.42(4) 0.44(4) 

QB 0.37(4) 0.50(4) 0.55(4) 0.58(4) 0.57(3) 0.37(4) 0.39(4) 0.44(4) 0.50(4) 0.52(4) 

QE 0.34(4) 0.32(3) 0.39(4) 0.38(4) 0.34(2) 0.34(4) 0.33(4) 0.31(4) 0.34(3) 0.37(3) 

QEmax 0.36(4) 0.32(3) 0.38(3) 0.37(3) 0.32(1) 0.36(4) 0.36(4) 0.31(4) 0.32(3) 0.35(3) 

Qmax 0.41(4) 0.38(4) 0.44(3) 0.43(3) 0.37(1) 0.41(4) 0.41(4) 0.37(4) 0.39(4) 0.42(3) 

QE/Qtot (2) (0) (0) (0) (1) (2) (1) (0) (0) (0) 

Trise (1) (0) (0) (0) 0.16(1) (1) (0) (0) (0) (0) 

Trec (1) (0) (1) (1) (1) (1) (1) (0) (0) (0) 

α 0.18(3) 0.34(3) 0.39(3) 0.41(3) 0.36(1) 0.18(3) 0.24(3) 0.23(2) 0.26(2) 0.30(2) 
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The highest correlations are observed for the pre-condition parameters Q
start

 and Q
end

 and the
baseflow parameter Q

B
. The amount and intensity parameters are only weakly correlated and show

the highest correlations with the very short-term indexes API
1
/AP

1
 and AP

2
. The duration parameters

do not show any significant correlations at most sites, resulting in a very low summarised
coefficient as shown in Table 3.60. Of the long-term antecedent precipitation indexes, API

14
 shows in

general the highest correlations with all parameters. Not all the ten indices are necessary, as they all
present similar information. In a factor analysis, the most informative parameters were identified as
key parameters (Table 3.61). Basically two groups could be identified. One group describes the
recent precipitation conditions of the few days before the event. This group includes the parameters
AP

1
 to AP

5
 as well as API

1
. The key parameter in this group is AP

1
 or API

1
, respectively. The other

group includes the parameters API
7
 to API

30,
 with API

14
 being the key parameter. For further

investigations, the calculation of the two parameters API
1
 and API

14
 would be sufficient to get

adequate information on the short-term and the long-term antecedent rainfall conditions.

Comparing these two indexes API
1
 and API

14
 with the hydrological event clusters, it is evident, that

cluster 1 events generally show only low antecedent precipitation values for both indexes (Figure
3.97). For API

14
 there is however no difference observed between the antecedent precipitation values

of cluster 1 and 2 events. There is likewise no difference observed between the APIs of cluster 1 and
3 at Sites 8 and 13. Cluster 2 events tend to show medium values for API1. The largest API values
are observed in both cases for the large events of cluster 3, suggesting that the characteristic large
flow volume over a period of time mainly occurs during wet conditions. Cloud breaks and intense
storms with high rainfall intensities however depend less on these wet preconditions.

Event rainfall characteristics

Rainfall is the main trigger for flood events in the Jhikhu Khola catchment. Whether the magnitude
of the event, the volume of the event, or the intensity of the event depends on different rainfall
characteristics has to be analytically established.

The correlation matrix presented in Table 3.62 between hydrological event characteristics and
parameters describing rainfall events shows that:

Table 3.61: Results of the factor analyses for antecedent precipitation characteristics, 
Jhikhu Khola 
 

Sites API1* API7 API10 API14 API30 AP1
* AP2 AP3 AP4 AP5 

6_2 ( )1 2 2 ( )2 2 ( )1 1 1 1 1 

6_7 ( )1 2 2 ( )2 2 ( )1 1 1 1 1 

6_8 ( )1 2 2 ( )2 2 ( )1 1 1 1 1 

14_13 ( )1 2 2 ( )2 2 ( )1 1 1 1 1 
* API1 and AP1 represent the same information content: rainfall 24 hours before the event start 
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Figure 3.97:  Antecedent prAntecedent prAntecedent prAntecedent prAntecedent precipitation in comparison with discharecipitation in comparison with discharecipitation in comparison with discharecipitation in comparison with discharecipitation in comparison with discharge clustersge clustersge clustersge clustersge clusters
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• the duration parameters t
Q
, t

rise
 and t

rec
 are only strongly correlated to the rainfall duration;

• the pre-condition parameters Q
start

 and Q
end 

show often significant, but generally weak

correlations;

• the amount parameters Q
tot

 and Q
E
 show high and significant correlation with P

tot
— other

correlations are mostly significant, but weak;

• the intensity parameters Q
Emax

 and Q
max

 show high correlations with P
tot

 and the rainfall intensity

parameters, I
60max

 in particular, with I
ave

 only showing weak correlations;

• the ratio Q
E
/Q

tot
 shows high correlations with the maximum intensity parameters I

10max
, I

30max
 and

I
60max

;and

• the runoff coefficient α shows only weak correlations with all rainfall parameters.

Above, in Section 3.4.3, the rainfall events in the catchment were grouped into four clusters on the
basis of rainfall amount, rainfall intensity, and rainfall duration. A comparison of the two main
parameters of interest, the event runoff Q

E
 and the peak event runoff Q

Emax
 with rainfall clusters,

shows that at all sites the event runoff Q
E
 tends to be highly dependent on high rainfall amount

(Figure 3.98). Q
E
 of more than 10 mm is exclusively produced by events belonging to cluster 4.

Table 3.62: Correlation of discharge event with rainfall event parameters at Site 2 and 
number of significant correlations at all sites, Jhikhu Khola catchment (maximum = 4; 
for detailed matrices in Appendix A3-19) 
 

 tQ Qstart Qend Qtot QB QE QEmax Qmax QE/Qtot trise trec α 

Ptot 0.51(4) (1) 0.39(4) 0.72(4) 0.54(4) 0.76(4) 0.66(4) 0.65(4) 0.51(4) 0.32(4) 0.49(4) 0.30(3) 

tP 0.47(4) 0.27(4) 0.32(4) 0.47(4) 0.54(4) 0.40(3) 0.21(2) 0.25(3) (1) 0.52(4) 0.35(4) (0) 

Iave -0.15(3) -0.30(2) (0) (2) -0.20(2) 0.16(3) 0.33(4) 0.25(4) 0.50(4) -0.34(3) (0) 0.20(3) 

I10max (1) -0.19(2) (2) 0.33(4) (0) 0.44(4) 0.56(4) 0.50(4) 0.60(4) -0.24(2) 0.18(2) 0.25(3) 

I30max (0) -0.15(2) 0.20(3) 0.44(4) 0.16(3) 0.56(4) 0.65(4) 0.59(4) 0.64(4) -0.18(2) 0.24(2) 0.30(3) 

I60max 0.21(2) (1) 0.27(3) 0.55(4) 0.27(3) 0.65(4) 0.71(4) 0.66(4) 0.65(4) (1) 0.31(3) 0.34(3) 

P25 -0.20(2) -0.19(1) -0.20(1) -0.24(2) -0.29(3) -0.20(2) (0) -0.17(1) (0) -0.21(1) (1) (0) 

P50 -0.16(3) -0.15(1) (0) (0) -0.17(1) (0) (1) (1) 0.16(2) -0.21(3) (1) (0) 

P75 (1) (0) (0) 0.18(2) (0) 0.27(3) 0.34(3) 0.28(3) 0.38(3) -0.16(1) (1) (1) 
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d) Site 13
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Figure 3.98:  Event runoff QEvent runoff QEvent runoff QEvent runoff QEvent runoff Q
EEEEE
 with rainfall clusters at differ with rainfall clusters at differ with rainfall clusters at differ with rainfall clusters at differ with rainfall clusters at different sites in the Jhikhu Khola catchmentent sites in the Jhikhu Khola catchmentent sites in the Jhikhu Khola catchmentent sites in the Jhikhu Khola catchmentent sites in the Jhikhu Khola catchment
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The peak event runoff Q
Emax

 presents a slightly different picture (Figure 3.99). This parameter is both
dependent on the rainfall amount shown with the generally high values for cluster 4 events and
rainfall intensity shown by the high values for cluster 3 events. At Site 13 (Figure 3.99d) the cluster 3
events even tend to produce higher Q

Emax 
than the cluster 4 events. This would support the

hypotheses that degraded land displays mainly infiltration excess overland flows, as the sub-
catchment 13 is highly degraded and gullied (see also Chapter 2).

Comparing the clusters generated on the basis of the rainfall data with the clusters generated with
the discharge data, significant correlations can be observed in most sub-catchments (Table 3.63).
These correlations, although they are significant at the 0.01 level, are rather weak, with Pearson
correlation coefficients between 0.32 and 0.43. The correlation between the rainfall data of Site 6 and

the discharge data of Site 8 is not
significant. This suggests that Site 6
cannot be used for data analysis with
respect to Site 8. In terms of
meteorological site development in
the catchment, it is proposed that
another meteorological site be set up
in the catchment of the Upper
Andheri Khola, e.g., upgrading Site
20, which at present only includes a
standard rain gauge.

Surface runoff

Surface runoff generation mechanisms were often considered to be a major reason for a flood. For a
long time it was considered the only mechanism in flood generation (Horton 1933; Betson 1964).
This was however corrected by many authors, who highlighted the importance of subsurface flow in
the generation of floods (e.g. Mosley 1979, Pearce et al. 1986).
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d) Site 13
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Figure 3.99:  PPPPPeak event runoff Qeak event runoff Qeak event runoff Qeak event runoff Qeak event runoff Q
EmaxEmaxEmaxEmaxEmax

 with rainfall clusters at differ with rainfall clusters at differ with rainfall clusters at differ with rainfall clusters at differ with rainfall clusters at different sites in the Jhikhu Kholaent sites in the Jhikhu Kholaent sites in the Jhikhu Kholaent sites in the Jhikhu Kholaent sites in the Jhikhu Khola
catchmentcatchmentcatchmentcatchmentcatchment

Table 3.63: Pearson and Spearman correlation 
coefficients between clusters of different origin (in 
column correlation coefficient: Pearson/Spearman) 
 
Meteorological 

station 
Hydrological 

station 
Correlation 
coefficient 

Significance 

Site 6 Site 2 0.430/0.381 YES (0.01) 
Site 6 Site 7 0.328/0.268 YES (0.01) 
Site 6 Site 8 0.067/0.105 NO 
Site 14 Site 13 0.323/0.363 YES (0.01) 
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To assess the role of surface runoff in the Jhikhu Khola sub-catchments and catchments, the
relationship between the erosion plot runoff and the runoff at the sub-catchment outlet was
determined. The runoff between the agricultural plot at Site 6 showed only a very weak correlation
with the sub-catchment event runoff (Figure 3.100a). The relationship between the degraded plot at
Site 14 with the sub-catchment runoff at Site 13 on the other hand showed quite a good relationship
to a regression coefficient of 0.51.

A similar analysis was performed on the runoff data of Site 1 in relation to the runoff on all the four
plots. Firstly, the temporal distribution of the plot runoff was compared to the runoff at the
catchment outlet (Figure 3.101a and b). These graphs show that the runoff on the agricultural plots
cannot be accountable for the runoff at the catchment outlet. The runoff on the degraded land on the
other hand could provide a considerable input to the floods downstream.

Figure 3.101c and d, showing the relationships between the runoff on the plots and the runoff at the
catchment outlet, indicates the same as the figures above. Figure 3.101c only shows a weak
correlation with the runoff at Site 1 with a regression coefficient of 0.0053 and 0.0252 for Sites 16 and
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6, respectively. The relationships between the degraded plots and the outlet runoff show a much
stronger regression, with regression coefficients of 0.30 and 0.29 at Sites 4 and 14, respectively.
These results suggest that the degraded areas, or areas showing a similar response to these areas,
contribute considerably to the catchment runoff. The agricultural areas, on the other hand, seem to
play only an insignificant role in the generation of a flood.

Table 3.64 shows the correlation coefficients according to Spearman for the runoff at the erosion
plots at Sites 6 and 14 with the event parameters at the respective catchment outlets at Sites 7 and
13. In the case of Sites 6-7 only a weak correlation was observed for the amount and intensity
parameters of the hydrological events. The duration and baseflow parameters do no show any
significant correlation. At Sites 14-13 both the amount as well as the intensity hydrological event
parameters show a rather strong correlation. This supports the suggestions above, according to
which the degraded plots are a main source area for catchment runoff or they show similar
conditions to the actual source areas.

3.4.5.4 Summary

The hydrological event analyses in the Jhikhu Khola catchment can be summarised as follows.

• An average hydrological event in the Jhikhu Khola has a total event runoff of about 1.5 to 3 mm

and a peak event runoff of 0.2 to 0.4 mm. The event runoff accounts for about 40 to 60% of the total
event runoff. The events further show very fast rising limbs of about 1 hour.

• The largest events at all sites show more than 5 mm total runoff, of which about 65 to 90% can be

accounted for as direct event runoff. The rising limb is about 1 hour with the exception of Site 1,
where the rising limb lasts about 3 to 4 hours.

• Pre-monsoon events are based relatively more on event runoff than monsoon events.

• Most events occur during the monsoon season.

• The strongest correlations between hydrological event parameters are observed for Q
tot

, Q
E
, Q

Emax,

and Q
max

.

• The key variables for hydrological events are t
Q
, Q

Emax,
 and Q

start
.

• Three clusters can be identified on the basis of the key variables and Q
tot

 with the following

descriptions.
Cluster 1 - minor: short to medium duration – small runoff volume – small peak
Cluster 2 - large peak: short to medium duration – medium to large runoff volume –

large peak
Cluster 3 - large volume: long duration – large runoff volume – small peak

• The APIs generally show a weak correlation with the hydrological event parameters.

Nevertheless, API
1
 increases with clusters showing the highest API

1
 values for cluster 3 of the

hydrological events. No distinct pattern is observed for API
14

.

• Rainfall volume shows a significant and strong correlation with the amount and intensity

parameters of a hydrological event.

• The maximum rainfall parameters show strong significant correlation to the intensity parameters

of a hydrological event.

• The event runoff Q
E
 depends largely on rainfall volume shown with high Q

E
 values for rainfall

cluster 4.

• The peak event runoff Q
Emax

 depends largely on rainfall volume and rainfall intensity shown with

high values of Q
Emax

 for rainfall clusters 3 and 4.

Table 3.64: Correlation coefficients for runoff from the plots with event parameters at 
the sub-catchment outlet 
 

Sites* tQ Qstart Qend Qtot QB QE QEmax Qmax Qtot/QE Trise Trec 

6-7    0.30  0.33 0.33 0.32 0.29   
14-13 0.25  0.47 0.54 0.41 0.56 0.57 0.57 0.53  0.24 
* Plot number – hydrological station number 
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• Surface runoff on the degraded plots is rather strongly correlated with the runoff at the sub-

catchment outlets.

• Surface runoff on the agricultural plots is only weakly correlated with the runoff at the sub-

catchment outlets.

3.4.6 Precipitation event analyses in the Yarsha Khola catchment

3.4.6.1 Description of the rainfall events

During the three complete years from 1998 to 2000, where meteorological monitoring was carried
out in the Yarsha Khola catchment, 472 rainfall events were identified at Site 5 at an altitude of 2300
masl. (Table 3.65). At Site 6, 1960 masl, 410 events were identified during the same study period. At
the lowest site with three years’ data available, Site 9 at 1420 masl, 368 events were identified. Most
of the events — 73 to 74% of total events — occurred during the monsoon season. In the pre-
monsoon season about 21 to 23% of all events occurred. The remaining events occurred during the
post-monsoon season (3%) and in winter (1%).

Annually, about 120 to 160 events occur on average at the three sites, with about 30 events in the pre-
monsoon season, 90 to 120 events in the monsoon season, about 5 events in the post-monsoon
season, and 1 to 2 events in winter. This corresponds to about 22, 74 , 3 and 1% in all seasons,
respectively. However, it has to be noted that the study period was wetter than normal as shown in
Section 3.1 and a considerable difference could be observed in a drier year.

Most of the events during the study period were between 2 and 25 mm (Figure 3.102), with no
distinct difference in frequency between the three classes 2-5 mm, 5 -10mm and 10 -25 mm. Of the
total events, 25 to 30% belonged to each of these classes. At Site 9, events between 2 and 5 mm
occurred slightly more often and accounted for about 35% of all events. At both Sites 6 and 9, events
between 5 and 10 mm were observed less frequently than events between 2 and 5 mm, or 10 and 25
mm.

Table 3.65: Events at selected sites (in brackets: no of missing days) 
 

Site Period Pre-monsoon Monsoon Post-monsoon Winter Total 
5 1998 - 2000 106 (0) 346 (15) 14 (0) 6 (0) 472 (15) 
6 1998 - 2000 88 (37) 305 (0) 12 (0) 5 (0) 410 (37) 
9 1998 - 2000 85 (3) 269 (0) 11 (0) 3 (0)  368 (3) 
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A brief characterisation of all the events in the Yarsha Khola catchment shows that their rainfall
amount generally tends to be around 9 mm, event duration is typically about 3 to 4 hours, and the
average intensities are about 3 mm/h (Table 3.66). Maximum intensities are around 2.5 mm/10 min
(=15 mm/h) for the 10-minute maximum intensity, 4 mm/30min (=8 mm/h) for the 30-minute
maximum intensity, and 5 to 6 mm/h for the 60-minute maximum intensity. The distribution of
rainfall during an event shows that, on average, 30% of the total event rainfall falls during the first
25% of the event duration. Another third occurs in the second quarter and about 20 to 25% occurs in
the third quarter of the event duration.

Event rainfall amount in the Yarsha Khola ranged at all selected sites between a 25% quartile of 4 to
5 mm to a 75% quartile of 17.3 at Site 9 and about 21 mm at Sites 5 and 6 (Figure 3.103a). The
maximum rainfall intensity for 10 minutes ranged from about 1.5 mm/10 min to about 4 to 5mm/10
min, which corresponds to 9 mm/h to 24 to 30 mm/h (Figure 3.103b).

The typical event in the Yarsha Khola catchment therefore has the following characteristics.

• Rainfall is about 9 mm in quantity;

• The event is from about 3 to 4 hours in duration;

• It has about 3 mm/h average intensity, with 10-minute maximum intensities of 2.5 mm/10 min;

30-minute intensities of 4 mm/30 min; and 60 -minute intensities of 5 to 6 mm/60 min.

• The first quarter of the event sees about 30% of the rainfall, while 30% falls in the second quarter,

20 to 25% in the third quarter, and 15 to 20% in the last quarter.

Large events, defined as events with rainfall amounts of more than 30 mm, show a median value of
about 40 to 45 mm at all sites, with a median of 37 mm at Site 9 at a lower altitude (Table 3.67). The
P

tot
 values ranged up to 60 mm at Sites 5 and 6 as indicated by the 75% quartile. At Site 9, the 75%

quartile was nearly 50 mm during the study period from 1998 to 2000. Typically, the events last about
8 to 10 hours and have an average intensity of about 5 mm/h. The maximum intensities observed at
the three sites were about 6 to 7 mm/10 min for I

10max
, 12 to 15 mm/30 min for I

30max,
 and 18 to 20 mm/h

for I
60max

 on average. The 10-minute maximum intensities ranged from 4 to 10 mm/10 min, which
corresponds to 24 to 60 mm/h (Figure 3.104b). The distribution of rainfall over the duration of the
event is similar to the distribution as shown for all events above in Figure 3.103. On average, about
30% of the rainfall occurs in the first quarter of the event. In the second quarter another 30% is
expected, with about 30% in the third quarter, and approximately 10% of the total rainfall in the last
quarter.

Table 3.66: Median of different event parameters considering all events 
 

Site Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10min] 

I30max 

[mm/30min] 
I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 
5 (497) 9.2 221 3.0 2.6 4.4 5.9 29.4 62.7 86.7 
6 (441) 9.6 234 2.8 2.6 4.2 5.6 31.3 62.4 87.9 
9 (371) 8.2 193 2.8 2.2 3.8 4.8 34.0 62.5 86.7 
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The typical large event in the Yarsha Khola catchment can therefore be characterised as follows:

• rainfall of about 40 to 45 mm in quantity;

• about 8 to 10 hours in duration;

• with 5 mm/h average intensity, with 10-minute maximum intensities of 6 to 7 mm/10min; 30-

minute intensities of 13 to 15 mm/30min; and 60-minute intensities of 18 to 20 mm/60min.;

• having about 30% of rain falling in the first quarter of the event, 30% in the second quarter, 30% in

the third quarter and 10% in the last quarter.

As shown above, most of the events occur during the monsoon period followed by the pre-monsoon
season. For this reason, the large events occurring during these two seasons are compared in Table
3.68. There is no distinct difference visible between the two seasons events in terms of event rainfall
amount P

tot
. In general, a median of 38 mm to 45 mm was observed at the three sites corresponding

to the values determined for all events above in Table 3.66. The range of the event amount does not
show any distinct difference between the two seasons (Figure 3.105a). The pre-monsoon events tend
to be of shorter duration than the large events in the monsoon season, which additionally causes a
slight difference in average intensity and higher values for this parameter in the case of the pre-
monsoon events. A distinct difference is observed in terms of maximum intensity parameters. While
the pre-monsoon events have a median of 10 to 12 mm/10 min in the case of I

10max
, the monsoon

events only show a median value of 5 to 7 mm/10 min. This corresponds to median values of 60 to 72
mm/h in the case of pre-monsoon events and 30 to 42 mm/h in the case of monsoon events. (This
difference was also observed with the ranges of this parameter presented in Figure 3.105b.) The pre-
monsoon event’s 75% quartile reaches up to 20 mm/10 min or 120 mm/h at Site 6 during the pre-
monsoon season.

Table 3.67: Median for selected rainfall parameters of large events 
 

Site Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10-min] 

I30max 

[mm/30-min] 
I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 
5 (82) 44.9 548 5.1 7.0 14.7 19.9 30.1 63.4 90.5 
6 (63) 43.6 616 4.6 7.0 14.2 19.6 29.9 68.1 93.0 
9 (45) 37.4 497 5.6 5.8 12.6 18.2 28.0 53.0 91.3 
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Figure 3.104: 11111ststststst (25%), 2 (25%), 2 (25%), 2 (25%), 2 (25%), 2ndndndndnd (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3rrrrrddddd (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum
10-min intensity [mm/10 min] distribution of lar10-min intensity [mm/10 min] distribution of lar10-min intensity [mm/10 min] distribution of lar10-min intensity [mm/10 min] distribution of lar10-min intensity [mm/10 min] distribution of large events at selected sitesge events at selected sitesge events at selected sitesge events at selected sitesge events at selected sites

Table 3.68: Rainfall event parameters (median) for large pre-monsoon and 
monsoon events 
 

Site Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10-min] 

I30max 

[mm/30-
min] 

I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 

5PM (11) 45.6 340 6.5 10.8 20.2 25.0 31.1 64.0 94.0 
M (69) 44.2 589 5.0 7.0 14.6 19.6 30.1 64.9 90.7 
6PM (8) 40.1 256 10.4 12.1 22.3 28.0 58.1 90.7 96.9 
M (52) 43.9 621 4.5 6.7 14.1 19.1 29.2 60.9 92.5 
9PM (8) 38.5 349 6.6 9.6 20.6 27.6 71.7 77.6 93.5 
M (35) 36.8 526 5.5 5.2 12.2 17.2 23.4 51.3 91.1 
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At Site 5, values of more than 15 mm/10 min or 90 mm/h were observed in the pre-monsoon seasons of
the study period. The I

10max
 values at Site 9 reached a 75% quartile of about 13 mm/10 min or 78 mm/h.

During the same study period, large monsoon events only showed median values for I10max of
between 5 and 6 mm/10 min (=30 mm/h to 36 mm/h; Figure 3.105b). The highest 75% quartile during
the monsoon season was observed with 9.8 mm/10 min at Site 5, corresponding to 58.8 mm/h.

The typical large pre-monsoon event in the Yarsha Khola catchment therefore has the following
characteristics:

• rainfall is about 38 to 45 mm in quantity;

• the events is about 4 to 6 hours in duration;

• average intensity is about 6 to 10 mm/h, with 10-minute maximum intensities of 10 to 12 mm/

10min; 30-minute intensities of 20 to 22 mm/30 min; and 60-minute intensities of 25 to 30 mm/60
min.

• There is no distinct pattern of rainfall distribution over the event period.

The typical large monsoon event in the Yarsha Khola catchment can be described as follows:

• experiencing rainfall of about 38 to 45 mm in quantity.

• about 9 to 10 hours in duration;

• about 4 to -6 mm/h average intensity, with 10-minute maximum intensities of 5 to 7 mm/10 min;

30-minute intensities of 12 to15 mm/30 min; and 60-minute intensities of 17 to 20 mm/60 min.;

• having 30% of rain falling in the first quarter of the event, 30% in the second, 30% in the third

quarter, and 10% in the last quarter.

The parameters for the ten largest rainfall events observed at the three meteorological sites are
presented in Table 3.69 and Figure 3.106. The largest events are observed at Site 5, the highest site at
2300 masl, with a median event amount of 85.5 mm followed by Site 6 with a median event amount
of 69 and 57.9 mm at Site 9. At Site 5 the largest 10 events had a 25 to 75% quartile range of 80 to 90
mm. At Site 6, this range was from 65 to 80 mm and at Site 9 it was 50 to 70 mm. The duration of the
largest events is between 11 and 13 hours. I

ave
 is similar at all sites with about 5.5 mm/h. Median

I
10max

 varied only slightly between the three sites, ranging from 6.8 mm/10 min at Site 6 to 7.5 mm/10
min at Site 5. The range from the 25 to the 75% quartile was from 7 to 11 mm/10 min at Site 5. The
range at Site 6 was 5 to 10 mm/10 min, and at Site 9 from 4 to 9 mm/10 min. I

30max
 ranged from 13 to

Table 3.69: Rainfall event parameters (median) for 10 largest events in the 
Yarsha Khola catchment 
 
Site Ptot 

[mm] 
tP 

[min] 
Iave 

[mm/h] 
I10max 

[mm/10-min] 
I30max 

[mm/30-min] 
I60max 

[mm/h] 
P25 

[%] 
P50 

[%] 
P75 

[%] 
5 85.5 881 5.4 7.5 17.9 27.7 31.6 69.7 87.2 
6 69.0 785 5.4 6.8 13.5 20.3 26.9 59.8 87.9 
9 57.9 667 5.7 7.2 17.8 23.2 23.9 59.3 91.0 

Figure 3.105: 11111ststststst (25%), 2 (25%), 2 (25%), 2 (25%), 2 (25%), 2ndndndndnd (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3rrrrrddddd (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10- (75%) quartiles for event amount [in mm] and maximum 10-
min intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for larmin intensity [mm/10 min] distribution for large prge prge prge prge pre-monsoon and monsoon events at selected sitese-monsoon and monsoon events at selected sitese-monsoon and monsoon events at selected sitese-monsoon and monsoon events at selected sitese-monsoon and monsoon events at selected sites
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18 mm/30 min, with the lowest intensities again observed at Site 6. For I
60max

 the medians ranged
from 20 to 28mm/h and the lowest values were observed at Site 6. The distribution of rainfall does
not differ greatly between the sites, and in comparison with all events, large events, or large
monsoon events. About 25 to 30% of the total event rainfall occurs in the first quarter. The second
quarter sees about another 30% of the total rainfall and in the third quarter about 20% was observed.

3.4.6.2 Relationship between the different precipitation parameters

The event rainfall amount P
tot

 is strongly correlated with the maximum intensity parameters I
10max

,
I

30max,
 and I

60max
 (Table 3.70). The maximum intensity parameters are further significantly and strongly

correlated amongst themselves. The remaining parameters are only weakly or insignificantly
correlated. The shape parameters P

25
, P

50,
 and P

75
 in particular show only very weak correlations with

the other parameters.

The factor analyses in this catchment using the principal component approach for extraction of the
factors and the varimax method for rotation (StatSoft 1999), result in the following grouping and key
variables (see also Table 3.71):

• P
tot

, I
ave

, I
10max

, I
30max

 ( ), I
60max

• t
P
 ( )

• P
25

, P
50

 ( ), P
75

Roughly the same grouping resulted as in the Jhikhu Khola catchment, with the exception of P
tot

,
which belongs here to the intensity parameters and in the Jhikhu Khola catchment it formed a
group with the event duration t

P
. The key variables are the same as in the Jhikhu Khola catchment.

Table 3.70: Rainfall event parameter correlation analysis for Site 6 and number 
of significant correlations for all sites in brackets  
(detailed correlation matrices in Appendix A.3.21; maximum = 3) 
 

 Ptot tP Iave I10max I30max I60max P25 P50 P75 
Ptot 1.00(3) 0.62(3) 0.40(3) 0.72(3) 0.82(3) 0.89(3) (2) (0) 0.28(3) 

tP  1.00(3) -0.41(3) (1) 0.18(3) 0.28(3) -0.15(3) -0.12(2) (0) 
Iave   1.00(3) 0.74(3) 0.72(3) 0.67(3) 0.12(2) 0.24(3) 0.34(3) 

I10max    1.00(3) 0.96(3) 0.90(3) 0.10(2) 0.26(3) 0.43(3) 
I30max     1.00(3) 0.97(3) (0) 0.22(3) 0.43(3) 
I60max      1.00(3) (0) 0.18(3) 0.41(3) 

P25       1.00(3) 0.73(3) 0.35(3) 
P50        1.00(3) 0.63(3) 
P75         1.00(3) 

 

Figure 3.106: 1 1 1 1 1ststststst (25%), 2 (25%), 2 (25%), 2 (25%), 2 (25%), 2ndndndndnd (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3 (50%) and 3rrrrrddddd (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum (75%) quartiles for event amount [in mm] and maximum
10-min intensity [mm/10-min] distribution for the 10 lar10-min intensity [mm/10-min] distribution for the 10 lar10-min intensity [mm/10-min] distribution for the 10 lar10-min intensity [mm/10-min] distribution for the 10 lar10-min intensity [mm/10-min] distribution for the 10 largest events at selected sitesgest events at selected sitesgest events at selected sitesgest events at selected sitesgest events at selected sites
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On the basis of the factor analysis above, and the result of the correlation analysis which showed
that the event rainfall amount, P

tot
 , showed the strongest correlations, the four variables P

tot
, t

P
, I

30max,

and P
50

 were used for the cluster analysis applying the k-means’ cluster approach. As in the Jhikhu
Khola catchment, several trials showed that four clusters gave the best results. Table 3.72 shows the
cluster centres for the different clusters and the different variables as identified through the k-
means’ cluster approach.

On the basis of these cluster centres and the cluster identification for each case, the final clusters
were determined as shown in Table 3.73. These clusters can be described as follows.

Cluster 1: Minor
Low amount – short duration – low maximum intensity rainfall event

Cluster 2: Medium
Low to medium amount – short to medium duration – medium intensity rainfall event

Cluster 3: High intensity
Medium to high amount – medium duration – high intensity rainfall event

Cluster 4: Large
High amount – long duration – medium intensity rainfall event

The distribution of rainfall events
is given in Figure 3.107 (a&b).
Most events belong to cluster 1,
about 66.3% of all events (Figure
3.107b). Of all events, 18.5%
belong to cluster 2, 11.3% to
cluster 3, and the remaining 3.8%
to cluster 4. Seasonally, there is
no distinct difference visible
between the occurrence of
different clusters (Figure 3.107a).
Cluster 3 events during the pre-
monsoon, accounting for overall
2.1 and for 19. 6% of the cluster 3
events, seem to occur slightly
more frequently than expected.
There is a clear decrease in

events from clusters 1, 2, 3, to 4 during the monsoon season; accounting for overall 45.7 , 15.1 , 8.8
and 3.0%, respectively. This decrease cannot be observed with the same clarity for pre-monsoon
events, which were overall 16.3% events as part of cluster 1, 2.3% part of cluster 2, 2.1% part of
cluster 3, and 0.5% part of cluster 4.

Table 3.71:  Key variables ( ) for precipitation, Yarsha Khola catchment 
 

 
Ptot tP Iave I10max I30max I60max P25 P50 P75 

3 1 ( )3 3 1 ( )1 1 2 ( )2 2 

4 1 ( )3 1 1 ( )1 1 2 ( )2 2 

6 1 ( )3 1 1 ( )1 1 3 ( )3 3 
 

Table 3.72: Cluster centres of different parameters 
at different sites, Yarsha Khola catchment 
 

Site Variable Cluster 1 Cluster 2 Cluster 3 Cluster 4 

5 Ptot 6.6 23.8 50.9 60.4 
 tP 171 479 366 1035 
 I30max 3.8 9.0 24.1 10.8 
 P50 56.3 59.4 73.9 53.9 
6 Ptot 6.2 16.5 33.4 52.4 
 tP 187 195 685 291 
 I30max 3.2 8.9 7.8 28.1 
 P50 53.8 81.7 53.8 82.0 
9 Ptot 6.6 23.8 26.4 54.0 
 tP 176 701 237 646 
 I30max 3.4 5.1 14.1 15.4 
 P50 60.8 47.2 66.0 61.1 

 

Table 3.73:  Final clusters for rainfall events, Yarsha Khola catchment 
 

 Cluster 1 Cluster 2 Cluster 3 Cluster 4 

 Min Max Min Max Min Max Min Max 

Ptot 3.2 10.1 12.0 30.4 20.0 69.8 26.7 69.2 

tP 77 308 80.0 760.0 147.3 507.3 586.5 1121.0 

I30max 1.8 5.0 3.0 13.6 10.7 44.4 5.1 19.4 

P50 20.0 79.5 6.9 92.3 20.2 94.6 10.1 68.8 
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On the basis of these observed frequencies, annually about 120 to 160 events can be observed in the
Yarsha Khola catchment on the basis of the data from the three selected sites (see above). These
events occur in the following seasons and belong to the following clusters (for details see Table
3.74):

• about 31 events occur in the pre-monsoon season of which about 3 events are of the high-

intensity type and 1 event is large;

• about 102 events occur in the monsoon season with about 10 large events and 7 high-intensity

events on average;and

• during the post-monsoon only 4 events occurred and during the winter only 1 event occurred.

These events are generally minor or medium with the exceptional large or high-intensity event.

3.4.6.3 Summary

The rainfall event analyses in the Yarsha Khola catchment can be summarised as follows.

• Annually about 120 to 160 rainfall events are observed, depending on the location in the

catchment.

• Most events are between 2 and 15 mm rainfall volume with no distinct differences in terms of

occurrence in the three rainfall event classes 2 to 5 mm, 5 to 10 mm, and 10 to 25 mm.

• An average event in the Yarsha Khola catchment has about 9 mm rainfall amount in 3 to 4 hours

and a maximum 10-minute intensity of 15 mm/h.

• A typical large event in the catchment has 40 to 45 mm rainfall amount in 8 to 10 hours and a

maximum 10-minute intensity of 36 to 42mm/h.

• The key variables for rainfall are event duration t
P
, 30-minute maximum intensity I

30max,
 and the

rainfall that occurred in the first half of the event P
50

.
• Four clusters were identified on the basis of P

tot
, t

P
, I

30max
 and P

50
:

Cluster 1 - Minor: Low amount – short duration – low maximum intensity rainfall
event.

Cluster 2 - Medium: Low to medium amount – short to medium duration – medium
intensity rainfall event.

Cluster 3 - High intensity: Medium to high amount – medium duration – high intensity
rainfall event.

Cluster 4 - Large: High amount – long duration – medium intensity rainfall events.
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Figure 3.107:  Distribution of rainfall events accorDistribution of rainfall events accorDistribution of rainfall events accorDistribution of rainfall events accorDistribution of rainfall events according to the differding to the differding to the differding to the differding to the different seasons and clustersent seasons and clustersent seasons and clustersent seasons and clustersent seasons and clusters

Table 3.74:  Annual frequencies of events of different clusters 
 

 Pre-monsoon Monsoon Post-monsoon Winter 
Cluster 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
Site 5 28.7 4.0 2.3 0.3 65.3 35.0 7.7 7.3 4.3 0.3 0.0 0.3 1.3 0.3 0.0 0.0 
Site 6 20.7 6.3 1.0 1.0 63.7 18.0 2.0 18.0 1.7 1.7 0.0 0.7 1.3 0.0 0.0 0.3 
Site 9 21.7 0.3 5.3 0.7 62.7 12.0 11.0 4.0 2.3 0.7 0.3 0.3 0.7 0.3 0.0 0.0 
Catchment 23.7 3.6 2.9 0.7 63.9 21.7 6.9 9.8 2.8 0.9 0.1 0.4 1.1 0.2 0.0 0.1 
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• Annually, about 10 high-intensity events are observed on average in the catchment, with 3 such

events in the pre-monsoon season and 7 events in the monsoon season.

• Annually, about 11 large events are observed on average in the catchment with about 1 event in

the pre-monsoon season, 10 events in the monsoon season, and occasionally an event in the post-
monsoon or winter seasons.

3.4.7 Runoff event analyses from the erosion plots in the Yarsha Khola catchment

Note:  Note:  Note:  Note:  Note:  The land use of each plot is mentioned in all figures and tables below with ‘g’ for grass
land and ‘a’ for agricultural land.

3.4.7.1 Description of runoff events

In the Yarsha Khola catchment, four plots were monitored during the study period from 1997 to 2000.
This included two plots on rainfed agricultural land, Plots 6 and 9a, and two plots on grassland,
Plots 5 and 9b. For further details on the plots refer to Section 2.3. The first year of the study period
had to be excluded from the analyses of the erosion plot results as this year was incomplete and the
observations started on different dates at different plots. For the period from1998 to 2000 about 70
events were observed annually at the two plots at Site 9, Plots 9a and 9b (Table 3.75). The lowest
number of events was observed at Site 6, with an average of about 60 events per year. At Site 5, the
plot at the highest elevation in the catchment, about 80 events were observed annually.

Most of the runoff events can be observed during the monsoon season, with on average, about 74%
events on all plots. This accounts for about 45 to 60 events depending on the plot. During the pre-
monsoon season, about 22% of the total events occur. During the post-monsoon and winter seasons
only about 3 and 1% of all the events per annum occur. At this point one should bear in mind that the
precipitation at the different sites varied considerably (see also Section 3.1). For a direct comparison,
Plots 9a and 9b can be used. The two plots 5 and 6 should not be used for direct comparison, but for
support of the findings at the Plots 9a and 9b.

In general, the grassland plots tend to yield more runoff than the agricultural plots (Figure 3.108).
Runoff on Plot 9b showed about double the median than the adjacent Plot 9a on agricultural land.
The range as shown with the 75% quartile on this plot extends up to 5 mm runoff, while on Plot 9a
this quartile is about 2.5 mm.

The largest median is shown by Plot 5a with 1.3 mm (see also Table 3.76), followed by Plot 9b. For
direct comparison of all the plots, the runoff coefficient a allows an important observation. The
highest a are observed on the two grassland plots, about double of the agricultural plots. The
remaining parameters, including the rainfall totals, the event durations, and the maximum
infiltration parameters, are all comparable between the different sites. The median duration is about
4 hours and the average intensities measured about 3mm/h.

As shown above, most of the runoff events occur in the rainy seasons of the pre-monsoon and
monsoon. A comparison of the medians for the two seasons separately shows:

• monsoon runoff tends to be higher on all plots;

• the runoff coefficients tend to be higher in the monsoon season with the exception of Site 5,

where the pre-monsoon a is higher than the monsoon alpha (the same is shown in Figure 3.109);

Table 3.75:  Events on the erosion plots 
 

 Site 5 (g) Site 6 (a) Site 9a (a) Site 9b (g) 

 Pre Mon Post Win Pre Mon Post Win Pre Mon Post Win Pre Mon Post Win 

1997*  7 1 4  10 2 4    2    1 

1998 23 61 3 1 12 49 2 1 17 45 2 1 21 45 2 1 

1999 13 55 1 1 6 47 2 0 9 55 2 0 9 56 2 0 

2000 18 61 3 1 17 39 3 0 21 55 2 0 22 55 2 0 
* Incomplete year as plots were established in 1997 





172 WWWWWater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Transport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kush-Himalayasush-Himalayasush-Himalayasush-Himalayasush-Himalayas

The runoff coefficients do not show any particular difference in terms of temporal distribution
between the plots (Figure 3.109). There is a slight difference in terms of pre-monsoon events. They
differ slightly, however, in terms of magnitude, with runoff coefficients on grassland being generally
bigger than the coefficients on agricultural land. The monthly distribution of runoff coefficients on
all plots in the Yarsha Khola catchment is given in Figure 3.110.
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Figure 3.109:  Quartiles of the runoff coefficient distribution of the runoff events onQuartiles of the runoff coefficient distribution of the runoff events onQuartiles of the runoff coefficient distribution of the runoff events onQuartiles of the runoff coefficient distribution of the runoff events onQuartiles of the runoff coefficient distribution of the runoff events on
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c) Site 6 (a)
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b) Site 9b (g)
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Figure 3.110:  Monthly distribution of runoff coefficients on all plots in the YMonthly distribution of runoff coefficients on all plots in the YMonthly distribution of runoff coefficients on all plots in the YMonthly distribution of runoff coefficients on all plots in the YMonthly distribution of runoff coefficients on all plots in the Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment
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The cumulative runoff curves shown in Figure 3.111 show only slight variability over the study period
in terms of importance of events at different sites. At Site 5 (Figure 3.111a), in 1998, 27 events
produced 75% of the annual runoff. In 1999, 24 events were responsible for the same percentage of
the annual runoff. In 2000, 29 events produced this percentage.

On average, 27 events therefore produce 75% of the annual runoff at this site. At Site 9b, the other
grassland plot, an average of 21 events produce this percentage of the annual runoff. The two
agricultural plots show a similar number of events, with about 19 events on Plot 9b and 21 events on
Plot 6. About 10 events produce 50% of the annual runoff on all plots .

The ten largest events at each plot can be characterised as follows on the basis of their median
(Table 3.78):

• runoff varies distinctly between the grassland and the agricultural plots, with 25 to 30 mm runoff

on the grassland plots and 12 to 16 mm on the rainfed agricultural plots;

• the runoff coefficients are higher on the grassland plots with 50 to 65%, than on the agricultural

plots which have runoff coefficients of 35 to 45%;

• the rainfall parameters vary slightly from plot to plot, for example, the rainfall intensities were

higher on Plot 9b than on the other plots and event duration was about 3 to 4 hours at Sites 5 and
6, and about 6 to 7 hours at Sites 9a and b. Rainfall amount ranged from 30 to 50 mm with the
lower values at the higher sites rather than at the lower sites.
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Figure 3.111:  Annual cumulative runoff curves for all erAnnual cumulative runoff curves for all erAnnual cumulative runoff curves for all erAnnual cumulative runoff curves for all erAnnual cumulative runoff curves for all erosion plots, Yosion plots, Yosion plots, Yosion plots, Yosion plots, Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment

Table 3.78:  Median of the 10 largest runoff events, Yarsha Khola catchment 
 

Site RO 
[mm] 

Ptot 
[mm] 

tP 
[min] 

Iave 
[mm/h] 

I10max 
[mm/10-min] 

I30max 

[mm/30-min] 
I60max 

[mm/h] α 

5 (g) 29.6 38.5 232 5.9 7.9 15.0 18.0 65.9 

6 (a) 15.9 32.9 182 7.1 6.8 14.0 18.7 43.6 

9a (a) 11.8 42.4 380 6.5 6.5 15.4 20.3 37.3 

9b (g) 26.2 51.3 430 6.3 9.8 20.5 28.7 53.0 
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The difference between the grassland plots and the agricultural plots can also be shown with Figure
3.112. The plots 9a and 9b show a distinct difference between the runoff volumes of the ten largest
events, even though they are located adjacent to each other. On Plot 9a, the agricultural plot, the
median runoff is 11.8 mm, ranging from a 25% quartile of 10.8 mm to a 75% quartile of 19.3 mm. The
grassland Plot 9b shows a median of 26.1 mm with a range from 23.5 to 28.0 mm for the 25 and 75%
quartile respectively. This observation can be supported with the results of Plots 5 and 6. Plot 5, with
a very small range between the 25 and the 75% quartile of only 2.2 mm shows a median of 29.6 mm,
comparable to Site 9b. At Site 6, a median of 15.9 mm is observed and a range of 13.5 to 20.7 mm.
In summary it can be noted that:

• 60 to 80 surface runoff events occurred annually on the plots in the catchment;

• grassland produces generally more runoff than agricultural land;

• grassland generally shows higher runoff coefficients than agricultural land;

• monsoon events tend to produce higher runoff amounts than pre-monsoon events;

• no distinct seasonal difference can be observed between the plots on grass and agricultural land;

• 20 to 30 events produce 75% of the annual runoff;and

• the maximum events on the erosion plots produce on average 25 to 30 mm runoff on the

grassland plots and 10 to 20mm on the agricultural plots.

3.4.7.2 Causes of the described runoff conditions

No distinct seasonality was observed in the data of the plots in the Yarsha Khola catchment as was
found in the data set from the Jhikhu Khola catchment, presented above. The main factors for runoff
generation seem to be based on rainfall. This can also be shown with the correlation matrix
according to Spearman, as the data are not distributed normally (Appendix A3.22) (Table 3.79).
Runoff tends to be strongly correlated with event rainfall amount P

tot
 as well as the maximum

intensity parameters I
10max

, I
30max,

 and I
60max

. Out of these intensity parameters, I
60max

 shows the highest
correlations. However I

30max
 tends to be in a similar order of magnitude. The event duration does not

show any strong correlations with runoff, although they are consistently significant. The hyetograph
shape parameters do not show, or only show weak correlations with runoff. The antecedent
precipitation of 24 hours prior to the event seems to have a good correlation, particularly with the
two plots at Site 9. For the other two plots, this correlation is likewise weak. The remaining
parameters describing antecedent precipitation are all weaker than AP

1
 or API

1
.
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Figure 3.112:  Event parameters (1Event parameters (1Event parameters (1Event parameters (1Event parameters (1ststststst, 2, 2, 2, 2, 2ndndndndnd and 3 and 3 and 3 and 3 and 3rrrrrddddd quartile) for runoff distribution of the quartile) for runoff distribution of the quartile) for runoff distribution of the quartile) for runoff distribution of the quartile) for runoff distribution of the
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Above, in the precipitation event analyses for this catchment, four rainfall clusters were identified. A
comparison of these clusters with the runoff of the four erosion plots shows a distinct pattern on
three of the four plots (Figure 3.113). At Site 5, cluster 3 events generate the highest runoff amounts,
suggesting that on this plot infiltration excess overland flow is the most important process for runoff
generation. At Sites 9a and 9b , the runoff increases with the clusters and therefore cluster 4 events
can be seen as responsible for the largest runoff events. This shows a greater importance of
saturation overland flow on these plots. At Site 6, cluster 2, 3, and 4 events generate very similar
runoff responses.

As shown above, the results support the idea that saturation excess overland flow is of greater
importance on the agricultural land than infiltration excess overland flow. This corresponds to the
results from the Jhikhu Khola catchment. On grassland, both infiltration excess and saturation
excess overland flows are observed, as shown with the results from the two plots 5 and 9b.

So far, the main differences discussed in terms of plot characteristics are land use. The plots further
differ in terms of infiltration rates (Table 3.80). The slopes are very similar and vary within only two
degrees. Generally, the soil is a sandy loam with the exception of Site 9a where a loam underlies the
plot. As already discussed in the erosion plot event analyses, the infiltration rates shown in Singh
(2001) based on ring infiltrometer measurements are used to discuss infiltration measurements
based on a ’natural infiltrometer‘ approach (Table 3.81).

Table 3.79:  Correlation coefficients for runoff – summary of the four erosion plots 
in the Yarsha Khola catchment (grey shaded: agricultural plots) 
 

Site Ptot tP α Iave I10max I30max I60max P25 P50 P75 API1 API7 API10 API14 API30 AP1 AP2 AP3 AP4 AP5 

5 (g) 0.57 0.33 0.80 0.23 0.42 0.50 0.54 0.33  0.33 0.29 0.19 0.16

6 (a) 0.55 0.34 0.74 0.22 0.39 0.45 0.49 0.18 0.31 0.31 0.25 0.26 0.20 0.31 0.32 0.34 0.33 0.32

9a (a) 0.82 0.42 0.78 0.38 0.56 0.67 0.73 0.49 0.36 0.31 0.30 0.28 0.49 0.46 0.39 0.38 0.39

9b (g) 0.85 0.39 0.89 0.43 0.61 0.74 0.79 0.54 0.38 0.33 0.35 0.29 0.54 0.52 0.46 0.42 0.41
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The infiltration rates calculated on the basis of the erosion plot rainfall-runoff data differ in the order
of one magnitude from the ring infiltrometer tests, but show the same pattern with the lowest rates
observed at Plot 5, followed by the rates of Plot 9b and Plot 9a, and finally the rates of Plot 6
showing the highest infiltration rates. The infiltration rates in Table 3.81 correspond well with the
infiltration rates reported by Hillel (1998). For loams he reports 5 to 10mm/h and for sandy soils 10 to
20mm/h.

3.4.7.3 Summary

The surface runoff event analyses for the data from the erosion plots in the Yarsha Khola catchment
can be summarised as follows.

• Annually, 60 to 80 surface runoff events were observed on the four plots.

• Runoff on the grassland plot is generally higher. This is also true for the runoff coefficient.

• The runoff coefficients tend to be higher during the monsoon season than in the pre-monsoon

season.

• No distinct temporal variability between the monsoon and the pre-monsoon season is observed in

terms of runoff generation on the four plots.

• About 20 to 30 events produce 75% of the annual runoff.

• A comparison of the rainfall clusters with the surface runoff on the plots shows that cluster 3 and

4 events are generally responsible for the surface flow on the plots. While on the agricultural plots
saturation excess overland flow prevails, on the grassland both processes are observed.

3.4.8 Hydrological event analyses in the Yarsha Khola catchment

In the Yarsha Khola catchment, four sites were monitored during the study period from 1998 to 2000.
One site was located at the outlet of the catchment, one at the outlet of the predominantly north-
facing slopes, and two sites in the Khahare Khola sub-catchment in the upland of the south-facing
slopes (also see Section 2.4). Below, the hydrological events are described for these four sites and
the interrelationships between the different parameters established. Finally, the triggering
mechanisms for the events are determined. The relevance of different land use and other catchment
characteristics is discussed after this section together with the data from the Jhikhu Khola
catchment.

Note:  Note:  Note:  Note:  Note:  The site numbers used in this section refer to the site numbers in Figure 2.17

Table 3.80:  Plot and soil characteristics  
 

Site Slope Textural composition Textural class Infiltration rate 
 [degree] Sand % Clay% Silt%  [cm/h] 

5 (g) 19.1 63.3 5.9 30.8 sandy loam 3.1 
6 (a) 17 67.3 15.9 16.8 sandy loam 16.7 
9a (a) 17.5 43.3 23.9 32.8 loam 16.4 
9b (g) 17.5 61.9 19.9 18.8 sandy loam 10.8 
(source: Singh 2001) 

 

Table 3.81:  Infiltration rates calculated from rainfall events tP<60min, Iave > 
10 mm/h and Ptot > 5 mm [all values in mm/h] 
 

Site Count Mean Median 75% quartile 25% quartile 
5 (g) 5 6.1 6.6 9.3 4.2 
6 (a) 7 22.1 21.3 26.0 18.9 
9a (a) 7 15.4 12.7 18.8 10.9 
9b (g) 7 14.4 11.8 18.0 9.5 
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3.4.8.1 Description of the hydrological events

For the identification of the hydrological events, the same rule applies as in the Jhikhu Khola
catchment. Only the events that could be clearly identified including a clear start and a clear
receding limb were used for the analysis below. This resulted in 111 events at the outlet of the
catchment at Site 1, 172 events at Site 2 at the outlet of the Gopi Khola sub-catchment, and 116
events at Site 5 in Thulachaur (Table 3.82). Only 46 events could be clearly identified at Site 7. This is
due to a lot of background noise and frequent entangling of the floater rope. The results of this site
are therefore only indicative and should be considered with caution as these events mainly
represent the larger events.

The majority of the events were observed during the monsoon season followed by the pre-monsoon
season. Only very few events were observed during the dry half of the year in the post-monsoon and
winter seasons. The events based on the median values of the different parameters differ largely at
the different sites and only a few commonalities can be established (Table 3.83). In general, these
events last on average between two to three hours at the sub-catchment level and about five to six
hours at the catchment outlet. In terms of rising limb t

rise,
 the four sites are very similar with about

one to one-and-a-half hours. The receding limb lasts from one to three hours at the sub-catchment
sites and four hours at Site 1. The event magnitude expressed with parameters such as Q

tot
, Q

E,
 and

Q
Emax

 tended to be smallest at Site 2, followed by Site 1 and finally the two sites in the Khahare
Khola. This suggests the event magnitude per unit area decreases with catchment area (this will be
discussed in the next section). As expected, the peak discharge was observed at Site 1.

As mentioned above, the highest median event runoffs are observed at the upland sites in the
Khahare Khola sub-catchment. The same is observed with the quartile ranges shown in Figure
3.114. At Site 5, the event runoff ranges from a 25% quartile of 0.3 mm to a 75% quartile of 4.0 mm
(Figure 3.114a). At Site 1, a range of about 1mm from 0.3 to 1.5 mm was observed. The smallest
range is observed at Site 2, with a 25% quartile of 0.1 and a 75% quartile of 0.4.

The peak event runoff Q
Emax

 shown in Figure 3.114b shows the same pattern, with the highest ranges
in the upland catchments at Site 5 and 7 and the lowest ranges at Site 2. As most of the events were
observed during the two seasons of pre-monsoon and monsoon, their respective events are
compared below (Table 3.84 and Figure 3.115). In general, the events during the pre-monsoon season
are longer than during the monsoon season. Their total runoff on the other hand is smaller during
this season, which is mainly a function of the lower baseflows as indicated by the parameter Q

start
,

Q
end,

 and Q
B
. At Site 5, the total runoff Q

tot
 is on average higher during the pre-monsoon season.

The importance of event runoff in comparison with baseflow during the pre-monsoon season is also
highlighted by the ratio of Q

E
 and Q

tot
. This ratio tends to be higher during the pre-monsoon season,

indicating that mainly event runoff from the immediate rainfall event is responsible for this
hydrological event. During the monsoon season, baseflow plays a more important role than during

Table 3.82:  Events at all sites in the Yarsha Khola catchment 
 

Site Period Pre-monsoon Monsoon Post-monsoon Winter Total 

1 1998-2000 33 77 1 0 111 

2 1998-2000 18 140 7 7 172 

5 1998-2000 8 108 0 0 116 

(7) 1998-2000 7 38 1 0 46 
 

Table 3.83:  Median of all parameters for hydrological events, Yarsha Khola 
 

 tQ 
[min] 

Qstart 
[m3/s] 

Qend 
[m3/s] 

Qtot 
[mm] 

QB 
[mm] 

QE 
[mm] 

QEmax 
[mm] 

Qmax 
[m3/s] 

QE/Qtot trise 
[min] 

trec 
[min] 

1 330 2.569 4.329 1.9 1.4 0.6 0.2 7.420 0.37 90 240 

2 195 1.023 1.640 1.3 1.1 0.2 0.1 2.424 0.16 90 90 

5 120 0.068 0.080 3.7 2.2 0.9 0.5 0.176 0.29 60 60 

(7) 210 0.226 0.309 4.5 1.9 2.4 0.9 1.398 0.57 60 150 
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the pre-monsoon season. The rising limb tends to be similar in both seasons, while the receding
limb tends to be shorter during the monsoon season.

In terms of event runoff Q
E
 during the two seasons, it is mainly Site 5 that showed a bigger range

during the pre-monsoon season than during the monsoon season (Figure 3.115), which could be
explained by the small size of the catchment (most of which is located at high elevations above 2500
masl) and the resulting fast response to intense storms during this season.

The ten largest events at each site are compared in Table 3.85 and Figure 3.116. The median duration
of these events is very similar at Sites 2 and 7, at about 4 hours. At Site 1 one of these largest events
lasted on average about 10 hours, at Site 5 it lasted about 2 hours. The peak of these events is, on
average, reached after about 1 to 2 hours at the sub-catchment outlets of 2 and 7. The reaction time

Table 3.84:  Median of pre-monsoon and monsoon hydrological events, Yarsha 
Khola 
 

 tQ 
[min] 

Qstart 
[m3/s] 

Qend 
[m3/s] 

Qtot 
[mm] 

QB 
[mm] 

QE 
[mm] 

QEmax 
[mm] 

Qmax 
[m3/s] 

QE/Qtot trise 
[min] 

trec 
[min] 

1 PM 330 0.493 0.825 0.6 0.3 0.3 0.0 2.206 0.47 90 240 

M 300 4.026 5.661 3.1 2.1 0.9 0.2 11.039 0.35 120 210 

2 PM 240 0.134 0.261 0.3 0.2 0.1 0.0 0.381 0.21 90 60 

M 180 1.307 1.983 1.4 1.2 0.2 0.1 2.613 0.16 90 90 

5 PM 195 0.032 0.039 6.1 2.0 4.1 1.5 0.307 0.69 90 105 

M 120 0.068 0.080 3.6 2.3 0.9 0.5 0.176 0.27 60 60 

(7) PM 210 0.038 0.086 3.6 0.5 3.2 0.7 0.891 0.79 30 180 

M 210 0.228 0.323 5.4 2.2 2.3 1.0 1.488 0.54 60 150 
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Figure 3.115:  Event runoff of prEvent runoff of prEvent runoff of prEvent runoff of prEvent runoff of pre-monsoon events (a), and monsoon events (b) at all sites in thee-monsoon events (a), and monsoon events (b) at all sites in thee-monsoon events (a), and monsoon events (b) at all sites in thee-monsoon events (a), and monsoon events (b) at all sites in thee-monsoon events (a), and monsoon events (b) at all sites in the
YYYYYarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment
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at Site 5 is very fast and the peak is reached after only 30 minutes. At Site 1 the rising limb lasts for
about 3 hours. The receding limb differs likewise between the catchment and the sub-catchment
outlets with t

rec
 values of one to three hours for the sub-catchments and about six hours at the

catchment outlet.

The Q
E
/Q

tot
 ratio is about 40 to 50% of Sites 1 and 2. At Sites 5 and 7, more than 80% of the runoff of

one of these large events is direct event runoff, showing the rather low importance of baseflow at
these sites during large events.

In terms of event magnitude, Site 5 shows the highest per unit runoff values as also shown in Figure
3.116. The median total event runoff at this site was nearly 30 mm, which is double the runoff from
Site 7, triple the runoff from Site 1 and 6 times more than at Site 2. Site 2 shows the lowest total
event runoffs, with 5.4 mm on average. Due to the greater importance of direct runoff at this site, the
direct runoff is then also more than double the Q

E
 of Site 7 and five times more than at Site 1. The Q

E

values at Site 5 range from about 15 to 35 mm per event. The range at Site 7 is considerably lower
with about 5 to 15 mm. At Sites 1 and 2, the range is from 4 to 6 mm and 1 to 3 mm respectively. The
peak discharges for these ten largest events were observed at the catchment outlet with about 30
m3/s. At Site 2, the observed peak discharges are about 10 m3/s, at Site 7, 5 m3/s, and at Site 5, 3 m3/
s. These values correspond to peak event runoffs of 8 to 30 mm at Site 5, 4 to 8 mm at Site 7, and
about 1 mm at Sites 1 and 2.

3.4.8.2 Relationship between the different hydrological event parameters

To reduce the number of parameters and in order to identify the parameters with the highest
information content, a factor analysis was performed on the data. However, prior to this analysis it
has to be ensured that the parameters are sufficiently correlated. According to the correlation
coefficients of Spearman (data are not distributed normally; Appendix A3.23), the duration
parameters t

Q
, t

rise,
 and t

rec
 are strongly and significantly correlated (Table 3.86). The same is true for

the parameters describing the event’s magnitude. However, there is only a weak correlation between
the magnitude and the duration parameters.

Table 3.85:  Median of 10 maximum hydrological events, Yarsha Khola 
 

Site tQ 
[min] 

Qstart 
[m3/s] 

Qend 
[m3/s] 

Qtot 
[mm] 

QB 
[mm] 

QE 
[mm] 

QEmax 
[mm] 

Qmax 
[m3/s] 

QE/Qtot trise 
[min] 

trec 
[min] 

1 585 5.478 9.280 10.8 5.0 5.3 0.7 28.641 0.48 195 375 

2 240 1.304 5.074 5.4 3.2 3.0 0.6 9.793 0.41 120 120 

5 105 0.080 0.130 28.9 2.3 24.3 14.9 2.733 0.90 30 60 

7 255 0.218 0.402 15.5 3.5 10.7 3.5 4.387 0.82 75 180 
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The resulting factor analysis, using the principal component method for extraction and the varimax
method for rotation of the factors, resulted in the grouping of these duration parameters with the key
variable t

Q,
 and the magnitude parameters with key variables Q

tot
, Q

E,
 or Q

Emax
 (Table 3.87). A third

group was identified with parameters describing the pre-event history and the baseflow. The key
variable in this group is Q

start
.

On the basis of the results from the
above factor analysis and the correlation
matrix in Table 3.86, the parameters t

Q
,

Q
start

, Q
tot,

 and Q
Emax

 were used for cluster
analyses according to the k-means
clustering method. Several trials showed
that three clusters were most
appropriate. The results of the analysis
with the cluster centres for all sites and
all clusters are presented in Table 3.88.
These clusters can be described as
follows.

Cluster 1: Minor
short duration – small runoff
volume – small peak

Cluster 2: Large peak
medium duration – medium
to large runoff volume –
small peak

Cluster 3: Large runoff
short to long duration –
large runoff volume – large peak

Final clusters for discharge events, Yarsha Khola catchment, are given in Table 3.89.

Table 3.86: Correlation coefficients at site 7 and number of significant 
correlation in brackets, Yarsha Khola (max. = 3; detailed tables in Appendix A3-24) 
 
 tQ Qstart Qend Qtot QB QE QEmax Qmax QE/Qtot trise trec 

tQ 1.00(3) (0) (0) 0.31(3) 0.41(3) 0.31(3) (0) (0) (0) 0.65(3) 0.84(3) 

Qstart  1.00(3) 0.85(3) 0.34(2) 0.62(3) (1) (1) 0.36(3) -0.38(2) (1) -0.37(2) 

Qend   1.00(3) 0.59(3) 0.78(3) 0.42(3) 0.52(3) 0.62(3) (1) (0) (1) 

Qtot    1.00(3) 0.73(3) 0.94(3) 0.89(3) 0.92(3) 0.43(3) 0.48(3) (2) 

QB     1.00(3) 0.52(3) 0.46(3) 0.54(2) (0) 0.56(3) (2) 

QE      1.00(3) 0.94(3) 0.92(3) 0.68(3) 0.46(1) (2) 

QEmax       1.00(3) 0.98(3) 0.65(3) 0.33(1) (0) 

Qmax        1.00(3) 0.55(3) 0.32(1) (0) 

Qtot/QE         1.00(3) (0) (1) 

Trise          1.00(3) (1) 

Trec           1.00(3) 
 

Table 3.87: Results of the factor analyses for hydrological parameters of all 
events, Yarsha Khola 
 

Site 
tQ 

[min] 
Qstart 

[m3/s] 
Qend 

[m3/s] 
Qtot 

[mm] 
QB 

[mm] 
QE 

[mm] 
QEmax 
[mm] 

Qmax 
[m3/s] 

Trise 
[min] 

Trec 
[min] 

2 2( ) 3( ) 1 1( ) 1 1 1 1 2 2 

5 2( ) 3 3( ) 1 2 1( ) 1 1 2 2 

7 2( ) 3( ) 3 1 3 1 1( ) 1 2 2 
 

Table 3.88: Centres of discharge event 
parameter clusters, Yarsha Khola catchment 
 

  Site 2 Site 5 Site 7 

Cluster 1 Count 136 99 5 

 tQ [min] 186 126 168 

 Qstart [m3/s] 1.063 0.069 0.653 

 Qtot [mm] 1.1 5.1 7.5 

 QEmax [mm] 0.1 1.5 1.3 

Cluster 2 Count 34 13 37 

 tQ [min] 478 492 270 

 Qstart [m3/s] 1.391 0.059 0.179 

 Qtot [mm] 4.4 10.7 5.1 

 QEmax [mm] 0.3 0.7 1.1 

Cluster 3 Count 1 3 4 

 tQ [min] 510 90 330 

 Qstart [m3/s] 0.817 0.084 0.200 

 Qtot [mm] 18.7 51.0 23.7 

 QEmax [mm] 2.3 31.9 9.6 
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3.4.8.3 Reasons for these events

The results below are based only on the analysis of the data in the Khahare Khola sub-catchment,
that is, the sub-catchments at Sites 5 and 7. The reason for the exclusion of Site 2 is the often
doubtful rainfall information of high temporal resolution. Before the rainfall event parameters are
discussed, some words on the antecedent moisture conditions.

Antecedent moisture conditions

The antecedent moisture conditions here are expressed in terms of antecedent precipitation due to
the otherwise missing soil moisture information. In general, only a weak correlation can be
established between the different discharge event parameters and the different APIs (Table 3.90).
The event duration as well as the two parameters describing the hydrograph t

rise
 and t

rec
 do not show

any correlation with the antecedent precipitation conditions, as could probably have been expected.
The strongest correlations are observed between the APIs and the parameters describing the in-
stream history of the event, i.e., the parameters Q

start
 and Q

end
. These parameters additionally show

the highest correlations with the long term APIs, for example, API14 and API
30

 describing the rainfall
14 and 30 days before the event. The short-term APIs tend to show significant, but very weak
correlations with the magnitude parameters as well.

As in the Jhikhu Khola catchment, API
1
 (AP

1
 respectively) was identified as the key variable for the

short-term antecedent precipitation conditions (Table 3.91). In the case of the Yarsha Khola
catchment, however, the short-term group only included AP

1
 to AP

3
. In the Jhikhu Khola catchment,

AP
4
 and AP

5
 were also part of this group. Here, AP

4
 and AP

5
 are part of the parameters describing

long-term antecedent precipitation conditions with the key variable API
14

.

Table 3.89:  Final clusters for discharge events, Yarsha Khola catchment 
 

  Qtot [mm] QEmax [mm] 

  Cluster 1 Cluster 2 Cluster 3 Cluster 1 Cluster 2 Cluster 3 

Site 2 75% quartile 1.1 4.4 18.7 0.1 0.3 2.3 

 25% quartile 1.6 5.0 18.7 0.1 0.4 2.3 

 median 0.5 3.1 18.7 0.0 0.1 2.3 

Site 5 75% quartile 5.1 10.7 51.0 1.5 0.7 31.9 

 25% quartile 5.8 12.3 59.0 1.5 1.1 36.5 

 median 2.3 5.5 36.3 0.2 0.1 28.1 

Site 7 75% quartile 7.5 5.1 23.7 1.3 1.1 9.6 

 25% quartile 6.9 6.4 29.5 1.3 1.5 11.2 

 median 4.2 2.6 16.3 0.9 0.3 8.4 
 

Table 3.90: Correlation coefficients of hydrological parameters with respect to 
antecedent precipitation conditions at Site 7 and number of significant 
correlations in brackets (maximum = 2; Appendix A3-25). 
 

 API1 API7 API10 API14 API30 AP1 AP2 AP3 AP4 AP5 

tQ (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 

Qstart 0.32(1) 0.56(2) 0.45(2) 0.58(2) 0.72(2) 0.32(1) (0) 0.35(2) 0.43(2) 0.45(2) 

Qend 0.31(2) 0.67(2) 0.59(2) 0.69(2) 0.73(2) 0.31(2) (0) 0.37(2) 0.52(2) 0.54(2) 

Qtot (1) 0.33(2) (1) 0.32(2) 0.37(1) (1) (1) (1) (1) (1) 

QB (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 

QE (0) (0) (0) (0) (0) (0) (1) (1) (0) (1) 

QEmax (0) (0) (0) (0) (0) (0) (1) (1) (1) (1) 

Qmax (0) 0.34(2) (1) 0.33(2) 0.38(1) (0) (1) (1) (1) (1) 

QE/Qtot (0) (0) (0) (0) -0.38(2) (0) (0) (0) (0) (0) 

Trise (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 

Trec (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 

α (0) 0.46(2) 0.35(2) 0.45(2) 0.57(1) (0) (0) 0.37(1) 0.46(1) 0.48(1) 
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The two key APIs were compared with the discharge clusters showing that for the short term, APIs
(API

1
) there is a trend of higher API values in higher clusters (Figure 3.117a). This suggests that

there is a certain relationship between the moisture conditions in the catchment and the size of the
event, although no particularly strong correlation could be observed with the magnitude parameters
above in Table 3.90. No particular relationship could be observed in the case of the API

14
 (Figure

3.117b).

Event rainfall characteristics

The main triggering mechanism for the discharge events in the Yarsha Khola catchment is rainfall.
To what extent the discharge parameters are correlated with the rainfall parameters is shown in
Table 3.92.

The highest correlations with rainfall parameters are observed by discharge event parameters
describing the amount and intensity, e.g., the magnitude parameters. Generally P

tot
 shows high

correlation with Q
tot

, Q
E
, Q

Emax,
 and Q

max
. t

P
 shows high correlation with the baseflow Q

B
, which is

understood as Q
B, 

and increases the longer the event lasts. The intensity parameters show the
highest correlations with the Q

E
/Q

tot
 ratio. The correlations with the amount parameters are also

rather strong. The hyetograph shape parameters P
25

, P
50,

 and P
75

 show no or only very weak

Table 3.91: Results of the factor analyses for antecedent 
precipitation characteristics, Yarsha Khola 
 

Site API1* API7 API10 API14 API30 AP1
* AP2 AP3 AP4 AP5 

5_5 ( )1 2 2 ( )2 2 ( )1 1 1 2 2 

5_7 ( )1 2 2 ( )2 2 ( )1 1 2 2 2 
* API1 and AP1 represent the same information content: rainfall 24 hours before start of the event 
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Table 3.92:  Correlation of discharge event with rainfall event parameters at 
Site 7 and number of significant correlations at both sites (maximum = 2; for 
detailed matrices refer to Appendix A3-26) 
 

 tQ Qstart Qend Qtot QB QE QEmax Qmax QE/Qtot trise trec α 

Ptot 0.33(1) (0) (1) 0.62(2) 0.30(2) 0.68(2) 0.57(2) 0.53(2) 0.56(1) 0.46(1) (0) (1) 

tP 0.30(2) 0.37(2) 0.47(2) 0.41(2) 0.63(2) (1) (1) (1) (0) 0.41(2) (0) (1) 

Iave (0) -0.56(2) -0.36(2) (0) (1) 0.38(1) 0.35(1) (0) 0.72(1) (0) (0) -0.33(1) 

I10max (0) -0.47(1) (0) 0.37(2) (0) 0.52(2) 0.47(2) 0.42(2) 0.74(2) (0) (0) (0) 

I30max (0) -0.42(1) (0) 0.41(2) (0) 0.57(2) 0.52(2) 0.47(2) 0.78(2) (0) (0) (0) 

I60max (0) -0.37(1) (0) 0.48(2) (0) 0.63(2) 0.56(2) 0.50(2) 0.78(2) (0) (0) (1) 

P25 (0) (0) (1) (0) (0) (0) (0) (0) (0) (0) (0) (0) 

P50 (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) (0) 

P75 (0) -0.48(1) -0.33(1) (0) (0) (0) (0) (0) 0.45(1) (0) (0) (0) 
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correlation with discharge event parameters. The two hydrograph shape parameters t
rise

 and t
rec

likewise do not show any strong correlation.

Comparing the two discharge event magnitude parameters Q
E
 and Q

Emax
 with the rainfall clusters

established in Section 3.4.6, it is clear that the cluster 3 events, i.e., high intensity events with
medium to high rainfall amount, produce the largest events in the two sub-catchments of the Yarsha
Khola catchment. Events with high amount, but low intensity, i.e., cluster 4 events, do not tend to
produce events in the same magnitude (Figures 3.118 and 119).

3.4.8.4 Summary

The hydrological event analysis in the Yarsha Khola catchment can be summarised as follows.

• The largest events on the basis of unit area are observed from the sub-catchment on the south-

facing slopes.

• The events show a total event runoff of 1.5 to 4 mm with the minimum observed at the outlet of

the north-facing sub-catchment.

• The median peak event runoff ranges from 0.1 mm at the Gopi Khola sub-catchment to 0.9 mm at

the Lower Khahare Khola sub-catchment.

• During the monsoon season, baseflow plays a more important role in flood generation than in the

pre-monsoon season.

• In the small sub-catchments, the majority of event runoff during large events hails from direct

event runoff, while at the outlet of the catchment as well as at the outlet of the Gopi Khola
catchment baseflow is still more important.

• The key variables for discharge events are t
Q
, Q

start,
 and one of the magnitude parameters, Q

tot
, Q

E,

or Q
Emax

.

• Three clusters were determined on the basis of the key variables and Q
tot.
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Cluster 1 - minor: short duration – small runoff volume – small peak
Cluster 2 - large peak: medium duration – medium to large runoff volume – small  peak
Cluster 3 - large runoff: short to long duration – large runoff volume – large peak

• The APIs show only weak correlation with the hydrological event parameters. Nevertheless, there

is an increase in API
1
 with cluster number showing the highest API values for cluster 3. No

relationship can be observed with API
14

.

• A high correlation is observed between the rainfall amount and intensity parameters and the

hydrological amount and intensity parameters. This is also shown by comparing the rainfall
clusters with the Q

E
 and Q

Emax
 values. In general, cluster 3 events produce the largest discharge

events in the catchment, followed by cluster 4 rainfall events.

3.4.9 Synthesis

In the sections above, the hydrological parameters were related to the rainfall and erosion plot event
parameters. This basically showed that rainfall amount and rainfall intensity are the main hydro-
meteorological parameters of interest. Both runoff at the plot scale as well as at the sub-catchment
scale is directly correlated with these two parameters. In both catchments, rainfall events were
grouped into four clusters, which showed very good relations with the runoff behaviour at both
scales. The clusters of the two catchments are compared in Table 3.93. In general, the two systems
coincide rather well and show similar minima and maxima rainfall volumes and rainfall intensities
for most of the clusters. Cluster 1 in both catchments is of 2 to 10 mm rainfall volume and about 2 to
5 mm/30 min (=4 to 10 mm/h). Rainfall volumes of cluster 2 range from about 10 to 30 mm with
maximum 30-minute rainfall intensities of 3 to 15 mm/30min (6 to 30 mm/h). The most important
clusters for flood generation, clusters 3 and 4, differ slightly — mainly due to the small number of
events at this magnitude and therefore the more random setting of minima and maxima. While in
the Jhikhu Khola catchment cluster 3 occupies the middle segment of rainfall volume and the top
segment of rainfall intensity, in the Yarsha Khola catchment the rainfall volumes of clusters 3 and 4
show the same limits. They differ however in terms of maximum intensities and show here similar
lower limits as the Jhikhu Khola catchment and slightly elevated maxima.

Antecedent precipitation and herewith an approximation of antecedent moisture conditions only has
a limited influence on the runoff behaviour at the sub-catchment scale. This further showed that
land use at the plot scale was decisive in terms of runoff generation, as the land use had an impact
on the soil characteristics as well as on the vegetation cover. In order to extend the spatial
dimension and determine the impact of land use and other catchment characteristics, the
hydrological parameters are put into relation with a number of selected characteristics.

Table 3.93:  Rainfall clusters of the Jhikhu Khola and Yarsha Khola catchments 
 

Variable Cluster 1 Cluster 2 Cluster 3 Cluster 4 

 Min Max Min Max Min Max Min Max 

Jhikhu Khola catchment 

Ptot [mm] 2.1 9.6 9.4 32.5 12.8 45.4 52.1 164.4 

tP [min] 22 250 98 728 46 421 795 1931 

I30max [mm/30 min] 1.8 5.4 2.7 10.4 9.4 28.7 4.7 10.7 

P50 [%] 40.0 82.6 29.7 80.6 43.3 91.3 36.6 62.2 

Yarsha Khola catchment 

Ptot [mm] 3.2 10.1 12.0 30.4 20.0 69.8 26.7 69.2 

tP [min] 77 308 80.0 760.0 147.3 507.3 586.5 1121.0 

I30max [mm/30 min] 1.8 5.0 3.0 13.6 10.7 44.4 5.1 19.4 

P50 [%] 20.0 79.5 6.9 92.3 20.2 94.6 10.1 68.8 
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3.4.9.1 The relevance of different catchment characteristics on hydrological event
parameters

In Chapter 2, several catchment characteristics were identified, which on the basis of literature or
process understanding may have an impact on the hydrological behaviour of the catchment during
flood events. In order to verify these assumptions in Chapter 2, selected characteristics were tested
for their impact on the hydrological event parameters in meso-scale catchments of the middle
mountains in Nepal. The hydrological event characteristics included in these analyses were:

• the median runoff coefficient α [%];

• the median total event runoff Q
tot

 [mm];

• the median direct event runoff Q
E
 [mm];and

• the median peak event runoff Q
Emax

 [mm].

Q
max

, although probably the most important parameter in terms of flooding, was excluded in this
comparative analysis as it is directly correlated to catchment area. It was replaced by Q

Emax
, which

accounts for the different catchment areas and can therefore be directly compared amongst
catchments of different sizes.

These characteristics were always tested both for the median of all events as well as for the median
of the ten largest events at each hydrological measurement site. As the variables are not normally
distributed, linear regression cannot be used to determine a linear relation between the parameters.
For this purpose the Spearman correlation coefficient was used instead. Some plots with linear
regression lines are presented to help visualise the relationships.

Note: Note: Note: Note: Note: It is important to note that the relationships discussed are tentative and have to be
confirmed with larger samples, e.g., in comparison with the PARDYP catchments in China,
India, and Pakistan or other meso-scale catchments in the region. This is particularly
necessary since the correlation between the two parameters does not yet explain their causal
correlation. Sachs (1997) uses the example of the strongly positive correlation between the
number of storks and the number of newborns, which obviously is a spurious correlation and
does not show any functional relation.

Morphometric and topographic characteristics

The areal morphometric characteristics that were tested included the catchment area, the width/
elongation ratio, and the drainage density (only for the Jhikhu Khola catchment and its sub-
catchments). The topographic characteristics that were included were the mean Topoindex, the
mean relative contributing area (only Jhikhu Khola and sub-catchments), the mean slope, and the
ratio between areas below a 5-degree slope and the areas of more than a 15-degree slope. Elevation
was not included in this analysis as the influence of elevation is largely included in the rainfall
characteristics (see Section 3.1). Table 3.94 presents the Spearman correlation coefficients for these
catchment characteristics in relation to the selected discharge event parameters. Generally, the
correlations are weak and/or insignificant. However, a number of correlations can be observed.
These include for the median of all events:

• drainage density and α with an r of 1 and a correlation significant at the 0.0% level;

• drainage density and Q
Emax

 with an r of 0.90 and a correlation significant at 0.04% level;and

• Topoindex and Q
tot

 with an r of 0.93 and a correlation significant at 0.01% level.

In addition to these significant and strong correlations, the Topoindex shows a rather strong
correlation at the significance level of 0.15% with Q

E
 and the relative contributing area with Q

tot
.

In Figure 3.120 the significant and strong relationships mentioned above are visualised. It is
important to note that these relationships are only for the sub-catchments of the Jhikhu Khola, as
drainage density could not be calculated for the Yarsha Khola due to differently detailed mapping of
the drainage network in the two catchments. The relationship between the Topoindex and the Q

tot

additionally includes the value from the Yarsha Khola catchment.
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Table 3.94: Spearman correlation coefficients r for morphometric and 
topographic catchment characteristics in relation to hydrological event 
characteristics 
 

Parameters Median of all events Median of 10 largest events 

  α Qtot QEmax QE Qtot QEmax QE 

Catchment area r 0.14 -0.08 -0.52 0.08 0.42 -0.08 0.25 

 Sig. 0.79 0.83 0.15 0.83 0.27 0.83 0.52 

Width/elongation r -0.32 0.32 -0.62 -0.09 -0.09 -0.74*** -0.50 

 Sig. 0.68 0.53 0.19 0.87 0.89 0.10 0.31 

Mean slope r -0.12 -0.23 -0.03 -0.30 -0.25 -0.20 -0.25 

 Sig. 0.83 0.56 0.93 0.44 0.53 0.60 0.51 

Topoindex r 0.74 0.93* 0.44 0.73*** 0.75** 0.23 0.58 

 Sig. 0.26 0.01 0.39 0.10 0.08 0.66 0.23 

RCA r -0.60 -0.80*** -0.30 -0.60 -0.50 -0.10 -0.50 

 Sig. 0.40 0.10 0.62 0.29 0.39 0.87 0.39 

Slope ratio r -0.49 -0.17 -0.15 0.23 0.38 0.50 0.43 

 Sig. 0.33 0.67 0.70 0.55 0.31 0.17 0.24 

Drainage density r 1.00* -0.10 0.90* 0.00 0.40 1.00* 0.40 

 Sig. 0.00 0.87 0.04 1.00 0.51 0.00 0.51 
r = correlation coefficient according to Spearman, Sig.= significance level 
* Correlation is significant at the 0.05% level (Sig.<0.05%) 
** Correlation is significant at the 0.1% level (Sig.<0.1%) 
*** Correlation is significant at the 0.15% level (Sig.<0.15%) 
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For the median of the ten largest discharge events at all sites drainage density again shows a high
and significant correlation with Q

Emax
 and the Topoindex with Q

tot
. An additional significant and

strong correlation is observed between the ratio of catchment width and catchment elongation in
relation to Q

Emax
.

For the assessment of the catchment’s susceptibility to floods, the use of the Topoindex is therefore
proposed. The width/elongation ratio can also be used. Drainage density would be an informative
variable. However, due to the difficulties in assessing this value across the region with data of
different origin, it is suggested that this variable is not used for the comparative analyses. This is
also the reason why the concept of the relative contributing areas has to be dropped for these
analyses.

Land-use characteristics

For the assessment of the impact of land use on hydrological event parameters, the percentage of
each land use, the ratio of cultivated to uncultivated land, and the ratio of rainfed to irrigated land
were used as parameters. Several significant and strongly correlated relations were observed for
these characteristics in relation to all flood events (Table 3.95). The strongest and most significant
correlations are observed between the ratio of rainfed and irrigated agricultural land and the
hydrological parameters α and Q

tot
. The percentage of irrigated land in a catchment also shows

significant and strong correlations with the runoff coefficient and the peak event runoff Q
Emax

. The
correlations show a decreasing α and a decreasing Q

Emax
 with an increasing portion of irrigated land

in the catchments (see also Figure 3.121). The other land use which seems to show an impact on
event behaviour is grassland. Generally, an increasing portion of grassland results in an increase in
α and Q

tot
.

In addition, Q
Emax

 and grassland show a correlation at a significance of 0.22%. Shrubland shows a
significant and strong correlation with Q

Emax
 as well as Q

tot
. The correlation with α is significant at

the 0.16% level. The other areas in the catchments, including settlements, landslides, gullies and the
like, show a strong a significant correlation with α and Q

tot
 as well as rather a strong correlation with

Q
Emax

. The ratio between cultivated and uncultivated land shows very strong and significant

Table 3.95:  Spearman correlation coefficients r for land-use related catchment 
characteristics in relation to hydrological event characteristics 
 

Parameters Median of all events Median of 10 largest events 

  α Qtot QEmax QE Qtot QEmax QE 

Cultivated/uncultivated r -0.77** -0.57*** -0.50 -0.17 -0.12 0.12 0.03 

 Sig. 0.07 0.11 0.17 0.67 0.77 0.77 0.93 

Rainfed/irrigated r -0.93* -0.88* -0.46 -0.44 -0.11 0.32 0.04 

 Sig. 0.01 0.00 0.21 0.23 0.78 0.40 0.92 

Irrigated area r -0.81* -0.28 -0.66** -0.12 0.08 -0.07 -0.01 

 Sig. 0.05 0.47 0.05 0.75 0.85 0.86 0.98 

Rainfed area r -0.66 -0.47 -0.28 -0.12 -0.08 0.15 0.10 

 Sig. 0.16 0.21 0.46 0.77 0.83 0.70 0.80 

Forest area r 0.09 0.15 0.10 -0.18 -0.15 -0.17 -0.27 

 Sig. 0.87 0.70 0.80 0.64 0.70 0.67 0.49 

Grassland area r 0.77** 0.48 0.23 0.52 0.72* 0.27 0.53 

 Sig. 0.07 0.19 0.55 0.15 0.03 0.49 0.14 

Other areas r 0.77** 0.65** 0.45 0.13 -0.20 -0.28 -0.32 

 Sig. 0.07 0.06 0.22 0.73 0.61 0.46 0.41 

Shrub area r 0.66 0.58*** 0.65** 0.42 0.05 -0.13 0.07 

 Sig. 0.16 0.10 0.06 0.27 0.90 0.73 0.87 
r = correlation coefficient according to Spearman, Sig.= significance level 
* Correlation is significant at the 0.05% level (Sig.<0.05%) 
** Correlation is significant at the 0.1% level (Sig.<0.1%) 
*** Correlation is significant at the 0.15% level (Sig.<0.15%) 
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correlation with the runoff coefficient. At the same time, the correlations with Q
tot

 and Q
Emax

 are not
as strong, but are still quite significant.

Four of the above correlations have been visualised in Figure 3.121. The linear trend line is only
presented to display the linear relationship, and by no means should be thought of as a prediction
model. The two relations showing the impact of agricultural land, in general and irrigated land, in
particular, on the total event runoff and the peak event runoff, respectively, have a decreasing trend,
i.e., the more cultivated the land, the lower the Q

tot,
 and the more irrigated the land, the lower the

Q
Emax

. Shrubland and other land uses or covers show the opposite trend, with increasing Q
tot

 and
Q

Emax
 on increasing percentages of shrub and other land use/cover.

The only strong and significant correlation observed in the case of the ten largest events is
established for the percentage of grassland and the total event runoff Q

tot
. An increase in grassland

leads to an increase in Q
tot

.

Discussion of the results

Although these relationships have to be considered with caution due to the correlation problem
mentioned above and the small sample number, the determined relationships seem plausible. They
seem plausible on the basis of the observations on the erosion plots, where degraded land and
grassland produce considerably more runoff on an aggregated basis as well as on an event basis
than rainfed agricultural land. They also seem plausible on the basis of the fact that irrigated land,
with its level terraces, is designed to keep water back and an enhanced water storage effect for
rainfall is therefore not surprising.

The results also seem plausible on the basis of published results in literature. For the estimation of
design floods on the basis of catchment characteristics in Switzerland, Duester (1994) based his
calculations on the elongation factor, mean slope, areal precipitation, area of grassland and others,
as well as relative contributing areas. Elongation, here expressed as width/elongation ratio, and the
area of grassland and others were also established as potential factors influencing the hydrological
event characteristics. Instead of mean slope, which only shows low correlation, the Topoindex (also
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a product of the slope conditions in the catchments) showed high correlation with the hydrological
event parameters.

In general, the correlations between the median values of the hydrological event parameters and the
catchment characteristics are stronger and more significant for all events than for the ten largest
events. This observation would support the conclusions of Merz et al. (2000a) or Dangol et al. (2002).
They concluded that the biggest events are a function of meteorological parameters and the human
influence through different land use would be negligible during these events. They also said that
human impact could be observed during minor and intermediate events. These observations are
presumably true for the process of flood generation in the rural context as well as natural channels.
In-channel changes, e.g., bridge construction, embankments, and so on, may have considerable
impact on flood behaviour as for example shown by Hofer (1998a).

It is, however, the largest events that are the most destructive. To get an idea of the relevant
parameters during the largest events, the ten largest flood events at Site 1 of each catchment are
discussed below.

3.4.9.2 The ten largest events at the outlets of the Yarsha and Jhikhu Khola catchments

As frequently shown above, only the largest events have the potential for destruction at a larger
impact scale. It is therefore these events that it is desirable to reduce. But as shown in the section
on the impact of catchment characteristics on hydrological parameters and in the literature, these
events do not show any relation to land use and the influence of humans is only limited. This section
aims to compare the largest events and to identify common and different denominators. The section
begins with the analyses of the largest events in the Jhikhu Khola catchment followed by the largest
events at the outlet of the Yarsha Khola catchment. The section concludes with a cross-catchment
synthesis.

Description of the largest events in the Jhikhu Khola catchment

In the Jhikhu Khola catchment, the largest event that was observed in the period from 1997 to 2000,
on September 6 to 7, 1998, unfortunately showed an incomplete hydrograph due to instrument
failure and sediment clogging. Therefore the analyses below are based on the events ranked 2 to 11.
These events all have a peak discharge of more than 50 m3/s as shown in Figure 3.122 as well as in
Table 3.96. Eight out of the ten largest events occurred during the monsoon season, with one event
each in the pre-monsoon and the post-monsoon seasons.

Except for the event magnitude parameters used for the selection of the largest events, Q
Emax

 and
Q

max
, the parameters tend to vary considerably (Table 3.96). The duration of the events varied from 10

to 38 hours. Q
start

 was generally high, shown by a median value of 2.831 m3/s with an overall mean
flow of about 1.4 m3/s at this site. However, four of the events occurred during conditions below
average flow. Most of the events showed a high proportion of direct runoff in the total event runoff,
as expressed with the Q

E
/Q

tot
 ratio. Generally, the values tend to be higher than 75%, with only one

value below. The rising limbs as well as the receding limbs of the hydrographs tend to vary in the
order of one magnitude.

From a first overview of the hydrological parameters, no distinct similarity between the ten events
could be established. Events 3, 7, 8, and 11 show a similar pattern with shorter event durations,
lower starting conditions, and low baseflow contribution. The remaining events do not show any
particular pattern.

Antecedent precipitation conditions of the events in the Jhikhu Khola catchment

The API1, the key variable for short-term antecedent precipitation conditions, shows very variable
conditions for the situation prior to the largest events (Figure 3.123). Some of the events show up to
14 times the median of API

1
. The API

14
, key variable for long term rainfall conditions, shows likewise

variable behaviour, but not to the same extent as API
1
. It generally ranges between 0% and 200% of

the median API
14

.
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Table 3.96: Hydrological event parameters for largest events at Site 1, Jhikhu Khola
catchment 
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Event 1 incomplete hydrograph 

Event 2 30/06/97 08:00 01/07/97 13:30 1770 4.635 1.501 23.2 3.0 20.2 1.1 72.09330/06/97 14:30 0.87 390 1380

Event 3 28/07/97 16:00 29/07/97 14:30 1350 0.815 2.519 11.6 1.2 10.4 1.1 68.98228/07/97 23:00 0.89 420 930

Event 4 24/07/00 14:30 25/07/00 05:30 900 5.525 7.263 10.2 3.2 7.0 1.0 66.14224/07/00 17:00 0.69 150 750

Event 5 01/08/99 21:30 02/08/99 16:30 1140 2.664 2.674 8.7 1.7 7.0 1.0 65.98802/08/99 02:30 0.81 300 840

Event 6 20/08/98 16:00 21/08/98 17:30 1530 5.766 8.494 14.5 6.0 8.5 0.9 63.64120/08/98 18:00 0.59 120 1410

Event 7 14/05/98 18:00 15/05/98 06:30 750 0.446 1.944 5.6 0.5 5.1 1.0 62.02214/05/98 20:30 0.91 150 600

Event 8 26/06/98 01:30 26/06/98 12:00 630 1.052 3.115 5.5 0.7 4.7 0.9 58.01826/06/98 03:00 0.86 90 540

Event 9 27/06/99 21:00 28/06/99 18:00 1260 2.998 7.875 15.3 3.8 11.5 0.8 57.99628/06/99 08:00 0.75 660 600

Event 10 19/10/99 18:30 21/10/99 08:30 2280 4.369 5.388 26.6 6.1 20.5 0.8 57.55420/10/99 16:30 0.77 1320 960

Event 11 21/09/97 01:00 21/09/97 16:30 930 0.981 1.944 6.5 0.8 5.8 0.9 56.50121/09/97 02:30 0.88 90 840

Median 1200 2.831 2.895 10.9 3.0 8.5 1.0 62.832 0.84 225 840

Maximum 2280 5.766 8.494 26.6 6.1 20.5 1.1 72.093 0.91 1320 1410

Minimum 630 0.446 1.501 5.5 0.5 4.7 0.8 56.501 0.59 90 540
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On the basis of these results it can be concluded that the antecedent precipitation, and herewith the
antecedent moisture conditions, do not play a major role in the generation of the largest events in
the catchment.

Precipitation during the largest events in the Jhikhu Khola catchment

The precipitation triggering the largest events in the Jhikhu Khola catchment is described spatially
in Figure 3.124. These isohyets are indicative and are mainly for visualisation of the approximate
spatial distribution of the event rainfall. The isohyets show no particular pattern. There are events
where heavy rainfall occurred throughout the entire catchment, such as event 9 in June 1999 and
event 10 in October 1999. During the latter, all sites measured more than 100 mm rainfall. During
other events, only pockets within the catchment had heavy rainfall, such as event 6 in August 1998
or event 7 in May 1998. During event 6 heavy rainfall was observed in the upper part of the
catchment in the area of Dhulikhel and Rabi Opi. During event 7 the concentrated, heavy rainfall
was observed on the south-facing slopes of the catchment.

The rainfall events relevant for these flood events generally belong to rainfall clusters 3 and 4 at all
sites, i.e., the high intensity and the high amount rainfall events (Table 3.97). There are three
exceptions (see also Figure 3.124):

• during event 5 the sites on the north-facing slopes observed only events of cluster 2, while the

upper and south-facing slopes received heavy rainfall of cluster 3;

• during event 6 none of the observed sites received high amounts of rainfall, while the upper

catchment received heavy showers;and

• during event 7, the rainfall was concentrated on the south-facing slopes and at sites 4 and 6 on

the north-facing slopes only medium events were observed.

Comparing the different rainfall parameters with each other at selected sites (Figure 3.125), it is
apparent that the high amount and long duration events generally show low maximum intensities.
Events 2, 9, and 10 belong to this class, with amounts and durations above the median to a
considerable degree at all sites. The maximum intensities are below median during these events.

Table 3.97: Rainfall clusters for the rainfall events triggering the largest flood 
events in the Jhikhu Khola catchment 
 

Event number 
 

2 3 4 5 6 7 8 9 10 11 
Site 4 2 3 3 2 2 2 3 4 4 3 
Site 6 4 3 3 2 2 2 3 4 4 3 
Site 12 - - 3 - 2 3 3 4 4 - 
Site 14 4 3 3 3 - 3 3 4 4 3 
 

Figure 3.123:  Antecedent prAntecedent prAntecedent prAntecedent prAntecedent precipitation conditions of the larecipitation conditions of the larecipitation conditions of the larecipitation conditions of the larecipitation conditions of the largest eventsgest eventsgest eventsgest eventsgest events
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Figure 3.124:  Spatial rainfall during the 10 largest events in the Jhikhu Khola catchmentSpatial rainfall during the 10 largest events in the Jhikhu Khola catchmentSpatial rainfall during the 10 largest events in the Jhikhu Khola catchmentSpatial rainfall during the 10 largest events in the Jhikhu Khola catchmentSpatial rainfall during the 10 largest events in the Jhikhu Khola catchment

Event 2: 30/1-07-1997 Event 3: 28/29-07-1997 Event 4: 24/25-07-2000

Event 5: 1/2-08-1999 Event 6: 20/21-08-1998 Event 7: 14/15-05-1998

Event 8: 26-06-1998 Event 9: 27/28-06-1999 Event 10: 19/20/21-10-1999

6030

90

100
110

30

130

180

20

10

30

80

70

40

50

40

50

50

80

70

60

60

70

40 50

60

30

20

10

40 30

40

10
30

50

120

90

100

120
130

110

30

907040

6090

70
60

60

50

80

70

90

100

60

80

100

120

140

160

130

110

170

120

130

180

140
160

140

Event 11: 21-09-1997

20

30

40

50

40

30



193Chapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and Relevant Pelevant Pelevant Pelevant Pelevant Processesrocessesrocessesrocessesrocesses

The events with below median amount and below median duration generally show above average
intensities. The variability of the maximum intensities between the events is smaller compared with
the other parameters, suggesting that heavy intensities are a major pre-condition for a large flood
event. This is also shown by the fact that most large events were generated by cluster 3 rainfall
events, i.e., heavy intensity, medium to large rainfall volumes (Table 3.97).

These results suggest that a large flood event is triggered at Site 1 by a rainfall event of high
quantity and long duration throughout the catchment, or a concentrated shower with heavy
intensities at least in some major parts of the catchment. At least some major areas of the
catchment have to experience a cluster 3 event or most of the sites have to experience a cluster 4
event. This suggests the following thresholds, which may generate a large flood event (for more
detail on the rainfall clusters refer to Section 3.4.3):

• for concentrated events in a major area of the catchment:

P
tot

> 10 mm

I
30max

> 20 mm/h

• for long duration and high amount events throughout the catchment:

P
tot

> 50 mm
I

30max
> 10 mm/h

Runoff during the largest events on the erosion plots of the Jhikhu Khola catchment

Sites 6 and 16 showed very variable surface runoff behaviour during the largest flood events at the
outlet of the catchment (Figure 3.126). The runoff on these plots ranged from 4 to 100 m3/ha (= 0.4 to
10 mm) at Site 6; and from 1.5 to 40 m3/ha (=0.2 to 4 mm) at Site 16.

The variability is limited on the degraded plots, showing a range of 87 to 387 m3/ha at Site 4 and a
range of 40 to 256 m3/ha at Site 14. The median of the largest events at these sites was 224 and 250
m3/ha at Sites 4 and 14, respectively. These medians are ranked at positions 15 at Sites 4 and 9 at
Site 14. On the rainfed agricultural land the median of Site 6 is rank 36 and at Site 16 rank 53. This
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c) Site 14
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Figure 3.125:  RRRRRainfall parameters during the larainfall parameters during the larainfall parameters during the larainfall parameters during the larainfall parameters during the largest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchment
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shows that the largest events tend to coincide roughly with the largest runoff events on the
degraded plots, while in the case of the agricultural land, no relation or only a weak relation can be
observed. This was also discussed above in Section 3.4.4 and suggests that the rainfed agricultural
land does not decisively contribute to large flood events. Surface runoff on the degraded land, on the
other hand, seems to play a major role.

Sub-catchment runoff during largest events in the Jhikhu Khola catchment

During the largest events at the outlet of the catchment, high flow was generally recorded at the four
monitored sub-catchments as well. The ranks of the largest events at Site 1 at the sub-catchment
outlets are compiled in Table 3.98. Site 13 generally showed high flows at the time of a flood event at
Site 1 for the events 3, 4, 5, 7, and 11; in other words during these events there were high flows
observed both at sites 1 and 13. During events 8, 9, and 10 only medium flow was observed at this
site. Sites 2, 7, and 8 show similar behaviour, which is not surprising given their location. The events
5, 6, and 7, which mainly occurred in the upper catchment and on the south-facing slopes, did only
show marginal peaks at the sites in the Andheri Khola sub-catchment.

The variability of the parameters would be between 50 and 150% of the median for most of the
parameters, had there not been events 9 and 10 (Figure 3.127). These two events, both long duration
and heavy rainfall amount events, showed very different values for most of the parameters except
the peak event runoff and the peak discharge. The other cluster 4 rainfall event, event 2, is not
included in the figures below, as it was caused by a double peak event in the sub-catchments.

Figure 3.126:  RRRRRunoff during the larunoff during the larunoff during the larunoff during the larunoff during the largest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchmentgest events in the Jhikhu Khola catchment
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Table 3.98:  Rank of flood events in the sub-catchments during the time of the 
largest events at Site 1, Jhikhu Khola catchment 
 

Event number 
 

2 3 4 5 6 7 8 9 10 11 
Site 2 16 8 9 57 38 31 4 15 21 6 
Site 7 10 16 - 38 64 46 3 6 15 11 
Site 8 14 15 1 89 77 107 3 5 8 6 
Site 13 - 1 4 5 - 3 24 72 44 13 
 



195Chapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and Relevant Pelevant Pelevant Pelevant Pelevant Processesrocessesrocessesrocessesrocesses

Description of the largest events in the Yarsha Khola catchment

The largest events at Site 1 of the Yarsha Khola catchment were generally observed during the
monsoon season. The ten largest events have a peak discharge of about 25 m3/s or more (Figure
3.128) and a median value of 28.6 m3/s (Table 3.99). The largest event that was observed during the
study period had a peak discharge of 64.6 m3/s.
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Figure 3.127:  Sub-catchment runoff during the larSub-catchment runoff during the larSub-catchment runoff during the larSub-catchment runoff during the larSub-catchment runoff during the largest events at the outlet of the Jhikhu Kholagest events at the outlet of the Jhikhu Kholagest events at the outlet of the Jhikhu Kholagest events at the outlet of the Jhikhu Kholagest events at the outlet of the Jhikhu Khola
catchmentcatchmentcatchmentcatchmentcatchment
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The event duration ranged from about 3 to 15 hours, of which about 30 minutes to 11 hours was the
rising limb and 3 to 10 hours was the receding limb. The ratio between Q

E
 and Q

tot
 was rather stable

over the number of largest events ranging from 37 to 58%. This suggests that there is a considerable
baseflow component in each event. This assumption is supported with the values for Q

start
 and Q

end

of 3 to 6 m3/s and 7 to 12 m3/s, respectively. Expressed in mm, Q
B
, the event baseflow, shows values

from 2 to 10 mm, which is higher than the direct event runoff of 1.5 to 9 mm. Otherwise, no particular
pattern can be observed in the distribution of the hydrological parameters.

Antecedent precipitation conditions of the events in the Yarsha Khola catchment

The antecedent precipitation conditions of the largest events in the Yarsha Khola catchment are
very variable. At both sites, Site 5 (Figure 3.129a) and 9 (Figure 3.129b), the one-day rainfall prior to
the event expressed by the index API

1
 ranged from 20 to 160% of the median value. The API

14
, the

long term antecedent precipitation index, showed a range of 80 to 100% at the two sites. This
suggests that the antecedent moisture conditions are not decisive over the generation of a major
flow event.

Precipitation during the largest events in the Yarsha Khola catchment

The spatial event precipitation shown in Figure 3.130 likewise does not yield any obvious pattern
between the largest events in the catchment. Certain events show heavy rainfall in the upper part of
the catchment and only low rainfall in the southern and the lower part of the catchment, e.g. events
7 or 9.

Table 3.99: Hydrological event parameters for largest events at Site 1, Yarsha 
Khola catchment 
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Event 1 21/09/99 23:30 22/09/99 09:00 570 3.949 12.096 11.6 5.4 6.1 2.0 64.601 0.53 180 390 

Event 2 24/08/99 16:30 25/08/99 09:00 990 5.538 12.096 19.0 10.1 8.9 1.6 56.543 0.47 660 330 

Event 3 01/07/98 22:30 02/07/98 11:30 780 3.099 7.318 11.2 4.7 6.4 1.1 36.189 0.58 210 570 

Event 4 08/07/98 22:30 09/07/98 14:00 930 6.149 9.927 15.9 8.7 7.3 0.9 32.873 0.46 330 600 

Event 5 27/07/99 22:30 28/07/99 08:30 600 5.418 11.864 10.5 6.1 4.4 0.7 29.120 0.42 270 330 

Event 6 20/09/99 15:30 20/09/99 19:00 210 5.786 8.119 3.5 1.9 1.6 0.7 28.161 0.47 60 150 

Event 7 04/09/99 15:30 04/09/99 20:30 300 6.309 8.634 4.4 2.8 1.6 0.7 26.773 0.37 60 240 

Event 8 01/09/99 00:30 01/09/99 07:00 390 6.309 10.345 7.8 3.9 3.8 0.7 26.323 0.49 30 360 

Event 9 05/07/98 14:00 05/07/98 23:00 540 3.244 7.501 7.3 3.4 3.9 0.7 24.785 0.53 90 450 

Event 10 20/07/99 20:30 21/07/99 09:00 750 3.596 8.288 11.7 5.2 6.5 0.7 24.586 0.55 210 540 

Maximum  990 6.309 12.096 19.0 10.1 8.9 2.0 64.601 0.58 660 600 

Median  585 5.478 9.280 10.8 5.0 5.3 0.7 28.641 0.48 195 375 

Minimum  210 3.099 7.318 3.5 1.9 1.6 0.7 24.586 0.37 30 150 
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Figure 3.129:   Antecedent prAntecedent prAntecedent prAntecedent prAntecedent precipitation conditions of the larecipitation conditions of the larecipitation conditions of the larecipitation conditions of the larecipitation conditions of the largest eventsgest eventsgest eventsgest eventsgest events
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Other events show the opposite, with low rainfall in the upper part and heavy rainfall in the lower
part of the catchment, e.g., events 5 or 10. The largest events are observed when rainfall is medium
to high throughout the catchment, e.g., events 1, 2, 3, or 4.

Generally, the rainfall events causing major floods at the outlet of the catchment belong to the
rainfall clusters 3 or 4 (Table 3.100). At least one of the selected stations generally shows a high
intensity or a large volume event, with the exception of event 7. During this event, the rainfall was
particularly heavy and was concentrated on the upper north-facing slopes.

Event 2: 24-08-1999 Event 3: 01-07-1998 Event 4: 08-07-1998

Event 5: 27-07-1999 Event 6: 20-09-1999 Event 7: 04-09-1999

Event 8: 30/1-09-1999 Event 9: 05-07-1998 Event 10: 20-07-1999

Event 1: 21-09-1999
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Figure 3.130:  Spatial rainfall during the 10 larSpatial rainfall during the 10 larSpatial rainfall during the 10 larSpatial rainfall during the 10 larSpatial rainfall during the 10 largest events in the Ygest events in the Ygest events in the Ygest events in the Ygest events in the Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment



198 WWWWWater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Transport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kush-Himalayasush-Himalayasush-Himalayasush-Himalayasush-Himalayas

In terms of rainfall event parameters, no particular pattern can be observed for the largest events
(Figure 3.131). Low duration events often show the heaviest rainfall intensities. The only pattern that
can be shown is that either rainfall was high or intensity was high, which was already observed with
the clusters in Table 3.100. The thresholds for the two types of events are noted again below:

• for events throughout the catchment with high rainfall volumes:

P
tot

 >25 mm
I
30max

 > 10 mm/h

• for events concentrated in one particular major area of the catchment:

P
tot

 >20 mm
I
30max

 >20 mm/h

Runoff during the largest events on the erosion plots of the Yarsha Khola catchment

The runoff on the erosion plots varies considerably during the largest flood events at Site 1 and no
particular pattern can be observed (Figure 3.132). The runoff on plot 5 varied from 3 to 30 mm in the
10 events with a median of 20 mm. On the other grassland plot it varied from 6 to 28 mm with a
median of 10 mm. The agricultural plots varied from 1 to 28 mm, with a median of 5 at Site 6 and
from 4 to 27 mm and a median 3 mm at Site 9a.

Table 3.100: Rainfall clusters for the rainfall events triggering the largest flood 
events in the Yarsha Khola catchment 
 

Event number  
1 2 3 4 5 6 7 8 9 10 

Site 5 4 4 3 2 1 3 2 3 3 2 
Site 6 4 4 3 3 1 3 2 4 3 4 
Site 9 3 4 3 4 4 1 - 3 1 4 
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Figure 3.131:  RRRRRainfall parameters during the larainfall parameters during the larainfall parameters during the larainfall parameters during the larainfall parameters during the largest events in the Ygest events in the Ygest events in the Ygest events in the Ygest events in the Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment
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Lessons learned from the largest events in the two catchments

Large flood events in the two catchments only occur when either the entire catchment receives high
rainfall amounts over a long duration, or if a part of the catchment experiences a heavy shower. On
the basis of the rainfall clusters determined in Sections 3.4.3 for the Jhikhu Khola catchment and
3.4.6 for the Yarsha Khola catchment, the following thresholds can be derived for large floods in
these meso-scale catchments:

• for events throughout the catchment with high rainfall volumes:

P
tot

 >25 mm
I

30max
 > 10 mm/h

• for events concentrated to one particular major area of the catchment:

P
tot

 >10 mm
I

30max
 >20 mm/h

No particular pattern could be observed in terms of antecedent moisture conditions. In both
catchments there were large events with no particularly high rainfall prior to the event, as well as
events with high antecedent precipitation.

The largest events that were observed during the study period are probably still very low. Referring
to the design rainfall amounts and the PMPs derived in Section 3.1 with values of 300 to 500 mm, the
rainfall events that were observed were only representative for a lower segment of the potential
events. It is, however, important to note that already these rather small events do not show any
major reason to believe that land use and cover have made a big difference.

3.4.10 Summary of the event analyses and outlook

The event analyses were divided into the three sub-sets of rainfall, surface runoff from the erosion
plots, and hydrological event analyses. The analyses of each subset are concluded with a small
summary. The summary below therefore only mentions the main points.

• Rainfall events in both catchments can be clustered in four clusters: low, medium, high intensity,

and large events. The cluster centres and their limits are tabulated above.
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• Both surface runoff on the plots as well as from the sub-catchments is strongly correlated with

the rainfall volume and the maximum rainfall intensities. This is shown not only with correlation
matrices, but also in relation to the rainfall event clusters.

• The degraded plots in the Jhikhu Khola catchment as well as one of the grassland plots in the

Yarsha Khola catchment show the highest events occurring during cluster 3 events, suggesting
that infiltration excess overland flow may be the main surface runoff generating mechanism.

• The agricultural land in both catchments shows the highest runoff events during cluster 4 events,

which suggests that on these areas saturation excess overland flow may be the main runoff
generating mechanism.

• The degraded plots show good correlation with the high flow events at the sub-catchment and the

catchment outlets. This suggests that these areas play a major role in the generation of floods or
areas with similar flood generation mechanisms.

• On the catchment and sub-catchment scale the area of the catchment under grassland, degraded

land and other land uses has an enhancing effect on the floods, while the cultivated land and
irrigated land in particular tend to dampen the flood peaks as well as the average event
parameters. This would suggest that terracing by Himalayan farmers actually reduces the flood
peaks rather than, as often postulated (see Chapter 1) increases them.

• Amongst the topographic and morphometric parameters the drainage density and the Topoindex

show an increasing effect.

The analyses above support the use of different land-use characteristics in the development of a
Flood Generation Index as well as the use of the Topoindex (see Table 5.2, Chapter 5, p. 292, this
volume,  for a complete list of proposed indicators).

3.5 SEDIMENT MOBILISATION AND TRANSPORT

This section discusses sediment mobilisation and sediment transport as measured in the
catchments. Sediment mobilisation rates are derived from erosion plot and surface flow
collector measurements. Sediment transport rates are derived from suspended sediment
concentration measurements at the hydrological stations and the subsequent establishment
of a sediment rating curve.

3.5.1 Sediment issues in Nepal and the HKH

According to Galay et al. (2001), the Lesser Himalaya — including the high mountains, the middle
mountains, and the Siwaliks — is one of the highest sediment production zones in the world, as
shown by the example of the Karnali River in Western Nepal. This river has one of the highest
sediment yields per square kilometre in the world, attributed to uplift and weak geology. In general,
the high loads of Himalayan rivers are attributed to (WECS 1999):

• geologic factors (rapid uplift, generally weak strength of the rock, extensive mass wasting);

• hydrologic factors (exceptionally high rainfall over short periods, high seasonal rainfall in the

monsoon, and frequent debris torrents);

• topographic factors (rivers having very steep slopes as they pass through mountain ranges); and

• human interference (road construction, deforestation in the Siwaliks).

The rivers of the entire Ganges-Brahmaputra-Meghna basin yield about 1000 * 106 t/y of sediment at
a point about 200 km from the ocean in Bangladesh (Milliman and Syvitski 1992). A similar estimate
is given by WECS (1999), according to which about 1670 * 106 t/y of sediment comes out of the
Himalayan range into the Ganges and Brahmaputra system. Narayana and Babu (1983) report
sediment loads for the Ganges and the Brahmaputra of 586 * 106 t/y and 470 * 106 t/y, respectively.
Lauterburg (1993) estimated different sediment deliveries on the basis of published data (Figure
3.133) with the highest values in the Central Himalayas of the Garwhal-Kumaon and the Nepal
Himalaya.
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The two critical parameters for large sediment yield are both the rates at which sediment is
mobilised in the catchment as well as the efficiency of the river system to transport the sediment
downstream.

3.5.2 Sediment mobilisation

Sediment is mobilised from different sources as a result of different processes. In the context of
PARDYP, where soil fertility and loss of fertile topsoil were of particular interest, surface erosion was
monitored in detail using the method of erosion plots (see details on the method in Section 2.4).
Other forms of erosion such as streambank erosion and gullying have not been monitored in detail
to date. Landslides in the catchment occur mainly in relation to roads and are only rarely seen on
agricultural land. To date, no programme for monitoring and investigating landslides in the PARDYP
catchments has been initiated, although it is acknowledged that landslides may be a major source
of sediment during large storms. The impact of roads, the construction phase, in particular, is
discussed in more detail at the end of this section in a case study.

3.5.2.1 Sediment source areas and processes

In 2001, an area wide assessment of the vulnerability of the entire Jhikhu Khola catchment,
including the expected erosive processes, was carried out during the sediment source mapping
campaign (MRE 2002). In general, an empirical relationship between altitude, weathering, transport
rate, and deposition rate was observed (Figure 3.134).

Depth of weathering increases as altitude decreases, with particularly intense weathering on gentle
slopes that are east or south facing This suggests that climatic parameters important for weathering
(rainfall and temperature) tend to show a difference according to aspect (see also Sections 3.1 and
3.2). Residual soils are well developed in the middle and lower reaches of the catchment.
Additionally, residual soils can be observed on the ridges and spurs of the upper reaches. In these
areas bedrock is generally exposed on steep slopes with surrounding colluvial soils. Weathering on
the valley floor is subdued due to frequent flooding and material deposition.

The rate of material transport is directly related to slope, precipitation, and morphology. It is the
lowest on the flat valley floor and peaks on the highest and steepest slopes. While in the upper

Very high (>80t/ha/y)

Very low (<10t/ha/y)

Low (~15t/ha/y)

Moderate (~35t/ha/y)

High (~65t/ha/y)

0 400200

km

N

In
d
u
s

Jhelum

Chenab

Ravi

Sutlej

Y
a
m

u
n
a G

a
n
g
e
s Ghagar

G
a
n
d
a
k

K
os

i

Brahmaputra

11

1

7
4

3

6

2

8

10

9

12

15 16

20

14

13

5

19 18 22 3332

23

27
28

29
30

24

25
21 26

1 Kabul
2 Kurram
3 Soan, Kishanganga, Kunhar
4 Kunar
5 Jhelum, Chenab
6 Ravi
7 Gilgit, Shyok, Indus
8 Seti river
9 Upper Karnali
10 Lower Karnali, Bheri
11 Sethi Khola
12 Marsyangdi
13 Upper Trisuli
14 Upper Bagmati
15 Sun Kosi, Dudh Kosi
16 Arun
17 Tamur

18 Manas
19 Champamati
20 Tipkai
21 Puthimari
22 Subansiri
23 Jia Bharali
24 Ranganadi
25 Barnadi, Noanadi, Dhansiri
26 Borgong
27 Kulsi, Deosila, Dudhhoi, Jinari, Krishnai
28 Kopili
29 Dhansiri
30 Besang, Dikhow, Jhanji, Bhogdoi
31 Buridihing
32 Dibang
33 Lohit
34 Dihang

31

34

Figure 3.133:  Suspended sediment delivery for some Himalayan rivers Suspended sediment delivery for some Himalayan rivers Suspended sediment delivery for some Himalayan rivers Suspended sediment delivery for some Himalayan rivers Suspended sediment delivery for some Himalayan rivers (Lauterburg 1993)



202 WWWWWater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Transport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kush-Himalayasush-Himalayasush-Himalayasush-Himalayasush-Himalayas

reaches debris flows contribute to the mobilised material, the steep soil slopes of the middle and
lower reaches are the preferred areas for gully erosion and the formation of badlands.

The rate of sediment deposition again is based on slope, morphology, and the amount of transported
material. Generally, sediment depositions increase from the upper reaches to the valley floor, where
most of the sediment is deposited in the form of alluvial fans and river terraces. The rate of sediment
deposition shows the opposite behaviour from the rate of material transport rate.

The observed processes include rockfall (f; in Figure 3.135), topple (t), debris flow (w), landslides (s),
undercutting by streams (u), and surface erosion including gullying (e). The study showed that the
Jhikhu Khola is mainly vulnerable to surface and gully erosion and the formation of badlands. About
92% of the catchment’s area was identified to be prone to surface erosion and gullying. The most
vulnerable areas for soil erosion are the middle and lower reaches of the catchment, while the upper
areas are most vulnerable to mass movements. About 52% of the area is considered to be
susceptible to landslides. Debris flows are considered to potentially affect 18%, rock falls 10%,
undercutting of streams 9% and toppling 2% of the catchment area. In general, MRE (2002) conclude
that the Jhikhu Khola catchment in comparison with other catchments is one of the least vulnerable
catchments in the middle mountains of Nepal. Therefore only little soil loss and small amounts of
sediment have to be expected from this catchment.

In the Yarsha Khola catchment Tschanz (2002) mapped only the south-facing slope of the catchment
(Figure 3.136). Interestingly, in this catchment the mass movements are mainly expected in the
lower areas of the catchment and mainly along the stream network. The middle part seems to be
very stable or subject to accumulation of debris and sediment from areas above. The main
processes in the upper reaches of the catchment are surface erosion, including gullying, and rill and
sheet erosion, as well as erosive processes on rainfed agricultural land. In terms of sediment
sources the areas along the stream network seem to be most important, along the Padu Khola,
Kahare Khola, and along reaches of the main river in particular. On the basis of Tschanz’s
observation, surface erosion on rainfed agricultural land is high as the farmers have to compromise
a certain topsoil loss with slope stability. Surface erosion is minimised on irrigated land, but slope
stability may in certain cases be of major concern due to high water pressure in the soil column.
This also often leads to slumping of irrigated terraces in the area, as was reported in Tschanz et al.
(1999).

The different processes are discussed in Carson (1985) in terms of adverse impacts on farmers’
livelihoods. In this context, the uncatastrophic and annual loss of topsoil is rated highest in terms of
damage to local farmers, followed by different forms of mass wasting. Rockfalls, mostly occurring in
uncultivated and very steep, rocky areas, affect the farmers’ livelihoods least.

Figure 3.134:  Empirical rEmpirical rEmpirical rEmpirical rEmpirical relationship between altitude, weathering, transport rate and deposition rateelationship between altitude, weathering, transport rate and deposition rateelationship between altitude, weathering, transport rate and deposition rateelationship between altitude, weathering, transport rate and deposition rateelationship between altitude, weathering, transport rate and deposition rate
observed in the Jhikhu Khola catchment (frobserved in the Jhikhu Khola catchment (frobserved in the Jhikhu Khola catchment (frobserved in the Jhikhu Khola catchment (frobserved in the Jhikhu Khola catchment (from MRE 2002)om MRE 2002)om MRE 2002)om MRE 2002)om MRE 2002)
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Figure 3.135:  Er Er Er Er Erosive prosive prosive prosive prosive processes in the Jhikhu Khola catchment. Legend: f = rocesses in the Jhikhu Khola catchment. Legend: f = rocesses in the Jhikhu Khola catchment. Legend: f = rocesses in the Jhikhu Khola catchment. Legend: f = rocesses in the Jhikhu Khola catchment. Legend: f = rock fall,ock fall,ock fall,ock fall,ock fall,
t = topple, w = debris flowt = topple, w = debris flowt = topple, w = debris flowt = topple, w = debris flowt = topple, w = debris flow, s = landslides, u = under, s = landslides, u = under, s = landslides, u = under, s = landslides, u = under, s = landslides, u = undercutting by strcutting by strcutting by strcutting by strcutting by streams (u), s = sureams (u), s = sureams (u), s = sureams (u), s = sureams (u), s = surfacefacefacefaceface
erererererosion including gullying osion including gullying osion including gullying osion including gullying osion including gullying (data source: MRE 2002)
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Figure 3.136:   Geomorphological prGeomorphological prGeomorphological prGeomorphological prGeomorphological processes on the south-facing slope of the Yocesses on the south-facing slope of the Yocesses on the south-facing slope of the Yocesses on the south-facing slope of the Yocesses on the south-facing slope of the Yarsha Kholaarsha Kholaarsha Kholaarsha Kholaarsha Khola
catchment catchment catchment catchment catchment (modified from Tschanz 2002)



204 WWWWWater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Transport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kush-Himalayasush-Himalayasush-Himalayasush-Himalayasush-Himalayas

Table 3.101:  Priorities of the occurrence of erosive processes and their 
importance as sediment sources in the Jhikhu and Yarsha Khola catchments 
(rating 1 to 5) 
 

 Occurrence of processes 
 JKW YKW 

Importance as 
sediment source 

Impact on local 
farmers’ livelihoods 

Surface erosion 1st 1st 1 1 
Landslides 2nd 2nd 4 2 
Debris flows 3rd Not assessed 3 2 
Streambank erosion 5th 4th 1 4 
Rockfalls 4th 3rd 5 5 

 

In terms of sediment output, Gerrard (2002) identified landsliding and debris flows as the most
important sediment source in the Likhu Khola catchment, a steep catchment to the north of
Kathmandu. Debris flows are rated higher in terms of sediment outputs due to their high water
content, high viscousity, and their often high likelihood of reaching the stream. This is also the
reason why stream bank erosion was ranked high in terms of sediment source, as by definition this
erosive process has a high connectivity to the drainage system. On the basis of personal
observations in the Jhikhu Khola and Yarsha Khola catchments (Table 3.101), landslides are not as
important as in the Lhikhu Khola mainly due to the lower slopes in these catchments. Surface and
streambank erosion seem to be the most important sediment sources, as also suspected by Carver
(1997). Rockfalls were rated lowest as their debris usually does not leave the catchment, but
produces debris scree slopes. The importance of surface erosion (including gully erosion) in large
parts of the Jhikhu Khola catchment is also supported by a study by Saijo (1991).

Note that the occurrence of processes was identified in the field. The importance as well as the
impact were assessed on the basis of literature and general process understanding. For future work
this assessment should be verified with field data.

3.5.2.2 Sediment mobilisation rates by surface erosion

Note:  Note:  Note:  Note:  Note:  As in this section land use and slopes of the erosion plots are very important, in all
graphs and in all tables the plot names are always accompanied with the respective land
use and slopes in short form:- d/x degraded, x degrees - r/x rainfed, x
degrees

From a literature review on erosion plot and small catchment studies, it is apparent that the soil
losses vary tremendously depending on numerous factors such as land cover, land management,
topographic setting, and climate (see the summary of this section and Appendix A1.1). In general,
however, it can be said that the more vegetation cover, the flatter the slope, and the fewer the land
management practices, the lower the soil erosion rates will be. If land is cultivated, level terraces
prove to be less likely to contribute to soil erosion than sloping terraces. This, however, again
depends on the quality of the land management. Poorly managed terraces provide a basis for
increased soil erosion rates.

Surface erosion losses in the Jhikhu Khola catchment

Acknowledging the differences between the plots, including land use, slopes, management, and
soils, the sediment yield between them was compared briefly. This was carried out mainly to
understand the order of magnitude of soil erosion in the catchment. Five plots within the Jhikhu
Khola erosion plot network were selected for further analysis. This includes two plots on degraded
land (Plots 4a and 14a) and three plots on rainfed agricultural land (Plots 6a, 16a, and 17a) (Table
3.102). At this point it is important to note that the plots on rainfed agricultural land extend over at
least two terraces in order to incorporate at least one terrace riser. This excludes the ‘terrace riser
problem’ (Critchley and Bruijnzeel 1995), i.e., the assumption that terraced land is a priori beneficial
to sediment conservation although the terrace risers may contribute substantially to sediment
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losses by integrating a whole system, including the field and the corresponding terrace risers. The
annual distribution of soil loss shows that degraded plots on average yield more sediment than
rainfed agricultural land. In 1998, Plot 14a yielded on average the highest sediment yield, at 17 t/ha.
The same plot showed the maximum annual soil loss of 34.3 t/ha.

Comparing the plots with the same land use, Plot 14a yields considerably more sediment on average
than Plot 4a, which has very similar rainfall conditions. The variability is very high on these plots,
which show a range of 6 to 23 t/ha at Site 4, and 6 to 35 t/ha at Site 14. The plots on rainfed terraces
vary in the order of one magnitude, where Plot 6a shows ten times more soil loss than the other two
plots on the same land use. The cause for this difference is presumably the difference in slope, with
20.4 degrees on Plot 6a and 6 to 10 degrees on Plots 16a and 17a. There is also great variation within
the plots on rainfed agricultural land. While Plot 6a varies from 2 to 20 t/ha, at Sites 16 and 17 the
soil loss ranges from 0 to 4 t/ha with very similar rainfall. Plot 6a produces nearly as much sediment
as plot 4a on degraded land, which again is presumably the direct impact of the high slope of this
plot. Plots 4a and 14a only have slopes of 11.5 and 14.0 degrees, respectively. This has a practical
relevance as the rainfed agricultural land is mainly located in the upper parts of the catchments with
higher slopes, while the degraded areas are mainly located on the foot slopes of the catchment. Due
to this reason there is no major difference expected between the sub-catchments of the foot slopes
(e.g., Kubinde Khola sub-catchment) and the upland sub-catchment (e.g., Kukhuri Khola or Upper
Andheri Khola) in terms of sediment loads.

Seasonally, soil loss occurs mainly in the two wet seasons of the pre-monsoon and the monsoon
itself (Figure 3.137a). On average, the highest soil losses occurred in the pre-monsoon season, with
the exception of Plot 4, where the monsoon season accounted for more soil loss. In terms of
maximum soil losses (Figure 3.137b), losses in the pre-monsoon and monsoon seasons are similar in
the case of the degraded plots. On the rainfed agricultural land, maximum pre-monsoon soil losses
are still higher by about 40% than the monsoon soil losses.

All the plots show their highest soil losses in the late pre-monsoon – early monsoon in the period
1998 to 2000, i.e., the months of May and June (Figure 3.138a). The two plots on agricultural land
produce almost more than 50% of their annual soil loss during the month of May. The plots on
degraded land produce about 30% during this month and erosion activities extend up to July. This
distinct difference between the plots on degraded land and the ones on rainfed agricultural terraces
in terms of the soil loss regime is also shown by the month with peak erosion in this period (Figure
3.138b). While the plots on agricultural land have a distinct erosion peak in May and then June, the
plots on degraded land have their peaks either in May, June, or July. Gardner et al. (2000) likewise
identified the pre-monsoon to be the most susceptible season for soil loss due to bare and recently
prepared land.

Table 3.102:  Annual soil loss [t/ha] (in brackets the annual rainfall in mm at 
the plot) 
 

Year 
Plot 4a 

(d/11.5) 
Plot 6a 

(r/20.4) 
Plot 14a 
(d/14.0) 

Plot 16a 
(r/6.7) 

Plot 17a 
(r/9.2) 

1993  37.2* (1045)  0.1* (949)  

1994  7.0 (1136)  3.2 (1173)  

1995  1.9 (1176)  0.6 (1157)  

1996  18.7 (1291)  3.4 (1287)  

1997 27.6* (1084) 8.4 (1294) 39.2* (1195) 1.1 (1313) 1.2* (1313) 

1998 7.4 (1111) 20.1 (1288) 34.3 (1292) 1.4 (1217) 3.2 (1217) 

1999 5.9 (1442) 2.8 (1546) 6.4 (1481) 0.1 (1464) 0.6 (1464) 

2000 22.8 (1069 13.9 (1213) 10.2 (1188) 0.0 (1296) 0.4 (1296) 

Average** 12.0 (1207) 10.4 (1278) 17.0 (1320) 1.4 (1272) 1.4 (1326) 

Average 98-00 12.0 (1207) 11.8 (1349) 17.0 (1320) 0.7 (1326) 1.4 (1326) 
d = degraded r = rainfed agricultural land 
*  This figure should not be used for calculations as this represents the data of the first year of the plot where the soil was disturbed during set 

up.  
**  This average is calculated excluding the first year's soil loss. 
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In the case of the agricultural plots, maximum soil erosion in May reached 95% of the annual total in
Plot 6a in 1998, and 100% in plot 16a in 2000. However, this 100% in 2000 is not as explicit as the 95%
during 1998 as only 0.04 t/ha soil loss was measured in 2000 and all of it occurred in May. These
findings are best explained by the annual dynamics of vegetation cover in relation to rainfall, as for
example is shown in Figure 1.5 in Chapter 1. However, the reasons for the behaviour of degraded
lands without any vegetation, as for example in Plot 14a, are not yet well documented, but are
assumed to be directly related to rainfall parameters (see Section 3.4 or event analyses below).

As Nakarmi et al. (2000) reported on the basis of the 1998 data from the Jhikhu Khola catchment, 10
events were responsible for 90% of the annual soil loss from agricultural plots. Degraded lands
needed more events to reach the same level. However, these authors indicate that 60 to 70% of the
total soil loss occurs in only 2 to 3 events. Gardner et al. (2000) note that 75% of the soil loss is
generated by 6 or fewer storms, usually early monsoon storms.

These findings can be supported by results calaculated on the basis of data from 1998 to 2000. In
1998 (Figure 3.139a), 75% of the soil loss was generated by 2 to 3 events on Plot 6a. On Plot 16a, 4 to
5 events contributed about 75% of the annual soil loss. About the same number of events was
responsible for 75% of the annual soil loss on Plot 4a, while on Plot 14a about 6 events were
required. In 1999, 2 events generated more than 75% of the annual soil loss on Plot 6a and 8 events
were required for 75% annual soil loss on Plot 16a (Figure 3.139b). In the same year, 4 events
generated 74% of annual soil loss on Plot 14 and the same percentage was produced by 10 events on
Plot 4. In 2000 (Figure 3.139c), the degraded plots behaved very differently from plots on agricultural
land, with 2 events on agricultural land, and 5 and 9 events on the degraded plots. On average
(Figure 3.139d), on agricultural land about 3 events were responsible for more than 75% of the total
annual soil loss. The same percentage is reached by 5 to 7 events on degraded land.
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Figure 3.138:  Monthly soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss in theMonthly soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss in theMonthly soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss in theMonthly soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss in theMonthly soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss in the
period 1998 to 2000period 1998 to 2000period 1998 to 2000period 1998 to 2000period 1998 to 2000
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Figure 3.137:  Seasonal soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss inSeasonal soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss inSeasonal soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss inSeasonal soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss inSeasonal soil loss Jhikhu Khola; a) average soil loss, and b) maximum soil loss in
the period 1998 to 2000the period 1998 to 2000the period 1998 to 2000the period 1998 to 2000the period 1998 to 2000
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Comparing the number of events generating about 75% of the annual runoff with the total number of
events per year, it can be said that about 10% of the annual events cause about 75% of the annual
total soil loss on all plots.

The overview of the sediment mobilisation rates by surface erosion in the Jhikhu Khola catchment
can be summarised as follows.

• Degraded plots show greater soil loss (6 to 35 t/ha) than agricultural land (0 to 20 t/ha).

• With increasing slope, agricultural plots show similar soil loss to degraded land

• Soil loss on the agricultural slopes mainly occurs in the pre-monsoon season and in particular

during May and June.

• Soil loss on the degraded plots is well distributed throughout the early wet season with peaks in

May, June, and July.

• About 3 events (about 10% of the events) cause more than 75% of the annual soil loss on the

agricultural land.

• Five to seven events (about ten per cent) cause more than seventy-five per cent of the annual soil

loss on the degraded land.

Surface erosion losses in the Yarsha Khola catchment

In the Yarsha Khola catchment, four erosion plots were monitored from 1997 to 2000. Two plots, Sites
5a and 9b, were established on grazing land and two plots, Plots 6a and 9a, on rainfed agricultural
terraces (for more detail refer to Section 2.4). In general, there is a large variation in terms of
elevation and rainfall between the plots (Table 3.103). In this context, the comparison between Plots
9a and 9b is particularly interesting, as these plots are located about 20 m apart from each other and
the rainfall is measured at the same site. The general overview of the data in Table 3.103 shows that
the grazing land consistently yields lower soil losses than rainfed agricultural land. This is also true
for the plot with the highest rainfall at Site 5a. Although it has nearly double the rainfall than Plot 9a,
Site 5a only shows a fraction of the soil loss. The same is also true when comparing the Plots 9a and
9b. With the same rainfall, the grazing land Plot 9b shows about 10 times less soil loss in the order of
magnitude.
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Figure 3.139:  Average cumulative soil loss of four plots in the Jhikhu Khola catchment, 1998, 1999,Average cumulative soil loss of four plots in the Jhikhu Khola catchment, 1998, 1999,Average cumulative soil loss of four plots in the Jhikhu Khola catchment, 1998, 1999,Average cumulative soil loss of four plots in the Jhikhu Khola catchment, 1998, 1999,Average cumulative soil loss of four plots in the Jhikhu Khola catchment, 1998, 1999,
and 2000; and average for 1998-2000and 2000; and average for 1998-2000and 2000; and average for 1998-2000and 2000; and average for 1998-2000and 2000; and average for 1998-2000
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In terms of seasonal variation of soil loss there is a no distinct pattern visible between different plots
with the same land use. The mean seasonal soil loss shown in Figure 3.140a peaks either in the
monsoon season or in the pre-monsoon season with 35 to 55% of the annual soil erosion in the pre-
monsoon season and 45 to 65% during the monsoon season. The maximum seasonal soil loss
(Figure 3.140b) is generally observed in the monsoon season with the exception of Plot 9a, where the
maximum was observed in the pre-monsoon season. The maximum soil loss in any season can
reach 90%, ranging from 60 to 90% in the monsoon season and 45 to 75% in the pre-monsoon season.

The highest average monthly soil losses during the study period were observed either in the pre-
monsoon month of May or the monsoon season month of July, with a big drop in June (Figure
3.141a). This pattern, however, should be considered with caution as only three years of data were
observed, and this rather peculiar pattern first has to be validated with more data. The maximum
monthly soil loss shows the same pattern with the maximum either in May or in July, with the very
low values in June. On average, 20 to 40% of the annual soil loss occurred during May and about the
same percentage in July. The maxima observed in May reached about 75%, with the lowest maxima
observed at Plot 9b with about 30%. The highest maximum observed in the month of July was more
than 80% at Plot 5a. It has to be remembered that the overall soil loss on this plot was minimal.

In the Yarsha Khola catchment, 5 to 11 events are, on average, responsible for about 75% of the
annual soil loss depending on the plot (Figure 3.142). Plot 5a, with very low soil losses, observes
about 75% of its annual soil loss during an average of 5 events. In 1999, only 1 event caused about
80% of the annual soil loss. In 2000, the same percentage was reached by 9 events. At 9b, the other
grazing land plot, 11 events were needed on average, with 15 events in 1999, to produce 75% of the
annual soil loss. On the agricultural land about 8 events at both plots produced this percentage of
the annual soil loss, ranging from 5 events in 2000 at Plot 6a, to 12 events in 2000 on the same plot.

On average, 128 events were observed annually at the erosion plot 5a. This suggests that about 5%
of the annual events in the erosion plots generate 75% of the annual soil loss. On the agricultural
plots, about 7 to 8% of the annual events were responsible for the same percentage, while at Plot 9b
about 12% of the annual events caused this soil loss.

Table 3.103:  Annual soil loss [t/ha] (in brackets the annual rainfall in mm 
at the plot) 
 

 Plot 5a 
(g/19.1) 

Plot 6a 
(r/17.0) 

Plot 9a 
(r/17.5) 

Plot 9b 
(g/17.5) 

1998 0.2 (2940.0) 13.9 (2496.0) 11.3 (1691.9) 1.4 (1691.9) 

1999 0.4 (2863.6) 0.7 (2315.7) 26.3 (1693.4) 0.7 (1693.4) 

2000 0.1 (2855.0) 5.7 (2392.8) 18.6 (1738.4) 0.6 (1738.4) 

Average 0.3 (2886.2) 6.8 (2401.5) 18.7 (1707.9) 0.9 (1707.9) 
g = grazing r = rainfed agriculture 
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Figure 3.140:  Seasonal soil loss YSeasonal soil loss YSeasonal soil loss YSeasonal soil loss YSeasonal soil loss Yarsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in the
period frperiod frperiod frperiod frperiod from 1998 to 2000om 1998 to 2000om 1998 to 2000om 1998 to 2000om 1998 to 2000



209Chapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and Relevant Pelevant Pelevant Pelevant Pelevant Processesrocessesrocessesrocessesrocesses

An overview of the soil losses in the Yarsha Khola catchment can be summarised as follows.

• The soil loss on agricultural land is in the order of magnitude higher (5 to 26 t/ha) than on the

grazing land (0 to 2 t/ha).

• The soil losses occur both in the pre-monsoon and the monsoon season, mainly in the months of

May and July.

• There is no seasonal difference observed between the plots on grazing and agricultural land.

• Five to 11 events generate, on average, about 75% of the annual soil loss, which corresponds to

about 5 to 10% of the total number of events observed on the plots per year.

Event soil loss on erosion plots of the Jhikhu Khola catchment

Carver (1997) identified rainfall events of 3 mm in the Jhikhu Khola catchment as the lower
threshold for soil erosion on the basis of the erosion plot data from 1993 to 1995. This was confirmed
by the longer time series from 1993 to 2000. However, a difference has been observed between the
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Figure 3.141:  Monthly soil loss YMonthly soil loss YMonthly soil loss YMonthly soil loss YMonthly soil loss Yarsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in thearsha Khola; a) average soil loss, and b) maximum soil loss in the
period 1998 to 2000period 1998 to 2000period 1998 to 2000period 1998 to 2000period 1998 to 2000
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Figure 3.142:  Average cumulative soil loss of four plots in the YAverage cumulative soil loss of four plots in the YAverage cumulative soil loss of four plots in the YAverage cumulative soil loss of four plots in the YAverage cumulative soil loss of four plots in the Yarsha Khola catchment, 1998, 1999,arsha Khola catchment, 1998, 1999,arsha Khola catchment, 1998, 1999,arsha Khola catchment, 1998, 1999,arsha Khola catchment, 1998, 1999,
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degraded plots and the rainfed agricultural plots. While on the degraded plots, soil mobilisation is
initiated at events of about 3 mm, on the rainfed agricultural land events of minimum 5 mm rainfall
are required to initiate soil loss.

Figure 3.143a shows the median values and the range for all events during the study period from
1993 to 2000 at Plots 6a and 16a, and for 1998 to 2000 at Plots 4a and 14a. In order to ensure that the
observations are not affected by the different study period, Figure 3.144a shows the results of all
plots only for the period 1998 to 2000. The highest soil loss events were observed at Site 14 with a
median value of 0.11 t/ha and a 75% quartile of 0.65 t/ha. At Site 4a, the other degraded plot, the
observed median value was also 0.08 t/ha with a 75% quartile of 0.42 t/ha. On the rainfed agricultural
plots, the median event soil loss was 0.05 t/ha at Site 6a and 0.03 t/ha at Site 16a. The range on these
plots was much lower, with a 75% quartile of 0.17 t/ha at plot 6a and 0.09 t/ha at Site 16, respectively.

These medians as well as the 75% quartiles only differ slightly between the different periods. The
median tends to be the same as the 75% quartile is slightly reduced in the shorter period (Figure
3.144a), indicating that a number of larger storms were observed between 1993 and 1997. The
comparison of the pre-monsoon and monsoon events at the different sites as presented in Figure
3.143b and Figure 3.144b shows that the highest range of event soil loss is observed at Site 14a,
followed by Site 6a during the pre-monsoon season. These events also show the highest median
values of about 0.2 t/ha. Looking only at the period 1998 to 2000, the highest soil loss was observed
at Site 6a with about 0.85 t/ha soil loss in one event. The monsoon events on the agricultural plots
tend to show lower soil loss per event than during the pre-monsoon season. Site 4a shows the same
result for both study periods. At Site 14a this could also be observed for the period 1998 to 2000, but
during the entire study period at this plot, which was established in 1997, pre-monsoon soil loss was
higher than during the monsoon season.
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Figure 3.143:  Event soil loss for a) all events, b) all prEvent soil loss for a) all events, b) all prEvent soil loss for a) all events, b) all prEvent soil loss for a) all events, b) all prEvent soil loss for a) all events, b) all pre-monsoon and monsoon events of the entire-monsoon and monsoon events of the entire-monsoon and monsoon events of the entire-monsoon and monsoon events of the entire-monsoon and monsoon events of the entireeeee
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Figure 3.144:  Event soil loss for a) all events of the period 1998 to 2000, b) prEvent soil loss for a) all events of the period 1998 to 2000, b) prEvent soil loss for a) all events of the period 1998 to 2000, b) prEvent soil loss for a) all events of the period 1998 to 2000, b) prEvent soil loss for a) all events of the period 1998 to 2000, b) pre-monsoon ande-monsoon ande-monsoon ande-monsoon ande-monsoon and
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The largest ten events observed at each site out of all events (Figure 3.145a) and during the period
from 1998 to 2000 (Figure 3.145b) shows that event soil loss at the rainfed agricultural Site 6a is
comparable to the soil loss at the degraded Sites 4 and 14a. For both periods, the 10 largest events at
this site showed the biggest range, from about 3.5 to 7.5 t/ha, and a median of about 5 t/ha for all
events; and from 1 to 5.5 t/ha and a median of 2 t/ha for the period 1998 to 2000. At Site 14a, event
soil loss of the 10 largest events ranged from 3 to 6 t/ha (2 to 3.5 t/ha; 1998 to 2000) and a median of 4
t/ha (2.5 t/ha). The largest 10 events at Site 4a showed between 1 and 2 t/ha soil loss, while at Site
16a the soil loss was below 1 t/ha.

On the basis of the joint analyses of rainfall parameters with erosion plot parameters, it can be
shown that soil losses are directly and significantly correlated with rainfall intensity parameters and
runoff (Table 3.104; see also Section 3.4). The highest correlations are however achieved by the
intensity parameters. I

10max
 shows slightly higher correlations than I

30max
. This is different from the

runoff on the plots, which is more highly correlated with I
30max

 and even I
60max

, which shows here the
lowest correlation with soil loss. Due to this reason, it is suggested that using I

30max
 for all analyses

would be sufficient and the additional benefit in terms of increased understanding of measuring at
the 10-minute interval is not significant. This is important to note for other projects. For PARDYP
however, the 10 minute data are readily available.

The correlations between the soil losses from the agricultural plot at Site 6 and the rainfall intensity
parameters are low, suggesting that other processes are more important. Runoff shows a high
correlation at all plots except at Site 14, generally with a higher correlation on the agricultural plots.
None of the other parameters shows high correlations, although the shape of the hyetograph shows
mostly significant correlations. The antecedent precipitation does not show any correlations, or only
very weak ones in the case of Site 4.

The event soil loss data from the four erosion plots were classified according to the precipitation
clusters established in Section 3.4 (Figure 3.146; note different scales for degraded plots and
agricultural plots). Firstly, it is clear that events belonging to cluster 3 (i.e., high intensity rainfall
events) are the main producers of mobilised sediment on all plots. The difference between the
degraded plots and the agricultural land, however, is once more evident. Median event soil losses on
degraded land were 0.5 to 1 t/ha, with 75% quartiles reaching up to 2.5 t/ha on Plot 14. Plot 4
produces up to 1 t/ha according to the 75% quartile. On agricultural land, these values are more than
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Table 3.104: Correlation coefficients of significant correlations between event 
soil loss and selected parameters 
 
 RO Ptot tP α Iave I10max I30max I60max P25 P50 P75 API1 API7 API10API14 API30 AP2 AP3 AP4 

Site 4 0.57 0.41 0.54 0.49 0.66 0.65 0.59 0.170.24 0.42 0.23 0.22 0.16 0.16

Site 6 0.63 -0.15 0.51 0.31 0.36 0.33 0.28 0.15 0.21 -0.18

Site 14 0.45 0.33 0.32 0.51 0.63 0.56 0.49 0.23 0.31 -0.15 -0.21 -0.25 -0.37

Site 16 0.69 0.29 -0.22 0.64 0.48 0.61 0.58 0.56 0.210.20 0.30 0.19

 



212 WWWWWater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Transport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kush-Himalayasush-Himalayasush-Himalayasush-Himalayasush-Himalayas

a magnitude less with medians of 0.05 t/ha on plot 6 and 0.02 t/ha on plot 16. For clusters 1, 2, and 4,
the sediment mobilisation on plots 4, 6, and 14 is very similar, with medians of 0.02 t/ha and a range
of 0 to 0.05 t/ha.

Annually, about 9 events, 2 during the pre-monsoon season and 7 during the monsoon season,
belonging to cluster 3 can be expected according to Table 3.42 in Section 3.4.

Event soil loss on erosion plots of the Yarsha Khola catchment

In the Yarsha Khola catchment, plots on grassland and agricultural land were compared. In general,
the grassland shows lower event soil loss than the agricultural land, as shown with the median
values and the range between the 25 and the 75% quartile in Figure 3.147a. Although the difference
between the medians appears to be minimal, with a median on the grassland plots of 0.01 t/ha and a
median of 0.02 t/ha on the agricultural plots, the difference between the event soil loss on the plots
is assured by a comparison of the values by means of the rank-sum test according to Helsel et al.
(1993). The null hypothesis that the median of the four plots at Sites 5, 6, and 9 are the same has to
be rejected at a 5% significance level.

There is a notable difference between the plots in terms of number of events that generated soil
loss. During the study period from 1998 to 2000, only 11 events which generated soil loss were
observed at Site 5, although this site has the highest rainfall regime at 2300 masl. A marked
difference was observed between the two adjacent plots, 9a and 9b. While on Plot 9a a total 115
events with soil loss were observed between 1998 and 2000, on the grassland Plot 9b only 62 soil
loss events were recorded for the same time period. At Site 6, 56 events were recorded for the study
period.

In terms of seasonal difference, a variable picture is apparent (Figure 3.147b). On Plot 6, slightly
higher soil losses were observed during the monsoon season, while on Plot 9a the opposite can be
seen, with higher soil losses during the pre-monsoon season. On the grassland no particular
seasonal difference was observed.
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The ten largest soil loss events on each plot again differ considerably (Figure 3.148). The highest soil
losses were observed at Plot 9a, with soil losses of 1.5 to 3 t/ha during the largest events. At Site 6
the soil losses were between 0.2 and 0.5 t/ha. The two grassland plots showed a 75% quartile of 0.03
t/ha at Site 5 and 0.11 t/ha at Site 9b, respectively.

The event soil loss shows considerably different correlations with the varying rainfall and runoff
parameters at the different sites (Table 3.105). While at Site 9a and Site 9b event soil loss shows a
high correlation with both runoff as well as with rainfall intensity, this observation cannot be made
at Site 5 at all, and only to a lesser extent at Site 6. The highest correlations at Site 9 are observed
for I

30max
 and I

60max
, followed by event runoff RO and total event rainfall P

tot
. It is interesting to note

that I
10max

 shows a lower correlation with the soil loss than the other maximum intensity parameters.
Antecedent precipitation conditions show generally only weak correlations with an acceptable
correlation coefficient for API

1
. The difference between the correlation coefficients on the grassland

and the agricultural land at Site 9 are negligible, although the correlations on the grassland plot
tend to be lower.
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The reason for the low correlation between the rainfall and runoff parameters at Site 5 is the large
difference in number of events that caused runoff and that caused soil loss. Only 11 soil loss events
were observed in the period between 1998 and 2000, while a total of 229 runoff events were recorded
in the same period. It seems that on this grassland of the plot no soil can be mobilised whatever
runoff and whatever rainfall may occur.

A comparison of the runoff during events of different rainfall clusters shows that generally the
cluster 4 events tend to produce the highest soil loss. It should be noted that cluster 4 events in the
Jhikhu Khola and the Yarsha Khola are slightly different in terms of rainfall intensity (Figure 3.149).
While in the Jhikhu Khola catchment cluster 4 events show high rainfall volume and medium
rainfall intensity, in the Yarsha Khola catchment cluster 4 events are characterised both by high
rainfall volume as well as high rainfall intensity. The rainfall intensities between clusters 2 and 3 are
very similar with the slightly higher values for cluster 3. This explains the high values for cluster 2 at
Site 6.

3.5.2.3 Summary of sediment mobilisation

The most important erosive process in the PARDYP Nepal catchment is surface erosion. This is both
in terms of occurrence as well as in terms of importance as a sediment source. Comparing the
erosion plot results of the PARDYP Nepal sites with results compiled from the other PARDYP
catchments and from the literature shows that these values are well within the large variability of
soil loss observed in many other studies (Table 3.106). According to these results, the lowest soil
losses are generally observed in natural forests and well-managed pasture. Irrigated land follows,

Table 3.105:  Correlation coefficients between soil loss and selected parameters 
 

 RO Ptot tP α Iave I10max I30maxI60max P25 P50 P75 API1 API7 API10 API14 API30 AP2 AP3 AP4 

Site 5 0.22 0.18  0.20 0.18 0.17 0.19 0.18     -0.15 -0.15 -0.14 -0.14    

Site 6 0.41 0.31  0.28 0.35 0.46 0.48 0.44 -0.18 0.20      -0.20    

Site 9a 0.67 0.63  0.45 0.49 0.69 0.70 0.70    0.33     0.25 0.17 0.16 

Site 9b 0.65 0.61 0.16 0.56 0.46 0.61 0.64 0.65    0.33     0.26 0.22 0.16 
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Figure 3.149:  Comparison with prComparison with prComparison with prComparison with prComparison with precipitation clusters (note: differecipitation clusters (note: differecipitation clusters (note: differecipitation clusters (note: differecipitation clusters (note: different scale for plot 9a)ent scale for plot 9a)ent scale for plot 9a)ent scale for plot 9a)ent scale for plot 9a)



215Chapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and RChapter 3 - Understanding the Current Status and Relevant Pelevant Pelevant Pelevant Pelevant Processesrocessesrocessesrocessesrocesses

with rainfed agricultural land showing the highest soil loss values for cultivated land. By far the
highest soil losses are experienced from degraded land. Poorly managed agricultural land can also
lead to considerable soil loss amounts.

On the agricultural land in the Jhikhu Khola catchment, a seasonal difference can be observed in
terms of soil loss. This seasonality cannot be observed on the plots in the Yarsha Khola or on the
degraded plots, or the grassland plots. While on the agricultural plots in the Jhikhu Khola
catchment the highest soil losses are observed during the pre-monsoon season and there during the
months of May and June in particular, on the other plots — both in the Jhikhu Khola and Yarsha
Khola catchments — soil loss is mainly observed during the monsoon season.

The event-based analyses showed the following.

• Most of the annual soil loss (>75%) on the agricultural land is observed in a few events only. In

the Jhikhu Khola during about 3 events, in the Yarsha Khola during about 5 to 11 events.

• The event soil loss on the agricultural plots in the Jhikhu Khola catchment is highly correlated

with event runoff on the plot, as well as with rainfall intensity. In the Yarsha Khola the two
agricultural plots differ, but one of them also shows high correlation between soil loss and rainfall
event maxima parameters.

• The event soil loss on degraded land is highly correlated only with rainfall intensity.

• Vegetation cover plays a major role in the magnitude of soil loss.

As the above studies were all conducted on closed plots, it was deemed important to briefly mention
the reasons for high soil losses as identified by Gardner et al. (2000) in the case of open plots. These
are as follows:

• exceptional events;

• emergence of subsurface seeping and piping to generate excess runoff;

• heavy and uncontrolled run-on;

• concentrated water flow down steep slopes not arrested by bench terraces;

• short, steep terraces that do not flatten at their lower end;

• poorly developed ground/weed cover;and

• fine-textured, reddish coloured soils.

Table 3.106:  Comparison of annual soil losses [t/ha] of PARDYP Nepal data 
with other sources 
 

Land use  Results  
 PARDYP Nepal PARDYP* Literature* 

Irrigated agricultural land 
- well managed - - 5-10 
Rainfed agricultural land 
- well managed 1-6 0-15 
- poorly managed 

0-26** 
- 20-100 

Forest land 
- natural  -  0-2 
- well managed  - 1-5 1-10 
- degraded 6-35 - 3-45 
Grassland 
- well managed pasture 0-2 1-5 0-10 
- degraded 5-25 1-20 10-200 
    
Badlands/gullies - - 125-570 
* Based on the compilation of literature in Appendix A1.1. References are given in this compilation. 
** No differentiation between well and poorly managed was made for the plots in PARDYP Nepal. 
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3.5.3 Sediment transport and output

Note:  Note:  Note:  Note:  Note:  The sediment sampling programme of PARDYP and its predecessors has provided
sediment data since 1993 in the Jhikhu Khola catchment. However, due to the construction
of a road from Dhulikhel to Bardibas, the sediment regime has changed and has not yet
reached its equilibrium. Furthermore, the sampling at Site 13 only commenced in 1997.
Therefore the analysis below is presented in two sets after an overview including all
available data at Site 1, one set before construction of the road (1993 to 1999) for Sites 1
and 2, and a comparison of the data from 1998 to 1999 at Sites 1, 2, 7, 8, and 13. Data from
Site 13 are analysed in relation to Site 1 for the period 1998 to 2000. Finally, a brief
comparison of the results is attempted, which should be interpreted with caution.The
measurement programme in the Yarsha Khola started in 1997. Complete annual data are
therefore only available from 1998.

In order to obtain an idea of the sediment losses from the sub-catchment and catchment level,
regular sediment sampling was carried out at the hydrological stations in the catchments (for more
detail on the method refer to Section 2.4). The measurement programme only included the
suspended sediment load and did not obtain any information on the bedload. Carson (1985) reported
that about 20% of the total sediment load in different catchments of Nepal is transported as bed
load. Galay et al. (2001) also presented a value of 20% measured by Ries (1993) in the Chhukarpo
Khola (catchment size 270 ha). However, they indicated that bed load may vary from 5 to 60% for
different catchments.

3.5.3.1 The suspended sediment data

As mentioned above, a sudden change in the sediment regime of three sites in the Jhikhu Khola
catchment was observed. The data were therefore split into different datasets accounting for these
regime differences and the different periods (Table 3.107).

The relationship between discharge and sediment concentration is called a sediment rating curve
(Morris and Fan 1998). As sediment concentration is seasonally variable (Carver 1997), the annual

Table 3.107: Number of sediment samples in the Jhikhu Khola and Yarsha 
Khola catchments 
 

Yarsha Khola Jhikhu Khola Site 
Site 1 Site 2 Site 5 Site 7 Site 1 Site 2 Site 7 Site 8 Site 13 

Period 93-99 93-99 
Pre 56 41 
Monsoon 1022 672 
Post 23 19 
Winter 6 3 
Total 

 
 

not in operation 

1107 735 

 
 

not in operation 

          
Period 98-99 98-99 98-99 98-99 98-99 98-99 98-99 98-99 98-99 
Pre 9 14 6 20 0 0 11 7 36 
Monsoon 189 82 54 72 125 170 145 175 152 
Post 0 0 0 0 9 9 11 12 13 
Winter 0 0 0 0 0 0 0 0 0 
Total 198 96 60 92 134 179 167 194 201 
          
Period 98-00 98-00 98-00 98-00 98-00 98-00 
Pre 18 23 10 22 18 66 
Monsoon 274 149 66 95 196 187 
Post 0 0 0 2 9 13 
Winter 0 0 0 0 0 0 
Total 292 172 76 119 223 

 
disturbed due to road 
construction; only used for 
case study on impact of 
road construction 

266 
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sediment data are disaggregated to seasonal sediment rating curves. For their calculation, Carver
(1997) applied a land response definition of the seasons. In this study, seasons were based on the
meteorological information with the official on- and offset of the monsoon rains (see Section 3.1 and
Appendix A3.8). More details on sediment rating curves, including the problem of hysteresis, is
discussed in Carver (1997).

3.5.3.2 Sediment rating curves in the Jhikhu Khola and Yarsha Khola catchments

Sediment concentrations in the Jhikhu Khola at the main hydrological station are seasonal (Figure
3.150a). The highest sediment concentrations are measured during the pre-monsoon season (74
samples), followed by concentrations during the monsoon season (1094 samples). The lowest
concentrations were measured during winter from December to February, where only six samples
were collected. The same can be shown at the other sites, except at Site 2 where the number of pre-
monsoon samples did not warrant the establishment of a sediment rating curve for that season
(Figure 3.150b to e). The largest seasonal differences can be observed at Site 7 (Figure 3.150c).
The seasonality of sediment concentration was described and discussed in detail in Carver (1997)
and will therefore not be repeated here. However, for identification of the different behaviour of the
different sub-catchments, the sediment rating curves of the different sub-catchments will be
compared and discussed briefly. This comparison shows the following (Figure 3.151 and Table 3.108).
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• Site 1 shows generally the lowest sediment concentrations of all sites, both in the pre-monsoon

season as well as in the monsoon season.

• The highest concentrations per unit area are observed at Sites 7 and 8. While during the pre-

monsoon season the high flows (maximum flows at this site may reach up to 5 m3/s) are
considerably higher at Site 7, they only marginally differ during the monsoon season between the
two sites.

• The larger the catchment, the lower the sediment concentration, suggesting that there is an effect

of scales, i.e. the scale has a major influence on the processes.

The concentrations calculated from the seasonal rating curves tend to decrease with catchment size
as shown in Figures 3.151 and Table 3.108. This is the case for both the pre-monsoon and the
monsoon season concentrations (Figure 3.151).

Only three years of data were available in the Yarsha Khola catchment, with only 18 samples at Site
1 during the pre-monsoon season and 274 samples during the monsoon season. At Site 2, 23
samples were taken during the pre-monsoon season and 149 samples during the monsoon season.
At Site 5, 10 samples were taken in the pre-monsoon season and 66 during the monsoon; while at
Sites 7, 22 and 95 samples were taken in the pre-monsoon and monsoon respectively. The
seasonality shown above in the Jhikhu Khola catchment is also apparent at all sites in the Yarsha
Khola catchment (Figure 3.152). The concentrations during the pre-monsoon season are at all sites
considerably higher than the concentrations during the monsoon season. Both in the pre-monsoon
season and in the monsoon season, Site 2 shows the lowest sediment concentrations with the
exception of the flows above 10 m3/s (Table 3.109). However, the highest measured flows during this
season at this site are well below 10 m3/s and therefore are only of a theoretical nature. The highest
concentrations were seen at Site 1 during the pre-monsoon season, while Site 7 shows the highest
concentrations during the monsoon season.

Table 3.108:  Empirical sediment concentrations at different discharge on the 
basis of the above sediment rating curves in Figure 3.150, Jhikhu Khola 
catchment [g/l] 
 

 Pre-monsoon Monsoon 

Discharge [m3/s] 0.010 0.100 1.000 10.000 0.010 0.100 1.000 10.000 

Site 1 (11141 ha) 0.1 0.3 2.2 13.9 0.1 0.3 1.5 8.2 

Site 2 (539 ha) 3.7 7.1 13.7 26.2 0.3 1.2 5.2 21.9 

Site 7 (74 ha) 6.9 33.4 161.9 784.8 0.7 4.8 30.8 199.7 

Site 8 (178 ha) 12.6 19.3 29.6 45.2 0.2 2.1 20.1 195.8 

Site 13 (149 ha) 1.0 3.6 13.8 52.0 0.5 2.2 9.7 43.5 
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Figure 3.151:  RRRRRelationship between sediment concentration and catchment arelationship between sediment concentration and catchment arelationship between sediment concentration and catchment arelationship between sediment concentration and catchment arelationship between sediment concentration and catchment area in the Jhikhu Kholaea in the Jhikhu Kholaea in the Jhikhu Kholaea in the Jhikhu Kholaea in the Jhikhu Khola
catchmentcatchmentcatchmentcatchmentcatchment
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The relationship between catchment size and sediment concentration shows a very good power fit
for the case of the monsoon concentrations (Figure 3.153). This shows that sediment concentration
generally tends to decrease with catchment size. In the case of the pre-monsoon data this
relationship cannot be observed and other factors may be more important.
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Figure 3.152:  Overview of seasonal sediment concentrations at all sites, YOverview of seasonal sediment concentrations at all sites, YOverview of seasonal sediment concentrations at all sites, YOverview of seasonal sediment concentrations at all sites, YOverview of seasonal sediment concentrations at all sites, Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment
(for the legend r(for the legend r(for the legend r(for the legend r(for the legend refer to Fefer to Fefer to Fefer to Fefer to Figurigurigurigurigure 3.161 f)e 3.161 f)e 3.161 f)e 3.161 f)e 3.161 f)

Table 3.109:  Empirical sediment concentrations at different discharge on the 
basis of the above sediment rating curves, Yarsha Khola catchment [g/l] 
 

 Pre-monsoon Monsoon 

Discharge [m3/s] 0.010 0.100 1.000 10.000 0.010 0.100 1.000 10.000 

Site 1 (5338 ha) 4.97 8.77 15.48 27.31 0.02 0.14 0.77 4.28 

Site 2 (1737 ha) 0.04 0.58 7.88 107.23 0.01 0.11 1.02 9.14 

Site 5 (32 ha) 2.75 4.09 6.07 9.02 0.42 0.88 1.84 3.84 

Site 7 (208 ha) 1.05 4.03 15.45 59.29 0.61 1.51 3.75 9.33 
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3.5.3.3 Sediment loads

On the basis of the seasonally disaggregated sediment rating curves, seasonal sediment loads were
calculated for the different sub-catchments (Table 3.110). In the Jhikhu Khola catchment, the
highest loads were estimated for sub-catchment 2 with about 34 t/ha during the pre-monsoon and
monsoon seasons. This load can be explained by the large degraded area, which makes up about
12% of the total catchment area, and is located in close proximity to the outlet of the catchment.
This suggests that the deposition possibilities for the sediment mobilised in these degraded areas
are limited and most of it is washed out of the catchment. These sediment loads from sub-
catchment 2, the Lower Andheri Khola, are followed by the sediment loads from Site 8, the Upper
Andheri Khola, with about 24 t/ha during the pre-monsoon and monsoon seasons. Suspended
sediment load is observed to be about 19 t/ha for the two seasons at the outlet of the catchment. The
lowest figures are estimated for Site 7, the upland sub-catchment of the Kukhuri Khola.

In the Yarsha Khola catchment, the highest loads were estimated at Site 1, the outlet of the
catchment, followed by the loads at Sites 7 and 5, both of the Khahare Khola, and finally Site 2 of the
Gopi Khola sub-catchment. The reason for the highest loads at the outlet are believed to be the very
steep lower slopes, which are often dissected from gullies, of the south-facing part of the Yarsha
Khola catchments as well as the quite extensive streambank erosion along many streams of this
slope.

The values presented for the Jhikhu Khola catchment and its sub-catchments differ from Carver
(1997). However, Carver’s study was carried out during the driest time of the study period between
1992 and 1994 (also see Section 3.1). By averaging the first two years of the annual sediment loads
as calculated on the basis of the sediment rating curves established for this study, a mean sediment
load of 16 t/ha during the pre-monsoon and monsoon seasons was estimated for Site 2, in contrast
to a value of 15 t/ha for the two seasons by Carver (1997). At Site 1 the average estimate proposed by
this study for 1993 and 1994 is 12 t/ha for the pre-monsoon and monsoon seasons, compared to 11 t/
ha by Carver (1997). For Site 7 no estimate was proposed for the years prior to 1997 as the discharge
data were not adequate to produce a rating curve.

The sediment loads shown in Table 3.110 compare with other studies from the region as described
below.

• Galay et al. (2001) compiled the sediment yields of a number of small catchment studies in Nepal.

Two of the catchments are of the size of the Jhikhu Khola catchment, i.e., the Kulekhani
catchment (12,500 ha), which had a sediment delivery of 20.5 t/ha/y, and the Harpan Khola (12,000
ha) which showed a sediment delivery of 8.9 t/ha/y. The Bagmati at Sundarijal (1553 ha),
comparable to the Lower Gopi Khola in the Yarsha Khola catchment, showed a sediment delivery
of 13 t/ha/y. The Godavari catchment only showed 3 t/ha/y with an area of 1231 ha.

• Sharma (1988) reports 45 t/ha/y for the entire Sun Koshi system with a catchment area of 19,230

km2.

Table 3.110: Seasonal sediment loads of the Jhikhu and Yarsha Khola 
catchments, 1998-1999 (mean±standard deviation)  
 

Site Catchment area Pre-monsoon Monsoon Sum Carver (1997) 
 [ha] [t/ha/y] [t/ha/y] [t/ha/y]  

Jhikhu Khola catchment 
Site 1* 11141 1±1 18±2 19±2 11±1 
Site 2* 539 2±3 32±17 34±20 15±5 
Site 7** 74 3±4 10±5 13±9 17±11 
Site 8** 178 9±1 15±11 24±12 - 
Yarsha Khola catchment 
Site 1*** 5338 14±4 33±15 37±19  
Site 2*** 1737 1±1 14±5 15±5  
Site 5*** 32 - 18±3 -  
Site 7*** 208 5±3 22±7 27±10  
* on the basis of 1993 to 1999 data 
**  on the basis of 1997 to 1999 data 
***  on the basis of 1998 to 2000 data 
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These few figures show that the data from the Yarsha and the Jhikhu Khola catchment sare
plausible and within range of the other studies undertaken in the country.

The sediment loads calculated above were related to selected catchment characteristics using the
correlation coefficient according to Spearman (Table 3.111). In general, the correlations are weak
and insignificant. For the pre-monsoon season sediment yields, only the Topoindex showed
significant correlation at the 10% level. For the monsoon season and the annual sediment yields,
grassland and the ratio of cultivated to uncultivated land showed significant correlations. While
grassland showed a positive correlation, which means the more grassland the higher the sediment
yield, the cultivated/uncultivated ratio showed a negative correlation, suggesting that an increase in
cultivated land leads to lower sediment yields. This result is rather interesting if compared to the
plot results of the Yarsha Khola catchment where rainfed land produces much more sediment than
grassland. This discrepancy can be explained in different ways, as set out below.

• The correlation observes a splur correlation.

• The grassland plots observed in the Yarsha Khola are not representative for the soil loss generally

observed on grasslands. Literature suggests 10 to 200 t/ha for degraded grassland, while well-
managed pasture shows values of 0 to 10 t/ha. Joshi and Negi (2002), for example, observed
higher soil loss on grassland than on shrubland. In case of high stocking densities, soil loss can
also increase.

• The sediment mobilised on the rainfed agricultural land is successfully kept on the slopes by the

lower terraces or the irrigated land (as for example shown by Carver 1997, who showed
accumulation of soil on the irrigated terraces).

Table 3.111: Correlation coefficients according to Spearman of sediment 
yield per unit area with selected catchment characteristics 
 

  Pre-monsoon Monsoon Annual 

Catchment area r -0.29 0.35 0.32 

  Sig. 0.54 0.36 0.48 

Irrigated land r -0.14 -0.18 -0.11 

  Sig. 0.76 0.65 0.82 

Rainfed land r 0.21 -0.65* -0.57 

  Sig. 0.65 0.06 0.18 

Forest land r -0.18 0.38 0.46 

  Sig. 0.70 0.31 0.29 

Grassland r 0.11 0.77** 0.75** 

  Sig. 0.82 0.02 0.05 

Shrubland r -0.04 0.28 0.00 

  Sig. 0.94 0.46 1.00 

Other land use r 0.14 0.25 0.14 

  Sig. 0.76 0.52 0.76 

Ratio cultivated/uncultivated r 0.00 -0.77* -0.75** 

  Sig. 1.00 0.02 0.05 

Ratio rainfed land/irrigated land r 0.11 -0.44 -0.29 

  Sig. 0.82 0.23 0.54 

Degraded land r -0.60 0.70 0.80 

  Sig. 0.40 0.19 0.20 

Mean slope r 0.36 -0.18 -0.11 

  Sig. 0.43 0.64 0.82 

Topoindex r -0.95* 0.56 0.21 

  Sig. 0.05 0.32 0.79 
r = correlation coefficient according to Spearman,    Sig. = significance levels 
* Correlation is significant at the 0.05% level (Sig.<0.05%) 
** Correlation is significant at the 0.1% level (Sig.<0.1%) 
*** Correlation is significant at the 0.15% level (Sig.<0.15%) 
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• The high runoffs generated on the grassland are responsible for increased streambank erosion

and herewith increase the total catchment sediment outputs.

Conclusive answers cannot be provided at this stage. It can be only be suggested that the above
relations be tested with a bigger sample from other middle mountain catchments and additional
observations on grasslands.

3.5.4 Relation between mobilised sediment and sediment load

Not all the material that is eroded will leave the catchment, as quite a lot of the eroded material is
redeposited within the catchment itself. To account for this interaction of erosive and depository
processes, the sediment delivery ratio (SDR) must be calculated. The SDR represents the fraction of
the material eroded from a particular catchment which reaches the outlet of the given catchment
and where the sediment is measured (Morris and Fan 1998). It herewith relates total erosion from a
given unit of land to the sediment transport. The SDR is defined as (Schreier et al. 1997)

SDR = Y
s
/T

e
Equation 3.14

where
SDR = sediment delivery ratio [%]
Y

s
= sediment yield [t/ha*year]

T
e

= total erosion from the catchment where sediment yield is measured [t/
ha*year]

The major difficulty in the calculation of the sediment delivery ratio is the estimation of the total
production of sediment in the catchment.

Carver (1997) suggests breaking the sediment production into two regimes, the normal regime
production and the episodic regime production. The normal regime production is based on the
erosional mechanisms that occur persistently throughout the rainy season. This includes surface
erosion from the different land uses and the chronic gullying on degraded sites. The episodic regime
includes the infrequent process of mass wasting and severe rill and gully erosion.

For this purpose, for a first assessment of the importance of surface erosion and to relate the
sediment mobilised at the plot scale with the sediment output at the sub-catchment and catchment
scale, the plot results were extrapolated to the area of the catchments and sub-catchments (Table
3.112). According to these obviously very arbitrary figures, the rainfed agricultural areas produce the
bulk of the sediment in the Jhikhu Khola catchment, followed by the degraded areas. The
importance of the agricultural areas is mainly due to the high per unit area soil losses as well as the
extensive areas under rainfed agricultural land in the catchments. As shown in Table 3.112, the total
sediment loss from the normal regime only accounts for parts of the total sediment observed at the
outlet of the sub-catchments. The differences are greatest in the Yarsha Khola catchment and the
Lower Andheri Khola catchment. In the case of the Lower Andheri Khola catchment, this
discrepancy can be explained with the large degraded and gullied area in the vicinity of the
hydrological station. In the Yarsha Khola catchment, the main channel shows large stretches of
severely eroded streambanks (Tschanz 2002). According to Ross and Gilbert (1999), in the case of the
117 km2 Phewa Tal catchment, 6 to 10% of the total sediment is believed to originate from surface
erosion. This value in the context of the Jhikhu and Yarsha Khola catchments however seems to
underestimate the importance of surface erosion. As mentioned above, surface erosion (including
gullying) is believed to be the main source of sediment in the catchments, followed by stream bank
erosion. Landslides are only believed to be a marginal issue in the catchment. Mass wasting in the
riparian zone and direct erosion by the rivers were observed to be major sediment sources in the
Eastern Himalayas (Brunsden et al. 1981). This is also in line with findings by Brasington and
Richards (2000) in the Likhu Khola catchment of Central Nepal.

The difference in the case of the Kukhuri Khola is only small, which makes sense in a small and
steep catchment. The delivery of sediment mobilised on the slopes in this catchment is likely to be
higher than in larger catchments. The main catchment has large deposition zones, which are also
shown here, with a small difference between the measured and the calculated sediment.
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Carver (1997) undertook a first estimation of the episodic sediment production on the basis of field
assessments after large storms. He identified that, in the Kukhuri Khola and Lower Andheri Khola
sub-catchments, the episodic sediment production was between 20 and 90% of the annual sediment
production in the years 1992 to 1994. The average over the years was about 40% in the Kukhuri Khola
sub-catchment and about 50% in the Lower Andheri Khola sub-catchment. The differences between
the years are mainly due to large differences in the number and intensity of storms that produced
this episodic soil loss. Using these rough averages for the two sub-catchments and using the data
as calculated above would result in the values compiled in Table 3.113.

This approach would yield sediment delivery ratios of 0.94 in the case of the Lower Andheri Khola
sub-catchment and 0.72 in the case of the Kukhuri Khola sub-catchment. Carver (1997) identified
SDRs of 0.61 for the former and 0.68 for the latter.

Table 3.112: Estimated sediment production (normal regime) at the outlet of 
the Jhikhu and Yarsha Khola catchments 
 

Land use Area Erosion rate 
[t/ha]* Estimated soil loss [t] Total estimated soil loss 

[t] 
Jhikhu Khola 
Irrigated land 1838 ha 7.5±2.5 13,785 ± 4,595 
Rainfed land 4266 ha 15.0±10.0 63,990 ± 42,660 
Forestland 3317 ha 2.5±2.5 8,293 ± 8,293 
Grassland 612 ha 1.0±1.0 612 ± 612 
Shrubland 782 ha 7.5±5.0 5,865 ± 3,910 
Degraded land  5% 100±50 55,700 ± 27,850 

 
 
 
 
 

148,245 ± 87,920 

Estimated sediment loss from normal regime 13± 8 
Measured sediment load 19±2 
Difference -6 

Lower Andheri Khola 
Irrigated land 37 ha 7.5±2.5 278 ± 93 
Rainfed land 198 ha 15.0±10.0 2,970 ± 1,980 
Forest land 215 ha 2.5±2.5 538 ± 538 
Grassland 37 ha 1.0±1.0 37 ± 37 
Shrubland 41 ha 7.5±5.0 308 ± 205 
Degraded land  10% 100±50 5,390 ± 2,695 

 
 
 
 
 

9,521± 5,548 

Estimated sediment loss from normal regime 18± 10 
Measured sediment load 34±20 
Difference -16 

Kukhuri Khola 
Irrigated land 6 ha 7.5±2.5 45 ± 30 
Rainfed land 41 ha 15.0±10.0 615 ± 410 
Forest land 11 ha 2.5±2.5 28 ± 28 
Grassland 1 ha 1.0±1.0 1 ± 1 
Shrubland 12 ha 7.5±5.0 90 ± 60 
Degraded land  0% 100±50 0 ± 0 

 
 
 
 
 

779± 529 

Estimated sediment loss from normal regime 11± 7 
Measured sediment load 13±9 
Difference -2 
Yarsha Khola 
Irrigated land 744 ha 7.5±2.5 5,580 ± 1,860 
Rainfed land 1996 ha 15.0±10.0 29,940 ± 19,960 
Forest land 1679 ha 2.5±2.5 4,198 ± 4,198 
Grassland 307 ha 1.0±1.0 307 ± 307 
Shrubland 286 ha 7.5±5.0 2,145 ± 1,430 
Degraded land  3% 100.0±50.0 16,000± 8,000 

 
 
 
 
 

58,170 ± 35,755 

Estimated sediment loss from normal regime 11 ± 7 
Measured sediment load 37±19 
Difference -16 
* Estimated on the bases of the erosion rates identified in Table 3.106 
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Another approach would be to use the
average value of overall erosion rates for
the middle mountains of 27 to 45 t/ha as
proposed by Laban (1978). The Jhikhu
Khola catchment could probably be
assumed to be at the lower end of the scale
due to its topography and extended valley
bottom. This would suggest an SDR of 19/
27 = 70%. Assuming that the Yarsha is at
the upper end due to its steep topography,
the SDR could be calculated as 37/45 =

82%. The two sub-catchments of the Lower Andheri Khola and the Kukhuri Khola show similar
catchment conditions as the Yarsha Khola catchment, as shown in Chapter 2. This therefore
suggests a high overall erosion rate, resulting in an SDR of 0.76 for the former and 0.29 for the latter.
The value for the Kukhuri Khola on the basis of Laban’s average erosion rates seems to be too low.

This section on the relationship of mobilised sediment to total sediment load is a simplistic
assessment. The reason for this is the currently very limited knowledge on the relevant processes.
While the surface erosion has been studied in-depth over decades, the importance of stream bank
erosion and other linear features has been neglected in Nepal. It is therefore suggested that efforts
towards improved understanding of the impact of linear erosion be increased, in order to provide
improved management tools for soil conservation. A first attempt is made in a case study on the
impact of road construction on the sediment regime in middle mountain catchments (Merz et al.
submitted_a). This case study concluded that the visual comparison of sediment rating curves
before and after the road construction showed a clear impact of the road on the sediment regime.
The same could be supported by statistical analysis of the means and the rating curve parameters,
although not with rigorous statistical treatment as the sediment concentrations are too variable in
nature. Other reasons, such as change in precipitation pattern, increased surface runoff and erosion,
large land-use changes, or mass wasting could be excluded as possible reasons for this change in
sediment regime. The current impact of 200 to 400% increase in sediment yield at the three
monitored sites would have been even higher if protection measures had not been taken. This was
also shown by comparing the calculated sediment yields for the sites in the catchment with values
for sediment yields due to careless road construction reported in the literature.

In order to monitor the effectiveness of the erosion and landslide control measures along the road it
will be interesting to review the data in 5 to 10 years, when the vegetation can be expected to have
stabilised the road slopes and the loose excavation deposits.

3.5.5 Summary of sediment dynamics

On the basis of catchment-wide sediment source mapping, surface erosion, including gullying, was
determined to be the main erosive process in both catchments. In terms of importance as a
sediment source, surface erosion was likewise determined to be of major importance, followed by
streambank erosion and occasional landsliding. This assessment has to be further investigated as
the relative importance of the streambank erosion and landsliding has not yet been conclusively
established as was also shown with the sediment budgets.

The soil loss that was observed on the erosion plots on degraded, agricultural land and grassland
showed national average compared with studies from the literature. Degraded land produced the
highest soil losses throughout the rainy season, followed by the rainfed agricultural land, while
finally only very small amounts of soil loss were observed on the grassland. Soil loss was especially
prevalent during the pre-monsoon season on the agricultural land in the Jhikhu Khola catchment.
This seasonality could not be observed in the Yarsha Khola catchment. Only a few large events are
responsible for most of the annual soil loss. On all plots about 5 to 10% of the annual events produce
about 75% of the annual soil loss.

The event analysis stressed again the importance of rainfall amount and rainfall intensity for
sediment mobilisation. This was observed on all erosion plots. However, the importance of these

Table 3.113: Calculation of SDR 
 

 Lower Andheri 
Khola 

Kukhuri 
Khola 

Normal regime 18 t/ha 11 t/ha 
Episodic regime (rates 
from Carver, 1997) 

18 t/ha (50%) 7 t/ha (40%) 

Total 36 t/ha 18 t/ha 
   
Measured 34 t/ha 13 t/ha 
SDR 0.94 0.72 
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rainfall parameters on the degraded land was more pronounced due to the lack of vegetation cover
and therefore protection from the force of the rain drops. In general, a good match can be seen with
the rainfall clusters based on rainfall amount and intensity. Antecedent precipitation conditions
generally showed no correlation with the event soil loss from the plots.

Sediment transport was discussed by means of sediment rating curves, which showed clear
seasonal differences with higher sediment concentrations during the pre-monsoon season. Overall,
the sediment concentrations tended to decrease with catchment area, so that the highest
concentrations were observed in the small upland catchments.

The analyses of the sediment loads and the sediment delivery suggests that there needs to be more
emphasis on the linear sediment production factors such as streambank erosion and gullying. To
assess their importance in the sediment budget, a measurement programme focusing on these
issues has to be implemented. The impact of road construction on the sediment regime was
discussed briefly. More detail on this can be found in Merz et al. (submitted_a). It was shown that
although all precautions were taken by the constructors, the sediment regime was still changed
considerably in the two years after the intervention.

3.6 WATER DEMAND AND SUPPLY FOR HUMAN NEEDS

This section presents human water needs for domestic purposes, agriculture, and livestock. Water
supply is discussed on the basis of the supply systems and the irrigation network. Finally, the impact
on water quality is discussed.

In the rural catchments of the middle mountains of the HKH, water is mainly used for domestic and
agricultural purposes. In the selected catchments this includes livestock watering at a household
scale as large poultry farms or any other form of large scale livestock breeding is not practised.
Small-scale industries exist only to a limited extent in the selected catchments. These include flour
mills and other small agro-processing units, which only withdraw but hardly consume any water, i.e.,
they release the same amount of water at the same quality back into the stream after using it. In this
context, the discussion below will focus on domestic, livestock, and agricultural water demand and
supply. A brief discussion of water quality will shed some light on some of the issues present in the
catchments in this respect.

3.6.1 Water demand

The estimated water demand for domestic and agricultural purposes is based on results from the
water need and supply survey as briefly discussed above in Box 3.1. The results of this survey have
also been discussed in Merz et al. (2002) and Merz et al. (2003a).

3.6.1.1 Domestic use

Water demand for domestic use is very low in the study catchments. On average, the respondents in
the Jhikhu Khola catchment only use 23.2 l day-1 water per person. In the Yarsha Khola, water use is
estimated to be 21.1 l person-1day-1. These water demands are below the recommended value of the
Department of Water Supply and Sewerage (DWSS; RWSSSP 1994) of 45 l person-1day-1 by a factor
of about 2. This value includes 20% for losses and wastage (Table 3.114). On the basis of these
values, overall water demand for domestic use per year can be assumed to be 412,629 m3 in the
Jhikhu Khola catchment and 158,805 m3 in the Yarsha Khola catchment.

Table 3.114:  Water demand for domestic use 
 

Catchment Population* Domestic water use** Annual domestic water use 
 (year) [l person-1day-1] [ m3] [mm] 

Jhikhu Khola 48,728 (1996) 23.2 412,629 3.7 
Yarsha Khola 20,620 (1996) 21.1 158,805 3.0 
* From Allen et al. (2000)  
** From Merz et al. (2002) 
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This water use is above average in comparison with the estimated water use of Nepal of 12 l person-1

day-1 (Gleick 2000). The amount includes primarily the water requirements for drinking, cooking, and
food preparation. Other water-related activities, such as washing and personal hygiene, mostly take
place at the watercourses or taps themselves. RWSSSP (1994) estimated the water demand at 45 l
person-1day-1 for areas where piped water supply is possible. In areas with difficult access to water
and collection times of more than 15 minutes they assumed 25 l person-1day-1 and in local markets
(‘bazaars’) and townships 60 l person-1 day-1.

3.6.1.2 Agricultural use

Agriculture is largely dependent on water resources because of water demand for irrigation and
water use for extensive agriculture on rainfed terraces. The crops usually grown in the Jhikhu Khola
on irrigated land are rice during the monsoon followed by potato or wheat (Figure 3.154). This crop is
then followed by maize, potato, or tomato. Maize, the main monsoon staple crop, is grown on rainfed
terraces, followed by wheat, tomato, potato, or barley. Wheat is often intercropped with mustard.

The theoretical crop water demand of different crops differs tremendously depending on the climatic
conditions in the catchment. For the presentation in Table 3.115 and Table 3.116, average climatic

Box 3.1: Water Demand and Supply Survey

For the assessment of the current situation in terms of water demand and supply of rural
catchments in Nepal, a survey was conducted in the Yarsha Khola and the Jhikhu Khola
catchments. The survey in the Yarsha Khola catchment was initiated in December 1998, the
survey in the Jhikhu Khola catchment in September 1999. The survey was based on household
interviews involving the female and male household heads of each household frequented.
Questions related to water and agriculture, water and domestic use, water and livestock, and
perceptions of water and related issues were asked. In the Yarsha Khola catchment, 436
respondents (218 female/218 male) were interviewed and in the Jhikhu Khola catchment 356
(178 female/178 male) were interviewed.
The survey revealed that:
• irrigation water supply is of major concern in both catchments;
• drinking water supply is a problem in parts of the catchments but mainly on the ridges along the

divide and spurs within the catchment;
• drinking water quality is increasingly becoming an issue throughout the Jhikhu Khola

catchment and around main settlements in the Yarsha Khola catchment;
• agricultural intensity as well as productivity in the Jhikhu Khola is a great deal higher than in the

Yarsha Khola catchment; and
• soil erosion is only marginally an issue in both catchments.

This survey was the basis of similar surveys in PARDYP China (Ma et al. 2002), India and
Pakistan.

For further details on this survey refer to Merz et al. (2002) and Merz et al. (2003c)
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conditions were assumed on the basis of the data for 1993 to 2000 in the case of the Jhikhu Khola
catchment, and 1998 to 2000 in the Yarsha Khola catchment and used the data of the respective
main meteorological stations. It is important to note that these water requirement values were
calculated in view of maximum yield under the given conditions. It is understood that the crops in
the field may grow with less amounts of water, however, this has a major impact on the yields.
The impact of water stress on yields can be estimated by the use of the yield response factor, which
calculates the actual expected yield on the basis of the yields estimated for optimum water supply
conditions (Doorenboos et al. 1979). Here, optimum water conditions are assumed for maximum
growth and yield.

By far the most demanding crop on irrigated land is rice, with about 1400 mm/crop. This value
corresponds well to the values of 1200 to 1800 mm/crop given by ILACO (1981). The impact on the
annual availability of water resources is, however, limited as this crop is grown during the monsoon
season. The recently introduced cash crop, tomato, follows with an assumed 345 mm. Another cash
crop on the other hand, potato, requires less water than the traditional wheat crop at that time of the
year mainly due to its shorter growing season. It is, however, important to note that in the field the
potato crop uses more water than wheat under the current management practices on irrigated land.
Due to the drought resistance of the wheat crop and the potato’s relative sensitivity to soil water
deficits, farmers tend to keep the soil for a potato crop moist, whereas only one to two irrigations are
supplied for the wheat crop (Doorenbos et al. 1979). On rainfed land the monsoon crop maize has
the highest water demand, followed by wheat and tomato.

Table 3.115:  Water requirements of the main crops in the Jhikhu Khola*  
 

Crop Crop water requirements [mm/month] 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

Irrigated              
Rice      230.0 404.4 332.3 269.7 168.1   1404.4 
Wheat 80.3 94.7 72.4        10.7 43.8 301.8 
Potato 78.5 28.2         17.9 56.8 181.4 
Tomato  17.2 83.3 145.7 98.6        344.8 
Maize  8.6 58.7 150.0 94.2        311.4 
              
Rainfed              
Maize    21.4 84.7 165.8 171.8 91.7     535.4 
Wheat 80.3 94.7 72.4        10.7 43.8 301.8 
Potato         54.0 82.9 80.5 54.9 272.3 
Tomato       46.5 107.5 121.7 36.6   312.3 
Barley 80.3 94.7 69.5        10.7 43.8 298.9 
Mustard         37.8 74.5 73.4 27.1 212.9 
*  Calculated by CROPWAT 4 for Windows 4.3 for all crops except rice using average climatic conditions of the main 

meteorological station at Panchkhal (Site 12) and crop specifics in Appendix A2.1. Rice water requirement was calculated 
according to MacDonald & Partners (1990). 

 

Table 3.116:  Water requirements of the main crops in the Yarsha Khola* 
 

Crop Crop water requirements [mm] 
 Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Total 

Irrigated              
Rice      197.0 363.6 300.2 242.7 225.6 129.1  1458.3 
Wheat 21.6 54.3 83.5 96.1 60.1        315.6 
Potato 47.5 76.2 103.2 90.2        25.8 342.8 
              
Rainfed              
Maize    15.4 62.2 123.8 129.5 72.9     403.8 
Wheat 47.9 9.9       12.6 53.9 65.5 59.1 248.9 
Potato 47.0        40.8 55.6 65.3 59.1 267.7 
Millet      17.5 47.5 88.9 81.6 68.7 30.0  334.2 
* Calculated by CROPWAT 4 for Windows 4.3 for all crops except rice using average climatic conditions of the main 
meteorological station at Bagar (Site 7) and crop specifics given in Appendix A2-1. Rice water requirement was calculated 
according to MacDonald & Partners (1990). 
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There are a several different crop rotations in the Jhikhu Khola catchment. Pujara and Khanal (2002)
identified ten different crop rotations on irrigated land, always including rice, and thirteen different
rotations on rainfed agricultural land, including one maize crop. Water use is therefore only given for
some major crop rotations as identified during the water demand and supply survey:

• rice-potato-maize 1897 mm/12 months (= 158 mm/month in 12 months)

• rice-wheat-maize 2018 mm/12 months (= 168 mm/month in 12 months)

• rice-potato-tomato 1931 mm/12 months (= 161 mm/month in 12 months)

• rice-wheat 1706 mm/10 months (= 171 mm/month in 10 months)

average = 165 mm/month in 11.5 months = 1898 mm/a

On rainfed agricultural land, the following crop rotations are common in the Jhikhu Khola
catchment according to the water demand and supply survey:

• maize-wheat 837 mm/10 months (= 84 mm/month in 10 months)

• maize-tomato 848 mm/7 months (= 121 mm/month in 7 months)

• maize-potato 808 mm/9 months (= 90 mm/month in 9 months)

• maize-mustard-wheat 1050 mm/12 months (= 88 mm/month in 12 months)

average = 96 mm/month in 9.5 months = 912 mm/a

Recently, different vegetables have been introduced in the catchment, such as bitter gourd, chilli,
eggplant, and others. On the basis of the above figures and the entire catchment area, annual
demand for the irrigated areas (1838 ha) is therefore estimated to be about 313 mm/year. The water
demand of the rainfed areas (4267 ha) can be estimated at roughly about 349 mm/year.

In the Yarsha Khola catchment, the main crops on irrigated land are rice, wheat, and potato (Table
3.116). The highest water demand has rice followed by potato and wheat. On rainfed land the
traditional crops are maize, millet, wheat, and potato with maize demanding the highest water
amounts. Millet is relayed with the maize crop and requires about 340 mm per crop.

Water use for a specific crop rotation on irrigated land as identified by the water demand and supply
survey:

• rice-wheat 1774 mm/12 months (148 mm/month in 12 months)

• rice-potato 1801 mm/11 months (164 mm/month in 11 months)

average = 156 mm/month in 11.5 months = 1794 mm/a

and on rainfed agricultural land:

• maize-millet 738 mm/a in 8 months (92 mm/month in 8 months)

• maize-millet-wheat 987 mm/a in 11 months (90 mm/month in 11 months)

• maize-potato 672 mm/a in 10 months (67 mm/month in 10 months)

average = 83 mm/month in 9.5 months = 789 mm/a

The total water demand for the irrigated areas in the Yarsha Khola (742 ha) is estimated to be 249
mm/year on the basis of the entire catchment area. The demand for the rainfed areas (1996 ha) is
estimated to be 295 mm/year.

3.6.1.3 Livestock

As mentioned above, livestock are an important aspect of mountain agriculture in the HKH and
therefore an important factor in the calculation of water demand. The animals are also often brought
to the watering point, as in the case of cows. However, with the increase in stall feeding, goats and
especially buffaloes (which are less adapted to moving up and down the slopes) and even cows are
very often watered on-site (Merz et al. 2002; RWSSSP 1994).

The water demand for the different animals in Table 3.117 was estimated from a survey conducted in
the Jhikhu Khola and Kathmandu Valley (N = 23) and verified in the literature (ILACO 1981;
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RWSSSP 1994). In general, the values are slightly higher than the values in the literature, which
seems to be appropriate given the hot conditions in the Jhikhu Khola.

3.6.1.4 Overall demand of human activities

The overall demand for water, including domestic, agricultural, and livestock water requirements
adds up to about 670 mm per annum in the Jhikhu Khola and 553 mm per annum in the Yarsha
Khola catchment (Table 3.118). The difference is mainly due to the higher evapotranspiration rates
and therefore crop water requirements in the Jhikhu Khola catchment, which differs by about 60
mm/year on irrigated land and 50 mm/year on rainfed land.

3.6.2 Water Supply

The people in the two catchments of the Jhikhu and Yarsha Khola perceive water shortage in terms
of both agricultural and domestic water supply (Table 3.119). Their concern is not only in terms of
water quantity, but also increasingly in terms of water quality. Over the past 5 to 25 years in general
they perceived a decrease in water supply. While this is true for both domestic as well as agricultural
supply in the case of the Jhikhu Khola catchment, domestic water supply in the Yarsha Khola is
perceived to have improved over this period. Water shortage was particularly felt during the pre-
monsoon and early monsoon months of April to June. That is the time when many sources either
dried up or showed lower yields. The perceptions of the local residents of the two catchments are
documented in detail in Merz et al. (2002) and Merz et al. (2003a).

Table 3.117:  Water demand for watering livestock  
 

 Water demand Jhikhu Khola Yarsha Khola 
 [l/day] HH*No.# m3/day HH*No.* m3/day 

Buffalo 61 8,002* 1.2 585.7 4,362* 1.1 292.7 
Bullock 49 8,002* 0.8 313.7 4,362* 1.5 320.6 
Cow 23 8,002* 0.9 165.6 4,362* 0.9 90.3 
Goat 12 8,002* 3.5 336.0 4,362* 3.3 172.7 
Pig 10 - - - - 
Annual water use [m3] 511,365 319,849 
Annual water use [mm] 4.6 6.0 
# Number of households (HH) from PARDYP times average number of animals per household (No.) from Merz et al. (2002) 
 

Table 3.118:  Overall water demand of human activities (all values in mm) 
 

Catchment Domestic Agriculture Total 
  Irrigated land Rainfed land Livestock  

Jhikhu Khola 3.7 313 349 4.6 670.3 
Yarsha Khola 3.0 249 295 6.0 553.0 

Table 3.119: Water-related problems, Yarsha Khola and Jhikhu Khola 
catchments [%; multiple answers possible] 
 

 Jhikhu Khola Yarsha Khola 
Total number of respondents 356 respondents 436 respondents 
No problems  12 4 
Irrigation water Quantity 41 33 
 Quality 0 7 
Drinking water Quantity 37 27 
 Quality 9 17 
Flooding  0 1 
Surface erosion  0 3 
Slumping  1 8 
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3.6.2.1 Domestic supply

Domestic water supply in both the Jhikhu Khola and the Yarsha Khola catchments is widely met by
the extensive network of taps (both proper tap stands and improvised, simple pipe ends) as well as
traditional spring boxes, called ‘kuwas’ in Nepali. According to Shrestha et al. (2000), more than 400
public water sources were identified in the Jhikhu Khola catchment during a mapping campaign in
November/December 1999. Out of these 400 sources, 319 were documented on the basis of
relevance to local residents (Figure 3.155). Most of the sources observed were perennial, but
according to the users, flow decreased in March to May/June. The source yield varied tremendously
from site to site, from a minimum of 0.6 to a maximum of 270 l/min. The combined yield of all
sources was 3492 l/min during the survey. The average flow was slightly higher in the case of taps
(11.6 l/min) than in the spring boxes (8.2 l/min) and the natural springs (6.5 l/min). These values can
be considered average as it is in the middle between the end of the wet season and the driest time of
the year in May/June.

Average distances from the dependent households to the water sources vary from 3 to 600 m. The
long distances to the water sources put pressure on women’s workloads as mostly women fetch the
water. Children are often observed to support their mothers in this duty. According to Merz et al.
(2002), in 79% of the cases in the Jhikhu Khola, a female of the household fetches water, in 34% of
the cases in Jhiku the female is the household head. Only in 21% of the cases does a male of the
household perform this duty. The long distances to the sources are not only critical in terms of time,
but also in terms of danger during the wet season. During this time the often steep and muddy
paths become slippery and pose a major risk during water collection. Some of the sources provide
water for up to 290 households. On average, however, 18 households depend on the same water
source.

In the Yarsha Khola catchment, 215 public water sources, mostly taps and natural springs, were
documented in May/June 2000 (Figure 3.155). Most of these sources are perennial with a seasonal
decrease of flow at the end of the dry season from March to May/June. This is the problematic time
when many local residents face hardship fetching adequate supplies of water. The yields during the
survey period varied from 0.06 to 216 l/min with a combined yield of 2242 l/min (Shrestha et al. 2001).
Springs yielded on average 17.9 l/min followed by taps with 15.1l/min. The spring boxes in the
Yarsha Khola catchment only yielded about 1 l/min. These results are to be taken as values
representative for the dry season as the survey was carried out during the driest time of the year.

Jhikhu Khola catchment Yarsha Khola catchment

km km

Public water sources (monitored)
Public water sources (mapped)

Rivers

Figure 3.155:  Public water sources documented in the Jhikhu Khola catchment (DecemberPublic water sources documented in the Jhikhu Khola catchment (DecemberPublic water sources documented in the Jhikhu Khola catchment (DecemberPublic water sources documented in the Jhikhu Khola catchment (DecemberPublic water sources documented in the Jhikhu Khola catchment (December
1999) and the Y1999) and the Y1999) and the Y1999) and the Y1999) and the Yarsha Khola catchment (May 2000)arsha Khola catchment (May 2000)arsha Khola catchment (May 2000)arsha Khola catchment (May 2000)arsha Khola catchment (May 2000)
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About 45% of the water sources are managed by communities and another 45% are owned privately.
The remaining water sources are being looked after by government agencies. Many sources are
conveniently located close to the settlements. However, some of the sources are at a considerable
distance from the household. This affects women’s workload, since in 60% of the cases in Yarsha
Khola water is brought by women. The maximum number of households relying on one single
source was 150 on the southern slope of the catchment. On average, 16 households depend on the
same water source.

In general, there is adequate water supply for domestic purposes in both catchments. This is also
shown on the basis of the service levels determined using the RWSSSP  (1994) approach (Table
3.120).

The service levels in RWSSSP (1994) are given on the basis of the population having access to the
respective water sources. In this study, the public water sources themselves were documented
instead of the population, and the service level of each source determined. This approach slightly
overestimates the service level in terms of accessibility, as an average distance had to be used for
the assessment.
For the Jhikhu Khola and the Yarsha Khola catchments the following service levels were
determined:

Jhikhu Khola Yarsha Khola
Service level 1 good 57.4% 43.7%

Service level 2 intermittent 15.0%  9.8%

Service level 3 poor  4.7%  5.1%

Service level 4 very poor 14.4%  5.1%

Not assessed  8.5% 36.6%
(as one or more parameters were missing)

In the case of the 36.6% unassessed sources, most of them will contribute to service levels 1 and 2,
as the main reason for not assessing was the fact that these were either taps from sources with
multiple sources or several springs feeding into one distribution system. The surveyors therefore
decided not to assess the yield and therefore a proper assessment of the service level is not
possible.

3.6.2.2 Agricultural supply

The most important water supply for agriculture is river discharge, which is supplied to the fields
through a number of irrigation systems. In the Jhikhu Khola catchment, some of the farmer managed
irrigation systems (FMIS) have been operational for over 100 years. Most systems are 50 to 65 years
old. In the steep upland areas of Nepal, there is little possibility of extended, large-scale irrigation
development. Therefore FMIS still play a crucial role in agricultural production. It is estimated that
FMIS accounted for over 80% of the total irrigation development in the hills and mountains of Nepal
in 1997 (Shah and Singh 2001).

Table 3.120:  Description of service level for water supply (from RWSSSP 1994) 
 

Category* Quality Quantity 
[l person-1*day-1] 

Accessibility 
[min] 

Reliability 
[months/y] 

Continuity 
[h/day] 

Service level 1 
Good 

protected source ≥ 45 ≤ 15 12 ≥ 6 

Service level 2 
Intermittent 

spring or better ≥ 25 ≤ 30 ≥ 11 ≥ 5 

Service level 3 
Poor 

any source ≥ 15 ≤ 60 ≥ 10 ≥ 4 

Service level 4 
Very poor 

all water supplies All other water supplies 

* The service level of a source is determined by the lowest score in any of the five parameters. 
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In 1988, a total of 51 irrigation systems was operational in the Jhikhu Khola catchment with one of the
best-developed irrigation infrastructures in Kavrepalanchok District (Multidisciplinary Consultants
1988). These systems catered for a total gross command area (GCA) of 1491 ha. The main rivers acting
as sources for these systems are the Danfey Khola, the Dhod Khola, the Dhital Khola, the Dhap Khola,
the Subarno Khola, the Namde Khola, the Andheri Khola, and the main Jhikhu Khola. The capacity of
these systems ranged from 0.038 to 1.719 m3/s at the intake with GCAs from 10 to 186 ha. Of these
systems, 65.4% were perennial and the remaining 34% seasonal, only supplying water to the
monsoon crops. The cumulative capacity of all schemes during the monsoon season for the planting
of rice was therefore calculated as 9.76 and 4.95 m3/s for the winter crops.

Upadhyay (2001) conducted a detailed survey of the efficiency in terms of water adequacy, equity in
water allocation, and technical aspects of two irrigation systems in the Jhikhu Khola catchment in
2000. The Devbhumitar irrigation system within the sub-catchment of the Andheri Khola has 43
users and a GCA of 33 ha. At present, only 16% of the farmers reported receiving adequate water for
their winter crops, while all of them receive ample supply for their monsoon crop. This has changed
considerably in the last 30 years. Thirty years ago, 73% of the users reported adequate supply for
their winter crops and 66% said they had enough water 15 years ago . The same situation was shown
in the Raj Kulo irrigation system in the upper Jhikhu Khola catchment. This is the largest irrigation
system in the catchment with 1500 users and a 210 ha GCA. In this system the users at the head end
usually receive sufficient water throughout the year. This reduces dramatically towards the middle
part and the tail end of the system, where only 35% receive adequate water supply during the dry
season. A similar trend as in the Devbhumitar system was observed in terms of water supply over
the last 30 years. In addition, unequal water allocation is strongly felt by the users of this system.

However, conveyance losses have to be assumed to be high. Out of 76 km of irrigation canals, 75%
were boulder lined and 24% were unlined (Teuling 2001). Only the remaining 1% of the total canals
was concrete lined. These losses were documented in the Andheri Khola sub-catchment by Nakarmi

(1995). He studied two irrigation systems,
where in one system a 35% loss occurred over
a distance of about 500 m. In the other
system the initial losses were small, but over
a distance of 1 km, 90% was lost through
seepage. The main losses occurred when the
channels crossed fractured bedrock or
sections of sandy and gravelly soil material.
Mac Donald & Partners (1990) compiled the
seepage losses on soils of different textures,
showing that the higher the clay contents the
lower the expected seepage losses (Table
3.121). In addition, the role of preferred
pathways is unclear in this context.

In the Jhikhu Khola, the soils in the valley bottom (the area with the most irrigation canals) are of
loamy texture (see above). Seepage losses therefore have to be expected in the order of 1 to 5 m3/s
per 1000 m2 of wetted perimeter. The Yarsha Khola catchment with mainly sandy loamy textured
soils has to expect seepage losses of 3 to 5 m3/s per 1000 m2 of wetted perimeter. For a detailed
seepage assessment of the different systems, a detailed soils map would however be required. The
intakes mapped by Teuling (2001) are of a temporary nature, i.e., they often do not withstand
monsoon floods. He mapped 30 intakes catering for the irrigation systems in the main valley floor of
the catchment. Nakarmi (1995) documented 72 diversion dams in the Andheri Khola sub-catchment
feeding 58 ha of irrigated agricultural land. No irrigation-related activities have been conducted yet
in the Yarsha Khola during the study period.

Table 3.121: Seepage in irrigation canals  
 
Types of soil Seepage losses* 
Rock < 0.5 
Impervious clay loam 0.8 to 1.2 
Medium clay loam 1.2 to 1.7 
Clay loam or silty soil 1.7 to 2.7 
Gravelly clay loam, sandy clay or 
gravel cemented with clay 

2.7 to 3.5 

Sandy loam 3.5 to 5.2 
Sandy soil 5.2 to 6.4 
Sandy soil with gravel 6.4 to 8.6 
Pervious gravelly soil 8.6 to 10.4 
Gravel with some earth 10.4 to 20.8 
* m3/s per mm2 of wetted perimeter or l/s per km per m of 

wetted perimeter 
 
source: MacDonald & Partners 1990 
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Box 3.2: Water Demand and Supply Management Follow-up in PARDYP

For water demand and supply management PARDYP has conducted a number of studies in the
fields of rainwater harvesting, surface runoff harvesting, and the application of drip irrigation
(see also Merz et al. 2003d).
• Roof- rainwater harvesting

PARDYP initiated training and demonstration of roof-water harvesting in collaboration with the
Water Harvesting Project of ICIMOD and the Rural Water Supply and Sanitation project of
HMG/Finnida in the Jhikhu Khola catchment. Twenty local masons were trained in July 2000.
During the training, 13 water harvesting jars of 2000 l each were constructed for demonstration
and a couple of months later an additional 9 units were constructed in an adjacent district.Since
termination of this activity in late 2000, due to persistent water shortages in the catchment,
farmers have initiated construction at their own expense. In the meantime, three families have
constructed jars at their own expense. Two schools provide drinking water for their school
children from their own jars. Two families, who had benefited from a demonstration jar, have in
the meantime constructed another jar to increase their self-sufficiency in water.

• Surface runoff harvesting
Trials with surface runoff harvesting were conducted to provide a marginal farmer with the
chance to produce an off-season vegetable crop. Firstly, trials were conducted with a 10,000 l
tank harvesting overland flow from a badly degraded area. For proper use of the harvested
water, drip irrigation technology as introduced by International Development Enterprises (IDE)
– Nepal was used. These drip sets, developed especially for Nepal, only cost 1400NRs. (~ 20
US$). The storage tank for the water harvested is a major investment and costs about 24,000
Nr. (~325 US$). However, it was shown that two cash crops could be grown in one year with
the water harvested, a cauliflower crop in the post-monsoon-winter season and a bitter gourd
crop in the pre-monsoon season. From the sale of these crops, 2/5ths of the capital expenses
could be returned per annum. This includes all the costs including labour. Still, the problem of
the initial investment remains. So far no farmer has built one of these tanks himself.
(for further details refer to Adhikari et al. 2003)

In PARDYP Phase 3, drip irrigation with different crops will be studied on different soil types and
at different locations in the catchment. In addition, participatory action research (PAR) will be
conducted in the field of water supply and demand management.

3.6.3 Water quality

Water quality has become a major concern in recent years from both the perception of the local
farmers as well as scientific data. Seventeen per cent of the respondents indicated that they
perceive water quality to be a problem in the Jhikhu Khola catchment (Merz et al. 2002). In the
Yarsha Khola the percentage is lower with 9% of the respondents and only around the main
settlements in the catchment. For human health the main concern is the high microbiological
contamination of most public water sources exceeding the guidelines often in orders of magnitudes
(KU/ICIMOD 2001). Thirty-one public water sources were monitored in four seasons over a one-year
period (see Figure 3.155). During this time, only two sources were free of faecal coliform during one
of the seasons. Phosphate and nitrate levels are often elevated and exceed the guidelines mainly in
dug wells and other water sources in agricultural areas (Dongol et al. 2003). Most of the surface
waters in the lower stretches of the Jhikhu Khola catchment and selected tributaries show elevated
levels (Merz et al. 2003c). Signs of eutrophication are omnipresent in the catchment.

Schaffner (2003) studied different water sources–including springs, taps, dug wells, and water
harvesting jars–in selected areas of the Jhikhu Khola catchment. This study concluded that
microbiological contamination is the single main parameter of concern in all drinking water
systems, with the highest contamination risk during the pre-monsoon and monsoon. Most affected
are traditional public water sources, followed by dug wells, with the lowest risk at pipe-tap systems
and water harvesting jars. Turbidity is commonly elevated during the pre-monsoon and monsoon in
all drinking water systems, but is mainly related to heavy rainfall. Agrochemical and human-induced
pollution, indicated by high nitrate and phosphate levels, is of concern mainly at dug wells. Basic
water quality parameters show very variable electrical conductivity and total hardness, locally low
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Box 3.3: Water Quality Follow-up in PARDYP

Water quality has become a major issue in the PARDYP catchments. Different surveys have
shown that microbiological contamination in particular is of great concern. The project,
therefore, decided to focus deliberately on this parameter and will conduct a series of studies in
all PARDYP catchments with the solar disinfection (SODIS) method as proposed by the Federal
Institute of Environmental Science and Technology (EAWAG).

In terms of the impact of agrochemical inputs on eutrophication, seasonal monitoring of major
nutrients in the main rivers of all catchments will continue. If possible, a detailed study on
agrochemicals and their impact on surface and groundwater in the catchments will be
conducted at a later stage within the PARDYP project or a separately funded, new project.

For further details on the water quality assessments refer to KU/ICIMOD (2001; Appendix B.2),
Schaffner (2003) and Merz et al. (submitted_b)

pH and seasonal variations in yield. Analysis of trace elements (total iron, arsenic in dug wells, zinc,
lead in water jars) revealed no levels of concern.

According to recent studies by Apel et al. (2002) and Schumann et al. (2002), the high doses of
different pesticides applied in the Jhikhu Khola catchment do not seem to pose a risk to either
groundwater or surface water contamination. The main risks to human health in connection with
pesticide use are the residues on the crops as well as unsafe handling and application.

A survey of the health posts in the Jhikhu Khola catchment has shown that about 25% of the
patients of these health facilities suffer from diseases most probably related to bad water quality
(Tripathi et al. 2002). Diarrhoea and dysentery collectively stand as the second biggest ailments
faced by the population of this catchment. The biggest problem is malaria. Pre-monsoon from
Falgun to Jestha (February to June) and the monsoon season from Asadh to Bhadra (June to
September) are the seasons with the highest numbers of patients.

3.6.4 Summary

Overall water demand in the Jhikhu Khola catchment for human activities is estimated at about 671
mm per annum including 662 mm/year for agricultural supply, 4 mm/year for domestic supply, and 5
mm/year for livestock. In the Yarsha Khola catchment, the overall water demand is estimated at
about 553 mm/year with 544 mm/year for agriculture, 3 mm/year for domestic use, and 6 mm/year
for livestock. The local residents perceive irrigation water shortage as key issue number one related
to water, followed by domestic water shortage. Increasingly, people perceive water quality as a
threatening issue.

In general, the major reasons for concern in the two catchments in terms of public water supply for
domestic use are:

• convenient access to water, which mainly affects women’s workload;

• water quality, mainly microbiological contamination, leading to poor health and affecting infants

and the old in particular;

• seasonal water shortage for domestic water supply in pocket areas of the catchments.

The agricultural water supply is organised by user groups, who manage the large number of FMIS in
the catchments. These FMIS face inadequate water supply leading to unequal water allocation,
mainly due to increasing demand throughout the catchment as well as often inefficient canal
systems.
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3.7 WATER BALANCES – HOW MUCH WATER IS AVAILABLE AND WHEN?

This section discusses the water availability in the catchments based on three different
approaches, a climatological, a hydrological, and a water resource management approach.
Finally, the results of the different approaches are compared and synthesised.

The determination of water balances is an important tool for assessing water availability, and also
for understanding potential conflicts between different water users. For flooding as well as the
degradation of land resources, these balances play a minor role as such issues only occur during
times of surplus water. Surplus water in this context is understood as excessive rainfall after
subtraction of the potential evapotranspiration, which results in runoff (see below for more
discussion). For the Koshi basin in eastern Nepal, Sharma (1997) attempted to produce a water
balance on the basis of scarce data, particularly for the part of the catchment on the Tibetan plateau
and the higher elevations of the basin. For the entire Sapta Koshi system with runoff measurements
at station 695, he determined 1288 mm precipitation, 919 mm runoff, and 369 mm evapotranspiration
(measured as precipitation minus runoff).

In the preceding chapters, the single balance parameters of precipitation, evapotranspiration, and
runoff were discussed in detail. In this chapter, a comprehensive assessment of the inherent water
availability is attempted using three different methods by using only climatic parameters,
hydrological parameters, and finally water-use components. While the climatic water balance is
determined for monthly values as well as annual values, the other balances are only generated for
annual values.

3.7.1 Discussion of applied approaches

3.7.1.1 Climatological water balance

To calculate climatic water balances, the book-keeping procedure after Thornthwaite and Mather
(1955) is used. This method has many limitations, especially in the calculation of potential
evapotranspiration. In this study the reference evapotranspiration was therefore used instead.
However, to compare different locations and rough ideas on the water surplus and deficiency
periods of the year it seems a good method. This method is not suitable for the calculation of
irrigation water requirements.

The climatic water balance is the relationship between rainfall, potential evapotranspiration, and
actual evapotranspiration from which water surplus and water deficiency can be worked out at any
place or region over a given period of time. Rainfall as the major input into the system is put into
relation with the output evapotranspiration. Water deficit deals with the additional water demand for
vegetation which cannot be supplied by rainfall and therefore has to be supplied by irrigation. The
water surplus is that part of the water balance that can be collected by constructing suitable
hydraulic structures such as tanks and reservoirs.

Water deficiency can be expressed as the difference of the reference evapotranspiration ET
0
 and the

actual occurring evapotranspiration AET.

WD = ET
0
- AET Equation 3.15

Water surplus occurs only after the soil has been recharged to its field capacity, i.e., whenever
precipitation P is higher than ET

0
 and the soil is at field capacity (DST is the available soil storage

capacity). Before producing water surplus, soil moisture is recharged.

WS = (P-ET
0
)- ΔΔΔΔΔST Equation 3.16

The climatological water balance is assessed for a point location — in this study for selected
meteorological stations in the catchments — on the basis of average data. The results of the water
surplus and deficit assessment are then interpolated spatially.
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3.7.1.2 Hydrological water balance

The hydrologic cycle is extremely complex and may therefore be represented in a simplified way by
means of the systems concept (Chow et al. 1988). The components of this system are precipitation,
evaporation, transpiration, runoff and other phases of the hydrologic cycle. Each of these
components can be further broken up into sub-systems describing the respective components in
further detail. At the catchment level the hydrologic system can be presented as in Figure 3.156. This
system can be expressed as the water budget equation or hydrological water balance (Subramanya
1994)

P – Q – G – E – T = ΔΔΔΔΔS Equation 3.17
where

P = precipitation
Q = streamflow
G = net groundwater flow
E = evaporation
T = transpiration
ΔS = change in storage

In this study a simplified equation is used, assuming that:
1) change in storage is negligible over the period of one year (see also Section 3.3),
2) there is no groundwater outflow other than through return flow at the outlet of the catchment,

and
3) evaporation from open water surfaces is negligible as large water bodies are missing in the

catchments (see also Chapter 2).

The equation can then be written as

P = Q + ET Equation 3.18
where

P = precipitation
Q = streamflow
ET = evapotranspiration

As shown above, the annual runoff data is adversely affected by the inadequate discharge data for
low flows. For this reason, precipitation and evapotranspiration were used for the calculation of
runoff and compared with the runoff as measured at the outlets of the different catchments and sub-
catchments. At Site 13 in the Jhikhu Khola catchment, the adjusted runoff on the basis of the
estimated specific discharge (see Section 3.3) was used for this purpose.

Precipitation P Evapotranspiration ET

Streamflow Q

Watershed
surface

System
boundary

Figure 3.156:  The catchment as a hydrThe catchment as a hydrThe catchment as a hydrThe catchment as a hydrThe catchment as a hydrologic system (adapted frologic system (adapted frologic system (adapted frologic system (adapted frologic system (adapted from Chow et al. 1988)om Chow et al. 1988)om Chow et al. 1988)om Chow et al. 1988)om Chow et al. 1988)
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3.7.1.3 Water accounting for water-use assessment

The method used for accounting of water use is based on Molden (1997). It is basically a
hydrological water balance approach considering water inflows and outflows from different spatial
levels in addition to water-use components. The following water accounting definitions are
important in this context (Molden 1997; for further details refer to this publication).

• Gross inflow Total inflow into the catchment from precipitation, surface, and subsurface

sources

• Net inflow: Changes in storage in addition to gross inflow

• Water depletion The use or removal of water from the catchment that renders it unavailable

for further use (e.g., evaporation, flows to sinks, pollution, incorporation into
a product). The water can be process depleted, i.e., the use of water to be
used for production of a certain good such as agricultural crops, energy, or
industrial produce. Non-process depleted water is considered to be the
water lost through processes not directly in relation to the process it was
diverted for. This, for example, includes evaporation from soil and water
surfaces and deep percolation in irrigated land if groundwater cannot be
used anymore.

• Non-depleted water This includes water that is not lost after the diversion, e.g. hydropower, in-

stream environmental uses.

• Committed flow Part of the water that is bound to certain commitments such as

environmental use, fisheries or downstream rights to irrigation water.

• Uncommitted flow: Water that is neither depleted nor committed and thus available for use

within the catchment or for downstream users.

Both the Jhikhu and the Yarsha Khola catchments, are open, i.e., there is uncommitted flow
downstream even in the low flow period. In a closed basin all usable water is committed to different
users (Molden et al. 2001). Note that this water accounting definition differs from the strict
hydrologic definition according to which a closed basin allows only outflows to internal sinks (Chow
et al. 1988).

This method was, for example, applied in four river basins of India, Pakistan, and Sri Lanka to
identify opportunities for water savings and increased productivity of water (Molden et al. 2001). The
results show that the applied method is thorough and robust and can be applied to other basins.
Molden (1997) used the method at three different scales for field-level accounting of a wheat-cotton
rotation in India, for an irrigation service-level accounting in the same area, and for a basin-level
accounting of the river Nile.

3.7.2 Temporal distribution of water surplus and deficits

As shown above in the description of the methodology, the input parameters include precipitation P
and evapotranspiration ET

0
. For a temporal and spatial distribution of these parameters, refer to

Sections 3.1 and 3.2, respectively. The climatic water balance calculates the potential water deficit
and surplus periods of the year with the results shown in Figure 3.157. A general overview of the five
stations shows that the main months of water surplus are June, July, and August at all five sites.
Surplus in June is only marginal. During the late monsoon and post-monsoon season months of
September and October, both deficit as well as surplus can be observed in different sites. Water
deficit is observed in the remaining months from November to May with a peak deficit of up to 100
mm in March, April, and May. For detailed climatic water balances of all sites refer to Appendix
A3.27.

The highest deficits can be observed in April at Site 15, representing the low altitudes on the south-
facing slopes in the Jhikhu Khola catchment. This site is followed by Site 12 and the month of April.
This site represents the valley bottom. The highest surplus was observed in July at Site 16, the
upland and south-facing site, followed by the upland site on the north-facing slope, Site 6.
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The above figure shows the average conditions in the Jhikhu Khola catchment. During the study
period no particular drought year was observed that could show the worst case scenario. In the
Indian PARDYP catchment, for example, a drought year was observed in 2002 with a late onset of
the monsoon rains and very short duration of the monsoon season(Kothyari 2003). Figure 3.158
shows the distribution of water surplus and deficit throughout the study period from 1993 to 2000.
The longest surplus period was observed in 1999, when surplus started in June and extended up
until October. The shortest surplus period was observed in 1997, where only two months, July and
August, showed surplus. In 1993, the data for June and July was missing, therefore no assumptions
for this year can be made. The highest surplus was achieved in July 1996, while the highest deficit
was reached in April 1995 and April 1999. In this respect 1999 was a very interesting year, as it
showed the highest deficit in the pre-monsoon season, but at the same time it showed the highest
surplus due to this extension of the surplus up until October.

Aspect has a major impact on the deficits, as shown in Table 3.122 comparing Sites 3 and 15, which
represent the low altitudes on the north and south-facing slopes, respectively. The average annual
water deficit at Site 15 is about double the deficit from Site 3. At the upland sites, Site 6 on the north
and Site 16 on the south-facing slopes, no distinct difference was observed. The site on the valley
floor shows very high deficits approximately in the order of the south facing foot slopes. Surplus at
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b) Low altitude - south facing (Site 15)
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a) Low altitude - north facing (Site 3)
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e) Main station - valley bottom (Site 12)
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Figure 3.157:  Average water surplus and deficits at selected sites in the Jhikhu Khola Average water surplus and deficits at selected sites in the Jhikhu Khola Average water surplus and deficits at selected sites in the Jhikhu Khola Average water surplus and deficits at selected sites in the Jhikhu Khola Average water surplus and deficits at selected sites in the Jhikhu Khola (period 1993-
2000)
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the upland sites is generally about double the surplus of the lowland sites comparing Sites 3 and 6,
and Sites 15 and 16, respectively.

In the Yarsha Khola catchment, surplus extends from about May to September and often up until
October (Figure 3.159). The highest surplus was observed at Site 5 at an altitude of 2300 masl.
Deficits in this catchment are generally very low, reaching only about 50 mm in any month between
November to April. At this location it is, however, important to be reminded that the study period
from 1998 to 2000 in this catchment was wetter than normal (see Section 3.1). The detailed climatic
water balances are presented in Appendix A3.28.

The water deficit was about 250 mm annually at all sites with the exception of Site 5, where the
deficit was 128 mm (Table 3.123). Surplus was more than 1 m at all sites except Site 9, where the
surplus was just below 1 m at 911 mm.
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Figure 3.158:  WWWWWater surplus and deficit during the study period at Site 6, Jhikhu Khola catchmentater surplus and deficit during the study period at Site 6, Jhikhu Khola catchmentater surplus and deficit during the study period at Site 6, Jhikhu Khola catchmentater surplus and deficit during the study period at Site 6, Jhikhu Khola catchmentater surplus and deficit during the study period at Site 6, Jhikhu Khola catchment

Table 3.122: Mean annual water surplus and deficit [mm] 
 

 Site 3 
(low-north) 

Site 6 
(high-north) 

Site 12 
(valley) 

Site 15 
(low-south) 

Site 16 
(high-south) 

Water surplus 132.8 400.9 191.5 228.0 411.9 
Water deficit 233.1 328.5 385.8 445.9 343.8 

 

Table 3.123: Annual water surplus and deficit at selected sites in the 
Yarsha Khola catchment [mm] 
 

 Site 3 Site 5 Site 7 Site 9 

Water surplus 1026.7 2222.0 1524.1 911.5 
Water deficit 256.1 128.2 242.4 257.5 
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3.7.2.1 Summary

• In the Jhikhu Khola catchment eight to nine months of the year have a water deficit.

• June to August and sometimes September have a water surplus.

• Peak surplus is in July.

• Peak deficit is in April.

• The annual deficits are between 200 and 400 mm.

• The annual surpluses are between 100 and 400 mm;.

• During the study period, 1999 showed the highest deficits and simultaneously the highest

surplus.

• In the Yarsha Khola catchment five to six months, from May to October, have surplus.

• Six to seven months from October to April have deficits.

• Peak surplus is in July.

• No distinct peaks for water deficits were observed. The highest levels were reached in April or

May.

• Annually, water surplus is above 1 m and deficit is between 100 and 250 mm;

• The surplus difference between the Jhikhu and Yarsha Khola catchments is in the order of one

magnitude.

3.7.3 Spatial distribution of water surplus and deficit

The water surplus and deficits differ according to elevation and aspect, as shown briefly above, on
the basis of lowland and upland stations. The rates at which the deficits change with altitude were
generally constant in the Jhikhu Khola catchment with an approximate 27 mm deficit decrease per
100 m elevation increase in the period 1993 to 2000 (Figure 3.160a). In the Yarsha Khola, the rates
were an approximate 13 mm deficit decrease with 100 m increase in elevation during the period 1998
to 2000 (Figure 3.160b). For the same period, the rate in the Jhikhu Khola was only about 1 mm
different from the rate determined for the entire study period.
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Figure 3.159:  WWWWWater surplus and deficits at selected sites in the Yater surplus and deficits at selected sites in the Yater surplus and deficits at selected sites in the Yater surplus and deficits at selected sites in the Yater surplus and deficits at selected sites in the Yarsha Khola (period 1998-2000)arsha Khola (period 1998-2000)arsha Khola (period 1998-2000)arsha Khola (period 1998-2000)arsha Khola (period 1998-2000)
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Water surplus showed, on average, a rate of 34 mm increase per 100 m increase in elevation in the
Jhikhu Khola catchment over the study period from 1993 to 2000, and a 114 mm increase in surplus
per 100 m elevation increase in the Yarsha Khola catchment in the period from 1998 to 2000 (Figure
3.161). For the same period from 1998 to 2000 the rate in the Jhikhu Khola catchment was 51 mm
increase in surplus per 100 m increase in elevation.

The spatial interpolation of the point results from the different sites is shown in Figure 3.162. The
water surplus shown in a) increases from the minimum surplus of 250 mm in the lower end of the
catchment to 600 mm surplus in the area of Tinghare at the highest point of the catchment. Water
deficit peaks on the valley bottom at 450 mm per annum, and gradually decreases with increasing
elevation down to 100 mm at the highest point of the catchment.
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b) Yarsha Khola catchment
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Figure 3.160:  Lapse rates of water deficit a) Jhikhu Khola catchment, b) YLapse rates of water deficit a) Jhikhu Khola catchment, b) YLapse rates of water deficit a) Jhikhu Khola catchment, b) YLapse rates of water deficit a) Jhikhu Khola catchment, b) YLapse rates of water deficit a) Jhikhu Khola catchment, b) Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment
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Figure 3.161:  Lapse rates of water surplus a) Jhikhu Khola catchment, b) YLapse rates of water surplus a) Jhikhu Khola catchment, b) YLapse rates of water surplus a) Jhikhu Khola catchment, b) YLapse rates of water surplus a) Jhikhu Khola catchment, b) YLapse rates of water surplus a) Jhikhu Khola catchment, b) Yarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchmentarsha Khola catchment
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In the Yarsha Khola catchment, water surplus increases with elevation from a minimum of about 500
mm close to the outlet, up to 3000 mm at the highest point of the catchment in the north-eastern
corner (Figure 3.163a). Water deficit peaks at the outlet with about 300 to 350 mm. The lowest
deficits are estimated for the highest points along the divide (Figure 3.163b).

The hydrological water balances of the Jhikhu Khola and the Yarsha Khola catchments with
reference to the sites at the outlet are presented in Figure 3.164. The area monitored by Site 1 in the
Jhikhu Khola catchment received about 1295 mm rainfall per annum on average during the study
period. This amount was depleted by about 869 mm evapotranspiration and 411 mm runoff. This
corresponds to about 67% lost through evapotranspiration and 32% lost in runoff. The difference of
15 mm between the measured runoff and estimated evapotranspiration may be due to various
reasons, including inaccurate measurement of precipitation or runoff, inaccurate interpolation of
rainfall or evapotranspiration, or inaccurate calculation of evapotranspiration. However, the
difference is only 15 mm or 1% of the entire rainfall.
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In the Yarsha Khola catchment, which receives nearly double the rainfall of the Jhikhu Khola
catchment, 2206 mm rainfall was measured on average during the three-year study period. Of this
input, 34% or 767 mm was lost through evapotranspiration and 62%, or 1349 mm, through runoff
downstream. The errors in measurement, calculation, or interpolation were 90 mm, or 4% of the
entire rainfall.

The sub-catchments of the Jhikhu Khola catchment show two different behaviours (Figure 3.165).
The sub-catchments of the Lower Andheri Khola, the Upper Andheri Khola, and the Kukhuri Khola
receive, on average, between 1250 and 1300 mm rainfall per annum. Out of this between 60 and 70%
is lost as evapotranspiration, which corresponds to about 800 to 850 mm. Runoff accounts for about
30 to 40% of losses, corresponding to 400 to 500 mm of runoff. The Kubinde Khola shows a distinctly
different pattern, with only 1200 mm of rainfall, out of which more the 75% is lost to
evapotranspiration. Runoff therefore accounts for only about 20% or 230 mm. On the basis of the
specific discharge of 4.9 ls-1km-2, as determined in Section 3.3 for this sub-catchment, the annual
runoff corresponded to 156 mm for this catchment. On the basis of rainfall and evapotranspiration,
230 mm of runoff was calculated, which is a difference of 74 mm, or 6% of the entire catchment’s
rainfall. The differences for the other sub-catchments between calculated runoff and measured
runoff were 113 mm (9%) in the Lower Andheri Khola sub-catchment, 237 mm (18%) in the Upper
Andheri Khola sub-catchment, and 47 mm (4%) in the Kukhuri Khola sub-catchment. In general, the
differences are acceptable, except in the case of the Upper Andheri Khola catchment. Here, the error
between the calculated runoff and the measured runoff is too big. Both precipitation as well as
evapotranspiration seem to be in the order of the other sub-catchments, which show quite good
results. On this basis it must be assumed that the measured runoff is overestimated, and the
estimated runoff is used for the calculations below.

Comparing the ratios between runoff and evapotranspiration in the different sub-catchments and
catchments, it is evident that the ratio tends to increase with elevation, showing the lowest ratio at
Site 13 with 0.24 and the highest ratio at Site 1 in the Yarsha Khola with 1.76, indicating that runoff is
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bigger than evapotranspiration. Site 1 of the Jhikhu Khola shows a ratio of 0.47, the Lower Andheri
Khola (Site 2) 0.44, and the Upper Andheri Khola (Site 8) 0.63 and the Kukhuri Khola (Site 7) 0.54.

The following summary can be made.

• Water deficit decreases with elevation at a rate of 27 mm per 100 m elevation increase in the

Jhikhu Khola catchment, and 13 mm per 100 m elevation increase in the Yarsha Khola catchment.

• Water surplus increases with elevation at a rate of 34 mm per 100 m elevation increase in the

Jhikhu Khola catchment and 114 mm per 100 m elevation increase in the Yarsha Khola
catchment.

• Water surplus ranges from 250 to 600 mm in the Jhikhu Khola catchment and 500 to 3000 mm in

the Yarsha Khola catchment.

• Water deficit ranges from 450 to 100 mm in the Jhikhu Khola catchment and 350 to 100 mm in the

Yarsha Khola catchment.

• In the Jhikhu Khola catchment two-thirds of the rainfall is depleted in the form of

evapotranspiration and one-third is lost through runoff.

• In the Yarsha Khola catchment one-third of the rainfall is depleted in the form of

evapotranspiration and two-thirds of the rainfall is lost through runoff.

• The sub-catchments of the Jhikhu Khola catchment show a similar ratio to that of the entire

catchment, with the exception of the Kubinde Khola sub-catchment, where 80% is depleted by
evapotranspiration and only 20% is lost through runoff.

3.7.4 Water accounting

The results of the water accounting analysis presented in Table 3.124 and Figure 3.166 reveal the
following.

• Precipitation is the only inflow parameter accounting for the entire gross inflow.

• No storage change was assumed in the period of one year.

• This results in a net inflow of about 1300 mm in the Jhikhu Khola catchment and 2200 mm in the

Yarsha Khola catchment.

• Crop evapotranspiration accounts for about 55% of the total process depletion of 886 mm in the

Jhikhu Khola catchment.

• In the Yarsha Khola catchment crop evapotranspiration accounts for 356 mm or 46% of the 776

mm process depleted water.

• About 40% or 355 mm accounts for non-process and beneficial depletion by forest in the Jhikhu

Khola catchment, and 348 mm or 45% is accredited to this parameter in the Yarsha Khola
catchment.

• Only 38 mm, or 4%, is non-process and non-beneficially depleted in the Jhikhu Khola catchment,

which includes evaporation from free soil surface and water bodies. In the Yarsha Khola
catchment this portion accounts for 8%, or 63 mm.

• All outflows from the catchments are usable as no downstream water rights or needs have to be

respected.

The results of this table are visually presented in Figure 3.166. The difference between the two
catchments in terms of uncommitted flow as well as the percentage of beneficial depletion is
evident. In the Yarsha Khola, more than 60% of the gross inflow contributes to uncommitted flow,
suggesting that ample water is available in the catchment for further development. In the Jhikhu
Khola this is only about 30% of the gross inflow. It is, however, important to note that these are
annual values and include the monsoon flows. During the dry season the uncommitted flow is
reduced to a minimum in the Jhikhu Khola catchment and accounts for about 7 mm only in the
driest months of March and April. In the Yarsha Khola catchment the uncommitted flow in February,
the driest month in this catchment’s streams, is 20mm. For a discussion of the driest months in each
catchment refer to the end of this section, below.

In terms of the performance of the two catchments based on the values in Table 3.124, the following
indicators can be determined (Table 3.125).
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In the Jhikhu Khola catchment:

• sixty-eight per cent of the gross inflow is depleted by different uses;

• all water from the gross inflow is available, therefore the same percentage of 68% is depleted by

different uses with reference to available water;

• fifty-six per cent of the depleted water resources is process depleted by crop evapotranspiration,

domestic, and livestock use;

• beneficial depletion accounts for more than 65% of the water available;and

• irrigated agricultural process depletion through crop evapotranspiration is responsible for 52% of

the depletion of available water.

Table 3.124: Water accounting components of the Jhikhu Khola and Yarsha 
Khola catchments [mm] 
 

Description   Jhikhu Khola Yarsha Khola 
   Total Parts Total Parts 

Gross inflow   1295  2206  
 Surface diversion  0  0 
 Precipitation  1295  220

6 
 River inflow  0  0 
 Subsurface flow  0  0 
Storage change   0  0  
 Surface storage  0  0 
 Subsurface storage  0  0 
Net inflow   1295  2206  
Depletion   886  776  
Process   493  365  
 Irrigation-crop evapotranspiration  484  356 
 Municipal and industrial  9  9 
Non-process, beneficial 38  63  
 Irrigation-flows to sinks  38  63 
Non-process, beneficial 355  348  
 Home gardens, forest  355  348 
Beneficial   848  713  
Low and non-beneficial 38  63  
Outflow   411  1349  
 Committed outflow for downstream water rights  0  0 
 Committed outflow for environment  0  0 
 Uncommitted outflow 411  1349  
  Utilisable  411  134

9 
  Non-utilisable  0  0 
Available water at catchment level (net – committed – non-
utilisable) 

1295  2206  

Available water for agriculture 931  1849  
 

Table 3.125: Water-accounting indicators for the Jhikhu Khola and 
Yarsha Khola catchments 
 

Indicator Jhikhu Khola Yarsha Khola 

 Annual April Annual February 

Ratio gross/net inflow 1.00 0.42 1.00 0.16 

Depleted fraction (gross) 0.68 2.16 0.35 3.28 

Depleted fraction (available) 0.68 0.90 0.35 0.62 

Process fraction (depleted) 0.56 0.39 0.47 0.29 

Process fraction (available) 0.38 0.35 0.17 0.18 

Beneficial depletion 0.38 0.35 0.17 0.18 

For irrigated agriculture     

Process fraction (available) 0.52 0.69 0.19 0.27 
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In the Yarsha Khola catchment:

• thirty-five per cent of the gross inflow is depleted by different uses;

• 47% of the depleted water resources or 17% of the available water resources are process depleted;

• beneficial depletion accounts for 32% of the water available in this catchment;

• only 19% of the available water resources are depleted by irrigated agriculture.

The performance indicators were also assessed for the month of April in the Jhikhu Khola
catchment and February in the Yarsha Khola catchment, each representing the lowest monthly
flows in the respective catchments. In general, there is not enough precipitation to meet the needs
of the vegetation and for human consumption. This is shown by the high values above 1 for the
depleted fraction of the gross inflow. It was therefore assumed that the total depleted fraction added
to the total outflow of the catchment would determine the net inflow. Soil water and groundwater
has to substantiate the atmospheric water during this month as precipitation only made up 42% of
the net inflow in the Jhikhu Khola catchment, and only 16% in the Yarsha Khola catchment. The
storage change within the catchment was then determined by subtracting the precipitation from the
net inflow.

Figure 3.166:   WWWWWater accounting diagrams of Jhikhu Khola and Yater accounting diagrams of Jhikhu Khola and Yater accounting diagrams of Jhikhu Khola and Yater accounting diagrams of Jhikhu Khola and Yater accounting diagrams of Jhikhu Khola and Yarsha Khola catchmentsarsha Khola catchmentsarsha Khola catchmentsarsha Khola catchmentsarsha Khola catchments
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Most of the water during this month was depleted, shown by 0.90 for the depleted fraction on the
basis of the water available in the Jhikhu Khola catchment. Beneficial depletion accounted for 85%
of the available water resources with the remaining depletion caused by evaporation from the soil
surface and from natural vegetation not directly beneficial to the residents. In the Yarsha Khola
catchment, 55% of the available water resources were beneficially depleted, out of which 27% were
accredited to crop evapotranspiration on irrigated land.

The results of this water-accounting exercise show that in both catchments water still needs to be
used more efficiently . While during the dry season there is little scope for improvement in the
Jhikhu Khola, as there is already a high degree of beneficial depletion with 85% of the available
water in this catchment and hardly any uncommitted outflows from the catchment, there is scope
for better use of the monsoon waters. Even during the dry season months in the Yarsha Khola
catchment there is room to increase the beneficial depletion, as currently there is a high outflow as
well as a low fraction of process depletion.

3.7.5 Summary and synthesis

Three different methods were used to assess the water balances in the catchments:

• the climatological water balance,

• the hydrological water balance, and

• the water accounting.

The climatological water balance was used to determine spatial water surplus and water deficit
patterns in the catchments. Generally, these parameters show good regressions with elevation, with
the highest water deficits on the valley floors and at the outlets, and the highest surplus at the divide
and the peaks of the catchments. The Jhikhu Khola catchment shows annual water deficits of 200 to
450 mm, mainly confined to the late winter and the pre-monsoon season months and generally
peaking in April or May. The water surplus during the monsoon months may reach 450 mm. In the
Yarsha Khola catchment, annual water surplus may reach up to 3000 mm at the highest point of the
catchment with values as low as 500 mm at the outlet. The deficits range from 100 mm at the top of
the catchment to about 350 mm at the outlet.

The hydrological water balances show a distinct difference between the Jhikhu Khola and the
Yarsha Khola catchments. While in the Jhikhu Khola catchment, including three of the four sub-
catchments, roughly two-thirds of the precipitation is lost as evapotranspiration and one-third as
runoff, in the Yarsha Khola catchment it is the other way round with one third of the precipitation
lost as evapotranspiration and two-thirds as runoff. In the low Kubinde sub-catchment, only 20% of
the precipitation leaves the catchment as runoff.

The water accounting underlines the importance of agricultural water use in the two catchments.
This water use, in addition to the forests, accounts for most of the depleted water resources. While
on an annual basis both catchments seem to have adequate water availability on the catchment
scale, largely due to the large inflows during the monsoon season, during the driest months in both
catchments the storage of water from the last dry season is crucial. From the water available most is
depleted during this month in the Jhikhu Khola catchment. Therefore little scope is observed for this
period of the year in this catchment. However, the vast amounts of water available during the
monsoon season could still be managed more efficiently. PARDYP Phase 3 is looking into some of
these aspects. In the Yarsha Khola catchment the water resources can still be used more efficiently,
in both the dry season as well as in the rainy season.

For the indices, parameters of the water balances are only appropriate for the Water Poverty Index.
Annual water surplus and annual water deficit, as well as the performance indicators of the water-
accounting procedure, will be used (see Table 5.1 for a complete list).



248 WWWWWater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Tater Balances, Floods and Sediment Transport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kransport in the Hindu Kush-Himalayasush-Himalayasush-Himalayasush-Himalayasush-Himalayas

3.8 SUMMARY AND SYNTHESIS OF CHAPTER 3

Chapter 3 discussed the main processes related to water availability, flooding, and water-induced
land degradation from a water perspective. Each sub-chapter concludes with a summary as well as
with a set of potential indicators for the proposed Water Poverty, Flood Generation, and Water
Induced Degradation indexes to be discussed in Chapter 5. Below, a brief summary is given of the
main findings of the process studies, which is important for later in this study.

3.8.1 Precipitation

• The Jhikhu Khola and the Yarsha Khola catchments show distinct seasonal differences with 75 to

80% of the annual rainfall during the monsoon season and 10 to 15% in the pre-monsoon season.
The monsoon season rainfall is most secure with a C.V. of 0.1 to 0.2. The highest seasonal inter-
annual differences are shown for the post-monsoon and the winter seasons with C.V.s of 0.5 to 1.2
and 0.8 to 1.6, respectively.

• About 70 to 75% of the days in the Jhikhu Khola catchment have no rain or only traces (< 1 mm).

If 15 days without rain follow each other a dry spell occurrs. Annually, about 4 dry spells are
expected with an average length of 44 days. The longest observed dry spell in this catchment was
141 days during the study period from 1993 to 2000. In the Yarsha Khola catchment no rainfall or
traces occurred only on about 50 to 60% of the days. Annually, about 3 dry spells are expected
with an average duration of 42 days.

• In terms of low rainfall, November and December show the highest probability of having no

rainfall and the months October to April generally have less than 50 mm.

• Log-Pearson Type III distribution shows a better fit with the annual maximum daily rainfall values

than the GEV using the Weibull plotting positions.

• Most of the precipitation parameters follow a rainfall-elevation relationship. This includes annual

rainfall amount, rainfall amount during the monsoon and pre-monsoon seasons, erosivity, and
number of rainy days. Rainfall intensity however did not show any distinct relationship with
elevation.

• The IDF curves previously established by Chyurlia (1984) show similar results for the daily rainfall

amounts and aggregates thereof. For data of higher temporal resolution these curves however
underestimate the values by about 50% for the two cases in the Jhikhu Khola catchment. This
suggests that up to the time of more widespread intensity-duration-frequency information the
Chyurlia (1984) approach can be used for daily data, while for six-hourly and higher resolution
data the Chyurlia estimates have to be doubled.

• The highest rainfall intensities were observed in the late pre-monsoon or the early monsoon

season. Maximum 10-minute intensities reached up to 150 mm/h in the case of the Jhikhu Khola
catchment and 175 mm/h in the case of the Yarsha Khola catchment.

• On the basis of the long-term data available for sites in the Jhikhu Khola catchment and sites

close to the Yarsha Khola catchment, no trend can be observed in the case of the annual rainfall
amounts or in the annual daily maxima. During the study period of eight years an increasing
trend was observed.

3.8.2 Evapotranspiration

Due to missing data, evapotranspiration was calculated on the basis of a temperature approach.
Potential evapotranspiration rates of 800 to 1400 mm in the Jhikhu Khola catchment and 600 to 1300
mm in the Yarsha Khola catchment were identified. Evapotranspiration at the actual rates were
identified as 800 to 900 mm per annum in the Jhikhu Khola catchment and 600 to 800 mm in the
Yarsha Khola catchment. Based on this approach it is not surprising that evapotranspiration shows
a good relationship with elevation. It is important to note that this parameter of the hydrological
balance needs further investigation in future in order to capture the local conditions, including the
local crop and vegetation parameters.

3.8.3 Runoff

• Runoff in the two purely rainfed Jhikhu and Yarsha Khola catchments follows the same pattern as

rainfall, with most of the runoff occurring during the monsoon season and peaking in August (one
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month later than rainfall) and showing the lowest flows in February to April. The most variable
flows over the years were observed in the pre-monsoon season, namely in the months of March,
April, and May.

• The baseflow recession shows an emptying of the storage in the catchments in 300 days in the

Jhikhu Khola catchment and in 320 days in the Yarsha Khola catchment.

• In dug wells the biggest reliability in terms of water availability was shown in wells situated close

to rivers in river valleys or on the foot slopes adjacent to the rivers. This reliability, however, is
compromised by the fast interaction of river water with the groundwater, leading to worse water
quality. The other dug wells at risk in terms of quality are the ones located in the vicinity of human
settlements rather than close to one or two houses.

• Specific runoff is very low in the Jhikhu Khola catchment with 12 l/s*km2, which can be attributed

to the large pressure on the streamflow through irrigation requirements. In the Yarsha Khola
catchment a specific runoff of 40 l/s*km2 was observed. The specific yield shows a good relation
with elevation, which can be attributed to the increasing rainfall with elevation shown above.

• The duration curve in the Jhikhu Khola catchment is very flat, i.e., most of the time the rivers in

the catchment are in a low flow condition. The daily discharge with 5% probability of exceedance
was determined to be about 53 l/s*km2. In the Yarsha Khola catchment, baseflow is more
sustained and therewith the duration curve shows a steeper slope throughout the year with a
daily discharge of 5% probability of exceedance of about 160 l/s*km2.

• The Log Pearson Type III distribution showed the best fit with the annual maximum daily flows. A

25-year return period discharge event was estimated to be about 40 m3/s at the outlet of the
Jhikhu Khola catchment.

• No particular trend could be observed on the basis of the discharge data, although personal

observations suggest a clear decrease in low season flow. The reason for this is the low flow
insensitivity of the hydrological stations as well as the instable cross-sections at places.

3.8.4 Event analyses

• Rainfall could be grouped into four clusters according to rainfall volume, intensity, and duration:

minor, medium, high intensity, and large events. The cluster limits are compiled in Table 3.93 for
both catchments, which showed a very similar response. These clusters showed a good relation
to the events observed on the erosion plots as well as at the outlets of the sub-catchments.

• For runoff generation at the plot scale, maximum 60-minute rainfall intensity contributed the most

information content as shown with the highest correlation of this parameter with runoff.
Maximum 10 and 30-minute intensity showed lower correlations.

• The relationship between the clusters and the runoff observed on the erosion plots suggests

infiltration excess runoff generation mechanisms on degraded land, while on the agricultural land
saturation excess runoff generation mechanisms are suggested. Grassland observed both
saturation as well as saturation excess runoff generation.

• The behaviour of the degraded erosion plots showed an overall good relation with the flood

behaviour at the sub-catchment and catchment outlets, suggesting that runoff generation
mechanisms as observed on the plots are most likely to contribute largely to flood events rather
than the mechanisms as observed on the agricultural land.

• For flood peaks the total area of grassland and degraded land has an enhancing effect, while the

area of cultivated land, irrigated land in particular, seems to dampen the flood wave.

• No distinct reason for the generation of high flow events could be established on the basis of the

rainfall data, except the combination of high rainfall intensities with medium event rainfall
volume, or prolonged events with large rainfall volume and only medium intensities. The
following thresholds were determined:

• for events throughout the catchments, a total rainfall volume of more than 25 mm and maximum

30-minute intensities of more than 10 mm/h are required;

• for events concentrated on a part of the catchment the total rainfall event volume has to be more

than 10 mm with a maximum 30-minute intensity of more than 20 mm/h;

• Antecedent precipitation did not show any particular effect on the size of the events.
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3.8.5 Sediment mobilisation and transport

• The surface soil erosion rates from the agricultural land are in line with other studies and show

only a small deviation from the natural soil development. It is therefore suggested that surface
soil erosion on agricultural land is only a marginal issue.

• More than 75% of the annual soil loss on these terraces occurs in 5 to 10% of the annual events.

• Surface erosion and gullying from degraded land are serious problems in both terms of degrading

resources in the catchments as well as in terms of downstream sediment enrichment.

• On all plots rainfall intensity and rainfall volume played a major role in soil mobilisation. On

agricultural plots the vegetation cover additionally contributed to soil loss or soil conservation.
On degraded land this soil cover was missing. On grassland soil loss was negligible. Antecedent
moisture conditions did not show any particular correlation with soil loss.

• Surface erosion only accounts for a part of the total sediment load, while the importance of

streambank erosion is identified, but not quantified. This aspect of the sediment budget was
touched upon by Carver (1997), but needs further detailed investigation.

• An interesting relationship emerged between different land uses and sediment loads. Grassland

in a catchment showed a positive trend with sediment load, while rainfed agricultural land
showed a decreasing trend. These relationships are interesting in the light of the plot results,
where grassland shows hardly any soil losses, while rainfed land shows medium soil losses.
Possible reasons for this are discussed in Section 3.5.

• The construction of a highway through the upper parts of the north-facing slopes in the Jhikhu

Khola catchment from January to March 2000 had a considerable impact on the sediment regime
of the Kukhuri Khola, the Upper Andheri Khola, and the Lower Andheri Khola. The sediment
concentrations in these streams increased in the order of magnitudes from 1999 to 2000 and the
total sediment load increased by 300 to 600%. No impact could be shown at the scale of the entire
Jhikhu Khola catchment.

3.8.6 Water demand and supply

Currently the domestic water supplies stand at about 4 mm/year in the Jhikhu and Yarsha Khola
catchments. This represents very low daily water demand rates of only 20 to 25 l person-1day-1.
Agricultural use stands at about 250 to 300 mm for irrigated land, and 300 to 350 mm for rainfed
agricultural land (these values are calculated on the basis of the entire catchment area). Livestock
water demands are between 4.5 and 6 mm/year. This demonstrates the greater demand for water for
agriculture in relation to domestic water requirements. Water supply is organised on both a
community and private basis, both for domestic as well as for agricultural purposes. With the decay
of well-functioning community structures, water supply has become a major issue in the
catchments. In addition, water quality is increasingly becoming a major concern.

3.8.7 Water balances

• On the basis of the climatological balances the Jhikhu Khola catchment displays water deficit

conditions for most of the year (eight months from October to May) with a surplus during the
monsoon season. In total, a water deficit of about 200 to 400 mm was calculated over these
months. In the Yarsha Khola catchment the deficit ranged from 100 to 300 mm from November to
April. The highest deficits were observed in both catchments at the outlet and on the valley floor,
while the highest surpluses were seen along the divide.

• Hydrologically, the pressure on the Jhikhu Khola catchment can be seen by the high proportion of

precipitation lost by evapotranspiration. Only about 35% of the annual precipitation leaves the
catchment as runoff. In the Yarsha Khola catchment, runoff accounts for about 65% of the total
annual precipitation.

• The most important users of water in both catchments are agriculture and natural and planted

forests. Although water resources are sufficient every year in both catchments, there is no scope
for increased water use in the Jhikhu Khola catchment during the dry season. In the Yarsha Khola
catchment there is still scope for increased water use by agriculture or any other sector.
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SYNOPSIS 3: UNDERSTANDING THE RELEVANT PROCESSES

The process understanding in these catchments firstly builds on the documentation of
known facts for the middle mountain catchments, which have not been adequately
documented and are important for the later chapters of the study. Additionally, new
insights into the processes are provided. The main points to keep in mind are as follows:
• all water resources are highly seasonal and during the critical times highly variable;
• there are extended dry spells with no rain for 40 to 50 days and up to 100 days;
• there is a high frequency of no rain or little rain in 8 out of 12 months;
• evapotranspiration peaks in the season where flows are lowest and rainfall is very

variable;
• climatological water balances suggest 7 to 8 months water deficit per year with

considerable surplus during the monsoon season months;
• very intense rainfall events can occur in any season, but are most frequent during the

monsoon season;
• the IDF curves by Chyurlia (1984) largely underestimate the short period rainfall

intensities of different return periods;
• high-volume events mostly occur during the monsoon season;
• rainfall intensity and rainfall volume of an event are decisive for both flood

generation and surface sediment mobilisation;
• in general, good relations are observed between water resources’ components and

elevation excluding rainfall intensity and rainfall volume during the dry season
months;

• highest runoffs are observed on degraded land followed by grassland and
agricultural land;

• highest soil losses are observed on degraded land followed by agricultural land and
grassland;

• surface soil erosion from rainfed agricultural land balances natural soil
• development and contributes to improved fertility of downstream irrigated land;
• floods in catchments are positively related to the area of grassland and degraded

land, while a negative relationship is observed with cultivated land;
• streambank erosion may be of much more importance than assumed so far;and
• the Jhikhu Khola catchment is already under considerable pressure, as shown by the

proportion of evapotranspiration losses in comparison to the runoff. In the Yarsha
Khola catchment, intensification of water use can still consider large unused water
resources.

Overall, local residents perceive water shortages for both domestic and agricultural
demands. Water quality is becoming an increasing concern. This is in contrast to the
observed water supply expressed in service levels, according to which 45 to 60% of the
population should have a good water supply. The main issue in this context is the high
microbiological contamination of the entire water supply. Another factor related to this is
the long distances to the water sources, which put major stress on women’s workload.
The water supply for agricultural use is mainly constrained by the seasonality of rainfall
as well as the large number of users and the often inefficient water distribution in
unlined and open irrigation canals. The intensively cultivated areas not only require
large amounts of water, they are also a source of agrochemical pollution.

In summary, these processes suggest that:
• appropriate water management has to address the issue of seasonality;
• dependency on rain as a direct water source for agriculture has to be reduced;
• farming should be considered beneficial for flood protection and therefore

abandoning discouraged;
• soil conservation will have to pay more attention to farmers’ other problems in order

to be successful;
• more attention should be paid to stream banks as well as the road network for soil

conservation;
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• improvement of water supply service levels is crucial, which suggests more
decentralised water supply schemes to reduce distances and improve management;

• the impact of high agrochemical inputs should be studied, and deserves better
process understanding and improved and reinforced legislation;

• microbiological contamination should be reduced, which could be achieved by
improved recharge and source catchment management as long-term methods or
simple and cheap treatment methods such as SODIS;and

• there should be a focus on increasing irrigation efficiency with alternative irrigation
methods for vegetable crops, sprinkler for potatoes, and potentially water saving
approaches for staple crops: e.g., system for rice intensification (SRI) in early rice.




