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ABSTRACT: We examined trends in several hydro-meteorological variables in the upper Indus
River basin (UIRB) in Pakistan. To represent the diversity of hydro-meteorological conditions in the
basin, mean monthly data from 20 meteorological and 8 hydrometric stations were analyzed for
detection of trends using the non-parametric Mann-Kendall test in combination with the trend-free
pre-whitening approach for correcting time series data sets for serial correlation. Sen's slope
method, a non-parametric alternative for estimating a slope for a univariate time series, was used to
determine the magnitude of trends. The meteorological variables we considered were: minimum
temperature, maximum temperature, and precipitation, whereas the hydrological variable consid-
ered was streamflow. For several of the variables, many more trends were identified than can be
expected to occur by chance. Analysis of winter maximum temperature revealed an increasing
trend with the trend in slopes of 1.79, 1.66, and 1.20°C per 39 yr for the upper, middle, and lower
regions, respectively. Precipitation trends were inconsistent and showed no definite pattern. Trends
in streamflow were found to be related to increasing trends in mean maximum temperature, partic-
ularly in winter and spring seasons. Increased winter temperatures are likely to increase streamflow
in winter and spring. During summer months streamflow will decrease and reduce the availability
of water in the Tarbela Dam, thereby requiring changes in the reservoir operating policy towards
more efficient management of available water.
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1. INTRODUCTION

During the last few decades, the concentration of
carbon dioxide (CO,) and other greenhouse gases in
the atmosphere has increased considerably, mainly
due to the burning of fossil fuels and biomass, rapid
industrialization, and changing land-use patterns. Pro-
jected global changes in temperature are likely to
intensify the hydrologic cycle and, hence, alter hydro-
logic systems. As a result, hydrological systems are
anticipated to experience, not only changes in average
availability of water, but also changes in extremes
(Simonovic & Li 2003, Jiang et al. 2007). However, im-
pacts of climate change on hydrological systems may
vary from region to region.

Several studies have reported that warming has
taken place over India (Arora et al. 2005, Singh et al.
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2008), Bangladesh (Ahmad & Warrick 1996), and Ne-
pal (Shrestha et al. 1999). Shrestha et al. (1999) re-
ported increases of 0.61, 0.90, and 1.24°C decade! in
winter maximum temperatures for Nepal, Himalayan,
and trans-Himalayan climate stations, respectively.
CICERO (2000) estimated a temperature rise of 0.9°C
for Pakistan by 2020 and predicted that the tempera-
ture rise could double by 2050. Overall, an increasing
temperature trend was reported for China, and a neg-
ative trend was detected in high-latitude regions dur-
ing summer. Winter periods have shown a warming
trend in the southwest Xinjiang and southwest Tibet
regions (Gemmer et al. 2003). Fowler & Archer (2006)
examined temperature data (1961-1999) of 7 climate
stations in the Karakoram and Hindukush mountains
using regression techniques, and detected a winter
warming and a summer cooling trend.
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Many precipitation trend studies have also been car-
ried out in the South Asia region (e.g. Zhang et al. 2005,
Huang et al. 2009). Gemmer et al. (2003) showed that
there was an increasing precipitation trend 1951-2002
in southwestern Xinjiang, which is an area adjacent to
the northern part of Pakistan, and in Jammu-Kashmir,
which is southwest of Tibet. Archer & Fowler (2004)
used linear regression to analyze precipitation data
from various stations in the upper part of the Indus
River basin with different record lengths. A significant
increasing trend of precipitation in winter and summer
during the period 1961-1999 was detected. On the con-
trary, Raziei et al. (2005) concluded that precipitation in
Iran is decreasing. Kezer & Matsuyama (2006) investi-
gated runoff trends for the Ili and East Rivers in Central
Asia; no statistically significant change was observed
except for runoff. Chen et al. (2007) investigated tem-
poral (1951-2003) trends in annual and seasonal pre-
cipitation, temperature, and runoff in the Hanjiang
basin in China using the Mann-Kendall test and linear
regression. Results indicated that precipitation did not
exhibit a significant trend, but a significant increasing
trend for temperature was seen in most parts of the
basin at the 5% level. Furthermore, a decreasing trend
was seen in mean annual, spring, and winter runoffs in
the Danjiangkou reservoir basin.

Results of several recent studies have confirmed that
the South Asia region is indeed warming, and the
trend of warming is broadly consistent with the global
warming trend (Singh et al. 2008). As a consequence,
many aspects of the natural environment, including
water resources, are anticipated to experience poten-
tially serious climatic impacts in the South Asia region.
The recent Intergovernmental Panel on Climate
Change (IPCC) report (IPCC 2007a) clearly indicates
the likelihood of considerable warming over sub-
regions of South Asia, with greater warming in winter
than in summer. Results of multimodel GCM (global
climate model) runs under the Special Report on Emis-
sion Scenarios (SRES) B1 and A1F1 project an increase
in average temperature over all of South Asia, with the
greatest increase being projected for winter months.
The projected rise in temperature for winter months
exceeds the range of the global mean surface temper-
ature rise (1.8 to 4°C) reported by the IPCC (2007b).

The impact of global climate change on hydrological
systems has been extensively studied (Bates et al. 2008).
Many recent works have focused on the assessment of
the impacts of climate change in snow-dominated
basins. Burn (1994) and Westmacott & Burn (1997) ex-
amined the impacts of climate change on the timings of
spring runoff in West-Central Canada. Burn et al.
(20044a,b) investigated trends and variability in hydro-
logical variables for natural streamflow gauging stations
for the Liard and Mackenzie River basins in northern

Canada. Both basins exhibited an increase in winter
flows and some increase in spring runoff. Abdul Aziz &
Burn (2006) and Burn (2008) noted an earlier onset of
the spring freshet over the Mackenzie River basin.
Novotny & Stefan (2007) observed that the threat of
flooding has increased due to rainfall events rather than
snow melt in 5 major river basins of Minnesota, USA.

In developing countries like Pakistan, climate
change could represent an additional stress on ecolog-
ical and socioeconomic systems that are already facing
tremendous pressure due to rapid urbanization, indus-
trialization, and economic development. With its large
and growing population and an economy that is closely
tied to its natural resource base, Pakistan is highly vul-
nerable to the effects of climate change. According to
the recent work of Vorosmarty et al. (2010), the South
Asian region shows high incident threats to human
water security or biodiversity. The Himalayan region
has >12000 glaciers (ICIMOD 2001), and the Indus
River is replenished by melt-water from around 3300
glaciers (Thayyen & Gergan 2010). The water security
of Pakistan is likely to be impacted due to changes in
the temporal and spatial distribution of water. The
erratic and uncertain pattern of water availability is
likely to impact crop yields due to changes in the
dynamics of the hydrological cycle. Therefore, the
main focus of this research is to detect and analyze the
trends in hydro-meteorological variables from several
stations in the upper Indus River basin (UIRB).

Previous studies (Archer & Fowler 2004, Fowler &
Archer 2006) in the UIRB applied a linear regression
technique for the analysis of trends in temperature and
precipitation variables. In the present study, the non-
parametric Mann-Kendall test has been used for the
trend analysis with the trend-free pre-whitening
(TFPW) approach (Yue et al. 2002) for correcting time
series for serial correlation. Apart from temperature
and precipitation, the present study analyzes trends in
streamflow as well. In previous work, meteorological
stations covering only a more restricted upper part of
the Indus River basin were considered, whereas the
present work covers stations from the entire UIRB
lying in Pakistan.

2. STUDY BASIN

The Indus River basin is one of the world's largest
basins, covering an area of approximately 1.1 x 10° km?,
shared by Afghanistan (6.7 %), China (10.7%), India
(26.6 %), and Pakistan (56 %) (Wolf et al. 1999). The
Indus River is the major river flowing through the
basin. One of the world's longest rivers (3180 km), it
originates from the Tibetan Plateau north of Lake
Mansarovar at 5500 m above mean sea level. It flows
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through Jammu, Kashmir, and Pakistan before drain-
ing into the Arabian Sea (Negi 2004). The other main
rivers that flow westwards into this basin are the
Jhelum, Chenab, Ravi, Beas, and Sutlej, while the
Kabul River originates at the base of the Unai Pass in
Afghanistan and flows eastward towards Kabul city in
Afghanistan and meets the Indus River at Attock in
Pakistan.

The study area for this research is confined to the
upper part of the Indus River basin that lies in Pak-
istan, and is referred to as the UIRB (Fig. 1). The UIRB
lies between latitudes 32.48 and 37.07°N and longi-
tudes 67.33 and 81.83°E, and covers an area of approx-
imately 289 000 km?. The basin is fed by a combination
of seasonal snowmelt, permanent glacier melt, and di-
rect runoff from rainfall during winter and summer

monsoon seasons (Archer 2003). The Kabul River is the
second major river in the basin. The Tarbela Reservoir
(Fig. 1) is a major storage facility on the Indus River in
Pakistan. It came into full operation in 1976. Owing to
sedimentation, the gross storage capacity of the Tarbe-
la Reservoir has been reduced from 14.3 x 10° to 10.3 x
10° m® (Haq & Abbas 2006). The main purpose of Tar-
bela Reservoir is to store water from the Indus River
and to ensure a continued and improved supply of
water for irrigated land in Pakistan, besides generating
hydro-electric power (3500 MW) and controlling floods
during the high flow period (summer season). Details
on hydrometric locations, obtained from the Water and
Power Development Authority (WAPDA) of Pakistan,
are presented in Table 1. The mean monthly and mean
annual runoff data for the major rivers in the UIRB are
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Fig. 1. Spatial distribution of climate and hydrometric stations in the upper Indus River basin (UIRB), Pakistan. Top right: full extent
of the Indus River Basin (grey)
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Table 1. Details of the hydrometric stations in the upper Indus River basin, Pak-
istan. Note: upstream basin areas with elevations >5000 m above sea level (a.s.l.)
are considered permanent glaciers (Archer 2003). Data from WAPDA (2002)

tions are presented in Fig. 1 and Table
1, respectively. All the hydrometric
stations considered in this research

are unregulated and reasonably free

ID Hydrometric River Lat. Long. Catchment Elevation Percent area from land-use changes. The dataset
g o o 2

station name (°N) (°E) area (km*) (ma.s.l.) >5000 m a.s.l. has been obtained from the Pakistan
A Kachura  Indus 3545 7541 113890 4789 457 Meteorological Department  (PMD)
B Alam Bridge Gilgit 35.76 74.60 28039 4094 20.2 and WAPDA, Pakistan. Mean monthly
C Chitral Chitral 35.86 71.78 12383 3794 16.8 minimum temperature (TMN) and
D Kalam Swat 35.47 72.59 2025 3300 2.8 maximum temperature (TMX)' and
E Besham Indus 34.92 72.88 163988 4505 35.6 precipitation (PPT) data were avail-
F Chakdara Swat 34.64 72.02 5400 2499 1.1 able from 17 climate stations in the
G Warsak Kabul 34.10 71.30 68217 2415 3.3 K K L .
I Dhok Pathan Soan 33.12 7234 6475 1240 0.0 basin, while the remaining 3 stations

only had precipitation data. Daily

Table 2. Mean monthly and annual runoff (mm) of major rivers (see Table 1 for
further details) in the upper Indus River basin, during the period 1967-2005

streamflow data were available at all 8
hydrometric stations.

The details for the meteorological
stations are provided in Table 3. Mean

monthly streamflow data were derived

A B C D E F G I : e :

Indus Gilgit Chitral Swat Indus Swat Kabul Soan using the daily discharge data avail-

able at the hydrometric stations and

IJJaIll) g; 1;3 122 122 ég 52(23 2573 gg then converted into millimeters of wa-
Mar 4.4 91 148 223 85 550 89 135 ter. The time series of TMN, TMX,
Apr 58 12.0 19.8 62.2 13.8 98.0 29.7 75 PPT, and streamflow considered cover
May 18.7 41.3 419 1752 350 147.8  40.0 4.5 the period 1967-2005. For maximum
Jun 48.8 123.3 103.6 316.3 81.2 199.6 54.6 6.1 coverage of the basin, and to ensure a
Jul 787 1993 1817 337.6 1215 2080 552 448 | yniform comparison period for all data
Aug 74.0 175.9 162.3 220.0 106.5 144.5 39.0 74.2 tvoes. an analvsis period of 39 vr span-
Sep 335  78.8 80.3 101.0  47.0 654 17.6 29.2 YPEs, ysIS p yrspan
Oct 11.8 302 360 468  18.0  37.6 94 76 ning 1967-2005 was chosen. A year is
Nov 7.3 17.1 23.7 29.7 10.9 25.1 7.3 4.3 divided into 4 seasons of 3 months
Dec 5.7 13.3 19.7 23.6 88 224 70 53 each, namely winter (December-Feb-
Annual 297.4 720.4 714.0 1371.1 465.2 1047.2 274.3 211.3 ruary), spring (March—May), summer

given in Table 2. The contribution of water from the
UIRB is >60 % of Pakistan's annual runoff. The water
from the UIRB generates >80% of the total installed
hydropower capacity of 65600 MW (WCD 2000, GoP
2005) and irrigates 9 Mha of land in Pakistan (Kahlown
et al. 20095).

3. DATA USED

A hydro-meteorological monitoring network consist-
ing of 20 climate stations and 8 hydrometric stations
has been used in the present study. Owing to the wide
variation in climate characteristics, the basin is divided
into 3 distinct sub-regions, namely the upper region
(UR), the middle region (MR), and the lower region
(LR) (Ahmad 1951, Ali 1971). There are 8 climate and 3
hydrometric stations in the upper region, 6 climate and
3 hydrometric stations in the middle region, and 6 cli-
mate and 2 hydrometric stations in the lower region of
the basin. Details of the climate and hydrometric sta-

(June—August), and autumn (Septem-
ber—November).

4. METHODOLOGY

Many parametric and non-parametric methods have
been applied for detection of trends (Kundzewicz &
Robson 2004, Zhang et al. 2006). Parametric tests are
more powerful than non-parametric tests, but the as-
sumption that the data are normally distributed must
be satisfied. Hydro-meteorological time series are
often characterized by data that exhibit departures
from normality, and, therefore, non-parametric tests
are considered more robust compared to their para-
metric counterparts (Hess et al. 2001). One of the most
widely used non-parametric tests for detecting a trend
in the hydro-meteorological time series is the Mann-
Kendall test (Mann 1945, Kendall 1975). A major
advantage of the Mann-Kendall test is that it can toler-
ate outliers. Several researchers have employed the
Mann-Kendall test to identify trends in the hydro-
meteorological variables due to climate change (Burn
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Table 3. Details of the meteorological stations in the upper In-

dus River basin. The data were provided by the Pakistan Me-

teorological Department, except as specifically indicated. UR:
upper region; MR: middle region; LR: lower region

ID  Station Region Lat. Long. Elevation
name (°N) (°E) (ma.s.l.)

1 Astore UR 35.33  74.90 2394
2 Bunji UR 35.66  74.63 1372
3 Chilas UR 35.41 74.10 1250
4 Gilgit UR 35.91 74.33 1460
5 Gupis UR 36.01 73.40 2156
6 Skardu UR 35.30 75.68 2210
7 Chitral UR 3585 71.78 1498
8 Drosh UR 35.56  71.78 1465
9 Balakot MR 34.55 73.35 980
10  Dir MR 3520  72.20 1375
11 Kakul MR 34.55  73.25 1308
12 Oghi® MR 34.50  73.00 1128
13 Tarbela® MR 34.00 72.71 610
14  Shahpur?® MR 3492  72.66 2012
15  Chaklala LR 33.58  73.05 505
16  Cherat LR 33.81 71.55 995
17  Kohat LR 33.53  71.46 466
18 Parachinar LR 33.86 70.08 1748
19  Peshawar LR 34.01 71.58 359
20  Risalpur LR 34.01 71.98 305
“Water and Power Development Authority, only precipi-
tation data were available

1994, Douglas et al. 2000, Burn et al. 2004a,b, Chen et
al. 2007, Burns et al. 2007, Singh et al. 2008). In the
present study, 2 non-parametric statistical techniques
have been used for the analysis of hydro-meteorologi-
cal data: (1) the Mann-Kendall test in combination with
the TFPW approach for trend detection and distribu-
tion of test statistics and (2) the Sen's (1968) slope
method for quantification of trends during the analysis
period.

The Mann-Kendall test is a ranked based approach
that compares each value of the time series with the
remaining values in a sequential order (Hirsch et al.
1982). The test statistic Sis given by:

n-1 n
S=Y Y Sgn(x;-x,) (1)
k=1 j=k+1
where
1 if (x;—-x,)>0
Sgn(x;—x,)=| 0 if (x;—x,)=0 (2)
-1 if (x;-x,)<0

and x;and x, are the sequential data values, and nis the
length of the dataset. A positive value of Sindicates an
upward trend, and a negative value indicates a down-
ward trend. For samples >10, the test is conducted

using the normal distribution (Helsel & Hirsch 1992),
with the expectation (E) and variance (Var) as follows:

E[S]=0 (3)

1 q

Var(S)= 18{11(11—1) (2n+9%5)- thp(tp -1)(2¢, +5)} 4)
p=

where £, is the number of data points in the pth tied

group and qis the number of tied groups in the dataset.

The standardized test statistic (Z,y) is calculated as:

S-1 .
e if S>0
Zoe=| S+1 £ S<0 )
Var(S)
0 if S=0

where the value of Z,, is the Mann-Kendall test statis-
tic that follows a standard normal distribution with
mean 0 and variance 1. The Z, value can be related to
a p-value of a specific trend. A p-value is a measure of
evidence against the null hypothesis of no change. The
smaller the p-value, the greater the strength of evi-
dence against the null hypothesis. In a 2-sided test for
trend, the null hypothesis of no trend H, is accepted if
210 S Zpk < Zy.42, Where a is the significance level
that indicates the trend strength. In the present study,
the trends are categorized as very strong (VS), strong
(S), weak (W), little (L) and very little (VL) according
to p-values as follows: 0.0 < p £0.01 (VS), 0.0l <p <
0.05 (S), 0.05 < p <0.10 (W), 0.10 < p < 0.50 (L), and
0.50<p<1.0 (VL)

The Mann-Kendall test requires the data to be seri-
ally independent, as the existence of serial correlation
in a time series can either overestimate or underesti-
mate the significance level of trends depending upon
whether the serial correlation is positive or negative
(Yue et al. 2002). To remove the effect of serial correla-
tion, the techniques suggested by Yue et al. (2002) and
used by Abdul Aziz & Burn (2006), Novotny & Stefan
(2007), Burn (2008), Zhang & Lu (2009), and Kumar et
al. (2009) were adopted in the present study. The bino-
mial test and quantile-quantile plots were also applied
to Mann-Kendall statistics to test the null hypothesis of
no trend.

Burn & Elnur (2002), Partal & Kahya (2006), Burns et
al. (2007), Pasquini & Depetris (2007), Burn (2008), and
Zhang & Lu (2009), among others, have estimated the
slope of an existing trend in hydro-meteorological data
using the Sen's slope method. The method involves
computing slopes for all the pairs of ordinal time points
and then using the median of these slopes as an esti-
mate of the overall slope. The Sen's slope method is
insensitive to outliers and can be effectively used to
quantify a trend in the data. The estimate of the trend
slope B is given by:
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. X;— Xy .
B= med1an(u], Vk<j (6)
where x; is the data val e]a_t% e j, xi is the data value
at time k, and jis time after k (j > k). The Sen's estima-
tor B provides the rate of change in any variable, which
enables determination of the total change during the
analysis period. Further details on the methodology
used can be found in Brauner (1997) and Timo et al.
(2002). There is large variation in the seasonal and
annual runoff of the upper Indus River and its tribu-
taries, as can be seen from Table 2. Therefore, for the
ease of comparison of the Sen's slope of streamflow for
different rivers, the trends are expressed in percentage
terms (Yue et al. 2002) in addition to millimeters. All
Sen's slopes are expressed as rate of change per 39 yr
(1967-2005).

5. RESULTS

The basic climate information of the basin was used
to derive the mean monthly data. The mean seasonal
and annual series of all the variables for each station
were then derived using the mean monthly data.
Analysis for trends was carried out for both the sea-
sonal and regional data. A p-value of <0.10 (critical
value of Z . = £1.64) was used to indicate the statisti-
cal significance of trend results.

5.1. Climate of the UIRB

The climate conditions of the part of the UIRB
located in Pakistan were extremely diverse in terms of
temperature and precipitation. The spatial variability
of mean annual TMN, TMX, and PPT is illustrated in
Fig. 2. The mean annual TMN was between 4 and
17°C, and the mean TMX was between 15 and 30°C.
Peshawar, in the lower region, had a long-term mean
TMX of >40°C in the month of June, while the mean
monthly TMN was —-8°C in the upper region of Skar-
du. The spatial and temporal distribution of precipita-
tion was highly variable in the region. The mean
annual PPT ranged from 137 to 1595 mm. In moun-
tainous regions such as Balakot, the mean annual PPT
exceeded 1500 mm, while it was only 137 mm in
Gilgit, an arid upper area. In the upper region, the
mean monthly TMX and mean monthly TMN ranged
from 34.4°C in June to -2.8°C in January. More than
1600 mm annual PPT was reported at an altitude of
5000 m in the form of snow (Winiger et al. 2005). Of
this total amount, the mean annual PPT in the form of
rain was estimated at around 300 mm at altitudes
<3000 m. The middle region includes mountainous
areas and the intervening valley. The mean monthly
TMX was 33.2°C in the month of June, and the mean

TMN
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Fig. 2. Spatial variability of mean annual (a) minimum
(TMN) and (b) maximum (TMX) temperatures (°C), and (c)
precipitation (PPT, mm) in the upper Indus River basin

monthly TMN was 0.4°C in January. Monsoon rain is
the main source of water in the region. The mean an-
nual rainfall was around 1300 mm, of which 40% fell
during summer, 25% during spring, and 20 % during
winter. In the lower region, the mean monthly TMX
was 37.4°C during June, and the mean monthly TMN
was 2.4°C in January. Mean annual rainfall was about
700 mm. The seasonal contribution of PPT in this re-
gion was almost the same as in the middle region.

5.2. Seasonal trends

Summaries of the results from the trend analysis of
seasonal temperature data from 17 stations and sea-
sonal precipitation data from 20 stations are presented
in Fig. 3. Results from the trend analysis of streamflow
data from 8 hydrometric stations are also presented



Khattak et al.: Hydro-meteorological trends in the Indus River basin 109

(see Table 8 and Fig. 5). Each figure shows increasing
or decreasing trends with the corresponding signifi-
cance.

5.2.1. Mean monthly TMN

Fig. 3 shows the spatial distribution of trends in
mean monthly TMN for different seasons and on an
annual scale. Fig. 3 also shows a large number of
increasing and decreasing trends, although decreasing
trends dominate. Decreasing trends for the spring sea-
son were exhibited by 35 % of the stations (6 stations),
with p < 0.10 (Fig. 3b, TMN). Of these 6 stations, 3
showed very strong (p < 0.01) and 2 showed strong
trends (0.01 < p £0.05). A majority of stations (76 %, 13
stations) showed a decreasing trend (p < 0.10) for the
summer (June-August) season. Fig. 3¢ (TMN) indi-
cates that there is a predominance of decreasing
trends, particularly for the summer season. On an
annual scale, 47 % of the stations (8 stations) exhibited
a decreasing trend in the mean monthly values of TMN
(Fig. 3e, TMN). Of these 8 stations, 7 exhibited very
strong trends and 1 exhibited strong trends.

5.2.2. Mean monthly TMX

Trend characteristics of TMX for the various sea-
sons are presented in Fig. 3. Analysis of winter TMX
is important, as it is during this period that the pre-
cipitation is stored in the form of snow. Any change
in winter TMX is likely to produce significant
changes in the runoff during winter and subsequent
seasons. Results clearly indicated that there were in-
creasing trends, implying that warming of the region
was indeed taking place. The highest warming trend
was observed for the winter months (December—
February), with 71% of the stations (12 stations)
showing an increasing trend, with p < 0.10 (Fig. 3a,
TMX). Of these 12 stations, very strong and strong
trends were observed at 7 and 3 stations, respec-
tively. No station exhibited significant decreasing
trends for the winter and spring seasons. For the
spring season, only 18% of the stations (3 stations)
were found to exhibit increasing trends with
p <0.10. However, for the autumn (September—
November) season, 12% of the stations exhibited
very strong and 18 % of the stations exhibited strong
increasing trends (Fig. 3d, TMX). On an annual
scale, 41% of the stations (7 stations) exhibited a
warming trend, with p < 0.10 (Fig. 3e, TMX). The
trend analysis results reported herein are consistent
with the results of multimodel GCM runs under
SRES scenarios B1 and A1F1 for South Asia, which

project the largest increase for the winter months
(IPCC 2007a). The impact of winter warming on
the inflows to the Tarbela Reservoir is discussed in
subsequent sections.

5.2.3. Mean monthly PPT

Fig. 3 presents the seasonal and annual spatial trends
in PPT in the UIRB. No decreasing trends were evident
with p < 0.10, except for the summer season, where 3
stations (15 %) showed a decreasing trend with p <0.10
(Fig. 3c, PPT). For the autumn season, none of the
stations showed very strong trends, but a strong positive
trend was shown by 1 station (Fig. 3d, PPT). The major-
ity of stations (>76 %) in all seasons did not show either
increasing or decreasing trends with p < 0.10. The results
of the trend analysis were contradictory, perhaps due
to the fact that the physical processes underlying the
phenomenon of precipitation are highly complex.
Further, the spatial and temporal distributions of precip-
itation were highly non-uniform compared to tempera-
ture. For many regions of the world, the trend analyses
for PPT have indicated contrasting trends (Dore 2005).

5.3. Regional trends

The Mann-Kendall trend statistics and the magnitudes
of trends in seasonal and annual TMN, TMX, and PPT in
various regions of the UIRB are presented in Tables 46,
respectively. Table 7 lists the linear correlations between
streamflow, temperature, and precipitation, while
Table 8 provides the results of the Mann-Kendall test,
with p-values, and the magnitude of trend slopes for
streamflow in various regions of the UIRB.

5.3.1. Mean monthly TMN

The trend statistics and Sen's slopes were computed
for the TMN data for the different regions of the basin
and are presented in Table 4. It can be seen that for the
winter season all regions, except the upper, showed de-
creasing trends with p=0.12 (L) and p=0.01 (VS) for the
middle and lower regions, respectively. For all other sea-
sons, decreasing trends were observed. However, de-
creasing trends with p < 0.10 were seen during summer
(June—August) and autumn (September—November)
seasons in all regions of the basin. The same significant
trend could be seen even on an annual scale in all re-
gions. The summer minimum temperature for the upper,
middle, and lower regions decreased by 2.08, 1.05, and
2.11°C per 39 yr, respectively, which indicates that Sen's
slopes were greatest for the lower region of the basin.
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Fig. 3. Spatial distribution of Mann-Kendall changing trends of minimum (TMN) and maximum (TMX) temperatures and precip-

itation (PPT) in: (a) winter, (b) spring, (c) summer, (d) autumn, and (e) annual over the period 1967-2005. In the key— VS: very

strong (0.0 < p £0.01); S: strong (0.01 < p £0.05); W: weak (0.05 < p <0.10); L: little (0.10 < p <0.50); VL: very little (0.50 < p <1.0)
show trend significance, while PT indicates a positive trend and NT indicates a negative trend
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5.3.2. Mean monthly TMX

Mann-Kendall test results and Sen's slopes of trends
in TMX are presented in Table 5; the greatest trends
with p < 0.10 were observed for the winter season in all
regions. For the winter (December—February) season,
Sen's slopes for the upper, middle, and lower regions
were 1.79, 1.66, and 1.20°C per 39 yr, respectively. The
magnitudes of Sen's slopes clearly indicated that all 3
regions were experiencing a strong warming trend,
particularly for the winter season. All 3 regions exhib-
ited an increasing trend for the spring (March—May)
season, although none of these trends were found to be
statistically significant (p > 0.10). For the summer and
autumn seasons, mixed trends were de-
tected. In the autumn season, the upper
region showed an increasing trend with
p < 0.05 (S) and a trend slope of 0.87°C
per 39 yr. On an annual scale, increasing
trends were observed in the 3 regions;
however, the p-values for the trends in
the middle and lower regions were

highly complex, and this was probably the reason why
no conclusive trends were observed in the precipita-
tion data. Overall, the number of increasing trends in
seasonal precipitation was greater than the number of
decreasing trends.

5.3.4. Regional hydro-meteorological time series and
correlation

For graphicillustration, the series of seasonal and an-
nual temporal changes of TMN, TMX, and PPT during
the period 1967-2005 (Fig. 4) for the upper, middle, and
lower regions of the UIRB have been plotted. The sea-

Table 4. Mann-Kendall test statistics (Z,x), p-values and Sen's slopes of trends in
seasonal minimum temperatures for the upper, middle, and lower regions of the
upper Indus River basin. W;: winter; S;: spring; S,;: summer; A,: autumn; A;: an-
nual; Ty: Sen's slope (trends are expressed as rate of change per 39 yr in degrees
Celsius); bold normal print: 0.0 < p <0.01 (VS, very strong); bold italic print: 0.01
< p <0.05 (S, strong); bold underlined print: 0.05 < p < 0.10 (W, weak); normal
print: 0.10 < p £ 0.50 (L, little); normal italic print: 0.50 < p < 1.0 (VL, very little)

found to be 0.42 (L) and 0.12 (L), respec-
. (L) . (L) p Season Upper Middle Lower
tively. For the upper region, the p-value
ka p Tt ka p Tt ka p Tt
of the trend was found to be 0.10 (W).
W; 1.56 0.12 062 -1.56 0.12 -0.53 -246 0.01 -0.95
Sp -0.23 0.82 -0.09 -1.78 0.08 -1.05 -1.44 0.15 -0.89
5.3.3. Mean monthly PPT Su -3.82 <0.001 -2.08 -2.33 0.02 -1.05 -541 <0.001 -2.11
Ay -3.40 <0.001 -1.00 -2.70 0.01 -1.24 -263 0.01 -0.85
Trend test results of precipitation are A, -2.32 0.02 -0.62 -2.65 0.01 -096 -4.05 <0.001 -1.35

shown in Table 6. For the winter and
spring seasons, there were 2 increasing
and 1 decreasing trend, and none of
them were statistically significant as

Table 5. Mann-Kendall test statistics (Z,,x), p-values, and Sen's slopes of trends
in seasonal maximum temperature for upper, middle, and lower regions of the
upper Indus River basin. See Table 4 for further details

p-values were >0.10. For the summer ]
(June—August) season, a statistically Season Upper Middle Lower
significant (p = 0.01, VS) increase in Zok P R R T
precipitation at the rate of 23.9 mm per | w, 260 0.01 179 252 001 1.66 196 0.05 1.20
39 yr was observed in the upper region. Sp 0.99 0.32 0.72 047 064 046 065 0.51 0.70
The middle region showed a decreasing Sy -1.31 0.19 -0.88 -0.08 093 -0.05 0.67 051 0.33
trend, with p = 0.33 (52.1 mm per 39 yr), Ay 1.97 0.05 0.87 0.24 0.81 0.09 -0.22 083 -0.11
. . A, 1.64 0.10 0.84 0.81 042 0.40 1.57 0.12 0.54
while the lower region showed an

increasing trend, but the trends were
not statistically significant (p = 0.64,
VL). All regions exhibited an increasing
trend in autumn precipitation, which
could be categorized as ‘little’ (0.10 <

Table 6. Mann-Kendall test statistics (Z,x), p-values and Sen's slopes of trends in
seasonal precipitation for upper, middle, and lower regions of the upper Indus
River basin. See Table 4 for details, except T; (trends are expressed as rate of

change per 39 yr in mm)

p < 0.50). On an annual scale, an ]
increasing trend in precipitation was Season Upper Middle Lower
. . Znx p T: Znx p T Znk P T,

noted in the upper and lower regions of

the UIRB and a decreasing trend could w; 035 073 625 -0.18 086 -11.23 096 0.34 4145

be seen in the middle region. In both Sp 045 065 1679 054 059 3237 -0.13 089 -6.37
. Su 2.67 0.01 2390 -0.98 0.33 -52.10 047 064 17.72

Casfis'lﬂ}e/:ren,ds could be categorized | " 132 019 1298 091 036 3420 1.61 0.11 27.20

as 'little'. s discussed e.ar.herj the pro- A, 142 016 71.07 -0.11 091 -11.35 1.03 0.30 86.28

cesses leading to precipitation were
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Fig. 4. Minimum (TMN) and maximum (TMX) temperature and precipitation (PPT) series of the upper, middle, and lower regions
in the upper Indus River basin during the: (a) winter, (b) spring, (c) summer, and (d) autumn seasons, and (e) on an annual basis

over the period 1967-2005

sonal and annual variations of trends estimated by the
Sen's slope method are also given in the figure. The ob-
served seasonal temperatures in the upper, middle, and
lower regions indicated an increasing trend, particularly
after 1997 (Fig. 4, TMN & TMX). The highest mean an-

nual TMX was seen in 2001, in all regions of the UIRB
(Fig. 4e, TMX). The observed precipitation (Fig. 4e, PPT)
in the same period (after 1997) indicated a decreasing
trend in contrast to that of temperature. The lowest an-
nual precipitation occurred in 2001 in the middle region.

(b)

(©

(d)

©
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During winter and spring seasons, precipitation
occurred mostly in the form of snow in the mountain
ranges of the study area; therefore, temperature had a
major impact on the formation and transformation of
water and on the flow regime. The annual runoff con-
tribution of snow and glacier melt to Tarbela Dam was
>75% (TAMS & Wallingford 1998). For investigating
the regional strength of linkages between streamflow,
temperature, and precipitation, 3 hydrometric stations,
1 in each region, were considered. The Gilgit-Hunza
River at Alam Bridge derived a significant portion of
flow from snow and glacier melt from a high runoff
catchment in the upper region. The Swat River at
Chakdara represented a mixed runoff catchment in
the middle region. The Soan River at Dhok Pathan in
the lower region represented catchment influenced
directly by seasonal rainfall. Regression analysis was
performed between seasonal and annual streamflow
and temperature, seasonal, and annual streamflow and
precipitation (Rawlins et al. 2009) for each station. The
correlation coefficients (r) between seasonal and
annual streamflow, and temperature and precipitation
are given in Table 7a,b, respectively. The results
showed a marked difference between the correlation
characteristics of the 3 stations. In the Gilgit-Hunza
River, all seasonal flows were significantly correlated
with TMX, the highest correlation being 0.61. For the
Swat River, a weak positive correlation existed
between streamflow and summer temperature. The
Soan River had a significant negative correlation in all
seasons, and the maximum correlation was seen in the
spring season (r = —0.68).

In the Gilgit-Hunza River, the correlation coefficient
of runoff with summer precipitation was -0.39, p =
0.02. One reason for such a negative correlation, as
explained by Archer (2003), was that summer precipi-

Table 7. Seasonal and annual correlation coefficients (r)
between streamflow and (a) temperature or (b) precipitation
in the upper, middle, and lower region catchments. Bold
normal print: 0.0 < p < 0.01 (VS, very strong); bold italic
print: 0.01 < p <0.05 (S, strong); bold underlined print: 0.05
<p<0.10 (W, weak); normal print: 0.10 < p < 0.50 (L, Little);
normal italic print: 0.50 < p < 1.0 (VL, very little)

Hydrometric Winter Spring Summer Autumn Annual
station

(a) Maximum temperature
Alam Bridge 0.30 0.61 0.56 0.31 0.10

Chakdara -0.19 =0.27 0.11 -0.11  =0.27
Dhok Pathan -0.11 -0.68 -0.47 -0.28 -0.49
(b) Precipitation

Alam Bridge  0.07 -0.22 -0.39 0.11 0.11

Chakdara 0.49 0.38 -0.11 0.46 0.41
Dhok Pathan  0.55 0.79 0.63 0.34 0.59

tation and the associated cloudiness at high elevations
reduced energy input for ablation and, subsequently,
increased albedo from new snow. A significant (p <
0.01) positive correlation (r = 0.49) was found between
streamflow and precipitation for the Swat River in the
winter season, while the highest correlation (r = 0.79)
in the Soan River was found in the spring season. This
suggests that, in the upper region catchments, temper-
ature may exert a much greater impact on runoff than
precipitation, while a mixed (temperature and precipi-
tation) response in MR catchments can be seen. The
correlation between runoff and precipitation (Table
7b) revealed that seasonal precipitation could be con-
sidered the direct main source of water availability in
the middle and lower regions. Thus, the changing
trend of precipitation may have serious implications for
runoff, particularly in these 2 regions.

5.3.5. Mean monthly streamflow

Trend statistics and Sen's slopes of monthly stream-
flow for different seasons and on an annual scale are
presented in Table 8. All 8 hydrometric stations exhib-
ited an increasing trend (winter season), with Sen's
slopes that ranged from 7.2% (1.9 mm) per 39 yr at
Chitral to 35.6 % (4.9 mm) per 39 yr at Besham. Of the
8 hydrometric stations, 4 showed significant increasing
trends (p < 0.10). The highest trend (p < 0.001), with a
Sen's slope of >35% per 39 yr was observed at
Besham, which is located just upstream of Tarbela
Reservoir, as shown in Fig. 1. The spring streamflow at
4 of the 8 sites showed increasing trends with p < 0.10
(Fig. 5b). Of these 4 stations, 1 showed very strong (p =
0.01) and 3 showed strong trends (0.01 < p < 0.05). Of
the 8 sites, Warsak showed a weak decreasing trend
(p = 0.30). The summer streamflow appeared to be
depicting a contrasting trend with 6 out of 8 stations
showing decreasing trends (Fig. 5c). Data from 3 of the
8 stations exhibited significant trends (p < 0.10).

Kachura is the only hydrometric station that showed
a consistently increasing significant trend during all 4
seasons. It may, however, be concluded that stations
exhibiting increasing trends for winter and spring out-
number those exhibiting decreasing trends. The in-
creasing trends in streamflow during winter and spring
may be attributed to warming that causes early melt-
ing of snow particularly in the upper region (Fig. 6a) of
the UIRB, as no significant increasing or decreasing
precipitation trends can be seen in the basin (Fig. 6b).

Because the Tarbela Dam is one of the largest earth
and rockfill dams in the world (WCD 2000), it was
important to investigate whether any changes in the
hydrological regime were occurring that could lead
to changes in reservoir operation. Interpretation of
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Fig. 6. Trend in winter streamflow versus (a) winter maximum

temperature (TMX) and (b) winter precipitation (PPT) for var-

ious hydrometric stations (A-I, see Fig. 1) of the upper Indus
River basin

streamflow trends at Besham, a hydrometric station up-
stream of Tarbela, therefore assumes greater signifi-
cance, as it gives an indication of scenarios of likely
water availability at Tarbela in the near future. Further-
more, detection of any possible streamflow trends at
Besham is likely to contribute towards more efficient
and integrated management of available water at
Tarbela. It can be seen from Table 8 that winter (De-
cember—February) mean streamflow at Besham had a
very strong increasing trend (p < 0.001). The magnitude
of the trend slope for winter was also quite high (35.6 %
per 39 yr). An increasing streamflow trend (p = 0.01)

was also observed for the spring (March—May) season
(18.7% per 39 yr). For graphic illustration the time
series plots for various seasons at Besham are given in
Fig. 7. It is interesting to note that increasing stream-
flow trends for the winter and spring seasons were ac-
companied by increasing trends in TMX for these sea-
sons (Astore, Bunji, Gilgit, Gupis, and Skardu climate
station trends in Fig. 3a, b). If this current temperature
trend continues, more water is likely to be available
during winter and spring in the future, due to the early
melting of snow and falling of precipitation in the form
of rain instead of snow. Thus, less snow would be avail-
able and therefore the amount of summer season flow
would be reduced. The decreasing trend of summer
runoff in the UIRB can be attributed partly to winter
warming and partly to the decreasing trend of summer
precipitation (Fig. 3c) in the middle and lower regions.

5.4. Binomial test

In order to evaluate the regional trends in TMN,
TMX, PPT, and runoff for the whole UIRB in all sea-
sons, as well as on an annual basis, the binomial distri-
bution was fitted to the signs of local time trends (Nasri
& Modarres 2009). The null hypothesis was the lack of
positive (negative) field trends. This hypothesis would
imply a probability of local positive (negative) time
trends of p = 0.5 (Q = 0.5). The results showed that the
null hypothesis of no apparent trend in regional scale
could be rejected for TMN during the summer season
(p <0.001) and on an annual basis (p = 0.05). Similarly,
for TMX during the winter season, and on an annual
basis, the p-values were <0.001 (VS) and 0.05 (S),
respectively. However, the spring season exhibited a
weak trend (p = 0.14).

The null hypothesis of no trend could not be rejected
during winter, spring, or summer seasons in the case of
precipitation, as the test p-value was >0.10. For the
autumn season and for the annual scale, the p-values
were 0.01 (VS) and 0.04 (S), respectively. The null
hypothesis could be rejected in the case of runoff dur-
ing winter (p < 0.001), spring (p = 0.07), and autumn
seasons (p = 0.07). The quantile-quantile plots (qq plot)
of the estimated Z,, values are presented for the
hydro-meteorological parameters in Fig. 8. The null
hypothesis of no trend should be rejected when depar-
ture from the uniform distribution takes place (Small et
al. 2006, Nasri & Modarres 2009). As discussed above,
for all seasons in each parameter where the null hypo-
thesis of no trend was rejected when the binomial test
was used, the deviation from linearity of those para-
meters for such seasons can also be seen in Fig. 8.
For instance, clear departure during summer TMN
(Fig. 8c), winter TMX (Fig. 8a), annual PPT (Fig. 8e),
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Fig. 7. Runoff series for the Indus River at the Besham hydro-
metric station in: (a) winter, (b) spring, (c¢) summer, and (d) au-
tumn, and (e) on an annual basis over the period 1967-2005

and winter and spring runoff (Fig. 8a,b) can be
observed. Further it can be inferred from the binomial
test results and qq plots that the increasing trend of
TMX in winter and spring and the increasing trend of
precipitation in autumn resulted in an increasing trend
of runoff in the basin in these seasons.

6. DISCUSSION

The analysis conducted here has revealed that
changes are occurring in the hydrological regime of
the upper Indus River, part of which may be attributed
to warming in the basin, which is evident from the
analysis of temperature trends. Significant trends (p <
0.10) in the TMX and streamflow data, both on a sea-
sonal and regional basis, were detected. There has
been a consistent warming trend in the basin, particu-
larly in the winter, as well as in the spring seasons
(Table 5). The impact of these warming trends is re-
flected in the trends in streamflow presented in Table 8
and Fig. 5. It can be seen from Table 8 that increasing
trends in TMX during winter (December—February)
and spring (March—May) seasons are accompanied by
increasing trends in streamflow in winter and spring
seasons. The likely reasons for these increasing trends
in streamflow are the occurrence of precipitation in the
form of rain and the increased contribution of snow-
melt to the runoff in the basin. Besham, a hydrometric
station upstream of Tarbela Reservoir, has shown an
increasing trend in streamflow during winter and
spring seasons, and it has shown a decreasing trend in
the summer (June-August) season. The presence of
such a trend implies that the temporal availability of
water at Tarbela is likely to be impacted, leading to
significant implications for water resources in the
basin.

7. CONCLUSIONS

In the present study, the trend detection framework
based on the non-parametric Mann-Kendall test is
applied to the dataset of several hydro-meteorological
variables pertaining to the UIRB in Pakistan. The
TFPW approach has been used for correcting the time
series for autocorrelation. Trend analysis of hydro-
meteorological data from 17 climate stations and 8
hydrometric stations has resulted in identification of
more significant trends than would be expected to
occur by chance. Results clearly indicate that changes
are occurring in the temperature and streamflow char-
acteristics of the study basin. The TMX and streamflow
have been found to have particularly strong trends.
Analysis of winter (December—February) TMX has
revealed a significantly increasing trend (p < 0.10),
with Sen's slopes of 1.79, 1.66, and 1.20°C per 39 yr
for upper, middle, and lower regions, respectively
(Table 5), which is a sufficient indicator that warming
is indeed taking place in the basin. A major implication
of increased winter temperatures is on the runoff pat-
terns, which, in turn, will impact the temporal avail-
ability of water in the basin and, particularly, at the
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Tarbela Reservoir, thus necessitating revision of cur-
rent reservoir operating policy. Furthermore, the simi-
larities in the trend patterns of meteorological and
hydrological variables imply that the trends in hydro-
logic variables are, to some extent, related to trends in
meteorological variables. In particular, trend patterns
of winter TMX (upper region climate stations, includ-
ing Astore, Bunji, Gilgit, Gupis, and Skardu as shown
in Fig. 3a) are likely related to the trend patterns of
streamflow at Besham, as is evident from Table 8 and
Fig. 5a. Results also indicate that the precipitation
trends are inconsistent, with no definite pattern, either
increasing or decreasing. Further, no correlation
appears to exist between the temperature and precipi-
tation trends, as changes in the processes causing pre-
cipitation are complex and difficult to determine.

The results of correlation analysis showed that the
runoff in the upper region catchments depends on
temperature, while for the middle region it depends
upon both temperature and precipitation. As expected,
the runoff in the lower region catchments is dependent
on seasonal rainfall only. Based on results of the bino-
mial test and qq plots, the null hypothesis of no trend
can be rejected for summer TMN, winter TMX, spring
TMX, and autumn precipitation. The null hypothesis of
no trend must also be rejected in the case of runoff in
winter, spring, and autumn seasons. Thus, it can be
concluded that the increasing trend of TMX in winter
and spring seasons and the increasing trend of precip-
itation in the autumn have caused an increasing trend
of runoff in the basin.
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