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ABSTRACT

BTOPMC - a physically based distributed hydrological model based on the blockwise use of
TOPMODEL with Muskingum-Cung flow routing method- was selected to evaluate the
applicability in Sun Kosi watershed, Nepal. The major rivers of Nepal like the Sun Kosi river
originates from the Tibetan plateau where the data information is not available. Thus to cope
with this problem further modification in the model was suggested that lead to the
development of BTOPMC version I1. To suit the Nepalese catchment further modification in
the model was suggested that lead to the development of BTOPMC version II. The quality of
simulation is classically judged by comparing the simulated flow with observed flow, Model
performance was judged by a range of quantitative and qualitative measures of fit applied to
both the calibration and validation periods. The daily stream flow estimation in Sun Kosi
river basin was promising. BTOPMC can be successfully used as a tool for integrated water
resources investigation in large watershed, mountain physiographic region, of Nepal.

On the other hand Tank Model was used in small subcatchments of Jhikhu Khola watershed.
The result proved that storage and land use effect played a dominant role in rainfall runoff
process of small catchments. From the results of Jhikhu subcatchments it was found that
parameters estimated for one subcatchment did not match the next subcatchment response.
However, from the results of Sun Kosi catchments-large scale- the estimated parameters for
one large-scale subcatchment also proved to give good response for the next large scale
subcatchment. It was also concluded that if the basin is large, the effects of random
hydrological phenomenon will cancel each other out and the change will be minimal.
However, in a small basin these effects of random hydrological and geomorphological
phenomenon may cause instability. All these analysis of homogeneity was based on Tank
Model response. Thus Tank Model is not a mere black box but has physical meaning.
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1. INTRODUCTION

1.1 Introduction to the field of study

Originally the water resource management was very sub-sectional, mostly in relation to water
supply, sanitation and irrigation. Recently there is a growing consensus in the need for
Integrated Water resource management approaches. Water Resources Management can be
considered as a process including all activities of planning, design, construection and operation
of water resources system. Integrated water resources management takes account of all the
natural aspects of the water resources, the spatial variation of resources and demands besides

relevant policy frame works.

Integrated Water Resource Management can be effectively done within a spatial unit called
watershed with the help of an instrument known as modeling. Watershed (catchment) models
are mainly used for prediction runoff components and stream flows generated by
precipitation, Such models also have been widely used for flood forecasting. In principle, the
technique of catchment modeling is applicable to catchments of any size. In practical,
however, catchment-modeling applications are generally confined to the analysis of
catchments for which the description of temporal/or spatial variations of precipitation 18
warranted. Usually this is the case for mid size and large catchments.

The use of computers has led to increased emphasis on catchment modeling. Catchment
modeling comprises the integration of key hydrological processes into a modeling entity ie a
catchment model, for purpose of analysis, design, long-term runoff-volume forecasting, or

real-time flood forecasting.

A typical catchment modeling application consists of the following: (1) selection of model
type, (2) model formulation and construction, (3) model testing and (4) model application.
There are several models and it is not possible to identify clearly which model should be used
for a specific hydrological problem. One of the reasons for this ‘flood of models’ is that this
large scale and complexity of rainfall — runoff phenomena make description of the system
rather difficult; in practice, even a small drainage has a complicated structure. Another
important reason is that there are no efficient criteria for evaluating those models. Evaluation
of rainfall — runoff models has become one of the most significant themes in hydrology.

1.2 Need of the study

Research work is the genesis to create a guanine manpower, Able manpower shapes the fate
of the national economy. But, determination alone is not the solution. The academically
sound environment, reliable technology and the guidance of the specialists in the research

field are rather more important.

Nepal, with an area of [47.181 sg. km. has more than 6000 rivers stretching from the Great
Himalayas with an elevation of more than 8800m to the southern plain called “terai’ with an
elevation of 100m within a mere 200 km width. This provides a dense network of rivers with
steep topographical conditions and concentration of 80% of the total annual rainfall in a



relatively short period of about four months. These peculiar characteristics lead to a set of

hazards including frequent floods.

The country has been regarded as one of the richest nations of the world in water resources
having annual average surface water availability of 15,21,934 m® /sq. km and 11,200 m’ per
capita. Nepal is a country with vast hydroelectric resources. The total hydropower potential
of Nepal is estimated to be 83,000 MW. Moreover Nepal is an agriculture-based country.
Nepal being an underdeveloped country, her hopes towards the development lies in Water

Resources.

While water resources has a vital role to play in shaping the fate of the national economy, its
successful utilization remains equally challenging from various standpoints. The first
challenge stems from the non-availability of hydrological data itself, systematic collection of
which started only since 1960. Even the available data has not been used in an optimal way.
The second obstacle is the rugged terrain. The Highest Himalayan region in the northern part
is almost inaccessible and the streams in this region are very rapid, therefore they rarety
provide ideal measurement sites. Moreover direct measurements of runoff by river gauging,
though useful, is a costly process and hence the necessity of establishing a relation between
the rainfall and the runoff. The hydrological network in Nepal is quite poor in head water
regions, fair in the mountainous region and also poor in the southern plain Terai region. The
establishment of a minimum network is necessary for the reliable assessment of water
resources to understand more correctly the hydrological behavior of different rivers.

The large rivers of Nepal like Koshi, Narayani, Carnali and Mahakali are debauching from
the hills, causing immense damage to the Terai plain during the monsoon period. The other
medium sized rivers are also posing potential threats from time to time. Even though floods
can neither be stopped nor totally protected, the damage can be significantly reduced by
various means including physical (for instance, large reservoirs, and by timely forecasting the
flood and warning the people at lower reaches.

In view of the important role that water resource can play in Nepal and the need to hamess it
in a sustainable manner, it is essential to know the various facets of water resource.
Depending on the situation, different approaches to it's use are needed to be designed,
sometimes to ‘keep the water away from the people’, and the other times ‘keep the people
away from the water’. Suitably selected models can help to identify issues which are useful
for planning various development projects with minimum risk of flood disasters, alerting
people to keep away from such disasters in time and providing planners an information about
water for use in various development projects like hydropower, irrigation etc.. Until now,
quite a few such models have been tested in Nepal. Moreover, it is often challenging to have
a correct model that can work in different harsh topographical conditions. An adequate and
reliable data source is the sign of well beginning of a water resource project. Hydrology data
is the preliminary and most important data source used in water resource sector. But the bitter
fact is Nepal is deprived of this data source. Thus analysis and development of a simple and
user friendly model is a must to generate data source. With the advancement of technology,
GIS and satellite images has played a vital role for the easy access of wide range of data. The



model, which can incorporate such data, can be very fruitful for the country like Nepal where
only a few scattered and less reliable data source is available.

Even though the present work is confined to Sun Kosi river basin, the selection has been
made to represent various topographical zones of Nepal so that it can be successfully used in
many other basins on the proper assessment of the results.

1.3  Objectives of the study

The principle objectives of this study are:

1) To evaluate the applicability of the BTOPMC — a physically based distributed
hydrological model based on the block wise use of TOPMODEL with Muskingum-
Cung flow routing method - in large scale Nepal’s watershed like Sun Kosi basin.

2) To calculate and validate the block-wise distributed parameters of BTOPMC MODEL
so that these parameters can be used with fair accuracy in the later years.

3) To analyze the concept of homogeneity in small* scale watersheds and large** scale
watersheds by applying the simple logic of tank model and to study the reliability of
tank model for different spatial resolutions.

4) To analyze the storage and land use effects in model analysis of small catchments.

1.4 Hypothesis

The set of hydrologic and hydraulic representing parameters of a subcatchment can be used to
estimate runoff for other subcatchments in the same basin with fair accuracy.

1.5 Expected output

= Tentative values of the distributed parameters according to the land use variation in
different topographic and climatic conditions of large-scale watershed of Nepal.

= Results and performance of the models used with respect to the objective of the study.

* Analysis of the concept of homogeneity in small-scale and large-scale watersheds.



2. LITERATURE REVIEW
2.1 Integrated Water Resource Management and Watershed models

The advancement of computer technology has brought a "virtual revolution to watershed
models as Vijay P. Singh says in the preface of his book, Computer models of watershed
hydrology (V. P. Singh, 1995). He continues, "they, in addition to hydrology, simulate water
quality, geology, risk and uncertainty, environmental impact, etc. Furthermore, they are
equipped to take advantage of GIS capability for database management and computer input
data received directly from remote sensing and satellite technology." This is exactly the basic
technology necessary for sustainable management of water resources.

Water quantity and quality management is important for an integrated approach to the
sustainable management of water resources. That task requires the integration of all aspects
of water resources management, such as water use and environmental conservation, quantity
and quality content of surface water and groundwater, regulation of low flows and high
flows, development of downstream and upstream basins, source control and channel control
of floods, sediments etc. For such implementation, all available methodologies and
organizational mechanisms should be utilized, such as physical and managerial means,
economic and institutional means, primate and public initiatives, govemnmenrtal and
nongovernmental initiatives, local community and central government initiatives, ete. For all
these aspects, the means of basin-wide hydro-environmental simulation is a valuable planning

and operational tool.

Technological advances make it possible to combine information from various platforms,
such as stereo aerial photographs, multi-spectral micro-wave and thermal images, through
image fusion, and links to existing thematic data through GIS operation. It is therefore
possible to use information on the spatial variation of terrain factors, which influence
hydrology. However, the interactions of surface and subsurface hydrological processes
cannot be observed directly on the images. In general, the conceptualization of the
hydrological processes by semi-qualitative hydrological reasoning is based on the analytical
interpretation of the stereo model and other images (A. M. J. Meijerink et al., 1997). Use is
made of the natural associations of geology, geomorphology and soils, and often land cover.

The analysis of spatially distributed runoff generation in hydrological catchment areas
belongs to scale problems in hydrology that is ditficult to solve (G. Peschke et al., 1997).
The components that is of concern are the so-called quick runotf components representing the
direct response to a storm event and including surface runoff — Hortonian overland flow and
saturation excess surface runoff— and interflow. These quick runoff components occur
predominantly in mountains regions where the hill slope response, rather than network

response, prevails.

The main runoff generation mechanisms operating at a given site within the catchment under
consideration depend heavily on the various controlling factors. Factors such as precipitation
and evapotranspiration determine the initial soil moisture and topography; soil type,
vegetation, land use and the river network each play a decisive role in the overall runoff



generation process. Amongst these influencing factors the topography, the soils and the
vegetation show a considerable degree of spatial heterogeneity. Very dissimilar value
combinations of these variables naturally result in different runoff generation mechanisms.
From this the first goal of investigation can be derived. Understanding of the runoff
production process at the local scale, which resuits from the particular combination of
attributes of the controlling factors, is important (G. MULLER, 1997). This will also show
great spatial variability across the scales from the site or field, through the hill slope to the
subcatchment and the catchment. Apart from the spatial heterogeneity of the controlling
factors, the antecedent soil moisture shows a considerable temporal variability that also
highly influences the runoff generation. The contributing saturated area can change widely
depending on the initial soil moisture and the characteristics of the storm event,
Regionalization involves the transfer of information from one catchment (location) to
another. Clearly, regionalization focuses on the space domain while scaling refers to both

space and time.
2.2 Conditions for Hydro-Environmental Simulation Models

In many countries, including Nepal, there are large un-gauged catchments awaiting
development and management that would benefit from the use of hydro-environmental
simulation models to assist with basin planning, The selection of a hydro-environmental
simulation model should consider a number of practical constraints present in such basins.

These include:

a}) precipitation, runoff, evaporation and other hydro-climatological data are
seldom available;

b) land-use, geology, vegetation, soil type and other basin characteristic data are
also seldom available;

c) extensive anthropogenic disturbances such as deforestation, urbanization and
other basin developments are present;

d) basin hydrology is artificially regulated: few stations measure natural flows
and available measurements are of regulated and disturbed flows; the
quantitative identification of the degree of disturbance is often impractical;

and

e) the scale of basins subject for managerial consideration ranges from less than
one thousand to more than a hundred thousand km®,

Meanwhile electronically transmittable data become available to increasingly more users. For
example, the National Geophysical Data Center, NOAA, USA provides CD-ROMSs of
geographical elevation maps that cover about 60% of the global terrain's with about a 1 km
guide (NGDC, 1997) which can replace seldom available local topographical maps. Also
large amounts of satellite and other remote-sensing data are available at various wavelengths.
These conditions prescribe the basic properties that a model has to have namely:

a) Digital elevation maps (DEMs) are used replacing a conventional stream
network and topography map.



b) satellite data can be utilized to identify land surface characteristics of the basin
such as interception, soil types, infiltration capacity, evapotranspiration ete:
and

c) Satellite and other remote sensing data can be utilized for spatially distributed

and temporally continuous precipitation measurement.
[0 addition to these data-oriented criteria, the model should satisfy user requirements such as:

a) water quality dynamics, including sediment yields and transport, and
biochemical processes along streams, can be simulated:

b) both floods and Iow flows at arbitrary points in a basin at an arbitrary time can

be simulated;
c) large basins can be simulated,

d) Effects of water resource systems such as dams, canals, paddy fields, irrigation
network, municipal water distribution and use etc. can be incorporated in the

model and simulated.

€) Jand-use changes as well as elumatological variation can be simulated; and the
model is capable of transfer to a variety of different types of basin.

2.3  Topmodel

The TOPMODEL approach has become widely used for hydrological catchment modeling.
The representation of topographic effects in hydrology by a topographic index allows the
simulation of distributed groundwater levels in a simple way..

[n most catchments the spatial patterns of hydrological storage and fluxes are dependent on
the topography. The TOPMODEL approach developed by Beven & Kirkby has become
widely used for hydrological catchment modeling, because it allows the consideration of
topography while avoiding the complexity of fully distributed models. In contrast to other
models the catchment is not divided into homogeneous units, but natural heterogeneity (i.e.
topography) and its effects on hydrological processes are represented by distribution function
(Jan Seibert, 1997). Therefore, the distribution of wetness states over a catchment can be
simulated easily and with low computational demand. This made the model very popular,
especially since digital elevation models (DEMs) became readily available, not only for
hydrological catchment modeling but also as part of ecological, geomorphological or geo-
chemical models, where information about local groundwater levels (or surface wetness)
within a catchment is of importance. Furthermore, the TOPMODEL approach has been used
to aggregate Soil-Vegetation-Atmosphere Transfer (SVAT) models to larger scales.
However, validation of spatial variation of groundwater levels (or surface wetness) simulated
by TOPMODEL, often has not been successtul (e.g. Jan Seibert, 1997).

2.3.1 Theory of Topmodel

The topographic index of TOPMODEL is defined as I=In (a/tanf}), where a is the local up-
slope catchment area per unit contour length and P is the slope angle of the ground surface.



The index describes the tendency of water to accumulate (a) and to be moved down slope by
gravitational forces (). For steep slopes at the edge of a catchment a is small and P 1s large
which yields a small value for the topographic index. High index values are found in areas
with a large up-siope area and a small slope, e.g. valley bottoms. The TOPMODEL theory
can be formulated either using local storage deficits, S (L water needed for saturation up 10
surface), or groundwater levels. z (L below surface). Both formulations are directly inter-
changeable, therefore, only one of the formulation using groundwater levels is shown here.

Assuming the transmissivity to decrease exponentially with increasing depth to the
groundwater table, zi (L below ground surface), the hydraulic gradient to equal the surface
gradient, tan f (-) and lateral flow in the unsaturated zone to be neglectable, the down-slope
flow at a certain location i is given by equation (1). Ti (L* T) is the transmissivity if the
groundwater level is at the ground surface nd f (L") is a shape factor describing the

exponential decrease of conductivity with depth.

gi=Ti tanfi exp (-f z) (1}
Equation (1) provides the outflow from a certain location. Assuming steady state conditions
in all locations and a spatially uniform vertical input rate R (L T to the saturated zone, the
mass balance for each location simplifies to equation (2), where ai (L) is the up-slope area
drained through location i per unit contour length.

a; R=T; tan Bj exp (-f z) (2}
Equation (2) can be rearranged to equation (3). It should be noted that the rearrangement 1s
only possible if the recharge, R, is larger than zero. A mean depth to the water table Z, is

given by equation (4). The bar always denotes the mean over the catchment area, A (L.

L aR o1 R
z, = fIn[TitanﬁiJ f{[i+ln[nﬂ (3)

4)

E:szldA =--1—j1 T +mRdA = d-mT+mR)
A fA f

A
Subtracting equation (4) from equation (3), yields a relationship between Zz,and the local

water table at each single location i;
_ 1 = — | n
z|=z—?[l_-l—-(lnTi—lnT|} (5}

Due to the steady-state assumption the total specific runoff from the saturated zone, gow (L T°
" equals the recharge R and can be written as a function of Z, by rearranging equation (4) to

equation (6).

Qow = exp{— fz- {T - IHTH (6)
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In model application, Z, is updated at every time step At using equation (7) where qy (L T
is the simulated vertical flow down to the saturated zone and S is the storage coefficient of

the soil.

4 Ar =3+ 308 4 Ay )
S
In summary. there are two central equations derived by the TOPMODEL theory. The first
relates the mean groundwater level within the catchment, Z, to the local groundwater level at
any location 1 within the catchment (equation (5)). The second links the catchment runoff

from the saturated zone, qgw, t0 Z, (equation (6)).
The following assumptions have been made to derive the equations:
(a) hydraulic gradient equals surface gradient,
(b) exponential decrease of transmissivity with depth to water table,
(c) lateral groundwater flow,
(d) no lateral unsaturated flow,
(e) steady state flow rates, and
(f) spatially uniform recharge (always larger than zero).

Assumption (a) — (f) often have been found to be reasonable. Assumption () can be relaxed
using the concept of reference levels and other than exponential functions can be used to
describe the decrease of transmissivity (b). Assumption (e) and (f) are difficult to relax within
the framework of TOPMODEL and their impacts may be somewhat puzzling (Jan Seibert,
1997). Thus Jan Seibert has tried to motivate the need for further research before
TOPMODEL can be used to simulate groundwater dynamics.

2.4  BTOPMC - Physically based distributed hydrological model based on the block-
wise use of TOPMODEL with Muskingum-Cung flow routing method.

The distributed modelling of hydrological interactions by numerical simulation model soon
faces a problem known as parameter estimation crises. Particularly in areas with constraints
on data availability, the question arises of how the hydrology of such areas can be better
understood. In this contribution, attention is drawn to the qualitative information contained in
remotely sensed images and to the follow up by using conceptual models ( Takeuchi et al.,

1999),

There are many river basin simulation models. Each has different temporal and spatial
characteristics and data requirements. Thus selection of the most appropriate model for a
given purpose and conditions is an important decision. Following a review of a number of
different models that could be adapted for use as hydro-environmental simulation models, it
was revealed that a model applicable to a large ungauged basin is still missing. Thus this
proposed a block-wise use of TOPMODEL with the Muskinguni-Cunge routing method to
fill the gap. Some uses were made that showed the potential use of the new model: one for
the 3570 km® Fuji-kawa basin, central Honshu. Japan and the other for the 20750 km®



northern part of Minjiang basin, an upper branch of Changjiang (the Yangtze River), China.
The Fuji-kawa case was an example where ample hydrological, land-use, and geological data
were available. while the Minijiang case demonstrate the application to a river basin where
only geographical elevation data and some precipitation data were available.

2.4.1 Theory of the Hydrological Simulation Model (BTOPMC)

This section briefly introduces the basic framework of the hydrological simulation model that
forms the governing scheme of the eventual hydro-environmental simulation including water
quality dynamics. It is made up of the block wise use of TOPMODEL for flow-generation
and the Muskingum-Cunge method for flow routing. The description below is by no means
comprehensive but focuses on the advantageous characteristics of the model for a large
ungauged basin and identifies the specific assumptions used in this study. A more detailed
description of the model is given in Ao et al. (1999).

Flow generation — block-wise use of TOPMODEL
In TOPMODEL, the discharge is composed of overland flow and baseflow where:

»  overland flow occurs as saturation excess from the saturated zone; the saturated
zone is called the contributing area; infiltration excess runoff may be added but is
not considered in the standard TOPMODEL,

» groundwater discharge is considered semi-steady depending on the saturation
deficit; the hydraulic gradient is assumned parallel to the ground surface.
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The saturation deficit controls the discharge from the local area. The local saturation deficit is
determined from its basin or block average with the deviation depending upon local soil-

topographic index In[a/T, anf)] relative to its sub-basin (or block) average y. The critical
control on discharge is the soil-topographic index that is a function of topography and soil
types.

The basis of the model structure is described below and shown in Figs 1 and 2.

Grid: The basin is described by a digital terrain model with the grid size, 30"x30" or the
order of 0.7-1.0km.

Block: The basin is divided into a suitable member of blocks. The size of blocks depends on

the scale of the basin and the heterogeneity of the basin topography and land cover. It should
be within a manageable size for which the parameters can be identified by satellite

information.
Average saturation deficit: In each block, the saturation deficit SD (expressed in m, ie.
volume per unit area) is calculated with the initial condition being SD (0). SD is the space

available in the unsaturated zone for further recharge. S at time t can be successively

calculated as:

D (t+1) = 5D (1)-Qu(+Qu()
where Q, (t) (a sum of qy(t) over all grids in a block) is input to groundwater from the

unsaturated zone and Qu(t) (a sum of qu(t) over all grids in a block) is the groundwater
discharge to the stream (both expressed in m. volume per unit area). Thus the saturatin deficit

decreases with net groundwater recharge and vice versa.

Local saturation deficit: The saturation deficit for the ith grid cell. SD (i,t) at time t is
calculated from the block average deficit. SD (t), using the magnitude of the local soil-
topographic index In[a/(TotanB)] relative to its block average y. (a and B are different for
each grid cell while Ty is constant over a block). Thus:

SD (i.t)= 5L (t)+m (y-In[a/(TytanB)])
Where m 1s a decay factor of lateral transmissivity with respect to saturation deficit (m). Note
that the second term of the right hand side (m (y-In[a/(T¢tanB)]) is a constant unigue to the i

orid cell and is independent of the average block saturation deficit SD (1), This implies that
the spatial variation pattemn of saturation deficit is always same within a block and only its
base level changes over time. This equation provides the link between the lumped model and
distributed modelling concepis.

Root zone: Rainfall on the ith grid cell is first received by the "root zone" storage, which
represents interception, depression storage and initial soil moisture storage at moisture
contents below field capacity. The maximum capacity of the root zone is Smax. Until it 13
filled, no water can percolate under gravity to the unsaturated zone. The storage in root zone

Sk, (1,t) changes over time as:
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S(i.1) = {Sefi, t-D+R3,-EG,1)} T
Where R is precipitation, E is evapotranspiration and { . 1" indicates the value of { . }if it is
non negative and zero if negative.
Unsaturated zone: The excess of roet zone storage goes into the unsaturated zone and
initially increases the unsaturated zone storage Sy as:

Suz (L) = Szl t- D+ S p(1.)-Sp max (1,0}
Groundwater recharge: Drainage from the unsaturated zone goes, groundwater and is
controlled by the local saturation deficit and infiltration capacity Ko according to:
qu(i.t) = min {Kee™ 4™ S (1,0}

Syz 18 revised as:

Suz (1.8) = Syz (1.t) -gqv (1,t)
Overland flow: If drainage to the unsaturated zone exceeds its storage capacity, the local
storage deficit, SD (i,t), the excess becomes overland flow as:

Gos(L,)={Suz(i.t) - SDE}

If SD (i.t) is negative it is replaced by zero and all Sy, (i,t) becomes overland flow. The
storage 1s revised as

Su(1.0={Sw(l. t) - qor(i, 1)
Groundwater How: The groundwater discharge is determined by the local saturation deficit,
the gradient of the local surface and the parameters relating to transmissivity of the block, T,
and m. as;

-5D (i, t)/m

qb(1,t)=Tee tanf

The discharge from the ith grid cell to the stream is the sum of qor (i,t) and gy(i.t). Both are
dependent on local saturation deficit SD (i,t). Rainfall R(i,t) affects discharge through S,, and
the saturation deficit for the following time step.

Flow routing (muskingum-Cunge) method used in BTOPMC

The Muskingum cunge method is useful for simulating a large stream network since it can
successively calculate the flow rates at all stream-network modes at a single time without
being disturbed by the time differences of flow wave arrivals at each junction of streams.
However, it cannot allow for backwater effects.

The channel section at the ith grid point 1s assumed to be of wide rectangular shape with the

width [ as a function of the upper catchment area A (kmz) at the point as:
B=aA®
Where o and ¢ are constants and Manning's roughness n at each grid is determined by:
=no(tanB/tanBo)“ 3

Where P is the surface gradient as defined above and subscript 6 indicates the average value
for the block.
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2.5 Tank Model

The tank model is usually classified as a deterministic parametric lumped model and it is
considered as a black box model by many hydrologists. However, if it 13 a mere black box,
how can such a simple tank model successfully simulate river discharge from high flood to
low base flows? There must be some physical meaning in the tank model (M.Sugawara,
1984). The tank model had its origin in the idea that to represent surface runoff and
intermediate runoff two water storage are necessary. Two more storage was introduced to
represent base flow and the present form of the tank model was obtained. This can include
the water storage for the base flow. To some extent these are the physical meaning of the tank
model. On the surface of the ground there are river channels by which the most part of
surface water transportation is carried out. However. the area of the river channel is
negligibly small compared with the whole area of a basin. Therefore, if random sample points
are picked up in a basin, the probability that some sample points fall on a river channel must
be very small, probably near to zero, even if the sample size is very large. Similarly if we
select some small random sample area in the basin, the possibility that the sample area would
include a river channel is also very small. This means that, by such a random sampling
method, we cannot catch the real image of water transportation on the ground surface. The
structure under the ground surface cannot be observed but can be imagined that the
fransportation of groundwater is mostly carried out through some singuiar domains such as
sediment layers, faults, fissures etc. and that the total volume of such singular domains is very
small compared with the whole volume. Even in a homogeneous sediment layer, water is
imagined to transfer mostly through routes of three-dimensional networks, which is
somewhat similar to river channels on the ground surface. Of course. these water routes are
not stable. Some routes will be stopped by sedimentation and other routes will be opened by
washing away of sand and silt. In spite of such an unstable microstructure of three-
dimensional network-like water routes, the sediment layer seems to be homogeneous in
microscopic outlook. The structure of ground water movement in a basin may be somewhat
similar to this but on a larger scale. In the case of such a structure in which water transfer
occurs mostly through a singular domain with comparatively very small volume, research or
experiments carried out by sample points or by small sample areas cannot be reliable. This
may be a reason why experimental basins are not so useful and why transfer of the resulits
obtained from experimental basins to large basins is very difficult. There is another difficult
fundamental problem concemed with such structures. A water route will be stopped when it
1s blocked only at one point along the route and an impermeable laver will pass water freely
when there is only one hole somewhere in it. The total response of such structures is very
difficult to analyze as a total by some macroscopic method. Moreover, we expect that the
tank model is such a sort of approach by total response. In the early davs. the trial and error
procedures were carried out by manual calculations regarding as a numerical experiment;
with much information accumulated through trial and error procedures. It was troublesome
hard work and it took a long time but model calibration by trial and error method proved
possible. In later days, computers are used in trial and error method. A feedback cycle
composed of a computer and human judgement was very effective and efficient. Automatic
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and semi-automatic methods for parameter estimation have been developed in Tank Model.
Trial and error method by human subjective judgement is the most important way (M.

Sugawara, 1984)

RWBAT is a regional water balance model based on the concept of the Tank Model. The
purpose of the study on the RWBAT modal is to develop the hydrological model assessing
the variation of water resources and soil moisture over wide area with the spatial resolution of
0.5*%0.5 degrees in longitude and latitude on a daily basis, when extraordinary fluctuation of
Asian Monsoon activity 1s occurred or large-scale reclamation is carried out. RWBAT model
uses the Tank Models because the concept of the Tank Model is so simple and presents
adequate hydrological response in the basin by using four simple Tanks lied vertically.
Moreover, the Tank Model is used in various regions from arid to humid area and from
tropical to snow covered area. If parameters of Tanks are derived from the catchment
characteristics, such as topography, surface geology and vegetation indexes, reasonably, the
RWBAT model could give precise information for water resources against an extraordinary
weather condition ( Kazurou Nakane. 1997).

2.6 Hydrological Model Calibration and Verification

Model calibration is the process by which the values of models parameters are identified for
use in a particular application. It consists of the use of rainfall-runoff data and a procedure to
identify the model parameter. Identification can be accomplished manually, by trial and error.
or automatically, by using mathematical optimization techniques.

Calibration implies the existence of stream-flow data; for ungaged catchments, calibration is
simply not possible. The overall importance of calibration varies with the type of model. For
instance, a deterministic model is generally regarded as highly predictive; therefore, it should
require little or no calibration. In practice, however, deterministic models are usually not
entirely deterministic, and therefore, a certain amount of calibration is often necessary.

In conceptual modeling, calibration 1s extremely important, since the parameters bear no
direct relation to the physical processes. Therefore, calibration is required in order to
determine appropriate values of these parameters. Practical estimates of conceptual model
parameters, based on local experience, are sometimes used in lieu of calibration. However.
such practice is risky and can lead to gross errors. Calibration also plays a major in the
determination of parameters of empirical models.

The calibration needs of time-invariant and time-variant process and models are different. To
evaluate the predictive accuracy of a time-invariant model, it is customary to divide the
calibration process into two distinct stages: (1) calibration and (2) verification. For this
purpose. two independent sets of rainfall-runoff data are assemblied. The first set is used in
the calibration per set, whereas the second set is used in model verification, i.e., a measure of
the accuracy of the calibration. Once the model has been calibrated and the parameters
verified it is ready to be used in the predictive stage of the modeling.

With time-variant process and models, the calibration is quite involved. Since the parameters
vary in time (and with the model variables), a calibration and verification in the liner sense is
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only possible within a narrow variable range. A practical alternative is to select several
variable ranges, e.g., low flow, average flow, and high flow, and to perform a calibration and
verification for each flow level. In this way, a set of model parameters for each of several
variable ranges can be identified. A typical example of multilevel (i.e., multistage) calibration
is that of stream channel routing. The routing parameters for inbank flow is likely to be quite
different from those of over-bank flow. Therefore, several calibrations are needed,

encompassing a wide range of flow levels.

Lumped and distributed models pose altogether different calibration problems. Lumped
models have a relatively small number of parameters as compared to distributed models. For
lumped conceptual models, calibration in the liner sense is possible. In this case, parameter
estimations can often be obtained with automatic calibration impractical and sometimes
misleading. Accordingly, it is often advisable to limit the model parameters within physically
realistic ranges and to perform trial-and-error calibrations (Vijay P. Singh, 1984).

2.7  Sensitivity Analysis in Catchment Modeling

Uncertain in catchment-modeling practice have led to increased reliance on sensitivity
analysis, the process by which a model is tested to establish a measure of the relative change
in model results caused by a corresponding change in model parameters. This type of analysis
is a necessary complement to the modeling exercise, especially since it provides information
on the level of certainly (or uncertainty) to be placed on the result of the modeling.

The issue of model sensitivity to parameter variation is particularly important in the case of
deterministic models having some conceptual components. Because of the conceptual
components, calibration are strictly valid only within narrow variable ranges; therefore, errors
in parameter estimation needed to be ascertained in a qualitative way.

Sensitivity is usually analyzed by isolating the effect of a certain parameter. If a model is
highly sensitive to a given parameter, small changes in the value of this parameters may
cause correspondingly large change in the model output, It is therefore necessary to
concentrate the modeling effort into obtaining good estimates of this parameter. On the other
hand, insensitive parameters can be relegated to a secondary role.

In catchment modeling, the choice of parameters for sensitivity analysis is largely a function
of problem scale. For instance, in small catchments, the models output is highly sensitive to
the abstraction parameter(s), e.g., the runoff coefficient in the rational method. Therefore, it is
imperative that the runoff coefficient be estimated in the best possible way. For low-
frequency events, higher values of runoff coefficient are generally justified.

In midsize catchment modeling, the model's sensitivity usually hinges on the temporal
rainfall distribution, infiltration parameters, and unit hydrograph shape. The selection of
rainfall distribution is crucial from the design standpoint, Catchment models are usually very
sensitive to infiltration parameters, which need to be evaluated carefully, with particular
attention to the physical process. For instance, a high-intensity, short-duration storm may
result in a high flow peak, due primarily to the high rainfall intensity. However, 2 low-



intensity, long-duration storm may also result in a high flow peak, this time due to the long
rainfall duration, which causes the hydrologic abstractions to be reduced to a minimum.

In large-catchment modeling, the modeling, the model's sensitivity focuses on the spatial
distribution of the storm, although the temporal distribution and infiltration parameters
continue to play a significant role. In any case, a careful evaluation of model sensitivity 15
needed for increased confidence in the modeling results.

Sensitivity analyses provide an effective means of coping with the inherent complexities of
catchment modeling, including the associated parameter uncertainties. In this sense,
distributed models, while being widely regarded as deterministic, can often show a distinet

probabilistic fiavor (Vijay P. Singh, 1984).
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3. BTOPMC - A DISTRIBUTED HYDROLOGIC MODEL

3.1 Introduction

The BTOPMC is a physically based distributed hydrological model based on the block-wise
use of TOPMODEL with Muskingum-Cunge flow routing method (Ao, Ishidaira, Takeuchi.
1999; Takeuchi, Ao. Ishidaira. 1999), for which the computer programs are written in
standard FORTRAN77 source code. This is the first version by which the runoff simulation
for Multiple sub-basins in a large catchment can be conducted simultaneously by using the

(IS and remote sensing oriented data.

It is a part of the recent research results developed by Takeuchi/Ishidaira Laboratory,
Department of Civil and Environmental Engineering, Yamanashi University, Kofu,
Japan. Ao Tianqi wrote this version in 1998 under the supervision of Professor Kuniyoshi
Takeuchi and Dr. Hiroshi Ishidaira at Yamanashi University. It has been under developing
and revising until now and will be further developed in the future.

Up to now, this version has been applied to the daily and hourly runoff simulation for the
3500 km® Fujikawa basin in Japan and to the daily simulation for the 19 000 km?’ sub-basin of
Minjiang catchment in China. The results presented are encouraging to suggest that the
proposed model can be reasonably applied to large basins with DEM and other GIS oriented

data.

3.1.1 The component modeis for this distributed rainfall-runeff model
a) Runoff Generation Model:

In this version the block-wise use of TOPMODEL is proposed: the model parameters
and the average Soil-Topographic-Index are calibrated or computed for each block .
respectively. The original TOPMODEL was development by Professor Beven. K. I
and Professor Kirkby, M. J. in 1979, which is a physically based variable contributing
area model of basin hvdrology. It has two distinct advantages to be applied in
developing areas with little hydrological observations. One is that it has both
advantages of lumped model and distributed model, ie., few parameters to be
identified and the capability of simulating the impacts of land use changes and water
resource system developments. The other is that the soil-topographic index that the
model greatly depends on may be easily identified through satellite information.

b} Routing Model:

The variable coefficient Muskingum-Cunge routing method was used. By which the
river reach characteristics can be considered and the velocity, discharge and ete. for
any grid can be obtained simultaneously.

¢) Terrain model:

River stream network are produced from the DEM with sinks removed automatically

by the algorithm developed by us.
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d) Precipitation model:

Approximated by Thiessen Method: for any grid cell, the rainfall is given the value of
the nearest rain gauge, basin averaged rainfall can also be used.

¢) Evapotranspiration model:

In this first version, the program to calculate the potential or actual evapotranspiration
is not supplied. It can be done by the user and the result should be used as input data
for the related input data files. The monthly constant and hourly constant patterns are
assumed for annual lowflow and short period flood simulation, respectively.

3.1.2 What can BTOPMC do?

1y

2)
3)

4)

3)

6)

The catchment boundary, drainage area, the length of the main stream and the
detailed information about the river stream network can be obtained

automatically.
The model calibrating can be conducted interactively as the program runs.

The lowflow or flood runoff for multiple subcatchments in large watersheds
with DEM and other GIS oriented data can be simulated simultaneously.

Be capable of considering the impact of the variability of topography, climate,
land-use. vegetation and soil characteristics on basin hydrological response
characteristics.

With the availability of both lumped block-scale and distributed grid-scale

initial conditions.

All the necessary results are output as data files which can be used to graphing
by suitable, software, and some important assessment indices are pint out on

the screen.

3.1.3 Limitations of The Current Version

At present time, because of the limitation of the memory of the related arrays, basin rainfall-
runoff simulation can be conducted with the following limitations.

Total time steps: 027000 steps (e.g., hourly successive simulation for 3 years.)

The amount of observed discharge: 09100 times /station.

The DEM grid size has no limitation, but the total grid cells of the DEM should be 080000
grids. The whole basin can be divided into 01000 rectangular blocks.

The number of gauging stations or the total number of sites to be simulated simultaneously in
a run; (120 places (the related simulation results such as discharge for only T20 points can be

output as a data file.)

The total number of rain gauge stations: 01100 places.
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3.2 The Use of Version 1.0

The program files are supplied in standard Fortran77 code, and should be compiled with
any Fortran 77 compiler. The objectives, input and output data for some programs are
described bellow .

3.2.1 The Flowchart of BTOPMC-1.0

S r{ == = T
S Input L/ e— 1 Step I: prepare the original elevation value array
pitsmov.f <— ~{ Step 2: remove all sinks automatically.
==, MR o N | T "
stresmnet.f F2 Step 3: get the array of the river stream network
netdatrel.f = 'L Step 4: get the graph of the river stream network ]
|
—
;"f Input 2 ;f' <= ‘ Step 5: prepare inputs data file: rainfall etc. |

findnumber, '_J Step 6: get the grid numbers to be simulated ,
l

digrain. f .;:_._l Step 7: get the rain gauge number for each grid ‘

runoff.f

¢ Ouput )
Nl

3.2.2 The input data

® In order to make the programs easy to use, two methods for inputting the
required data are designed for all the programs supplied.

<—.— Step 8: hydrograph simulation

<< ' Step 9: get all the resulting data files

® The first one is by key board interactively as the program is running. By which
the program optional or controlling variables will be input. The brief guiding
sentences will appear on the screen.

® The second one is to read in the input data files by some main program or
subroutine automatically. The input data files must be prepared by manual input
or by other program before or as the program runs. The file names of all the input
data fills are 10 letters defined by a character variable fname which will be input
by hand for each program, accordingly, the names of all the output data files will
be the same as the input except for the expanded file names,

® Be careful to the format of the input data: integer or real.
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3.2.3 The calibrating of the model

There are only 5 parameters, described in table 3.1, that need to be calibrated by trial-and-
error method interactively and successively until satisfied as the program runs, namely on-
line calibrating,

Table 3-1: BTOPMC model parameters

Symbol definition the referential value
I The saturated transmissivity 0.1—100 m*h
- _ofsoils |
m The decay factor of T, 0.01—03 m
SFax The capability of rool zone storage 0.001—0.02 m
Sioarl | The inirial saturation deficit of soil 0.05—0.80m
| n The Manning roughness coefficient 0.01—0.08 |

The main criterion to evaluate the model performance is the Nash efficiency, near to 100% is
the best. In addition to this, the comparison of the calculated and observed average discharge.
peak time as well as the ratio of the total volume can also be used to evaluate the simulation
results, respectively, In each run. all those assessment indices for each sub-basin are printed
out on screen and as resulting data file.

3.3  Description of the Computer Programs

In this part, 3 programs, the pitsmov.f streamnet.f runoff.f will be described separately.
Note that the explanation of the other 3 programs, findnumber.f, disrain.f and netdatrel.f.
are not included, but are self explanatory since they are written in a dialogue type. The latter
3 programs are used to find out the grid numbers of simulation sites according to their
drainage area, to produce the data file fname.sit containing the rain gauge number for each
grid, to rearrange the format of the data file fname.vet to make stream network graphing
feasible for the software DeltaGraph 4.0, respectively.

1) Program pitsmov.f
It is used to remove the sinks in the original DEM by an automatic algorithm
proposed by us. A new DEM without sinks will be print out as a data file
which will be used repeatedly in other programs.

a) The input and output data files

_ Table 3-2: Input and outpul data files for pitsmov.f _
Item | File Name | Description
Input fname.hhh The original elevation data file prepared by the user.

It is a two dimensional integer array which must have the
| format described in.

fhame.rst A modified real format DEM data file without sinks,

it will be read in directly by the other programs.

Cutput
fname.dhv Contains the elevation increment of each grid after
modification, it’s format is the same as fname.rst.
fname.pup Elevation variance analysis, now it’s useless.

fname.cpa Contains the elevation variance, useless.




b)

al-

The format of the original elevation data file

foame.hhh is a raster elevation matrix, a two dimensional integer array
prepared by yourself, and with a volume of maxroxmaxcao,

where, maxco=120ncol+101201 is the maxmum column,
maxro=120nrow+101201 is the maxmum row of the array, respectively.

The original DEM file fname.hhh will be read in from the upleft corner to the
lowest right corner by row by row.

To prepare for this array, the value of nrow and ncol must be decided from a
map by
which the whole basin will be covered, here nrow and ncol is the amount of

the sub-DEMs in horizontal and vertical direction, respectively, each sub-
DEM has a volume of 121x121grids. A sample was shown in Fig. 3

Column 1_____ J» Maxco
ncol=3, maxco=120ncol+-1=361columns : -
e —————————m T, o =)
il 4 “reatiete e Mg Botmdary | - =
The lr]. Il row ki .| ¥ ; _:hiH-- hﬁ'l.]lf.l-. FIS i Il =
{ et f a1 b o |
________ e e L= S LTV B TN pu ki dle A D ket S e
fomatelan it i : The area
A !
nrow=2, PR ! covered
maxro=120nrow+| 99 A vy the DEM
=241 rows )T 4 0 .
e ;
aimiad) .': ! ;
The Ir2" row e
...:." - E
v e Y z
=

Fig. 3 The format of file fname.hhh and the definition for some variables.

c)

The Input Variables By Hand

As the program is running, the user will be asked to input the following
optional and controlling variables by keyboard interactively.

Symbol value (format) description

nrow, ncol: integer The values should be decided as in fig. 3.

hy 0.1 It is our numerical experimental result.

nt integer The total times for the program to circie to
remove all the sinks in the DEM, say more
than 5000.

fname 10 characters The name of all the input and output data files.



2)

27

Irl, Ir2, integers To abstract a small study area from the DEM,

icl, lc2 which begins from the ir1™ row, the Ic1™
ends at the Ir2" row and the 12" column, as
shown in Fig. 3. In this case, the stream net

for only this area can be gotten.

Program streamnet.f

It is used to obtain the river stream network.

a) List of the input and output data files

Table 3-3: Input and out put data files for strument.f

Item

| Input

! Output

b)

column,

File Name Description
' fname.rst The DEM with sinks being removed by program pitsmov.f
i fname.slp | Contains the detailed information of the stream net.
fname.see | Contains the main results and evaluate indices such as the |

basin area ,the length of the main stream and so on.

fname.map | Contains the original elevation values for graphing.

fname.vet Contains the information to produce the graph of the stream

net.

| fname.mve | The flow direction of water pathway in each grid, useless.

fname.riv | Contains the information to produce the graph of the stream

| net

List of the variables input by hand
fname 10 characters  The file name for all the input and output data

files.

nrow, ncol integers As shown in Fig. 3.

dx, dy real The horizontal and vertical grid size, in m.

nchekl integer; 048  The times to check the minus slope (2 is enough).

nchek2 integer The times to check the flow directions (2 is  enough).

krule integer The stream net information for the grids with drainage
area less than krule grids won't be written in file
fname.riv. 1-30 is often used.

mpot positive integer Used to check the basin boundary.

rlenth 1.0-15.0 Used to calculate the length of the main stream,

beginning from the grids with drainage area more than

rlenth grids.

netord 3,510 In this version, they are not used.
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The format of data file fname.slp

I | |
‘lf Y Y Y *
Grid Slop Drainage Length Width
Number area, Km’ of the of the
reach, m
3) Program runoff.f

It is the control program which direct the sequence of operations for the runoff
simulation, Appropriate subroutines are called from runoff.f as needed for
reading data, for finding out the sub-basin boundaries, for calculating the
runoff in each grid cell, for flow routing, for optimizing the model parameters.
for evaluating the model performance, and for outputting data.

In which

SUBROUTINE INPUTCireads in parameters and observed discharge data.
SUBROUTINE BASINGdecides the boundaries of the basin and sub-basins.
SUBROUTINE PARA Ccalibrates the model parameters.

SUBROUTINE ATANB caiculates the topographic-soil-indices.

SUBROUTINE TOPMODUcalculates surface and subsurface flow, conducts
flow routing and evaluates the model performance. The time

increment loop is controlled by it.

124 7R
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3.3.1 List of the input and output data files
Table 3-4: Input and out put data files of runoff.f

Item Full Name Description
B fname.rst The modified elevation array from program pitsmov.f
fname.inp Contains temporal variabies, observed streamflow discharge
Input and position variables for each subcatchment. By hand.
data fname.slp ' A array containing the information of the stream network
files | produced by program streamnet.f .l
Thame.coe | Contains the information of evapotranspiration, flow routing, |
| and parameters for each block. By hand,
fname.pri Contains precipitation of all the rain gage stations. By hand or
| other program written by the user. '
fname.sit Contains the number of rain gage for each grid within the |
basin. Used when distributed rain is needed. Produced by
[nput ! - | program disrain. f
Data | foame, tul | Contains the information of routing order, by this $ program.
Files [ famemos | Contains the grid numbers for each subcatchment by this
I i\m gram
fname.ot0 | o
| fname.in() ‘
| fname.srz | The grid-scale distributed initial values produced by this '
fname.uzi | program. Cann’t be used individually. It is not necessary to use .
fname.sd0 | them.
fname.sb0 | .
fname.qsm Contains the information of simulated and observed ,
hydrography for the simulated places, and the rainfal] and
block average deficit for each time step are included,
fname.eva | Contains all the evaluate indices such as Nashy effcience, peak |
time and etc. for all the subcatchments from all the successive
| runs.
Satnnt fmame.qqq |i Contains discharge information easy to produce hydrography |
when successively sen51t1v1ty analyze is conducted. |
| IE)iTz foamesat | Contains the saturated grids in the basin at the selected time |
‘ | N]L]"Jb I
[ fname.con Contams the total saturated times of each grids during the |
| &V enl. |
| _r"tmmu:.c]v | Contains aver, Elevation, slop, and total gnds for each block. |
fname.tan | Contains the values of the topographic-soil-index for each grid |
| in basin,
.!‘rlzm'n:.{ll.-n ' Contains the density distribution of the topographic-soil-index.

fname.acp

Contains the cumulative distribution of the topographic-soil-
index.
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3.3.2 The format of the input data files prepared by hand or by other program

1) fname,inp
12574 8760.0 1.0 87607 1.0 . nout, timsum, timstp, ntime, ngaug, hrs

11616 7317 5420 ...... ; npl, np2, np3, ......

15.43 15.45 15.16 14.08 13.75 13.48 15.12 17.94 17.77 15.60 The observed discharge
15.53 15.84 15.43 14.75 14.60 20.47 25.21 22.85 17.76 18.00 at grid npl, in m%/s

20.50 34.35 30.07 21,74 23.60 17.90 15.38 15.17 14.09 14.56 14.77 | The observed discharge

14.69 14.28 14.08 15.47 16.08 13.75 14.00 14,12 13,52 15.49 at grid np2, in m’/s
15.94 13.53 12.4912.39 16.67 104.05 48.47 20.95 14.44 12.72 } The observed discharge
12.08 11.96 11.50 11.14 11.04 10.86 11.25 13.17.....c0..o.... ! at grid np3, in m¥/s
where:

nout is the grid number of the outlet for the whole basin obtained from program streamnet.f
timsum is the total time to be simulated, in hours.

timstp is the time step in hour.

ntime is the the total times for the program to circle, equals to timsum / timstp

nguag is the total numbers of the rain gages.

hrs isa converting factor, equals to timstp.
npl, np2, np3, ..... are the grid numbers at which runoff will be simulated simutaneously.

These numbers can be find out by program findnumber.f. Please note that the order must be
arranged from the grid with the biggest drainage area to the grid with the smallest drainage

ared.

2) fname.pri the precipitation data file in mm/h.

No. 1 No, 2 No.3No. 4 No. 5No. 6 No. 7.......... The rain gage number
2,00 2.00 2.00 200 200 3.00 5.00 ... time step 1
3.00 5.00 400 200 3.00 35.00 4.00 ... time step 2

5.00 3.00 3.00 400 5.00 5.00 5.00 .. lime step 3
5.00 6.00 7.00 500 8.00 9.00 5.00

1.00 3.00 3.00 3.00 2.00 2.00 5.00

1.00 2.00 2.00 1.00 2.00 0.00 2.00

1.00 2.00 2.00 2.00 2.00 3.00 2.00




3) fname.coe
10000 . [Tie potential evapotranspiration E,. In mm/year
1.10.610 | & =S K, X, N, where K, X is the Muskingum routing con., N is the

total times to output the saturation information in the basin.
10126227329430531632734836938 10_>t|, 1,t3, 2, ...veeesy by, N3 t; means time step
31 28313031303131 30313031 — days in each month from Jan. to Dec.
0.0238 0.0504 0.0837 0.1272 0.14390.119 —p» €y €2,..., €125 € (i=1-12) is the percentage
0.124 0.1214 0.0874 0.068 0.0352 0.016 — of E; in each month from Jan. to Dec..
315990120 151 181 212 243 273 304 334 365 —® d,...dp; d; (i=1-12) is the days from Jan.

1 to the end of the i month.

6.00 0.0365 0.005 0.00023 0.1200 0.085 0.0  Parameters for block 1
22.0 0.0385 0.005 0.00023 0.0500 0.088 0.0  Parameters for block 2 |ﬁ"—
20.0 0.0385 0.005 0.00023 0.1290 0.035 0.0  Parameters for block 3 { '
22.0 0.0385 0.005 0.00023 0.0500 0.088 0.0  Parameters for block 4 Jr 3

o L |

20.00.0385 0.005 0.00023 (¢.0345 0.035 0.0  Parameters for block 5 I ._..:}_,_5
20.0 0.0385 0.005 0.00023 0.0345 0.055 0.0  Parameters for block 6 fysull

(rows)™ T+

Ixsub (columns)

M

ol L

T ™
|
1l

w

i i |
'lr L . | ¥ ¥ ' :
i m o Sry eup Sias Mg RO medaning
] it ! i 4

Where parameter evp is a constant of evapotranspiration in m/h for short period floods

simulation.
Note: the total blocks (Z1000) can be determined by the user using the block size variables

Ixsub and lysub with the unit of columns and rows respectively.
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3.3.3 List of the optional and controlling variables input by hand:

Symbol
foame
nrow, ncol
dx, dy
nriver
nlga:
nbsm

keyq0

inidat

inintl
keyq02:
keyrout
rtmd
rainptn

kgfac

keysub

Ixsub
lysub

kkevp

krtdat

stphr
nrunof

Value (format)

10 characters
integer

real

integer

integer (30 or 60)

integer

1

2

integer (1-20 )

Description

The name of the all input and output data files.

As shown in Fig 3.

The horizontal and vertical size of a grid in the DEM, in Km.
Controlling factor bigger than the total grids in the basin.

A fact to classify the topographic-index into nlga grades.
The grid number which has the biggest drainage

area among ail the grids to be simulated.

The initial discharge used to routing for each grid is given by
program, the 6 data files of the distributed initial conditions
which can be used in the next run will be produced.

All the 6 kinds initial values will be read in from the data
files produced by the previous run automatically,

The initial discharge used to routing in the first time step for
the grids with drainage area less than inidat grids will be
given 0.

integer (Z Timsum/kqfac) The time step at which all the 6 kinds distributed initial

0

2

I (don’t use it)
2

1.0

2.0

1.0

2.0

ntime/Ngp

0
2

proper integer
proper integer

0

2
1.0
integer

condition data files will be praduced.

Produce the 6 kinds initial conditions by time step inintl.
Produce the 6 kinds initial conditions by given discharge.
The surface and subsurface flow will be routed separately.
The surface and subsurface flow will be routed all together.
To use the Muskingum routing method.

To use he Muskingum-Cunge routing method.

The basin averaged rain will be used for all the grids.
Distributed rainfall will be used.

A converting factor used to calculate all the evaluation
indices of the model performance, where N, is the total
numbers of observed discharge at a gauge station, e.g.,
kqfac=land 24 for the case of hourly simulation, given
hourly observed discharge and daily observed discharge.
respectively,

The basin is seemed as 1 block

Intend to divide the basin into some blocks
Tiock 1! 1) p The area covered
{_ =55 = by the DEM
R

- -.-"f"-.-:'_ .
1o

[I lysub (rows}

block size
block size

| ,
lf{{ﬁ'lﬁlco]umns)
For short period flood simulation, hourly constant
evapotranspiration in fname.coe will be used
For lowflow simulation, monthly constant
evapotranspiration in fname.coe will be used.
The routing order data file fname.rut is not yet, and will
be created in this run automatically.
Read in the prepared data file fname.rut directly.
A constant.
Total amounts of places to be simulated(<21) simutaneously,
for which the observed discharge should have been prepared



mosdat

ncicl

cali

nofsub
ncali

val

key

khortn

0.0

2.0

integer N
integer M6

any real data p

1.0
lor§
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in fname.inp,the assessment indices for each simulated
place such as Nash efficience, the maximum peak time,
maximum peak and average discharge of both observed and
calculated, the average total rainfall, the cutflow ratio, as
well as the percentage of subsurface flow will be printout by
both on screen and in data file fname.eva, respectively.
Data file fname.mos does not exist, to be produced in this
run automaticaily.

fname.mos already exits, and will be read in by program.
The program will run one time only, you can’t

calibrate any parameter, all the resulting files will be output.
The program will run any time, you can optimize the model
parameters until the satisfied results are gotten, all the
resulting files can’t be output during the calibrating runs
unless neiel=1. but the assessment indices will be printout
on the screen.

Model parameter calibrating is not intended to be done.
Want to do.

Some parameters for N block are intended to be calibrated
The M™ parameter of block N are intended to be

changed, From 1 to 6, the corresponding order of the

6 parameters are arranged as:

Ty, m, Svugn evE, Spaon, 17

The value of the M" parameter of block N will be

changed to p from the previous value as you like.

a power used to calculate the soil-topographic index
The flow direction of water in a grid.

Value ! for single direction is often used; value 8
means multiple direction method.

The infiltration excess flow are not considered.

The infiltration excess flow will be account for.

In this version, selecting 0 is recommended.

3.3.4 Description of the principal output data files

1)

114 Sy bl
The R$
Run

efif
rati
bala
pkTs
pkTo

1.37 093 098  0.00

0.11 -0.11 -0.33
627.00 627.00 627.00
627.00 627.00 627.00

fname.eva
siib-Basm ' sub<bdsin 2 sub-basin 3
L Y
5084.00 3147.00 1340.00 0.00" —+Grid number of the outiet
3.64 2.86 2.84  0.00C _, Total average rain in m.
3.60  3.60 3.60 0.00 _, Potential evapotranspiration in m.
078  0.85 0.92 0.00 *Actual evapotranspiration,m
275 211 2.25 0.00 - Total simulated runoff, m
201 226 2.30 0.00 - Total observed runoff, m.
151.00 71,79 32.54 0.00 . Simulated aver. Discharge, rrf/s
11040  76.86 33.33 0.00  ™Observed aver. Discharge, m™/s
0.76 0.74 .79 0.00 -+ Qutflow ratio.
88.15 8259 91.30 0.00  —+ The Nash efficiency.

— The ratio of volume.

0.00 > Water balance
0.00 —* The peak time of simulation.
0.00 —» The peak time of observation.



2) fname.gsm

Time Surface Subsurface Total Observed Average Average Sbr, in m
Step Discharge Discharge Discharge Discharge Rainfall Saturation for each
m/s m/s 1|r m’/s m's m/timstp Defi¢it Sbr (m) sub-basin
| I {
100000 66.82320 {EI.HLJHIL# 66.82320 65.43000 0.00027 0.09256 ...... ... 0.09256..
2.00000 64.98856 63.10693 64.98856 65.45000 0.00000 0.09413 ...... 0.09413
3.00000 63.22343 6141070 63.22343 65.16000 0.00000 0.09567 ...... 0.09567
4.00000 61.53910 59.80854 61.53910 64.08000 0.00000 0.09716 ...... 0.09716
5.00000 59.94517 58.29432 59.94517 63.75000 0.00000 0.09862 ...... 0.09862
N A4 4

For sub-basin 1 For sub-basin 2,......
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4. GENERAL DESCRIPTION OF THE TANK MODEL

4.1 Structure of the tank model

The tank model is a simple model composed of several tanks arranged vertically in series, as
shown in Fig.4 Rainwater is put into the top tank. Water in each tank partially discharges
through a side outlet or outlets and partially infiltrates through a bottom outlet to the next
lower tank. River discharge can be simulated as the sum of outputs from the side outlets.
Tank model represents a zonal structure of groundwater.

4.2 Behavior of the tank model

shows various types of response corresponding to various types of input rainfall. Let us
consider a tank model composed of three tanks, where the top tank corresponds to surface
flow, the second tank to intermediate flow and the third tank to base flow.

If the amount of rainfall 1s small or its intensity is light, the water storage in the top tank and
the second tank would not rise up to the level of the side outlet and so the input water would
infiltrate into the third tank without any discharge from the top and the second tanks, as
shown in Fig.5a. As the base flow is largely constant because of the large amount of ground
water storage, it would show little change from a small supply of rainwater. Accordingly,
there would appear little change in the river discharge after a small rainfall or after rainfall of
light intensity.

If there is some larger amount of rainfall (still with a light intensity) the water storage in the
top tank will not rise up to the leve] of the side outlet but water storage in the second tank will
rise up to a level higher than the side outlet, from which intermediate flow would discharge,
as shown in Fig.5b. In this case, the river discharge would slowly increase and then gradually

reduce.

In the case of a larger rainfall with a heavy intensity, the tank model would appear as in
Fig.5c. In this case, the discharge, mainly composed of surface flow. would be large. The
surface flow would be large. The surface flow would decrease quickly until what remained
would be intermediate flow representing the recession component of the peak discharge.

In the case of very heavy rainfall with a short duration, the tank model would appear as in
Fig.5d. with a large surface flow appearing without intermediate flow. After a while, this
state would revert to the one shown in Fig.5¢, and intermediate discharge would appear.

In the rare case of rainfall with short duration, only surface flow would appear, without any
intermediate flow.

The tank model can simulate many such types of response corresponding to various types of
rainfall input.

4.3 Time constants of the tank model

Each tank of the model can be changed into an approximation to a linear tank by moving the
side outlet or outlets to the bottom, as shown in Fig.6. This linear tank model is called an



e

incomplete integral or a first order lag system with a time counstant 1/(c-+3), where the storage
volume and both outputs — discharge and infiitration-decrease exponentially in the form of

the function Ce M assuming that there is no input supply.

With such a linear approximation, the discharge computed by the tank model will be
composed of several exponential components, each of them with its own characteristic time
constant. For analysis of daily discharge based on daily input data, we usually use a tank
model with four tanks as shown in Fig.7, where the time constant of the first tank component
1s one day or a few days, that of the second tank is up to about ten days, and time constant ol
the third and the fourth tank components are several months and years, respectively.

4.4 The tank model for flood analysis

For flood analysis, usually a tank model with only two or three tanks are used. Usually the
lower tanks are neglected because of their long time constants. The components from these
tanks are stationary and, consequently, they would show only a small change during a flooc
period and, moreover, would be very small compared with the flood components. We can.
therefore, assume that these components are constant during a flood and use some constani
discharge from the lower tanks instead of calculating these components.

The time constant of the top tank of the tank model for flood analysis is nearly proportional
to the square root of the catchment area. From the experience, using Japanese river basins, the

relation is
T =0.15/S

Where T (hour) is the time constant and S (km?) is the catchment area. The time constant of
the second tank is usually about five times longer than that of the top tank.

4.5 The tank as a sort of filter

In Tank model each tank can be considered as a sort of non-linear filter, which lets those
components with short time constant discharge through the side outlet (s) and lets those
components with long time constants infiltrate through the bottom outlet to the next lower

tank.
4.6 Tank Model with Scil Moisture Structure

The tank model shown in Fig.7 has a soil moisture structure in the top tank. When the storage
XA in the top tank is not greater than S1, water can neither infiltrate nor discharge as shown
in Fig 6a.

In such a case XA represents primary soil moisture storage and there is no free water in the
top tank, i.e. when XA<S1, XP=XA, XF=0, where XP is primary soi] moisture storage and
XF ts free water. When XA is greater than S1, the excess part will infiltrate or discharge
through the outlets as shown in Fig.6.b. In such a case the primary soil moisture is saturated
as XP=51 where S1 is the saturation capacity of the primary soil moisture and the free water
is given by XF=XA-S1, i.e. when XA>S1, XP=81, XF=XA-S1. To put it simply, water fill
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the top tank from the bottom up and the lowest part forms primary soil moisture storage a:
shown in Fig.6. There is no soil moisture structure in the lower tanks since they ar

considered to be always saturated,

Free water in each tank discharges partly through the side outlet or outlets and partly
infiltrates through the bottom outlet to the next lower tank. The amount of runoff o
infiltration per unit time through an outlet is proportional to the head of water at the outlet
For convenience, the tanks are labeled A.B,C and D from the top, and consequently the
runoff coefficients for each tank are called Al, A2, Bl, Cl and DI; the infiltratio
coefficients for each tank are called A0, BO and CO; and the heights of the side outlets of eac!
tank are called HA1, HA2, HB and HC as shown in Fig.1. Similarly, variables such as wate
storage in each tank (X). runoff amount from the side outlet (Y) and infiltration amount fron
the bottom outlet (Z) give the suffix A.B,C or D as shown partly in Fig.10 where the symbol

} means that [X] = X when X is not negative, and [X]=0 when X is negative. In some cases
runoff is assumed to be proportional to the square of the available head.

Along with the primary soil moisture storage there is secondary soil moisture storage and i:
situated alongside of the primary soil moisture storage. Input (rain and snowmelt) fills, a
first, the primary soil moisture storage, and then, gradually, penetrates the secondary soi
moisture storage Fig.9. Evaporation, when it occurs, 1s subtracted from the storage XA anc
the primary soil moisture storage becomes dry, then gradually. water returns from secondar:
soil moisture storage. The volume of water exchange between primary and secondary soi

moisture storage is assumed to be

K2x (XP/S1-XS/S2),

Where K2 is some constant, XP (XS) is the volume of primary (secondary) soil moisture
storage and S1 (S2) is the saturation capacity of primary (secondary) soil moisture storage. I
this term is positive, water transfers from the primary soil moisture storage to secondary anc
vice versa. As XP/S1 and XS/S2 define the relative humidity of both soil moisture storage.
this term also means that water transfers from the wet part to the dry part of the soil, with thc
rate proportional to the difference of their relative humidities.

When the primary soil moisture storage is not saturated, water is supplied to this storage fromr
the free water is the lower tank. The volume of water is given by the expression.

Klx (1-XP/S1).

As XP/81 is the relative humidity of the primary soil moisture storage, the above term means
that the primary soil moisture structure absorbs the water from free water in the lower tank a
a rate proportional to its relative dryness. The water supply to the primary soil moisture
storage from free water is subtracted from the second tank, if there is some free water, and if
the second tank is empty, water supply is subtracted from the third tank, if there 1s water, and

S0 01,
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5. STUDY AREA

5.1 General Characteristics of the country - Nepal

5.1.1 Location and Natural Features

Nepal 1s a landlocked Kingdom on the southern slopes of the Himalayan Mountains, the
nearest sea coast being about 1,127 km form it’s boarder. Located between northern latitudes
of 26° 22* and 30° 27" and eastern longitudes of 80° 4> and 88° 12, it is bordered by the
Tibetan region of China to the north and Indian to the south, east and west.

The country, with a total land area of 141,000km?, is divided physically into the following 3
ecological zones stretching from east to west.

a) The Mountain Zone situated at an altitude exceeding 3,000m,
accounts for 34% of the total area but only 5% of cultivated land.

b) The hill zone lying between 300-3,000m is a subtropical belt and occupies 43% Of
the total area and 30% of cultivated land.

¢) The Teral Zone lying below 300m forms the southern belt extending along the
Indian boarder and accounts for 23% of the total area and 65% of cultivated land.

An alternative classification can be applied to Nepal based on three major river basins; 1) the
Koshi Basin; 2) the Gandaki Basin; and 3) the Carnal Basin. These rivers, originating in the
Himalayan Mountains, are snow-fed, perennial flows with significant discharge even in the
dry season, and, as such, offer promising water resources for the development of irrigation,

hydropower and other potentials.

5.1.2 Climate

Weather conditions vary from region to region. Annual mean temperatures range from high
(25° C) in the Terai Zone, to moderate (18 ° C) in the Hill Zone, and to low (7.5 ° C) in the
Mountain Zone. Nepal has a monsoon climate, with average annual rainfall estimated at
1,600mm. On an average, about 80% of precipitation is confined to the rainy period (June —

October).
5.1.2.1 Climatological features

The Himalayan Ranges has a great role over the meteorological conditions in Nepal. They
prevent the dry cold air of the Tibetan region from moving into Nepal and impede the
northward flows of warm moisture-laden air from the southeast monsoons. The climate of
Nepal is divided into two seasons, the summer monsoon wet season which generally lasts

from June to September and the relatively dry winter season.

5.1.2.2 Rainfall

The climate of most of Nepal is mainly characterized by the rainy season monsoon from June
to September. It’s intensity decreases from eastern part to the western part of country. The
months from Oct. to May are mainly dry. Winter monsoon coming from the south-west
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Arabian sea has stronger influences in the western parts of the country. Precipitation ranges
from about 2,500 mm in many parts of the country to 250 mm in the extreme north-west.
Maximum precipitation occurs mainly in the Terai Belt and near the gorges in the
Mahabharat ranges. Precipitation as hail during the months of February and March is a local

phenomencn in Nepal.

5.1.2,3 Temperature

The climate of Nepal is classified into four zones depending upon altitudes, viz. Subtropical-
up to 1,000m, warm temperature — 1,000-2,000 m; cool temperature — 2,000-3,000 m; and
alpine above 3,000 m. A tropical climate is in south and alpine climate is in the north. The
temperature is lowest in the winter and increases as spring advances. Previous investigators
found that the mean annual temperature of Nepal holds a linear relationship with altitude with
a gradient of about 5° C/km (Water and Energy Commission. 1982)

5.1.2.4 Wind and Snow

Wind has only a moderate influence on the climate of Nepal. Snow falls rarely below 1,500

m and regularly in winter above 2,000 m.

5.1.2.5 River basins and hydrology

There are thousands of rivers in Nepal. They are grouped in four major river basins: Carnal
River Basin, located in the western part of the country, Gandaki River Basin, in the centrai
region, Saptakoshi River Basin in the eastern part and southern River Basin. Besides above
mentioned river basins there are two other basins, the Mahakali River Basin in the western
and the Mechi River Basin in the eastern boarders with India. Major river basins are shown in
Fig. 10 with the location of the gaging stations with corresponding rivers.

The three river basins extending to the Himalayan or on the Tibetan Plateau is in part snow or
glacier fed, thus, having relatively high-sustained flow while the fourth is a rain fed basin.

Snowmelt and rainfall contribute mainly to the river discharges. Large flows are observed
during the monsoon from middle of June to the middle of September, then the flow gradually
decreases until the end of February. From March to the middle of the June, the end of the dry
season, there is a gradual increase in flow due to snowmelt. But the effect of snowmelt
becomes negligible for those rivers originating south of the Mahabharat range.

a) Saptakoshi river basin

It 1s the largest river basin of Nepal having total catchment area 81,152 sq.km of
which 60% lies in Tibet. The rivers of this basin are comparatively steep and
mainly snow and rain fed. The major rivers included in this basin are:

1) Bhotekosi 2) Balephi 3) Sunkosi
4) Tamakosi 5) Khimti 6) Likhu
7) Dudkosi and 8) Tamor



b)

d)

Gandaki river basin
It lies in the central part of Nepal. The total drainage area of this basin is 31,000
sq. km. The river of this basin mainly snow fed. The major rivers of this basin are:

1) Kali Gandaki 2) Seti Gandaki 3) Marsayangadi
4) Chepe 5) Budi Gandaki 6) Trisuli and 7) Narayani

Karnali river basin

It 1s located in the western part of the country. The drainage area above Chisapani
1s 42 8900 sq. km. The main stem of this basin is the karnali, which originates
from the Tibet. The major rivers of this basin are:

1) Surnagad 2) Carnal 3) Setiand  4) Bhert

Southern river basin

These are not influenced by snowmelt. The drainage area of most of the rivers
doesn’t go bevond the elevation of 3,000 m. ms]. Maximum flow in these rivers
occurs during monsoon and followed by a marked decrease through October, with
a further gradual decrease until the beginning of the next season. Most of the
rivers are dry for the considerable period before monsoon. The following are the
major rivers included in this basin:

1) Babai 2) Mari 3) West Rapti 4) Manahari
5) Andhi 6) East Rapti  7) Lothar 8} Nakhu
9) Bagmati 10) Thado 11) Kulakhani and  12) Rosi

The numbering of the stations in these basins begins from the western part of the
country and ends to the eastern part. Therefore, for convenience Region | refers to
Carnal River Basin, Region 2 to Gandaki River Basin, Region 3 to Saptakosi
River Basin and Region 4 to Southern River Basin.
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5.2 Physical Features of the Study Area (large-scale watershed, Sun Kosi basin)

3.2.1 Location and Topography

The study area — Sun Kosi river basin — lies with in the kosi basin. The study area is located
in the eastern part of Nepal. The Kosi Basin is one of Nepal’s 3 major river systems and lies
between northern latitudes of 26 ° 50 and 28 ° and eastern longitudes of 85 ° 30’ and 88° 12"
The catchment of the whole Kosi basin within Nepal is estimated to be 33.000 km?.

Kosi basin is divided into three major topographic and ecological areas: the Mountain Area in
the north, the hill area in the midland and the terai area in the south. Sunkosi basin lies in
between the mountain area and the hill area. The mountain area is situated at an altitude
exceeding 3,000m, with the highest point reaching to more than 8.000m. The hill area lying
between 3.000-300m consists of high riges and steep slopes including the Mahabharat range
and Siwalik Hills. The Terai area, lying below 300m, forms the southemn belt extending along
the Indian border. The fig. 13 below provides the topographical profile of eastern Nepal.

5.2.2 Geology and Soils

The Study area consists of three major geological zones: 1) Himal Group (granite, gneiss and
schist): 2) Midland Group (clastic rock and carbonate). Moving from north to south. the
rocks become softer and the rate of erosion consequently becomes more intense.

The geotectonic lines, which determine the geological structure of the area, consist of 2 major
thrusting faults; the Main Central Thrust and the Main Boundry Fault. These faults extend in
an E-W trend across Nepal, acting as the major division between the formation groups.

The mountainous region is in the process of large scale erosion, and sediment produced from
the same is carried by the rivers to the lower reaches. Sediment volume in each river is great
because of: 1) steep terrain; 2) young orogenic movement; 3) location in the subtropical
monsoon belt and rainfall of over 2,000mm during rainy season (June to October) resulting in
sediment runoff; 4) weathering of bedrock due to climatic conditions of high humidity and
heavy rainfall, and location in the tectonic belt; 5) steep river gradient; 6) poor vegetation on
the steep mountain slopes; 7) soil composition of easily eroded unconsolidated sediments;
and lack of river treatment and soil erosion control schemes in both the mountains and

lowland.

5.2.3 Climate

The area has two distinct seasons; dry season from November-May and the rainy season from
June-October. Prevailing wins during the dry season are westerly while those in the rainy
season are easterly, changing direction from the months of April to May, and October to
November. During the above periods winds in the upper atmosphere are light and weather
conditions are generally fair and stable.

Rainfall during the rainy season has a cycle of about 10-15 days; however, rainfall does not
occur in every of the basin at the same time. Rainfall conditions also differ according to
elevation. Areas over 3,000m have a high percentage of drizzle while those lower than
2,000m are subject to heavy downpours.
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The study area has a difference in annual average temperature ranging from about 5-25 ° C.
With the end of the rainy season and the coming of strong westerly winds in November,
temperature drops rapidly reaching minimum temperatures in January. As temperatures
during the dry season rise during sunshine hours and decrease quite suddenly with nightfall,
daily fluctuation in temperature averages about 15-20° C.

Humidity during the rainy season has a monthly average of about 80%, with little daily
variation in humidity. Humidity in the dry season, on the other hand, varies widely during a
one-day period and is much lower than of the rainy season,

The majority of precipitation in this basin is borne from Bengal Bay by airflow during the
rainy season. These air flows cross the Terai area to the Mahabharat range and the Himalayan
Mountains with heavier rainfall along the plain and between the 2 mountain ranges,
decreasing as the air-flows reach the higher altitudes in the Himalayan Mountains and pass

over to the northern side.

Rainfall distribution in the Sunkost basin is in a concentric circular pattern. Maximum rainfall
in the Sun Kosi is 3,500mm with a minimum of 2,000mm and rainfall is particularly heavy in
the upper reaches of the Sun Kosi along the Bhote Kosi basin where rainfall exceeds

3,500mm.
5.2.4 More about Sun Kosi River Study Area.

The total length of the Sun kosi River is approximately 330km, of which 280km lies in
Nepalese territory. The river gradient is approximately 1/210 throughout the entire length of
its course in Nepal and 1/450 between Tribeni and Dolalghat. The Sun Kosi, Tamur and Arun
rivers meet at Tribeni and the Indrawati river joins the Sun Kosi River at Dolalghat. The Sun
Kosi study area was taken above Pachour Ghat (gauging station No. 630). More information

18 shown in table 5-1.

Table 5-1: General Information of Sun kosi basin

| River - Catchment Area | Annual Runoff |I Annual .- Sediment Load

| (km?) . (10°m*) Sediment (suspension)

| | | o) | @km?)
| SaptKosi | 61,000 (100%) | 50,900 (100%) | 118,400,000 | 920

|| SunKosi | 19,000 (31%) | 22,400 (44%) | 54,200,000 2818 |

BTOPMC a phisically based distributed hydrological model based on the block-wise use of
TOPMODEL with Muskingum-Cung flow routing method and Tank model were selected for
the Sun Kosi basin (large-scale) watershed study.

5.2.5 Data collection for Sun kosi basin:

DEM (Digital Elevation Map) of resolution 30 arc second, GIS (Geographic Information
System) oriented data were taken from GTOPOQ30 (USGS-United states of Geological and
Survey-internet  site). Necessary Hydrometeorological (precipitation, discharge and
evapotranspiration) data were collected from Department of Hydrology and Meteorology,
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Nepal, as an input for BTOPMC and for tank model. More information regarding acquired
data are shown in tables 5-2, 5-3 and 5-4. Necessary Figure as shown in 10, 11, 12, 13, 14,

and 15.
Table 5-2: Meteorological stations taken for precipitation data for Sun Kosi River basin
study
S.No. Station Index No. | Latitude | Longitude Elevation

1 Baunepati 1018 27° 47 85° 34’ 845 m
2 Dhap 1025 27° 55 85° 38 1240 m
3 | Pachuwar Ghat 1008 | 27°34' | 85°45 633 m
4 Panchkhal 1036 27°41 85° 38 865 m
5 i Gumthang 1006 27°52 | 85° 52 2000 m

6 Tarke Ghyang 1058 28000 | 85°33 2480m

Table 5-3: Gauging stations taken for observed discharge data for Sun Kosi River

basin stuby

S. No | Station No. Location River Latitude | Longitude | Basin Area
1 610 Barabise Bhota Kosi| 27°47' 10" | 85° 53' 20" | 2400 sq. km.
2 620 Jalbire Balephi | 27" 48'20" | 85°46' 10" | 700 sq. km.
3 630 o Pachuwar Ghat | Sun Kosi | 27°33' 30" | 85° 45' 10" | 4882 sq. km

Table 5-4: Climatological station taken for evapotranspiration data for Sun Kosi and

Jhikhu catchment study

S.No.

Station

Index No,

Latitude

Longitude

Elevation

1

Panchlchal

1036

I 27°471

85° 38’

865 m

Data processing:

Calibration and validation— derivation of daily hydrographs for calculated and
observed discharges — were done using the necessary data defined above as input

to the computer programs.
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3.2.6 Physical Features of the Study Area (small-scale watershed, Jhikhu river

watershed)

Thikhu watershsed was chosen for the study of the small catchments. The watershed is
located in the Kabhrepalanchok district some 40 km east of Kathmandu (Fig: 16) and covers
11,141 ha. Jhikhu river watershed is a small watershed included in the Sun Kosi basin. The
elevation ranges from 750-2,100 m, and the watershed is subjected to a monsoon climate with
an extensive dry season from October to May. The Jhikhu watershed is one of the most
intensively used Middle Mountains areas of Nepal, and is commonly associated with
population growth, agricultural intensification and deforestation in a marginal environment.
The watershed has all of the infrastructure and make-up of a typical Middle Mountain valley.
What sets it apart is that the watershed can be reached by motorable road and the Arnico
highway, which connects Kathmandu with Tibet, passes through the center of the watershed.
This road can be reached from the most remote village by a five-hour walk, and the distance
to Kathmandu is about 40 km. Jhikhu Khola watershed is a futuristic Middle Mountain
watershed and should allow us to document possible development opportunities that may be
applied to other watersheds within the Middle Mountain region.

The subcatchments included in this watershed as study area are Lower Andheri, Upper
Andheri, Kukhuri and Kubinda basins covering 539 ha, 183 ha, 74 ha and 157 ha. The
Kukhuri and Upper Andheri basins forms part of the headwaters of the Lower Andheri sub-
watershed. The streams of these basins are extremly steep with slopes of 5-15 degrees in the
Kulhuri basin reducing to 2-5 degrees in the lower reaches of the Andheri basin. The slope of

the Kubinda basin is relatively less steep.

Tank Model was selected for the hydrological analysis of the small watershed mentioned in
above paragraph. Hydrometrological data for Jhikhu Sub-catchments® study are presented in
tables 5-5 and 5-6.

5.2.7 Data collection of Jhikhu Sub-watershed:

Hydrometeorological (precipitation, discharge and evapotranspiration) data were collected
from PARDIP, ICIMOD and Department of Hydrology and Meteorology. Nepal as input for
tank model. Necessary figure are shown in figure 16, 17, 18 and 19,

Table 5-5: Meteorological stations taken for pricipitation data for Jhikhu catchment

study.
S. No. Used for Site Name | Site No.
I Kukhuri, Lower & upper Bela 6
Andheri
N 2 ] Low_er Andheri Acharya Tole 3

3 Kubinda Kubinda Gaun 14
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Table 5-6: Gauging stations taken for the observed discharge data for Jhikhu
catchment study

S. No. Used for Site Name Site No. |Catchment
area
1 Kulhuri Bela 7 74 ha.
2 Upper Andheri Bela 8 183 ha.
3 Lower Andheri Dhairem 2 539 ha.
4 Kubinda Shree Ram Pati 13 [157 ha.

» Datia processing:
Calibration and validation~ derivation of daily hydrographs for calculated and
observed discharges — were done using the necessary data defined above as input
to the computer programs.



-48-

PR T o

it PRl DR W R 1

JHIKHU KHOLA WaTERSHED

NCPAL KABHRE DISTRICT

fﬁ\f—#\fﬂ NEPAL

\ ‘ﬂ\m Jhikhu Khola Watershed
Hydrometeorological Station:

)

|

L TanshRhal

3 e - ‘”“ e Kubinde

ﬂrllllll‘lr"
® ’ S.ru- 1 hin:ll-

J Bhetwallhok

\ r""'J %\ AT EmE

=Ste 15 ~.. Site 16

Eﬁm =
\\I ! El.'llu'-'-'a:— Bnrmsenslhan
| J:Ihﬁ
DEEHEJ""'\, & mr:-rmhlml 5”,_. 3 L \
Dhuliknel L:ﬂl "/V,‘S'“' ‘,.J"’—‘"ﬂJ \7:%
Site 9 L . 28 \
Sito Site 2
..J l'[:. L . L= I
EE::‘ : ﬁ . Site § 'f' \LL e
DEEI:D&J/ Y 8 Pressure Transducer
B me 3 Air Temperalure
,r'; S Site 1 O Sail Temperature
B Maxin Temperature
= Ordinary Ran Gauge
UppCI‘ Andhen (=i Tipping Bucket
Kukhuri Lower Andheri
Fig. 17

Rivers of small catchment study area (subcatchment of Jhikhu watershed)
indicated by the arrows,



-49.

JHIKHU KHOLA WATERSHED

T T L S
IR e [em i I.-.H'I-:_E_*’-.-{E
™G s L3y al !

§ "I.E”: - WAS ."II!'.J‘ I1NE

— TR = M i atal
200 = ] Fyikl A 103

] I N0

P pEOty = e e 3
k. o = M50 Lia ]

Fig. 18.Elevation slice map.

Fig. 19 :Potentially Unstable Sites



-50-

6. ANALYSIS, RESULTS AND DISCUSSIONS

6.1 Results and Discussion on the BTOPMC model performance in Sunkosi

catchment.

All the parameter calibration was done by trial and error method. This gave an opportunity to
better understand the model. The whole catchment area under study was approx. 5000 sq. km.
This study area was divided into 8-blocks (See 2.4.1 of Chapter 2 and Refer Chapter 3 too).
Apart from the distributed soil topographic index (DEM data processed) eight set of
parameters were estimated altogether (one set for each block). In this duration the author
devoted much of time in sensitivity analysis of the parameters. Even though, the parameters
used are very few for a distributed model. BTOPMC model seems effective to incorporate all
the geomorphological features. This was why each and every parameter was found with
equally sensitive on their part. Anyway, regarding the volumetric analysis ‘To’, lateral
transitivity (see 3.2.3 of chapter 3), played the most important role whose increment highly
changed the base flow during the rainy season. This increment was found very tough to
recess down even after the monsoon was over. The probable reason for this (remembering a
simple equation: g=Kb. dH/dL) may be due to the high gradient of the catchment area with
excess rain. But the nature seemed to balance the flow with less lateral transitivity. Hence in
the calibration by trial and error process the values of “To’ are very low as shown in table B.1
(appendix-B).

The increment of manning’s roughness coefficient decreased the peaks by shifiing them
backward (counting the days from Jan.).

Increment in the Decay factor of To increased the rate of decrease of the values of saturation
deficit of soil leading to increase in surface runoff and peaks. This also gave rise to lesser

amount of increase in ground water flow.
Increase in saturation deficit of soil gave rise to decrease in peak flows.
The stream network of Sun Kosi was produced using DEM via. Arc/info

All the output form calibration for 1991 data is shown in table 6-1 and fig.20. The result was
good enough with §0.01% Nash efficiency*, Water Balance ratio of 1.08, difference in mean

18 m3/s.

* see appendix - A ©



Year 1991 Sun Kosi at Pachour Ghat Results
Table-6-1: Description of the principle output data files-fname.eva.

S.N
! Out 10792 |[=>>>>> |Grid number of the owlet
2 Grids 4883  [pEeer> \Catchment Area of the outlet .
] AvQs | 211.327 [=>>>>> |Simulated average Discharge. m3/s -
R AvOo | 229.001 [»>>>>> |Observed averdge Discharge, m3/s -
5 Frati 0.97 |=>>>>> Outflow Ratio
0 EfTi §0.011 |=>>>>> |The Nash ¢fficiency. ] -
i Ratio 0,923 [p>>>>> |The ratio of volume an 1N
8 Balun | -0.289 [|#>>>>> Water Balance
9 PETs 200 |2>>>>> [The peak time of simulation —
10 PKTo 200 |e>>>> (The peak time of observation =
11 Qsmx 1162.667 |>>>>>> ‘Simulated max. peak discharge, mi/s
i2 Qomx 1360 |=>>>>> \Observed max. peak Discharge. mi’s

Fig. 20: BTOPMC MODEL Calibration for Sun Kosi River - 1991 - at Pachour Ghat
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The variation of saturation deficit for block 8 was analyzed. The regression analysis for
saturation deficit and discharge was performed. In that case the polynomial equation gave the
best-fit trend line with 0.9691 efficiency. The figure and equation are shown in fig. 21.

Fig.21: Saturation deficit analysis
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Single response split sample test was adopted using independent data for verification. The
same parameters were used for verification for the years 1990. The result was good enough
with 75.847% Nash efficiency. The output results are shown in table 6-2 and fig. 23,

Year 1990 Sun Kosi at Pachour Ghat Results
Table-6-2: Description of the principle output data files-fname.eva.

T | [
1{Out 10792 [>>>>>> ':_Grid number of the outlet =
2|Grids 4883[>>>>>> |Catchment Area of the outlet N
3|AvQs 284.05>>>>>> |Simulated average Discharge, m3/s
41AvQo 253.7391>>>>>> |Observed average Discharge, m3/s
5|Frati 0.63[>>>>>> |Qutflow Ratio -
6|Effi 75.847>>>>>> |The Nash efficiency, -
7|Ratio 1.119[>>>>>> |The ratio of volume —
8/Balan _ -0.21¢>>>>>> Water Balance
91PkTs 226|>>>>>> |The peak time of simulation |

10/PKTo 199]>>>>>> The peak time of observation

11Qsmx 1597.927[>>>>>> Simulated max. peak discharge. m3/s

12|Qomx 1410|>>>>>> |Observed max. peak Discharge, m3/s
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Fig.22 BTOPMC MODEL Verification for Sun Kosi River - 1990 - at Pachour Ghat
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For the 1991 simulation the rate of recession for the ground water was too
low which gave poor water balance for the later dry season of the year (see
fig.20). For this reason for verification these later dry seasons were not taken

into account.
6.1.1 Modification in BTOPMC Model:

The total length of the Sun Kosi River is approximately 330 Km. of which
280 Km. lies in Nepalese territory. Rest of the length lies in the Tibetan
Plateau where the data information was not available (see fig. 13 and fig. 14
in chapter-5). Thus to cope with the problem, BTOPMC version II. was
developed under the suggestion of the author. In this newly developed
version, the observed discharge is given as an input so that the catchment
above that pauging station can be removed. Thus the observed discharge of
Barabise, gauging station no. 610 was given as an input for the respective
years and the catchment lying above this point (catchment in the Tibetan
plateau) was removed by the program added named by “kill.f’.
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6.2 Analysis, Results and Discussions on the Tank Model Performance in small and

large catchments.
6.2.1 Discussion on the Result of Tank Model Performance in Jhikhu catchment

Tank model was used as a rainfall runoff model for the Jhikhu river sub-catchments. (See
5.2.6 of chapter-6 and fig.17 in chapter-5).

The sub-catchments under study were as follows:
1) Kukhuri river
2) Upper Andheri river
3) Lower Andheri river and
4) Kubinda river
a) Simulation results from Kukhuri sub-catchment.

In spite of several dams built up in the stream course the simulation result for the year
1997 gave the results shown in table- 6-3.

Table-6-3: Simulz_ltiun results from Kukhuri sub-catchment

‘ Correlation | Nash |Cum.Qcal / Cum.Qobs
__ Coefficient | Efficiency | |
0.574 0.21 | [.08

The comparison of the rainfall and runoff hydrographs (observed and simulated for the year
1997} are shown in Fig.23.

Fig. 23  Tank model calibration for Kukhure River - 1997, Jhikhu sub-catchment
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b) Simulation results from Upper Andheri sub-catchment.

In spite of several dams built up in the stream course the simulation result for the year
1997 gave the results shown in table-6-4.
_Table-6-4: Simulation results from Upper Andheri sub-catchment

| Correlation Nash Cum.Qcal / Cum.Qobs |
| Coefficient Efficiency |

] 0.76 | 0.55 | 136 ]
The comparison of the rainfall and runoff hydrographs (observed and simulated for
the year 1997) are shown in Fig.24.

Fig.24:Tank model calibration for Upper Andheri River — 1997, Jhikhu sub-catchment
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c) Reliability of the simulation out comes of Khukuri and Upper Andheri.

Fig. 17 of chapter-5 shows that the gauging stations for Khukuri and Upper Andheri
are just near to the point where they meet to form Lower Andheri. To check the
reliability, the simulated outcomes of Khukuri and Upper Andheri were added. Both
the stream’s observed runoff data were also added. Then the observed runoff of the
lower Andheri for the same year (vear 1997) was compared with the summed up
observed and simulated runoff (see fig. 25). The simulated summed up runoff gave
better trend than the observed runoff added when compared to Lower Andheri
observed runoff. This verified the reliability of the simulated runoff data for both the
streams, Khukuri and Upper Andheri.
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Fig, 25: Verification of Discharge Simulated for Kukhuri & Uppre Andheri
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d) Simulation results from Kubinda sub-catchment.

The simulation result for the year 1997 gave the results shown in Table-6-5.

Table- 6-5: Simulation results from Kubindza sub-catchment

Correlation Nash | Cum.Qcal / Cum.Qobs
Coefficient Efficiency |
0.714 056 | 11
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The comparison of the rainfall and runoff hydrographs (observed and simulated for
the year 1997) are shown in Fig, 26.

Fig.26  Tank Model Calibration for Kubinda Khola - 1997, Jhikhu Sub-
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The catchment area of Upper Andheri and Kubinda happens to be 183 ha and 157 ha.
Though both the sub catchments are nearly of the same area; both are sub catchments
of the Jhikhu (Jhikhu is a very small catchment) but the parameters decided in
calibration are very different from each other.

One of the possible reasons for this can be the runoff loss in the unstable soil type
shown in figure 19, chapter-5. Moreover the slope of Kubinda subcatchment is much
lesser than the slope of U. Andheri sub-catchment. The next reason can be due to
much more storage effect because of highly agricultural area in Kubinda
subcatchment. Low elevation (see figure 18, chapter 5) less slope and storage effect
does not permit hortonian overland flow. Thus very less discharge was observed in
Kubinda in comparison to U.Andheri.

e) Simulation results from Lower Andheri.

Before going through analysis portion the author wants to reveal the water
management schemes, Irrigation distribution systems and the relevant pragmatism of
the tocal people in the Andheri Khola, sub-watershed.

Water Management schemes in the Andheri Khola sub-watershed

In the Andheri Khola, all irrigation systems are organized and operated by farmers
who are responsible for measuring the supplies, water allocation, frequency of use.
construction and routine maintenance of the irrigation systems. Jurisdictional
arrangements are of particular importance since the dependence on water is increasing
due to agricultural intensification and population growth, Rain is the main source of
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water and most leaves the area as run-off while only a small portion infiltrates through
voids into the soil matrix and superficial materials to provide ground water supplies.
The water availability is very uneven in the watershed with the largest communities
receiving the lowest quantity on a per household basis, Thirty-five natural springs
were identified in the sub-watershed and these serve as drinki ng water supplies to the
residents and provide the only source of stream flow during the dry season. The
irrigation waler in Bela is primarily used for winter crops such as garlic, onions.
radishes, tomatoes. cabbage, cauliflower and potatoes. Those vegetable products have
higher economic values. Moreover, transportation facility and the capital city being at
a short distance the local farmers have rapidly increased their interest to those

products,

Irrigation distribution systems

Untapped spring wastewater, surface and subsurface flow areas are the main sources
of irrigation water, Farmers tap the stream water from every possible site through a
network of several diversion dams for irrigation. Most of them does not operate in wet
season. These dams were established at various distances along the river, depending
on ownership. channel conditions and topography. Construction of new dams is
difficult, but the farmers can and do readily modify existing dams, weirs and
channels.

Dams in Andheri Khola watershed

The channel cross-section of the indigenous system vary from 0.1m to 0.8 m and the
average size of a dam is 0.85 m in height and 5.8m in length. Stream response to
storms can have serious consequences in a high gradient river like Andheri. Peak
flows can destroy all the dams (eg; July/ August 1992 August 1993), and the resulting
damage can require massive construction efforts (Pradhan, 1989).

Local materials are used in the construction of the dams, with emphasis being placed
on simpie construction that can be repaired rapidly.

As shown in fig. 27 diversion dams consist of simple stacking of rounded and sub-

rounded stones. which are interlocked by twigs. Gravel, sands are used as packing
material to minimize seepage. During flooding periods water can easily overflow the

dam and canal.




[Water-balance consistency check)

Water-balance consistency checks are relevant for discharge and stage (reservoir
level) data, and such controls should be made at least once a year. The procedure is to
calculate local runoff for as many partial catchments in a watercourse as possible. If
there are any reservoirs in the catchment. the storage changes are corrected for.

Inflow computation:
Qloc = Qout — Qin + AS/At

Or,
Qloc + AS/At = Qout — Qin (a)
Where,

Qin is upstream inflow to the reach/reservoir in question
Qout is outflow

AS is storage changes

At is the observation interval

Qloc is the local inflow.

Normally, the local inflow should be non-negative. High evapotranspiration from
large water bodies, extensive irrigation schemes or river ded infiltration to ground
water can cause negative values over longer periods.

This analysis was carried out for observed runoff hydrograph of Lower Andheri as
Qout and summation of simulated hydrographs of Upper Andheri and Khukuri (table-
C.5 . appendix-C). In table-C.5, appendix-C mostly the left hand side of equation (a)
gave negative values. This was mainly due to extensive irrigation schemes. The
extensive irrigation was carried out in the dry seasons. Thus to perform a reliable
calibration the high flow analysis was carried out (From the month of June to the
month of October). Moreover, in the transition phase farmers are more interested to
fill the dam to the maximum capacity. In addition, at the high flood time the dams
seemed to be destroyed which gave very irregular observed runoff as shown in fig. 28.
Thus, the transition phase was also excluded. Final calibrated results are shown in

table-6-6 and fig. 29.
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Fig. 28: Analysis to achieve the best simulation period for Lower Andheri
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Table 6-6: Simulation results from Lower Andheri

Correlation Nash .Cum.Qcal/ Cum.Qobs
Coefficient Efficiency
0.83 0.68 1.05

Fig.29: Tank Model Calibration for Lower Andheri Khola - 1997, Jhikhu Sub-

catchment
o Days o -
~ ~ ~l =] (=] 7=} w = o (=]
= = et - - g P FS o = = ] - = =
— o w = e (L] ] ] - ] w i = o ~
. 3 3 5 = S 3 3 S 3 3 S 5 & s 5
P L1y 1 umr L T'mwu-ﬂﬂ“ e
ER ol ) AL — -
g ;g i =l
2 25 =
2 30
= 35 L. . -
CR o) B
.
GQobs Vs Qcal
1.4
1.2 Qobs ___
E
1@ 1 . Deal
2 08 ==
m
= 0.8
(2]
“ 0.4 -
B g ——
- i




<l
6.2.2 Discussion on the Result of Tank Model Performance in Sun Kosi River Basin

(large catchment, refer figures of 7.1 of chapter 7 and fig. 15 and fig. 16),

The calibrated parameters for Balaphi River —year 1991, gauging station 620 and watershed
area of 700 km® gave Nash Efficiency of 82.6% and the ratio of cumulative observed
discharge by cumulative calculated discharge of 1.05. See table- 6-7 and fig. 30.

Table-6-7 : Simulation Results from Balaphi River

Qobs Mean ! Qcal Mean Nash | Qobs/Qcal
Efficiency |
[ 50.9028 | 48163946 | 0826716 | 1.056863

Fig. 30: Calibration for Balaphi River
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Same parameters calibrated for Balaphi River (year-1991) was used to Sun Kosi River basin
at Pachour Ghat —year 1991, gauging station 630 and watershed area of 4882 km?, gave Nash
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Efficiency of 77% and the ratio of cumulative observed discharge by cumulative calculated
discharge of 1.1. See table-6-8 and fig. 31.

Table-6-8: Simulation Results from Sun Kosi at Pachour

Ghat
Qobs Mean | Qcal Mean | Nash Qcal/Qobs ‘
_. | Efficiency ;
.268.57407 306.1269 | 0.77 1.139823 [

Fig.31: Results for Sun Kosi River at Pachour Ghat - Yr.1991,Sun Kosi
Catchment (Using the same Tank Model Calibrated Parameters for

Balaphi River)
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Sticking to the fact that rainfall is heavier in the higher altitudes of Sun Kosi
basin, within Nepal, the average rainfall was constantly increased to some
extent during the extreme wet season in Balaphi River watershed.
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For verification, same parameters calibrated for Balaphi River, year 1991,
was used in Balaphi River, vear 1990, gave Nash Efficiency of 81% and the
ratio of cumulative observed discharge by cumulative calculated discharge of
1.09. See table-6-9 and fig. 32.

Table-6-9 : Simulation Results from Balaphi River (Year 1990)

Qcal Mean | Qobs Mean | Nash | Qobs/Qcal
| Efficiency |
130.00186 | 141.97018 ( 0.8175535 | 1.0920627

Fig.32:  Results for Extreme Rainy Season at Balaphi River, gauging sta, 620 -
Yr.1990 Sun Kosi Catchment (Using the same Tank Model Calibrated
Paramcters for the same station in 1991)
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6.2.3 Role of the number of tanks included in the Tank Model for small-scale and
large-scale catchments

For Jhikhu River catchment — small scale- three tanks were included vertically in the Tank
Model program. The middle tank did not play a significant role. But in the study of larger
catchments, Sun Kosi River Basin, one more Tank had to be added in the Tank Model
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program to achieve better performance. This made four tanks vertically arranged. Thus it
made clear that the number of tanks needed in the Tank Model are more for larger scale

catchments to achieve better performance.

6.2.4 Discussions on results based on the concept of homogeneity in small scale and
large scale catchments by applying the logic of Tank Model.

From the results of Jhikhu subcatchments it was found that one subcatchment’s parameters
did not match for the next sub-catchment in calibration process.

Generally speaking, small basins are difficult to analyze. Contrary to what might be expected,
it is not easy to get uniformity in small basins, Every basm is a sort of integrator in space and
in time. The effect of time can be approximated by an incomplete integral operator with a
time constant T, which is approximately proportional to the square root of the catchments
area. Therefore, for the analysis of a small basin we must use a short tume unit. However,
precipitation during a short time unit shows a larger fluctuation in space than over a longer
time unit. This is the basic factor for precipitation, which is the most important hydrological

phenomenon.

In a river basin it is believed that many hydrological phenomenon occur randomly. For
example, there are many water routes both on and under the ground surface. Some of them
are blocked or reduced by sedimentation of sand or silt but other routes will open or become
enlarged by erosion of sand and silt. If the basin is large, the effects of such random
phenomenon will cancel each other out and the change will be minimal. However, in a small
basin these effects of random hydrological phenomena may cause instability.

Although the physical phenomenon can’t be explained directly by the tank model, there are
some logic points to ponder which shows that tank model is not a mere black box.

* Ifitis a mere black box, how can such a simple tank model successfully simulate
river discharge from high flood flows to flows to low base flows?

* It is rather difficult to find hydrological experimental data or phenomena that
correspond directly (o the tank model.

On the surface of the earth, there are many rivers and lakes which transfer and store water, As
the surface area of these rivers and lakes is usually very small compared with the basin area,
if we pick up some random sample points in some basin, it is unlikely that they would be
located on a river or lake surface. It is especially unlikely that the point would be on a river
surface because the area of a river surface is negligible compared with the basin area.
However, water transfer in the basin is carried out mainly through these river channels. If it
rains heavily, surface flow will occur which does not appear in the form of a thin
homogeneous layer but usually in the form of some network of small channels. It appears
that nature likes singular discontinuous structures, in contrast to mathematicians who like
uniform and homogeneous structures for simplicity.

Though underground hydrological phenomena can’t be observed directly, it can be supposed

that discontinuous structures also play an important part. For example, water infiltrates
through a permeable layer with a certain speed, but if there were some holes or gapes caused
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by faults or other reasons, water could go through these routes at a much higher speed. Even
if the total area of such discontinuous structures were small, their effect would be large and
could play the main part in the vertical transfer of water.

Moreover there is an important logic question. An aquifer is assumed which has been tested
at many pomnts and all tests show that the water conductivity is high. Even though many
points are tested, the aquifer could not transfer water well, if it was blocked at some untested
point. Again in the case of an impermeable layer, which has been tested at many points and
every test showed that the layer is impermeable, However, if there is a hole or gap at some
point, the layer would not be impermeable as a total.

In these cases, the response of the total structure could not be found from point data or point
experiments even if the number of points were large. We can get the characteristics of the
total response of the whole. Point data and their averages are useless for such phenomena.

Runoff and infiltration coefficients of tank model! are related to such phenomena. They show
the total response of the basin, The structures of movement and storage of underground water
must be very complicated and the tank model is a sort of approximation, which represents
their total response, and probably this is the physical meaning of the tank model. Moreover
tank model is expected as a sort of structural approach to the discontinnous structure such as

faults, gaps and fissures.

Because of the logic discussed so far and the fact that uniformity is not easy to get in small
catchments, the hypothesis - estimated parameters for a small subcatchment can be used
etficiently to near by other subcatchments of the same basin — was rejected. This was the
final conclusion drawn from the study of Jhikhu river sub-cathments and the relevant concept
of tank model for small subcatchments, discussed in the above paragraphs, was proved true.

Following the same logic of Tank Model the Model was applied to large scale catchments.
Sun Kosi River basin catchiments. Remarkably, the result proved that the estimated
parameters for large scale subcatchment can be used efficiently to other large scale
subcatchments of the same basin provided that the physically based variables does not vary
significantly from one subcatchment to another. Sticking to the fact that rainfall is heavier in
the higher altitudes of Sun Kosi basin, within Nepal, the average rainfall was constantly
increased to some extent during the extreme wet season in Balaphi River watershed. This was
the next significant result drawn from the study of Sun Kosi River subcatchments and the
relevant concept of Tank Model for larger subcatchments, discussed in the above paragraphs,

was proved true.

6.2.5 Sensitivity analysis of the parameters in Tank Model

The results of the sensitivity analysis on the basis of Lower Andheri Khola data is presented
n fig. 33, fig. 34, fig. 35, fig. 36 and fig. 37.

The conclusions drawn are the following;

1) The ratio &/B has the role in volume change. Increase in ratio increases the
volume and decrease in ratio decreases the volume As shown in fig. 33 and fig.
34.
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The sum o+f has the role in shape change. Increase in sum makes the
hydrograph steeper and decrease in sum makes the hydrograph flatter and broad
as shown in fig. 36 and fig. 38, L

=F.
B
The parameters in the middle tank remained dormant for small catchments
analysis.

The bottom outlet of the botiom tank was found to be the most sensitive for the
ground water change, fig. 35.

More tanks had to be added in tank model program when shifting from the study
of hydrological analysis of small catchment (Jhikhu subcatchment) to was larger
one (Sun Kosi basin).
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|Sensitivitv Analysis of Tank Mode| Parameters

Table-G-10:0riginal (Calibrated Parameters,for Upper Andheri Khota, 1997, Jhilchy subcatchmenf)
e

v For reference see fig 24.and figurss §.9 of chapier-4
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(i) When A2=0.6
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Remarks: The peaks have been increased but the base flow remains the same
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(iv) When Ao=0.015, A2=0.2 (Ao and A2 sutracted by 0.1)
Dotted line (senes 2)- Parameter changed caloulaled discharge graph AND
Undotted line (seres 1) - Original calculated discharge graph

Tank Model sensifivity analysis
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Remarks: The recession limbs became flatter with decrease in wet season base flow.

(v} When Co=0.001

Dotted iine (series 2)- Parameter changed calculated discharge graph AND
Undotted line (series 1) - Onginal calculated discharge graph

Fig. 33
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Remarks: The base flow decreased throughout the year (more significantly in the early
dry season).
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(ilWhen Ao=0.4
Dotted line {series 2}- Parameter changed calcuiated discharge graph AND
Undotted line (series 1) - Onginal calculated discharge graph

Fig. 3¢

05 Tank Model sensitivity analysis
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(i) When Ao=0.5_A2=0.7 (Ao and A2 added hy
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7. CONCLUSIONS AND RECOMMENDATIONS.

Conclusion

Water resources has a vital role to play in shaping the fate of the national economy,
it’s successful utilization remains equally challenging from various standpoints. The
first challenge stems from the non-availability of hydrological ‘data itself. Even the
available data has not been used in an optimal way. There are large ungauged
catchments awaiting development and management that would benefit from the use of
hydro-environmental simulation models to assist with basin planning, The second
obstacle is the rugged terrain. Moreover, The major river basins of Nepal extend
towards the Tibetan Plateau where the information of the data is not avajlable.
Evaluation of rainfall-runoff models that incorporates all these challenges has become
one of the most significant themes in the context of Himalayan kingdom of Nepal.
Thus to overcome all the complexities and difficulties, BTOPMC — a physically based
distributed hydrological model based on the blockwise use of TOPMODEL with
Muskingum-Cung flow routing method- was selected to evaluate the applicability in
Nepalese caichiment. To suit the Nepalese catchment further modification in the
model was suggested that lead to the development of BTOPMC version 11 (see 6.1.1
of chapter-6). The quality of simulation is classically judged by comparing the
simulated flow with observed flow. Model performance was judged by a range of
quantitative and qualitative measures of fit applied to both the calibration and
validation periods. The daily stream flow estimation in Sun Kosi river basin was
promising. BTOPMC can be successfully used as a tool for integrated water resources
investigation in large watershed, mountain physiographic region, of Nepal.

Tank Model was used for small and large catchments to analyze the concept of
homogeneity. Despite it’s simple logic to understand and operate, it could effectively
respond the hydrological and geomorphological phenomenon — that is far from
simple- in various scales of catchments. Tank Model was used in small subcatchments
of Jhikhu Khola watershed. The result proved that storage and land use effect played a
dominant role in rainfall runoff process of small catchments (see 6.2.1 (e) of chapter-
6). From the results of Jhikhu subcatchments it was found that parameters estimated
for one subcatchment did not match the next subcatchment response. But from the
results of Sun Kosi catchments-large scale- the estimated parameters for one large-
scale sudbcatchment also proved to give good response for the next large-scale
subcatchment. It was also concluded that if the basin is large, the effects of random
hydrological phenomenon will cancel each other out and the change will be minimal
(see 6.2.4 of chapter-6). However, in a small basin these effects of random
hydrological and geomorphological phenomenon may cause instability. All these
analysis of homogeneity was based on Tank Model response. Thus Tank Model is not
a mere black box but has physical meaning.
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Recommendations

Water quantity and quality require the integration of all aspects of water resources
management, such as water use and environmental conservation, quantity and
quality content of surface water and groundwater, regulation of low flows and
high flows, development of downstream and upstream basins, source control and
channel control of floods, sediments etc. For such implementation, all available
methodelogies and organizational mechanisms should be utilized, such as physical
and managerial means, economic and institutional means, private and public
initiatives, governmental and nongovernmental initiatives, local community and
central government initiatives, etc. For all these aspects, the means of basin-wide
hydro-environmental simulation is a valuable planning and operational tool. There
are many large ungauged basins in the world including Nepal, which need
integrated planning and administration for development and management and
where the lack of data is a serious barrier for any application of a basin-wide
hydro-environmental simulation model. To overcome such a barrier, the use of
satellite observations can play an important role. For this purpose a method is
required that can make use of remotely sensed data. For sustainable basin-wide
integrated water resources management and development, a reference table
linking fitted model parameters (BTOPMC MODEL parameter} to satellite data is
recommended to establish.

The concept of the Tank Model is so simple and presents adequate hydrological
response in the basin by using simple tanks lied vertically. Moreover, the Tank
Model is used in various regions from arid to humid area and from tropical to
snow-covered area. So for the future days to come, this mode! is recommended to
be used in different regions of Nepal for continuous as well as event rainfall
runoff analysis sake. Event rainfall runoff analysis is very important to avoid
flood risks. Usually in flood analysis, the lower tanks are neglected because of
their long time constants. The time constant of the top tank of the tank model for
flood analysis is proportional to the square root of the catchment area. The relation
suggested by the tank model is

T=0.15+8

(For Nepal’s watershed the value can be different from 0.15 which can be find out
and is recommended to get that value in the future study)

Where T (hours) is the time constant and S (sq. km.) is the catchments area. Now
it is obvious that for the flood analysis, first tank plays the important role and the
time constant for this tank is short. Thus the meteorological department and other
responsible institutes should give due importance in achieving short time event
data — on minute basis.
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The fundamental principle of snow flow as per the tank model is simple and easy
to understand. When the air temperature T°C is below or equal to the freezing
point, precipitation is assumed to be snow and is added to the existing snow
deposit, if any. When the air temperature T°C is above the freezing point,
precipitation P is assumed to be in the form of rain and snowmelt, which is
assumed to be proportional to air temperature, occurs. At the same time snowmelt
is caused by rain itself, the rain temperature being assumed equal to air
temperature. Therefore, the amount of snowmelt is given by

SMELT*T+ (180 *P*T
Where SMELT is some coefficient.

Thus snow component is also recommended to incorporate in the future study

analysis.



N

10.

11.

-73-

8. REFERENCES

A. M. J. Meijerink, M. Lubczynski & P. Wolski, Remote sensing, hydrological analysis
and hydrotopes, Resionalization in Hydrology, Proceedings of a conference held at
Braunschweig, March 1999, JAHS Publ. No. 254, pp.137-145, 1999,

Anund Killingtveit and Nils Roar Saelthun, Hydrology, Hydropower Development Vol. 7,
Norwegian Institute of Technology Division of Hydraulic Engineering.

Ao T. Q., K. Takeuchi and H. Ishidaira, 1999b, BTOPMC, 1.0: User’s guide fo the
computer programs, 1999,

Ao Tiangi, Kuniyoshi Takeuchi, Hiroshi Ishidaira, Kazuhiko Fukami and Makoto Kaneki,
The Naka River Floods Analyses by BTOPMC MODEIL- A Preliminary Report.
Proceedings of International Symposium on Floods and Droughts, Nanjing, China. 18-20
October 1999.

Estimation of saturation excess overland flow areas: comparison of topographic index
calculations with fleld mapping, Proceedings of a conference held at Braunschweig,
March 1999, IAHS Publ. No. 254, pp.203-210, 1999.

Ecology of High mountain Areas, Proceedings of International conference on Eco-
hydrology of High mountain Area, Katmandu, Nepal 27-28, By Mountain Natural
resource Division, ICTIMOD ,Katmandu, March 1996.

Gopal Nakarmi, /ndizenous Water Management Systems in the Andheri Khola Sub-
Watershed. Issues and Overview, Challenges in Mountain Resource Management in
Nepal, Processes, Trends, and Dynamics in Middle Mountain Watersheds, Proceedings of
a workshop held in Kathmandu, Nepal, pp 211-225, 10-12 April, 1995,

G. Peschke, C. Etzenberg, I. Topfer, 8. Zimmermann and G. Muller, Runoff generation
regionalization. analysis and a possible approach to a solution,. Proceedings of a
conference held at Braunschweig, March 1999, TAHS Publ. No. 254, pp.147-156, 1999,

Kazurou Nakane, Regional Water Balance Model Based on the Concept of the Tank
Model, The Third International Study Conference on GEWEX in Asia and GAME,
Seogwipo KAL Hotel, Cheju, Korea, 26™ — 28 March, 1997.

Jan Seibert- On TOPMODEL's ability to simulate groundwater dynamics,. Proceedings
of a conference held at Braunschweig, March 1999, IAHS Publ. No. 254, pp.211-220,
1999,

J. Doorenbos, W. O. pruitt, Guidelines for predicting crop water requirements, FAQ
Irrigation and Drainage Paper, 24 revised 1977.

. Jha Raghunat, Development of distributed hydrological model incorporation surface flow

interactions and its application ro large tropical catchment.



13.

14.

L8,

9.

274

Jha Raghunath, Herath Srikanth and Musiake Katumi, Application of IIS Distribured
Hydrological Mode! (IISDHM)} in Nakhon Sawan Caichmeni, Thailand. Journal of
Hydroscience and Hydraulic Engineering Vol.18, No.1, 21-27 May, 2000,

Juerg Merz, Bhawani 8. Dongol, Rolf Weingartner, Gopal Nakarmi, fmpact of Land Use
on Generation of High Flows in the Yarsha Khola Weatershed, Nepal.. The People and
Resource Dynamics Project, Proceedings of a Workshop held in Baoshan Yunnan
Province China}, pp-185-198, March 2-5. 1999.

. Kusten  Hennrich, Jochen Schmidt & Richard Dikaw, Regionatizaiion  of

geomorphometric parameters in hydrological modeling using GIS. Proceedings of a
conference held at Braunschweig, March 1999, IAHS Publ. No.254, pp.181-202, 1999

- Master Plan Study of the Kosi River Water Resources Development, Japan International

Co-operation Agency, March 1985,

.M. Sugawara, 1. Watanabe, E. Ozaki and Y. Katsuyama, Tank Model with Snow

Component, Research notes of the National Research Center for Disaster Prevention No.
03. National Research Center for Disaster Prevention, Science and Technology Agency,

fapan, November 1984.

P. B. Shah and H. Schreier, fniroducrion to Watershed Project. [ssues and Overview,
Chailenges in Mountain Resowrce Management in Nepal, Processes. [rends. and
Dynamics in Middle Mountain Watersheds, Proceedings of a workshop held in
Kathmandu, Nepal, 10-12 April, pp. 122-140, 1995.

Sadra Brown and Bhuban Shrestha. Land Use Dynamics and Intensification. Issues and
Overview, Challenges in Mountain Resource Managemenr in Nepal, Processes, Trends,
and Dynamics in Middle Mountain Watersheds, Proceedings of a workshop held in
Kathimandu, Nepal, pp. 141-154, 10-12 April, 1993.

. Takeuchi K., T.Q.Ao and H. Ishidaira. Hydro, emvironmental simulation of a large

ungauged basin - introduction of block-wise use of TOPMODEL and Muskingum-
Cunge method. Hydrological Sciences Journal, 44(4) 633-646, 1999,

. Vector Miguel Ponce, Engineering hydrology Principles and Praciices, San Diego State

University, 1989.

22 Vyay P. Singh, Computer models of watershed hvdrology, 1995,
. Vijay P. Singh, Elementary Hydrology. Louisiana State University, 1994,



7%,

APPENDIXES



B [

APPENDIX - A
(STATISTIC INVOLVED)



-77-

Two main Types of methods to determine the goodness of [it of simulated and obsers
hvdrographs are subjective method and objective method

1) Subjective Method:

ft is usually based on study eof plots of input data and observed and comput
hydrographs.

2) Objective method:

When using an objective method an error function has to be defined. to uniquc
(objectively) define the goodness of fit Several types of error functions are used in moc
calibration, ali based on a function of tvpe [ {Quue-Qum). Widely used is Eq. {A) which
based on the explained variance as a critenon.

2 Z(Qo _QJ)E _E(Qs 7Q0)2

R = A
%0,-0.) A

Where, (), = Observed runoff, (! = Average runoff, Q, = Simulated runoff

R” is often termed the Nash efticiency criterion. The numerical value of the error functic
uniquely defines the goodness of fit for the model, hence the term objective The R™ en
function can vary from - to +1.0, higher the value the better the mode] fit. This criteri
was applied in the study to determine the goodness of fit.
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APPENDIX - B
GRAPH AND TABLES

(BYOPMC Model used in Sun Kosi Basin)
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Table B.1: BTOPMC Calibrated Parameters for year 1991 and used in Verification for the years 1880.

bloikf parameters IT 1 2 3 4 5
1 0.51 003 0.008 0.501 Q.01
2 01 co013 0.004 0.21 0.01
3 0518 C.015 0.003 0.06 001
4 0.03 G 01 0.002 0.021 005
5 10.C5 002 0.002 0.82 g oz
6 10.02 .02 0.003 0.81 0.01
7 25 0 023 0.002 0.01 0.01
8 I 001 ces | 0.002 0.051 0.01

Parameter| Symbol Defination
1—#| To The saturated transmisgivity of soils
2—»Im The decay factor of To
3= Sr ar The capability of root zone storage
4—» 5,0 The inttial saturation deficit of sail
5—»n The Manning roughness coefficient

Fig.
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APPENDIX - C
TABLES
(Tank Model used in Jhikhu sub-catchments)
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Tables of calculated parameters for the Jhikhu subcatchments.

Table C.1.:Calibrated Parameters, for Kukhuri Khola, 1997, Jhikhu subcstchment

36853 »>>>>>  No. of imesteps. No.of Tank
rfis2810e >>>>>>  Rainfall Data
nsnie >>>>>>  Qobs Data
spedaie »>>>>>  Evapotranspiration Data
3 >>>>>>  Topmost Tank
£0.23.001,0175,14,268.40 14 ==sxx> A Al A2 HAT HA2, XA 51
6818 >>>>>> K1, nomeaning constant K2
2 >>»>>>  Middle Tank
0.075.0.075,10.0.600,,20. >>>>>>  Bo Bl, HB, XE, §2
1103 >=>>>> K1, nomeaning constant K2
1 >»>>>>  Bottom Tank
0.005.300, »a>>x> Co HC
2900 >>>>>> K1, nomeaning constant, K2
Table C.2:Calibrated Parameters, for Uppar Andher Khola, 1857, Jhikhi subcatchment
3558 >»>>>>  No. of imesteps, No.of Tank
fs2810e =>>>>>  Hainfall Data
aanle 599598 C_.')obs Data
speilie =>>>>>  Evapatianspiration Data
3 >>>=>>  Topmost Tank
0115,0.21.0.3.14.26.40.14 =>>>>>  Ag A1, A2 HA1 HA2 XA, S1
-1.86.2 >>>>>> K1, nomeaning constant K2
2 >=>>>>  Middle Tank
0.075.0.075,10.0:500.,20 >»>>>> Bo B1, HB XB, S2
1,10.3 >>>>x> K1, nomeaning constant, K2
i >>>>>>  Bottom Tank
0.001,300. >»>>2>> (o, HC
|298.0 =>>>>> K1, nomeaning constant. K2
Table €3 :Cajibrated Faramelers, for Kubinda Khola, 1997, Jhikhu subcalchment
2283 ==>>>>  No. of timesteps. Mo of Tank
ifsd810e >>>=>>  Rainfall Data
gsnle >>>>>> (Qobs Data
spadiie >>>>>>  Evapotranspiration Data
a >>>>>>  Topmost Tank
0.230.01,0175.14,26 40 14 >>>>>> Ao, A1, A2 HA1 HAZ XA S1
-1.99 18 >»>>>> K1, nomeaning constant, K2
2 =>>=>>>  Middle Tank
0.075,0.075,10.0,500.,20. >>>>>>  Be, B1, HB, XB, 52
1.10,3 >>>>>> K1 nomeaning constant, K2
1 =>>>>>  Bottom Tank
0,002,200, >>>>>> Lo HE
{2.86.0 =>>>>> K1 nomeaning constant, K2
Table C.4:Calibrated Paramelars, for Lower Andheri FKhola, 1997, Jhikhy subcatchment
1223 >»>>>>  No. of limesteps, No.of Tank
fs28108e =>»>>>  Ralnfall Data
gsnle >>>>>>  (obs Data
spedlie ==s5>> | Evapotmnspiation Data
3 >>>»>>  Topmost Tank
0.220020.3,14.26 4014 >>>>»> Ao, A1, A2 HA1, HA2 XA. 81
-1,88.18 >>>>>> K1, nomeaning constant, K2
2 >>>>>>  Middle Tank
0.075,0.075,10.0,500.,20. ==>>>> Bo, B1, HB, XB, 52
1,10.3 >>=>>> K1 nomeaning constant, K2
1 Jra»>> Bottom Tank
0.012,300. >>»>>>  Cp HC
2890 >>>>>> K1, nomeaning constant. K2




Extensive storage-irrigation- effect analysis of Andheri catchment

Storage effact analysis is done from the equation:

|Qloe = Qout - Qin + DSIDT

!

The (-) Values shows the Extensive storage effect due to several Dams built for irrigation,
The dry seasons are more effacted than the wel seasons

Table C.5
1 2 3 4 5 & 7 a8 g 10
days Qobs Qcal Qobs Qcal |[Obs. Sum| Cat. Sum| Qobs | Qout-Gin | Qout-Qin
upper upper Kukhuri | Khukuri |U Andheri|U Andheri| Lower (8)-(6) (8)-{7)
Andheri | Andheri $ Khukurt | § Khukuri| Andheri

1-Jan 0.038 | 0.0956 0.011 0.012g 0.049 0.1085 C.003 -0 048 -0.1055
Z-Jan 0.038 | 0.0943 0.01 0.0128 0.048 0.1071 0.003 -0.045 -0.1041
3-Jan 0.04 0.0831 0.007 0.0128 0.047 0.105% 0.003 -0.044 -0.1029
4-Jan 0045 | G.09196 0.008 0.0128 00583 0.1047 0.003 -0.05 -0.1017
5-Jan G.038 | 0.0907 0011 08,0127 0.05 0.1034 0003 -0.047 -(.1004
6-Jan 0.04 0 0895 0.01 0.0127 0.05 0.1022 0.003 0047 -0 0652
7-Jan 0.045 | 0.0883 0 007 0.0126 0.052 0.1009 0003 -0.049 -0.0875
B-Jan 0.039 | 0.0871 0.008 0.0126 0.047 0.09597 0.003 -0.044 -0.0967
9-Jan 0.038 0.086 0.011 0.0126 0.049 0.0986 0.003 -0.046 -0.0956
10-Jan | 0.038 | 0.0848 0.011 D.0125 0.049 0.0873 0.003 -0.046 -0.0943
11-Jan 0.04 0.0836 0.01 0.0125 0.05 0.0951 0.002 -0.047 -0.0831
12-Jan | 0045 | 0.0825 0.008 00124 0.053 0.0948 0.003 -0.05 -0.0819 |
13-lan | 0.038 | 0.0813 0 C1 0.0124 0.049 0.0937 0 003 -0.046 -0.0907
14-Jan | 0038 | 0.08G2 0 007 0.0123 0.045 0.0925 0.003 -0.042 -0 0825
15-Jan | 0.038 | 0.0791 0.007 0.0123 0.045 0.0914 0.004 -0.041 -0 0874
16-Jan | 0.038 C.078 G.007 0.0122 0.045 0.0902 0008 -0.039 -0.0842
17-Jan | 0038 | 0.0768 0.007 0.0122 0.045 0.0881 0.008 -0.039 -0.0831
18-Jan | 0.038 | 0.0758 0.007 0.0121 0.045 0.0879 0.006 -0.039 -0.081&
19-Jan 0.04 0.1114 0.007 0.0126 0.047 0.124 0.0G7 -0.04 -0.117
20-Jan | 0.047 | 0.0933 0.007 0.0122 0.054 0.1055 0.009 -0.045 -0.09e5
21-dan | 0.046 | 00804 0.007 0.0t19 0.053 0.0823 0.008 -0.045 -0.0843
22-Jan | 0039 0.072 0.007 0.0119 0.046 0.0838 0.006 -0.04 -0.0778
23-Jan | G.038 | 0.0712 0.008 0.0118 0.046 0.083 0.003 -0.043 -0.08
24-Jan 0.04 0.0704 001 00118 0.05 0.0822 0.003 -0.047 -0.0782
25-Jan | 0047 | 0.0685 0.008 0.0117 0.055 0.0812 0.003 -0.052 -G.0782
28-Jan | 0.048 | 00687 0.011 0.0117 0.058 0.0804 0.003 -0.058 -0.0774
27-lan | 0.046 | 0.0679 .01 0.0116 0.056 0.0795 0.003 -0.053 -0.0765
28-Jan | 0.037 | C.0672 0 007 0.0116 0.044 0.0788 0.003 -0.041 -0 0758
29-Jan 0.03 (0.06E4 0.007 0.0115 0.037 0.0778 (.003 -0.034 -0.0743
30-dan | 0029 | 0.0856 0.007 0.0115 0.036 00771 (.003 -0.033 -G.G741
3t-dan | Q027 | 0.0645 0047 0.0114 0.034 0.0763 0.003 -0.031 -0 0733
1-Feb 0.024 | 0.0841 | C.007 00114 00631 0.0755 0.003 -0.028 -0.0725
Z-Fab 0029 | G.0833 0 007 0.0113 0.036 G 0746 $.003 -0.033 -0 0713
3-Feb 0.027 | 0.0626 Q.007 00112 0.034 0.0738 0.003 -0.037 -0.07C8
4-Feb | 0.022 | 00618 0.008 00112 0.028 0.073 0.003 -0.025 -007
S-Feh 0:022 | 0.0611 0.004 G.0111 0.026 0.0722 0.003 -0,023 -0 0682
5-Feb 0.024 | 0.05803 0.005 0.0111 0,029 0.0714 0.003 -0.G26 -0 0584
7-Feb 0.027 | 0.0596 0.006 0.011 0.033 0.0706 0,003 003 -0.067¢&
8-Feb 0.022 | 0.058% 0.004 0.011 0.026 0.069%9 0.003 -0.023 -0 0653
S-Feb | 0.022 | 0.0581 0.004 0.0109 0.026 0.06% 0.002 -0.024 -0 067




10-Feb | 0.022 | 0.0574 | 0.005 0.0109 0.027 00683 | 0.002 | -0.025 | -0.0853
i1-Feb | 0.022 | 0.0567 | 0.007 0.0108 0.029 0.0675 | 0.002 | -0.027 | -0.0655
12-Feb | 0024 | 0.0559 | 0.006 0.0108 0.03 0.0667 | 0.002 | 0028 | -0.0847
13-Feb | 0.027 | 0.0552 | 0004 0.0107 0.031 00659 | 0002 | -0.029 | -0.0839
14-Feb | 0.021 | 00545 | 0.004 0.0107 0.025 0.0852 | 0.002 | -0.023 | -0.0832
15-Feb | 0016 | 0.0538 | 0.004 00106 0.02 0.0644 | 0.002 | -0.018 | -00624
16-Feb | 0.016 | Q.0531 0.004 0.0106 Q.02 0.0637 | 0.002 | -0.0t8 | -0.0617
17-Feb | 0.016 | 0.0524 | 0005 0.0105 0.021 0.0622 | 0.002 | -0.019 | -0.0809
18-Feb | 0016 | 0.0517 | 0.007 00104 0.023 0.06821 0.002 | -0.021 | 00601
19-Feb | 0.016 | 0.051 0.007 0.0104 0.023 00614 | 0.002 | -0.021 | -00594
20-Feb | 0.016 | 0.0503 | 0.007 00103 0.023 00606 | 0.002 | -0.021 | -0.0586
21-Feb | 0.016 | 0.0496 | C 007 00103 0.023 0.0888 | 0.002 | -0.021 | -0.0579
22-Feb | 0016 | 0.049 0.007 | 00102 0.023 0.0582 | 0.002 | -0.021 | -0.0572
23-Feb | 0016 | 0.0484 | 0007 | 0.0102 0.023 0.0586 | 0003 -0.02 -0.0556
24-Feb | 0.016 | 0.0478 | 0.007 00101 0.023 00579 | 0.003 -0.02 -0.0549
25-Feb | 0.015 | 0.0473 | C007 | © 0101 0.022 0.0574 | 0.003 | -0.019 | 00544
26-Feb | 0011 | 0.0467 | 0.0056 0.01 0.017 0.0567 | 0.003 | -0.014 | -0.0537
27-Feb | C.011 | 0.0462 | 0004 C 01 0.015 0.0562 | 0003 | 0.012 | -0.0532
2B-Feb | 0.011 | C.0457 | 0004 00089 0.015 00556 | 0003 | -0.012 | -0.0526
1-Mar 0.011 | 0.0451 | 0004 00299 0.015 0.055 0.003 | -0.012 -0.052

2-Mar 0.011 | 0.0446 | 0.004 0.0098 0.015 00544 | 0.003 | -0.012 | -00514
3-Mar 0.011 | 0.0441 0.004 0 0098 0.015 0.0539 | 0003 | -0.012 | -0.0509
4-Mar 0011 | 0.04358 | 0004 0.0097 0.015 0.0533 | 0.003 | -0.012 | -00503
5-Mar 0011 | 00431 0004 0.0087 0015 0.0528 | 0.003 | -0.012 | -0.0498
6-Mar 0011 | 0.0426 | 0.004 0.0096 0.015 0.0822 | 0003 | 0.012 | -00492
7-Mar 0.011 | 0.0421 0.004 0.0086 0.015 0.0517 | 0.003 | -0.012 | -0.0487
B-Mar 0.011 | 0.0416 | 0.004 0.0096 0.015 00512 | 0.003 | -0.012 | -0.0482
9-Mar 0.011 | 0.0411 0.004 0.0085 0.015 0.0506 | 0.003 | -0.012 | -0.0476
10-Mar | 0.011 | 00407 | 0004 0 0095 0015 0.0502 | 0.003 | -0.012 | -0.0472
11-Mar | 0.011 | 00402 | ©.004 0 0094 0015 0.0496 | 0.003 | -0.012 | -0.04686
12-Mar | 0.012 | 0.0387 | 0002 0.00¢4 0.014 0.0491 0.003 | -0.011 ! -0.0461
13-Mar | 0.015 | 0.0392 | 0.002 0.0093 0.017 0.0485 | 0003 | -0.014 | -0.0455
i4-Mar | 0.011 | 00387 | 0.002 0.0093 0.013 0.048 0.003 -0.01 -0.045

15-Mar | 0.011 | 0.0382 | 0004 0.0092 0.015 00474 | 0.003 | -0012 | -0.0444
16-Mar | 0.011 | 0.0378 | 0.005 0.0092 0.016 0.047 0.003 | -0.013 -0.044

17-Mar | 0.011 | 00373 | 0006 0.0081 0.017 0.0464 | 0.006 | -0.011 | -00404
18-Mar | 0.011 | 00368 | 0005 0.0081 0.016 0.0459 | 0.006 -0.01 -0.0399
19-Mar | 0.011 | 0.0364 | 0.006 0.009 0.017 0.0454 | 0.006 | -0.011 | -C 0394
20-Mar | 0.011 | 00359 | 0.004 0.009 G015 0.0449 | 0.006 | -0.009 | -00383
21-Mar | 0.011 | 00354 | 0.004 0 008 0.015 00444 | 0006 | -0.009 | -0.0384
22-Mar | 0.011 0.035 0 004 0.0089 0.015 0.0439 | 0.006 | -0.009 | -00379
23-Mar | 0.011 | 0.0345 | 0.004 0.0089 0.015 0.0434 | 0006 | -0.009 | -0.0374
24-Mar | 0.011 | 0.0341 0002 0 0088 0.013 0.0429 | 00056 | -0.007 | -0.0369
25-Mar | 0.011 | 00335 | 0.004 0.0088 0015 0.0424 | 0.006 | -0.009 | -0 0364
26-Mar | 0.012 | 00332 | 0004 0.0087 0.016 0.0418 | 0.006 -0.01 -0.0358
27-Mar | 0.015 | 0.0327 | 0.004 0.0087 0.019 0.0414 | 0.008 | -0.011 | -0.0334
28-Mar | 0.011 | 0.0507 | 0004 0.009 0.015 0.0597 | 0.006 | -0.009 | -C 0537
29-Mar | 0.012 | 0.0387 | 0004 0.0086 0.016 00473 | 0.003 | -0.013 | -00443
30-Mar | 0.017 | 0.0317 | 0004 0.0086 0.021 0.0403 | 0.008 | -0.013 | -00323
31-Mar | 0.023 | 0.0573 | 0.002 0.0087 0.025 0.086 0.004 | -0.021 -0 062




Hd:

1-Apr 0.029 | 0.043% 0.001 0.0085 0.03 00516 | 0.003 | -0.027 | -0.0486
2-Apr 0031 | 0.0932 [ 0.001 0.0083 0.032 01025 | 0.003 | -0.029 | -0.0995
3-Apr 0.038 | 0.0681 0.001 0.0088 0.039 00769 | 0.003 | -0.036 | -0.0739
4-Apr 0.038 | 0.0884 | 0.002 0.0c082 004 00876 | 0.003 | -0.037 | -0.0946
S-Apr C.038 | 0.0648 | 0.001 0.0087 0.039 00735 | 0003 | -0.036 | -0.0705
6-Apr 0036 | 0.0482 | 0.001 0.0083 0037 00565 | 0.003 | -0.034 | -0.0535
7-Apr 003 | 0.0478 | 0001 0 0082 0.031 0.056 0.003 | -0.028 | -0.053
8-Apr 0028 | 0.0488 | 0001 C 0082 003 0 057 0.003 | -0.027 -0.054
S-Apr 0.029 | 0.037 0.001 0.0081 003 0.0451 0.003 | -0.027 | -0.0421
10-Apr | Q029 | 0.0301 0.001 00081 003 0.0382 | 0005 | -0.025 | -0D.0332
11-Apr 0029 | 0.0301 0.001 0.0081 003 0.0382 | 0.003 | -0027 | -0.0352
12-Apr 0.027 0.03 0.002 0008 | 0.029 0038 0.003 | -0.026 -0.035
13-Apr 0021 | 0.0417 | 0.002 0008 0.023 0 0497 0.003 -0.02 -0.0467
14-Apr | 0015 | 0.032 0.002 0.0079 G017 0.0398 | 0003 | -0.014 | -0.0369
15-Apr 0011 | 0.0299 | 0.002 0 0679 0013 0.0378 | 0.0068 | -0007 | -0.0318
16-Apr 0017 | 0.0299 | 0.003 0.0079 0.02 00378 | 0.005 | -0.014 | -0.0318
17-Apr 0037 | 0.0298 | 0.002 0.0078 0.038 00376 | 0.009 0.03 -0.0286
18-Apr | 0.04 | 0.0298 | 0.004 0 0078 0 044 00376 | 0.012 | -0032 | -0.0256
18-Apr | 0045 | 0.0297 | 0.004 0.0C77 0.049 0.0374 0.009 -004 | -0.0284
20-Apr 0039 | 0.0296 | 0.004 0 0077 0.043 0.0373 | 0.006 | -0.037 | -0.0313
21-Apr | 0.04 | 0.0574 | 0.004 00078 0.044 00653 | 0003 | -0041 | -0.0623
_Ze-Apr | 0047 | 0.0428 | 0.004 | 00076 0.051 0.0504 | 0003 | 0048 | -00474
23-Apr | 0046 | 0.0327 | 0.002 0.0076 | 0048 0.0403 | 0.008 -004 | -0.0323
_24-Apr 0,041 | 0.0294 | 0002 0.0076 0.043 0037 0009 | -0.034 -0.028
25-Apr 0.042 | 0.0754 | 0.002 0.008 0.044 0.0834 | 0.009 | -0.035 | -0 0744
26-Apr | 0027 | 0.0821 0.002 0.0077 0 029 0.0698 0.01 -0.019 | -00588
27-Apr 0035 | 006849 | 0003 0.0078 0.038 0.0727 | 0.017 | -0.021 | -0.0557
28-Apr 0032 | 0.4071 0.003 0 0483 0.035 04554 | 0.013 | -0022 | -0.4424
25-Apr 0.068 | 02655 0.01 0.0381 0.078 0.3036 0.02 -0.058 | -0.2836
30-Apr | 0.167 | 0.1089 | 0017 0.0174 0.184 0.1243 | 0122 | -0.062 | -0.0023
1-May 0.149 007 0.011 0.0083 0.16 0.0783 | 0117 | -0043 | 0.0387
2-May 0.061 0 052 0.006 0.0078 0.067 0.0598 | 0092 0,025 0.0322
3-May 0039 | 0.03%4 | 0004 00074 0 043 0.0468 0.09 0047 0.0432
4-May 0038 | 0.0409 | 0.011 0.0073 0.049 0.0482 0.09 0.041 0.0418
5-May 0.043 | 0.0317 0.01 £.0071 0.053 00388 | 0.092 0.039 0.0532
6-May 0059 | 0.0565 | 0.007 0.0073 0 066 0.0638 | 0.116 005 0.0522
7-May 0.057 | 0.0881 0.008 0.0079 0.065 0.095 0.118 0083 0022
8-May | 0.051 | 0.0848 | 0.012 0 0074 0.063 00722 | 0119 0 055 0.0468
9-May 0.066 | 0.0486 | 0.015 0.0071 0.081 0.0557 | 0.118 0.037 0.0623
10-May | 0092 | 0.0373 | 0.015 0.007 0107 0.0443 0.1 0007 | 0.0557
11-May | 0111 | 0.0313 | 0015 0.00€9 0126 00382 | 0.059 | -0.067 | 0.0208
12-May | 0127 | 0.0314 | 0.014 0 0069 0141 0.0383 | 0.055 | -0086 | 0.0167
13-May | 0124 | 0.0314 | 0.011 0.0069 0.135 00383 | 0.054 | -0.081 0.0157
t4-May | 0.109 | 0.0315 | 0.011 0.0088 0.12 00383 | 0.046 | -0074 | 0.0077
15-May | 0108 | 0.0315 0.01 0.0068 0.118 0.0383 | 0035 | -0.083 | -00033
16-May | 0.108 | 0.0315 | 0.008 0.0068 0.116 0.0383 | 0031 -0.085 | -0.0073
17-May | 0112 | 0.0315 | 0012 0.0067 0.124 0.0382 | 0.037 | -0.087 | -0.0012
 18-May | 0122 | 00315 | 0.015 0.00867 0.137 0.0382 0.03 -0.107 | -0.0082
19-May | 0.109 | 0.0315 | 0.015 0.0067 0.124 00382 | 0023 | -0101 | -0.0152
20-May | 0.112 | 0.0314 | 0.014 0.0066 0.126 0.038 0.018 | -0107 -0.019




21-May | 0132 | 00314 | 0011 | 00066 | 0143 0038 | 0029 | -0.114 | -0.009
22-May | 015 | 00313 | 0011 | 00066 | 0161 | 00379 | 0029 | 0132 | 0.0089
23-May | 0156 | 00312 | 001 0.0065 | 0.166 | 00377 | 002 | -0146 | -0.0177
24-May | 0163 | 00311 | 0007 | 0.0065 0.17 0.0376 | 0.028 | -0.142 | -0.0096
25-May | 0126 | 00311 | 0008 | 0.0065 | 0134 | 0.0376 | 0019 | 0115 | 00186
26-May | 0108 | 0.031 | 0.01 0.0064 | 0119 | 00374 | 0.018 | -0.101 | -0.0194
27-May | 0108 | 00309 | 0007 | 00084 | 0115 | 00373 | 0018 | -0.097 | 00193
28-May | 0112 | 00469 | 0008 | 0.0064 0.12 0.0533 | 0024 | -0.096 | -0.0293
29-May | 0127 | 00358 | 0011 | 00083 | 0138 | 0.0421 | 008 | -0.058 | 00379
30-May | 0133 | 00458 | 0011 | 00063 | 0144 | 00522 | 0043 | -0101 | -0.0097
31-May | 0.145 | 00351 | 0011 | 00083 | 0156 | 00414 | 0045 | 0111 0.0036 |
f-un | 0125 | 00305 | 0011 | 00082 | 0136 | 00367 | 0.039 | 0097 | 0.0023
|_2-Jun_| 0109 | 00305 | 001 | 0.0062 | 0119 | 0.0367 | 0036 | -0083 | 00007
3-Jun | 0108 | 00485 | 0007 | 0.0062 | 0.115 | 0.0547 | 0.021 | -0094 | -0.0337
4-Jun | 0108 | 0.0369 | G007 | 0.0061 | 0.115 0043 | 0.026 | -0.089 | -0.017
SJun | 0.108 | 00304 | 0.007 | 00061 | 0115 | 00365 | 0.023 | -0.092 | -00135
B-Jun | 0108 | 00303 | 0.007 | 0.0061 0115 | 00364 | 0018 | 0.097 | -0.0184
7-Jun | 0108 | 00303 | 0006 | 0.0081 0114 | 00364 | 0018 | -0.096 | -0.0184
8-Jun | 0.108 | 00302 | 0004 0.006 0.112 | 00362 | 0.018 | 0.094 | -00182
9-Jun | 0.108 | 00362 | 0.004 0.006 0112 | 00362 | 0019 | 0093 | 00172
10-Jun | 0108 | 00346 | 0034 | 0006 0112 | 00405 | 0.028 | -0.084 | -0.0126
11-Jun | 0.108 | 00301 | 0004 | 0.0059 | 0.112 0036 | 0019 | -0093 | 0.017
_12-Jun | 0108 | 00301 | C004 | 00059 | 0.112 0036 | 0.018 | -0.094 | -0.018
i3-Jun | 0108 | 003 | 0004 | 00059 | 0.112 | 00359 | 0017 | -0.085 | 00189
t4dun | 0112 | 00327 | 0004 | 0.0058 | 0116 | 0.0385 | 0.007 | -0.109 | -0.0315
15-Jun | 0.127 | 0029¢ | 0004 | 00058 | 0131 | 00357 | 0006 | -0125 | -0.0297
16-Jun | 0.128 | 00299 | 0004 | 0.0058 | 0.132 | 0.0357 | 0.005 | -0126 | -0.0297
17-dun | 0.124 | 0.0484 | 0.004 | 0.0058 | 0.128 | 00542 | 0.007 | 0121 | -0.0472
18-Jun | 0.109 | 0.0397 | 0004 | 0.0057 | 0113 | 0.0454 | 0.012 | 0101 | -00334
19-dun | 0108 | DO306 | 0004 | 00057 | 0112 | 0.0363 | 0013 | -0099 | -0.0233
20-Jun | 0104 | 0038 | 0004 | 00057 | 0108 | 00437 | 001 | -0.098 | -0.0337
21-Jun_| 0.099 | 0.1073 | 0005 | 00065 | 0104 | 01138 | 0.016 | -0.088 | -00978
22-dun | 0.117 | 0.0878 | 0006 | 00084 | 0123 | 00942 | 0.048 | 0075 | 00462
23-Jun | 0096 | 0.0925 | 0005 | 0.0065 | 0.101 0099 | 0016 | -0.085 | -0.083
24-Jun | 0103 | 0.0741 | 0.005 | 0.0061 0109 | 00802 | 0009 | -01 | 00712
25-Jun | 0.099 | 02928 | 0.027 | 0.0308 | 0126 | 03237 | 0386 | 026 | 00623
26-Jun | 0136 | 06377 | 0012 | 00883 | 0155 0726 | 017 | 0015 | -0.556 |
27-Jun | 0172 | 04093 | 0012 | 00688 | 0184 | 04781 | 0.188 | 0.004 | 02901
28-Jun | 0.221 | 04217 | 0018 | 00729 | 0239 | 04946 | 0189 | -005 | -0 3056
29-Jun | 0502 | 08238 | 0.038 | 01336 0.54 0.9574 | 0402 | -0138 | 0.5554
30-Jun | 2129 | 14328 | 0056 | 02354 | 2185 | 16682 | 2314 | 0120 | 06458
IJul | 0899 | 06149 | 0304 | 01405 | 1203 | 0.7554 | 0613 | 059 | -0.1404
2-Jul | 0.543 | 02605 | 0.017 | 0.081 0.56 0.3415 | 0135 | -0425 | -0.2085
3-Jul | 0441 | 07013 | 0016 | 01307 | 0.457 0832 | 0293 | 0164 | -0539
dJdul_| 0138 | 03701 | 0.021 | 00852 | 0159 | 04553 | 26867 | 2.708 | 24317
SJul | 0026 | 01554 | 0027 | 00462 | 0.053 | 0.2016 | 0348 | 0295 | 0.1464
6-Jul | 0409 | 0295 | 0056 | 0.0558 | 0465 | 03508 | 3265 | 28 | 29142
7-Jul | 0107 | 0.3072 | 0.017 | 0.0547 | 0124 | 03619 | 1.029 | 0905 | 06671
8-Jul 0.01 | 02826 | 0.015 | 00495 | 0025 | 0.3321 05 | 0475 | 0.1679
9-Jul | 0.058 | 0.2269 | 0.063 | 0.0396 | 0121 | 0.2665 | 0901 | 078 | 06345
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29-Aug | 0007 | 0.0614 | 0015 | 0004 | 0022 | 00654 | 0139 | 0.117 | 00736
30-Aug | 0007 | 00539 | 0015 | 0004 | 0022 | 00579 | 0.082 | 0.06 | 0.0241
31-Aug | 0007 | 0051 | 0015 | 0004 | 0022 | 0055 | 0085 | 0.063 | 0.03
1-Sep | 0007 | 00509 | 0015 | 00039 | 0022 | 00548 | 0.074 | 0.052 | 0.0192
2-Sep | 0007 | 00508 | 0.0t5 | CO038 | 0022 | 00547 | 0.066 | 0044 | 0.0113
3-Sep | 0008 | 0.0507 | 0015 | 00039 | C.021 | 00546 | 005 | 0029 | -00046
4-Sep | 0.004 | 0.0505 | 0.015 | 00039 | 0019 | 0.0544 | 0057 | 0038 | 00026
5-Sep | 0004 | 00503 | 0.015 | 00039 | 0C19 | 00542 | 0.067 | 0048 | 00128
6-Sep | 0.005 | 0.0501 | 0.076 | 0.0038 | 0021 | 0.0539 | 0.068 | 0.047 | 0.0141
7-Sep | 0007 | 0.0499 | 0018 | 00038 | 0025 | 00537 | 0069 | 0044 | 0.0153
8-Sep | 0.005 | 00496 | 0015 | ©0038 | 0021 | 00534 | 0073 | 0.052 | 00195
9-Sep | 0004 [ 00494 | 0015 | 00038 | 0019 | 00532 | 0.063 | 0044 | 0.0098
10-Sep | 0004 | 00491 | 0015 | 00038 | 0019 | 00529 | 0.057 | 0038 | 00041
11-Sep | 0.005 | 0.0544 | 0.015 | 00037 | 002 | 00581 | 0.063 | 0043 | 0.0045
12-8ep | 0007 | 0057 | 0016 | 00037 | 0023 | 0.0607 | 0.068 | 0.045 | 00073
13-Sep | 0.007 | 0.0694 | 0.019 | 0.0038 | 0026 | 00732 | 0.068 | 0.042 | -00057
14-Sep | 0007 | 0.0566 | 0018 | 0.0037 | 0025 | 00603 | 0.068 | 0.043 | 0.0077
15-Sep | 0.007 | 01692 | 0016 | 00063 | 0023 | 01755 | 0.074 | 0051 | -0.1015
16-Sep | 0007 | 0.0956 | 0.018 | 0.0044 | 0025 01 | 0126 | 0101 | 0026
17-Sep | 0.006 | 00748 | 0015 | 0004 | 0021 | 00788 | 0.102 | 0081 | 00232
18-Sep | 0004 | 00603 | 0015 | 00036 | 0019 | 0.0639 | 0.08 | 0.061 | 00161
19-Sep | 0004 | 0.0545 | 0.015 | 00035 | 0019 | 00581 | 0.074 | 0055 | 00159
20-Sep | 0183 | 03986 0.037 | 0.0411 022 | 04397 | 0111 | -0109 | -0.3287
21-Sep | 0165 | 01742 | 0065 | 00179 | 0231 | 01921 | 0328 | 0.097 | C1359
22-Sep | 0.036 | 0.0958 | 0005 | 00047 | 0041 | 01005 | 0.141 | 041 | 0.0405
23-Sep | 0032 | 0.0749 | 0003 | 00041 | 0035 | 0079 | 0108 | 0.073 | 0.029
24-Sep | 0026 | 0.0602 | 0.002 | 00037 | 0028 | 00639 | 0.087 | 0055 | 00231
25-Sep | 0026 | 0.0499 | 0003 | 00035 | 0028 | 00534 | 0.08 | 0.051 | 00266
26-Sep | 0.026 | 01005 | 0.003 | 0.0043 | 0029 | 0.1048 | 0.055 | 0.026 | -00498
27-Sep | 0026 | 0.0838 | 0003 | 0004 | 0029 | 00878 | 006 | 0031 | 00278
28-Sep | 0026 | 00663 | 0002 | 00036 | 0028 | 00699 | 0075 | 0047 | 0.0051
29-Sep | 0026 | 0.0541 | 0002 | 00034 | 0028 | 00575 | 0.066 | 0.038 | €.0085
30-Sep | 0026 | 0.0461 | 0002 | 00034 | 0028 | 0.0495 | 0.049 | 0.021 | -0.0005
1-Oct | 0026 | 0046 | 0.003 | 00034 | 0029 | 00494 | 0.047 | 0.018 | -0.0024
2-Oct | 0026 | 00459 | 0.003 | 0.0034 | 0025 | 00493 | 0.047 | C.018 | -0.0023
3-Oct | 0026 | 0.0458 | 0003 | 00034 | 0029 | 00492 | 0.053 | 0024 | 00038
4-Oct | 0026 | 0.0456 | 0003 | 00033 | 0029 | 00489 | 0.067 | 0038 | 0.0181
5-Oct | 0026 | 00454 | 0003 | 0.0033 | 0.029 | 0.0487 | 0.063 | 0034 | 00143
6-Oct | 0026 | 0.0453 | 0003 | 00033 | 0029 | 00486 | 0052 | 0.023 | 0.0034
7-Oct | 0026 | 0.0451 | 0003 | 00033 | 0.029 | 0.0484 | 0.047 | 0018 | -0.0014
8-Oct | 0.026 | 0.0448 | 0002 | 00033 | 0.028 | 0.0481 | 0.047 | 0019 | -0.0011
9-Oct | 0026 | 0.0446 | 0002 | 00033 | 0028 | 00479 | 0.052 | 0.024 | 0.0041 .
10-Oct | 0026 | 0.0443 | 0.002 | 0.0032 | 0.028 | 00475 | 0.057 | 0.025 | 00085
11-Oct | 0026 | 0044 | 0.002 | 00032 | 0.028 | 0.0472 | 0.052 | 0.024 | 00048
12-Oct | 0.026 | 0.0437 | 0002 | 00032 | 0028 | 00469 | 0.047 | 0019 | 1E-04
13-Oct | 0026 | 00434 | 0.002 | 00032 | 0.028 | 00466 | 0.047 | 0.019 | 00004 |
14-Oct | 0026 | 0.0431 | 0003 | 0.0032 | 0029 | 0.0463 | 0.052 | 0.023 | 00057
15-Oct | 0.026 | 00428 | 0003 | 00032 | 0029 | 0046 | 0063 | 0034 | 0017 |
16-Oct | 0.026 | 0.0424 | 0.002 | 0.0031 | 0028 | 0.0455 | 0.068 | 004 | 0.0225 |
17-Oct | 0.026 | 0.0421 | 0003 | 0.0031 | 0029 | 00452 | 0.068 | 0.039 | 0.0228 |
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18-Oct | 0028 | 00417 | 0003 | 00031 | 0081 | 00448 | 0068 0.037 0.0232
19-0ct | 0024 | 00413 | 0.002 0:0031 0.036 U444 | 0.075 0.039 0.0306
20-0ct| 0034 | 00408 | 0002 | 0.0031 | 0038 | 004z 0.083 0.047 0.038
21-0ct | 0.034 | 00405 | 0.002 | 00031 | D036 | 00436 | 008 0025 | 00174
22-Oct | 0.034 | 00401 | 0.003 0.003 0.037 | 00431 | 0072 0.035 0.02889
23-0ct.| 0.034 | 00337 | 0003 0.003 0.037 | 00427 | C.048 0.009 0.0033
24-0ct | 0035 | 00323 | 0.003 0.003 0.038 | 00423 | D026 | 0013 | 00163
250ct | 0042 | 00385 | 0.003 0.003 0045 | 00419 | 0024 | -0.021 | 00179
26-0ct | 0.04 | OC3E5 | 0.003 0.003 0043 | 00415 | 002 -0,023 | -0.0215
27-0ct/| D034 | 00381 | 0,003 0.003 0037 | oeast | 0617 -0.02 0.0241
28-0ct | 0034 | 00377 | D003 0003 | 0037 | 0.0407 | 011 00268 | -0.0287
29-0ct | 0054 | 00375 | 0.003 | 0.0028 | 0037 | 0.0402 | 0005 | <0032 -0,0352
20-Oct | 0035 | 0035¢ | 0003 | 00028 | 0038 | 00398 | 0005 | -00%4 | 00348
31-Oct | 004 | 00365 | 0003 | 0.0028 | D043 | 0.0394 | 0.095 | 0038 | 00344
1-Nov | 0034 | 00361 | 0003 | 0.0029 | 0037 0.039 | 0005 | -0032 | D034
2-Nov | 0034 | 00357 | 0003 | 0.0028 | 0037 | 0D.0386 | 0005 | -0.032 | 00336
3-Nov | 0034 | 00353 | 0003 | 0.0026 [ 0087 | 00342 | 0005 0032 | -0.0232
4:Nov | 0034 | 00345 | 0003 | 0.0020 | 0037 | 00aze | 0005 | -nos2 -0,0328
S-Nov | 0034 | 00844 | 0003 | 0.0028 | 0037 | 00372 | 0005 | 0032 | 00322
G-Nov | 0034 | D032 0003 | 00028 | 0037 | 00388 | 0005 | -0032 | 00318
Z-Nov | 0036 | 00338 | 0003 | 00028 | 0.039 | 0.0d64 | 0005 | 0034 | 00314
8Nov | 0.04 0332 | 0002 | oooze | o042 0036 | 0005 | 0037 | 0031
S-Nov | 0034 | 0032 | 0002 | 0.0028 | 0036 | 0035 | 0.005 | 0031 | 00208
10-Nov) 0035 | 00324 | 0002 | 00028 | 0038 | 0.0852 | 0007 | 0031 | 00563
11-Nov| 004 | 0032 | 0002 | 00028 | 0042 | 0.0348 | 0.005 | 0037 -0.0298
12-Nov)] 0034 | 00316 | 0002 | 0.0027 | 0036 | 00343 | 0.006 | 0031 | 00293
13Nov) 0034 [ 00372 | 0.002 | 0.0027 | 0.038 | 00339 | 0005 | 003 | 50085
14-Nov| 0034 | 00308 | 0002 | 0.0027 | 0036 | 00335 | 0.007 -0.028 | -0.0265
_15-Nov) 0034 | 00304 | 0.002 | 0.0027 | 0036 | 00331 | 0.005 | 0031 | 00281
1E-Nov| 0034 | 003 0.001 0.0027 | 0035 | 00327 | 0.005 -0.03 0.0277
i-Nov] 0034 | 0o2e6 | 0001 | 00027 | 0035 | 00323 | 0.005 003 | 06273
A8-Nov | 0034 | 00253 | 0.001 0.0027 | 0,035 0032 | 0.005 43,03 0,027
19-Nov) 0034 | 00282 | 0001 | 0.0026 | 0.035 | 0.0315 | 0.008 0.03 | -0,0285
20-Nov] 0034 | 00285 | 0.002 | DO026 | 0.036 | 0.0311 | 0.005 | 0037 -0.0261
21-Nov] 0034 | 00281 | 0002 | D.0026 | 0086 | 00307 | 0.006 | 0031 | 00357
22:Nov| 0034 | 00277 | 0002 | 0.0026 | 0036 | 00303 | 0.005 | 0021 | 00053
23-Nov| D034 | 00273 | 0003 | 0.0026 | 0.037 | 00289 | 0.005 | 0033 -0.0245
24-Nov) 0034 | 0027 | 0003 | 00026 | 0037 | 0.0296 | 0005 | 0032 -0.0245
26-Nov | 0034 | 00285 | 0003 | 00028 | 0037 0.0292 | 0005 | 0032 | -00242
26-Nov| 0034 | 00263 | 0003 | 0.0026 | 0037 | 00289 | 0.008 | .0.029 -0.0209
27-Nov| 0034 | 00258 | 0.002 | 0.0025 | 0.0/ | 00284 | 0.008 | 1029 £ 0204
28-Nov| 0034 | 00256 | (003 | 0.0025 | 0037 | 00281 | 0005 0.032 | 00231
23Nov| 0034 | 00252 | 0003 | 00025 | 0037 | 00277 | 0008 | <0099 -0.0197
30:-Nov | 0,034 | 0.0245 | 0003 | 0.0025 | 0037 | 00274 | 0.008 0.029 | 00194
ADec | 0034 | 0034 | 0002 | 00026 | 0.037 | 00386 | 0008 | -0 (20 | 00286
2-Dec | 0034 | 00248 | 0.003 | 0.0025 | 0037 | 0.0272 | 0013 | 0002 -D0143
S-Dec | 0034 | 00241 | 0003 | 00025 | 0.037 | 00286 | 0.016 | 005" -0.0106
4:Dec | 0034 | 00239 | 0.003 | 00025 | 0037 | 0.0264 | 0006 | 0027 | 00204
SDec | 0034 | 00237 | 0603 | 0.0024 | 0.037 | 00281 | 0005 -0.032 | -00211
B-Dec | 0034 | 00235 | 0003 | 00024 | 0037 | 00269 | 0.005 | 0042 -{).0208
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7-Dec | 0034 | 0.0234 | 0002 | 00024 | 0.037 | 0.0258 | 0.005 | -0.032 [ -0.0208
8-Dec | 0034 [ 0.0312 | 0005 | 00024 | 0037 | 0.0336 | 0005 | -0032 | -0.0286
9-Dec | 0034 | 04514 | 0004 | 00508 | 0038 | 05022 | 0036 | -0002 | -0.4662
10-Dec| 0034 | 02518 | 008 | 00335 | 0043 | 0.2853 | 016 o117 [ -0.1253
11-Dec| 0034 | 00972 | CO016 | 00127 | 005 | 01092 | 0052 | 0002 | -00579
12-Dec| 0.034 | 00828 | 000¢ | 0.003% | 0043 | D.0661 | 0074 | 0031 | 0.007% |
13-Dec| 0034 | 00448 | 0006 | GOO2¢ | 004 | 00477 | 0068 | 0028 | 0.0202
14-Dec| 0034 | 00741 | ©C04 | 00025 | 0038 | 00774 | 0122 | 0084 | 00446
15-Dec| 0034 | 00551 | C0U4 | CCC22 | 0038 | 0.058 | 0.085 | 047 0.027
16-Dec | 0.034 | 00396 | €004 | 00025 | 0038 | 00421 | 008 0,042 | 0.0879
17-Dec | 0034 | 00288 | 0004 | c0022 | 00338 | 00311 | 0069 | 0031 | 00379 |
18-Dec | 0.034 | c023¢ | 00c3 | 00023 | 0037 | 00262 | 0052 | 0015 | 0.0258 |
19-0ec| 0034 | 0024 | ©oo3 | cooes | 0037 | 00263 | 0.047 0 01 00207 |
20-Dec | 0034 | 0.0241 | 0003 23 | 0037 | 0.0264 | 0.047 0 C1 0.0206

=
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2i-Dec| 0034 [ 00242 | 003 | 00023 | 0037 | 0.0265 | 0.047 | 001 00205
22-Dec | 0034 | 00242 | 0004 | 00022 | 0038 | 00264 | 0047 | 0009 | 00206 |
23-Dec| 0034 | C0243 | 0004 | CoOC22 | 0038 | 0.0285 | 0046 | 0008 | 0.0195 |
| 24-Dec| 0034 | 00243 | 0004 | 0.0022 | 0038 | 0.0265 | 0039 | 0001 | C0%25
25-Dsc| 0034 | 00243 | 0002 | 0OC22 | 0.037 | 0.0265 | 0038 | 0001 | 00115
26-Dec | 0034 | 0.0243 | 0003 | 00G22 | 0037 | 0.0265 | 0.023 | 5014 | -00035
27-Dec| 0034 | 00243 | 0003 | 00022 | 0.037 | 00265 | 0008 | 0.029 | 00185
28-Dec | €034 | 00243 | ©003 | 0022 | 0037 | 0.0265 | 0.008 | 0029 | -00i85 |
25-Dec| 0034 | 00242 | 0002 | 00C22 | 0.037 | 0.0264 | 0008 | -0C29 | -0C184 |
3C-Dec| 0034 | 00242 | 0003 | COD22 | 0037 | 0.0264 | 0008 | -0025 | -0.0184
31-Dec| 0034 | 00241 | 0003 | GoC2t | 0037 | 00262 | 0008 | -C025 | -00182
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APPENDIX - D
GRAPHS AND TABLES
(Tank Meodel used in Sun Kosi Basin)
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Table p.1:Tank Mode! Calibrafed Parameters, for Balephi River at gauging stastion No. 620 and
for Sun Kosi River station No 610 (Year 1990, Sun Kosi Basin - large catchment - study)
Same paramaters wera used In valldation of Balaphi Year 1290

3654 =>>>>>  No, of timesteps, No.of Tank
ris2810e [ >>>>>>  Rainfall Data
gshle ~ |»»»>>> Qabs Data
snel2ie >>>>>>  Evapotranspiration Data
L >>>>>=  Topmost Tank
0.18,0 05,0 18,10.50,80.20 *>=xx> Ao, Al A2, HA1 HAZ, XA, §1
-1,899.01 >>>>>> K1, nomeaning constant, K2
3 >>>>>>  Middle Tank
0.050.01625.10,0,30 .5 =>>>>>  Bp, B1, HB, XB, §2
1,89.2 >>>>>> K1, pomeaning constant, K2
2 »>»>>>  Middle Tank
0.0325.G 001 0.0,30 .1 >>>>>> (o, 1, HC XC S83
3,991 >=>>>> K1, nomeaning constant, K2
1 >>>>>»  Bottom Tank
0.01.60 >2>>2> (g HD
4,590 >>>>>> K] nome:anﬂg_; constant, K2
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Fig. D.1: cumulative observed discharge, cumulative calculated discharged Vs time

Fig. D.12: Tank Model, Balaphi River - Yr. 1991,Sun Kosi Catchment
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Fig. D.1b: Sun Kosi River at Pachour Ghat - Yr.1991,5un Kosi Catchment
(Lsing the same Tank Maodel Calibrated Parameters for Balaphi Hiver)
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‘Fig. D.ke: For Extreme Rainy Season at Balaphi River, gauging sta. 820 -¥r.1890 Sun Kosi Catchment
(Lising thee same Tank Mode! Calibrated Parameters for the same station in 1991
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