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ABSTRACT

This research studied the hydrological regime of three glacierized river basins in
Khumbu, Langtang and Annapurna regions of Nepal using the Hydraologiska Byrans
Vattenbalansavde (HBV), HVB-light 3.0 model. Future scenario of discharge is also
studied using downscaled climate data derived from statistical downscaling method.
General Circulation Models (GCMs) successfully simulate future climate variability
and climate change on a global scale; however, poor spatial resolution constrains their
application for impact studies at a regional or a local level. The dynamically
downscaled precipitation and temperature data from Coupled Global Circulation
Model 3 (CGCM3) was used for the climate projection, under A2 and A1B SRES
scenarios. In addition, the observed historical temperature, precipitation and discharge
data were collected from 14 different hydro-metrological locations for the
implementation of this studies, which include watershed and hydro-meteorological
characteristics, trends analysis and water balance computation. The simulated
precipitation and temperature were corrected for bias before implementing in the
HVB-light 3.0 conceptual rainfall-runoff model to predict the flow regime, in which
Groups Algorithms Programming (GAP) optimization approach and then calibration
were used to obtain several parameter sets which were finally reproduced as observed
stream flow. Except in summer, the analysis showed that the increasing trends in
annual as well as seasonal precipitations during the period 2001 - 2060 for both A2
and A1B scenarios over three basins under investigation. In these river basins, the
model projected warmer days in every seasons of entire period from 2001 to 2060 for
both A1B and A2 scenarios. These warming trends are higher in maximum than in
minimum temperatures throughout the year, indicating increasing trend of daily
temperature range due to recent global warming phenomenon. Furthermore, there are
decreasing trends in summer discharge in Langtang Khola (Langtang region) which is
increasing in Modi Khola (Annapurna region) as well as Dudh Koshi (Khumbu
region) river basin. The flow regime is more pronounced during later parts of the
future decades than during earlier parts in all basins. The annual water surplus of 1419
mm, 177 mm and 49 mm are observed in Annapurna, Langtang and Khumbu region,

respectively.
KEYWORDS: Temperature, Precipitation, Water discharge, Water balance and global warming.
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CHAPTER 1

1.1 Introduction

This research focuses on a comparative study of the impact of climate change on flow
regime within three perennial monsoon dominated river basins of Nepal Himalayas.
The studied basins are Modi Khola river basin in Annapurna region, Langtang Khola
river basin in Langtang region and Dudhkoshi river basin in Khumbu region. In this
study, four software are employed which are (i) Statistical Down Scale Model
(SDSM) version 4.2.2 for climate simulation (ii) HVB-light 3.0 hydrological model
for discharge simulations (iif) CROPWAT 8 model for Evapo-transpiration estimation

and (iv) Thornthwaite model (2010) for water balance computation.

Background

Nepal is situated in the middle of the Hindu-Kush Himalayan region. The country is
extended between 26° 22' to 30° 27' N in latitudes and 80° 40' to 88° 12' E in
longitudes, which is surrounded by India to the east, south, west, and China to the
north. The length of the country is about 885 km from east to west and the north-south
width varies from 145 km to 241 km. Within this range, the altitudinal variations is
from about 60m above mean sea level in the southern plain (called Terai) to the
Mount Everest (8848 m) in the northeast. Out of 147,181 Km? total area of the
country, about 86 % area comprises of hilly and mountainous regions and remaining
14% are flatlands.

In general, the country is divided into five major physiographic zones. They are Terai,
Siwalik, Hill, Middle Mountain and High Mountain. The higher elevated northern
most part of the high mountain is also called Himalayas/Tibetan Plateau. The Terai, a
long narrow belt of fertile agricultural flatland, is the part of alluvial Gangetic Plains
and has altitudinal variations ranging from 60 m to 300 m. The Terai lies between the
Indian boarder in the south and the first outer foothills of Nepal in the north. The
Siwalik range, 600 m to 1500 m in elevations, lies in the north of Terai region. To the
north of Siwalik is a zone of discontinuous valleys (also called 'Dun’). The intensive

cultivation and decrease forest cover in combination has been causing a serious
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problem of soil erosion in these valleys. To the north of these valleys is the Mahavarat
Range (2700 m-3700 m), which in terms of formation and elevation, is well
developed in eastern and central Nepal and underdeveloped in western Nepal. To the
northern most parts of Nepal is a snowy mountainous regions (Himalayas), lies above

4000 m in elevation and stretches from east to the west of the country.

Nepal is predominantly an agricultural country. Agricultural production in the country
is carried out by more than two million of farm families and the livelihood of 81 % of
the people depends on agriculture CBS (2011). This sector also serves as the
backbone of the national economy. The agricultural sector alone contributes to about
30 % of the GDP, and provides employment to nearly 65 % of the entire population.
The percentage of the total land area used for agriculture are 9.3 % in the mountains,
43.1 % in the hills and 47.6 % in the Terai. It is estimated that about 986,898 ha of the
land area (6.5% of the country's total land area) are still available for agricultural
production Adhikari 2008). Forest and shrub covers 39.6 % of the total area of the
country FAO (2009). On an average about 65 per cent of the total cultivated land is
rain fed which is adversely affected by the loss of top fertile soil, due to soil erosion,
landslide and flood (MOPE, 2001).

Rapid changes in the altitude and aspect along the latitudes have made existence of
wide range of climatic conditions in Nepal (Nayava, 1974). Therefore, within a span
of less than 200 km Nepal captures almost all types of climates, subtropical to
alpine/arctic. Physically, this is more apparent that the country has been home of

diverse habitats, vegetation and fauna.

Temperature in Nepal varies mainly with topographic variations along south-north
direction. Normally, the average temperature decreases by 6 °C for every successive
gain in altitude by 1000 m (Jha, 1992). Eighty percent of the precipitation that falls in
Nepal comes in the form of summer monsoon rain. Winter rains are more common in
the western hills. The average annual rainfall in Nepal is about 1600 mm, with large
variations between eco-climatic zones. Climate of Nepal is, thus, characterized mainly
by altitude, topography, and by the seasonal precipitation induced by the monsoon
system. In addition, aspect has an important influence particularly on vegetations at

lower altitudes. In general, moisture is retained more on north and west faces than on
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south and east faces. The south and east faces are drier because of the long expose to

the sun.

The Himalayan region comprises of sub-alpine and alpine climate with the existence
of summer grazing pastures in the lower elevations. The Himalayan range at above
5,500m is normally covered with perpetual snow/ice without vegetation. Above
6,000m of this region is defined as an arctic desert or the nival zone. The major
perennial river systems of South Asia originate from this region. As Nepal located in
the central portion of the Himalayas, it lies in the transitional zone between the

eastern and western Himalayas.

In Asian region, the frequency of extreme events such as floods, droughts including
forest fires and tropical cyclones has increased in recent years. Increase in intensity of
rainfall would increase flood risks in temperate and tropical Asia. Likewise, combined
influence of Climate change and population pressure would exacerbate threats to
biodiversity due to land-use and land-cover changes. Northward movement of the
southern boundary of the permafrost zones would result in a change of thermokarst
and thermal erosion with negative impacts on social infrastructure and industries Lee
et. al. (2008). Locally, the effects of climate change in Nepal are large flash floods,
frequent flooding, prolonged drought, increase in vector borne diseases and rapid
glacier melt (Bajracharya et al. 2008). In Nepal increases in temperature have been
greater in the uplands than the lowlands (Shrestha et al. 1999). Such regional
changes in climate have already affected diverse physical and biological systems in
many parts of the world. Shrinkage of glaciers, thawing of permafrost, late freezing
and earlier break-up of ice on rivers and lakes, pole-ward and altitudinal shifts of
plant and animal species, declines of some plant and animal populations, and earlier
emergence of insects have been observed (IPCC, 2001). The IPCC (2007a), report
also concludes that the warming is expected to be greatest over land and at most high
northern latitudes, where snow cover is projected to contract and it is very likely that
hot extremes, heat waves, and heavy precipitation events will continue to become
more frequent. The spatial variation in observed and projected climate is large and
mountain ranges and their downstream areas are particularly vulnerable for several
reasons. Firstly, the rate of warming in the lower troposphere increases with altitude,

i.e. temperatures will increase more in high mountains than at low altitudes

3



(Rangwala et al. 2013). Secondly, mountain areas exhibit a large spatial variation in
climate zones due to large differences in altitude over small horizontal distances
(Beniston et al. 1997). Finally, mountains play an important role in the water supply
of downstream areas. More than one sixth of the global population depends on water
supplied by mountains; and changes in hydrology and water availability are expected
to be large in mountain basins (Barnett et al. 2005, Viviroli et al. 2007). Especially the
diminishing role of snow and ice as a natural store for water supply will have a
tremendous impact. In addition, snow cover extent in the Himalayas and on the
Tibetan—Qinghai plateau could influence water availability of the Himalaya region

through change in the strength of the monsoon.

The analysis of impact of climate change on the hydrology of high altitude glacierized
catchments in the Himalayas is a complex problem due to various region. The high
variability in climate, lack of data, large uncertainties in climate change projection by
models and uncertainty about the response of glaciers are some of the complexities.
Present study tries to use different models to assess the future change in the glaciers
and the runoff within three catchment areas in Nepal Himalayas. The analysis projects
that both temperature and precipitation will keep increasing, resulting in a steady
decline of the glacier area. Climate change analysis using downscaled data from 5
different GCMs shows that temperatures are projected to increase by 0.06 °C y-1 and
precipitation by 1.9 mm y-1. The analysis also reveals a large variability among the

different GCMs in particular for precipitation (Immerzeel et al. 2011).

This study attempts to downscale GCM simulated high resolution gridded data
through statistical algorithm to point data using SDSM 4.2.2. The products of
scenario generated by CGCM3 climate model, temperature and precipitation data
were utilized for running HVB-light 3.0 hydrological model for the computation of

future discharge scenario.

1.2 Rational of the study
This study focuses mainly on climate change and associated flow regime. Study is
based on preprocessing and spatial analysis of the Digital Elevation Model (DEM) for

the automatic delineation of watershed and processing of satellite images for mapping



of glaciers in rugged and inaccessible terrain. Hydro meteorological data of Modi
Khola river basin (Annapurna region), Langtang Khola river basin (Langtang region)
and Dudhkoshi river basin (Khumbu region) of Nepal Himalaya are analyzed by
hydrological model (HVB-light 3.0). The analysis provides information about the
climatic water balance and future trends which are helpful for future water-resource
planning in hydropower, irrigation and drinking water etc. The results are also useful
for water resources systems analysis, watershed hydrology, flood management, water
sustainability, adaptation planning and sustainable management of water resources in

other similar conditions in the Himalaya region.

Limitations of study: Rapid change of climate parameters in short distance or with
the altitudinal difference in rugged mountain region, influences temperature and
precipitation pattern and hence the available meteorological stations cannot

sufficiently represent the whole study area in study basins.

Long term temperature, precipitation, and river flow data are available mostly at the
lower levels. So the obtaining trend of the weather parameters at higher altitudes is

rather complicated.

Other influencing weather parameters, such as solar radiation, wind speed, and
atmospheric pressure are not considered due to study limitation and unavailability of
data.

One day temperature missing value in daily series is reconstructed from the observed
historical average and linear interpolation method from the adjacent intervals
(Boakye, 1993).

All data are considered as the representative for the whole river basins considered.
The weather data and hydrological observations are available only after 1988, with

number of missing values.



1.3 Objectives of the study
Hypothetically, it has been observed that there is an increasing temperature and
precipitation trends in Himalayan basins resulting in shrinking of snow and glacier
area in the recent years (Immerzeel et al. 2011). As a consequence the flow regime
and runoff generation are increasing. The main objective of the study is, therefore, to
assess the impact of climate change in flow generation on three high Himalayan river
basins of Nepal. In addition, following specific objectives are targeted in this
research;

e To characterize watershed of three basins.

e To analyze the hydro-meteorological characters in three basins.

e To apply hydro-meteorological models in Himalayan basins to estimate the

impact of climate change on flow regime.

e To compare the water balance of three basins.



CHAPTER 2 LITERATURE REVIEW

2.1 Literature Review

Water is fundamental to human life. It is required for agriculture, industry,
ecosystems, energy, transportation, recreation and waste disposal (Frederick and
Gleick, 1999). Therefore any changes in the hydrological system and water resources
could have a direct effect on the society, environment and economy. Climatic
processes influence the hydrological processes, vegetation, soils and water demands
(Kaczmarek et al. 1996). Precipitation is the main driver of variability in the water
balance over space and time. Change in precipitation could have very important
implications for hydrology and water resources (IPCC, 2001b). Floods and droughts
primarily occur as a result of too much or too little precipitation. Changes in
precipitation and evaporation have a direct effect on the ground water recharge, which
is the major source of water across much of the world. More intense precipitation and
longer drought periods are considered to be expected impacts of climate change for
most of the land areas of the world (IPCC, 2001a), which could cause reduced ground
water recharge. Less ground water recharge means reduction in water availability in
these areas (IPCC, 2001b).

The average surface temperature of the earth has increased by 0.3 °C to 0.6 °C over
the past hundred years; and the increase in global temperature is predicted to continue
rising during the 21 century. During the same period, on the Indian subcontinent,
surface temperatures is predicted to increase between 3.5 and 5.5 °C (IPCC, 2001a)
and an even greater increase is predicted for the Tibetan Plateau (Lal, 2002). In the
Himalayas, climate change is causing the net shrinkage and retreat of glaciers as well
as the increase in size and number of glacial lakes. Recent studies showd that the
recession rate of glaciers has increased with rising temperature. For example, with the
temperatures rising by 1 °C, alpine glaciers have shrunk by 40 % in area and by more
than 50 % in volume since 1850 (IPCC, 2001b and CSE, 2002). Climate has changed
considerably throughout the history of the earth due to change in its forcing
components, whether natural or anthropogenic. There has been an unprecedented
warming trend during the 20™ century mainly due to anthropogenic global warming

concentrations (IPCC, 2007). Temperatures of the last half century were unusual in



comparison with those of previous 1300 years. The current average global surface
temperature of 15 °C is nearly 0.6 °C higher than it was 100 years ago and 0.56 °C to
0.92 °C higher over the past 50 years (1906 — 2005). These numbers indicate that
there is rapid warming of global surface temperature (IPCC, 2008). Climate change is
projected to compound the pressure on natural resources and the environment
associated with rapid urbanization, industrialization and economic development
(Eriksson et al. 2009).

The Fourth Assessment Report of the Inter Governmental Panel on Climate Change
IPCC, compiled current knowledge on various aspects of climate change, including
the key indicators, based on research conducted in the previous years (IPCC, 2007).
One of the most visible impacts of climate change in the Himalayan region is the
retreat of glaciers (WWF, 2005), which are the reliable sources of freshwater to many
people living downstream to meet their needs for water supply, irrigation, hydropower
and navigation. Himalayan glaciers cover about 17 % of the global mountain i.e.
around 33,000 sg.km (Eriksson et al., 2009), and store about 12,000 cu. km of fresh
water (Thompson and Gyawali, 2007). There are about 3,252 glaciers with coverage
of 5,323 sq. km areas and an estimated ice reserve of 481 km?® in Nepal (Mool et al.
2001a).

Although regional differences exist, growing evidence shows that the glaciers of the
Himalaya are receding faster than the world average (Thompson and Gyawali, 2007)
and are thinning by 0.3-1 m/year (Dyurgerov and Meier 2005). In the last half
century, 82 % of the glaciers in western China have retreated (Liu et al. 2006). On the
Tibetan Plateau, the glacial area has decreased by 4.5 % over the last twenty years and
by 7 % over the last forty years (CNRCC, 2007).

The rapid shrinkage of Himalayan glaciers due to climate change is likely to threaten
water availability seriously in the region, particularly during lean flow seasons when
melt water contribution is crucial to sustain the river flow which supports human
activities and ecosystem services in these areas and downstream (IPCC, 2008). As the
contribution of snow and glacial melt to the major rivers in the HKH region ranges
from less than 5 % to more than 45 % of the average flow (Alford, 1992), changing

temperatures have impacts on the melting of glaciers and snow in the mountains as
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well as the snowmelt contribution and river discharge (Kattelmann 1987; Singh and
Bengtsson 2004). IPCC (2007) predicts the annual river discharge will increase until
around 2030 and then decrease thereafter because of rapid melting of snow and
glacier until 2030 which will substantially decrease available snow and glacier mass
thereafter. In most areas snow cover responses to both temperature and precipitation
exhibits a strong negative correlation with air temperature. As the climate warms,
snow cover is projected to shrink, and glaciers and ice caps to lose mass as a
consequence of the increase in summer melting being greater than the increase in
winter snowfall. Widespread increase in thaw depth over much of the permafrost
regions are projected to occur in response to warming (IPCC, 2008). Consequently,
snow cover has decreased in most regions, especially in spring and summer. Satellite
observations of Northern hemisphere snow cover over the 1966 to 2005 period
showed decrease in every month except November and December, with a stepwise
drop of 5 % in the annual mean in the late 1980s (IPCC, 2008).

Singh and Kumal, (2001) reported that the earth’s average surface temperature has
increased between 0.3 and 0.6 °C over the past 100 years, and by about 0.2 to 0.3 °C
since 1950. The mean sea level has risen between 10 and 25 cm over the same period
primarily due to the thermal expansion of the oceans (0.2 to 0.7 mm/year), retreat of
glaciers (0.2 to 0.4 mm /year) and other temperature-related causes, including possible

melting of the Antarctic and Greenland ice sheets.

Overview of climate of Nepal: In Nepal average maximum temperature increase was
recorded as 0.06 °C per year and that in Terai and Himalayas was 0.04 °C and 0.08
°Clyear respectively (Shrestha et al. 1999). He reported maximum temperature
increase of 0.06 °C to 0.12 °C per year in most of middle mountain and Himalayan
regions while Siwalik and Terai region showed warming trend of less than 0.03 °C
lyear between 1971 — 1994,

The change of temperature is more rapid along elevation gradient than along the
horizontal distances (Bajracharya et al. 2007). The Tibetan Plateau has experienced
warming at the rate of 0.02 °C — 0.03 °C per year over the last 50 years (Yao et al.
2006) which is much higher than the mean global rate of 0.74 °C for the years 1906-
2005 (IPCC, 2007). The rate of increase of mean temperature in Nepal, of 0.040
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OC/year for the year 1975 to 2005 (Baidya et al. 2007), is also much higher than the
global mean. An analysis of annual mean minimum and maximum temperature for
the years 1976 to 2005 by Marahatta et al. (2009) has shown higher increase in
maximum temperature (0.05 °C per year) than minimum temperature (0.03 °C per
year). Although the temperature data is analyzed for a relatively short period, it

showed significantly high warming rate.

Most glaciers studied in Nepal are undergoing rapid de-glaciations. The reported rate
of glacial retreat ranges from several meters to 20 m/year (Fujita et al.2001a; Fujita et
al. 1997; Kadota et al. 1997).

The oldest temperature records available at Kathmandu and its surroundings were
documented by Hamilton during his stay in Nepal from April 1802 to March 1803,
but there is no information on site and equipment of measurement (Chalise, 1994).
There is no continuous temperature record at all for the subsequent years up to 1921.
The studies on analyses of the temperature records of Kathmandu for the period of
1921-1994 showed a similar temperature trend as that averaged over 24°- 40 °N, that
is a general warming trend till 1940s, a cooling trend during 1940s-1970s and a rapid
warming after the mid-1970s (Shrestha et al. 2000; Shrestha et al. 1999). Sharma et al.
(2000a) indicated that the increasing trend of average temperatures during the period
1940s-1970s was primarily due to the increasing trend of maximum temperatures and
there was no increasing trend of minimum temperatures. The temperature trends
during the periods of 1971-1994 was analyzed by Shrestha et al. (1999) and found
wide variation among the geographical regions and seasons in Nepal. Average annual
temperatures in the Terai regions of Nepal increased by about 0.04 °C/year, whereas
those in the middle mountain areas in the north increased by about 0.08 °C/year
(Shrestha et al. 1999). Similarly, the pre-monsoon season (March-May) showed the
lowest warming rate of 0.03 °C/year, while the post-monsoon season (October-
November) showed the highest of 0.08 °C/year (Shrestha, 2001).

Precipitation over land generally increased over the 20" century between 30 °N and
85 °N, but notable decrease have occurred in the past 30 to 40 years from 10 °S to 30
N (IPCC, 2008). however, even though Nepal lies between 26 to 30 °N, precipitation
has increased (analysis from 1978 to 2001) at the rate of 0.6 % annually (Chaulagain,
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2003) . Although the precipitation fluctuation in Nepal is not the same as the all-India
precipitation trend, it is well related with rainfall variations over northern India
(Shrestha et al. 2000; Kripalani et al. 1996).

Nepal has a wide variation of climates from subtropical in the south, warm and cool in
the hills and cold in the mountains within a horizontal distance of less than 200km
(UNEP, 2001; Shankar and Shrestha, 1985; Chalise, 1994). The amount of
precipitation varies considerably from place to place because of the non-uniform
rugged terrain (Shankar and Shrestha, 1985). The length of the regular and systematic
observations of climatological and hydrological data in Nepal is only about 50 years
(Mool et al. 2001b). The longest systematic temperature and precipitation data have
been available for Kathmandu since 1921 recorded by Indian Embassy under British
rule (Shrestha et al. 1999). The existing climatological and hydrological stations are
generally located at the lower elevations. The high mountain areas with very low
population density and negligible economic activities are mostly without any
hydrological and meteorological stations. The meteorological observations in high
mountain areas were only initiated in 1987 after the establishment of the Snow and
Glacier Hydrology Section in the Department of Hydrology and Meteorology of
Nepal (Mool et al. 2001a).

About 10 % of the total precipitation in Nepal falls as snow (UNEP, 2001). About 23
% of Nepal’s total areas lie above the permanent snowline of 5000 m (MOPE, 2004).
Presently, about 3.6 % of Nepal’s total areas are covered by glaciers (Mool et al.
2001b). A new inventory of glacial lakes was published by ICIMOD in 2011 based on
an analysis of Landsat satellite images from 2005/6; 1,466 lakes were identified with
a total area of 65 km? (ICIMOD, 2011). One of the widely studied glacier AX010 in
the eastern Nepal Himalayas retreated by 160m in 1978-1999 and has shrunk by 26 %
in 21 years, from 0.57 km? in 1978 to 0.42 km? in 1999 (Fujita et al., 2001a).

Nepal Himalayas are considered highly sensitive to the changing climate. Several
studies in the Himalayas reveal that glaciers in this region have retreated remarkably,
in the past two decades (Fujita et al., 2006). Although it is still ambiguous which
climatic parameter is playing a key role in the glaciers retreat in this region, Ren et al.,
(2004 and 2006) reported that the current glacier retreat in the central Himalayas is
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due to the combined effect of reduced precipitation and warmer temperature. The
study warned that if prevailing climatic conditions continue, the glacier retreat in this
region will accelerate further. The lives and properties in the downstream side of the
Himalayas are obviously threatened by glaciers retreat.

Temperature is the most sensitive parameters to the PDDM and shows an increase in
2°C in temperature will raise the discharge by 31.9% (Niraj et al. 2014). The previous
study (Fukushima et al. 1987) showed that the runoff variation between 0.51 and 13.1
mm/day and winter discharge of Langtang valley constitute 4 % of the annual
discharge (Motoyama et al. 1987). Mean daily discharges of central and western
Himalayan glaciers were well correlated with the glaciered area (Puri et al. 1995). In
contrast, changing precipitation characteristics, mainly lowering of winter snow cover
extent and duration could reduce the headwater river flow drastically, while the
glacier component sustains the low flow. A sharp runoff decline of 45 % was
observed during the short duration of three years demonstrating the stress which the
Himalayan cryosphere experiences in a climate change regime. The result also
suggest that the lower reaches of the Himalayan headwater rivers could expect larger
annual runoff variations in future, as buffering efficiency of shrinking glaciers reduce

further.

Continuing climate change is predicted to lead to major changes in the strength and
timing of the Asian monsoon, inner Asian high pressure systems, and winter westerly,
the main systems affecting the climate of the Himalayan region. The impacts on river
flows, ground water recharge and natural hazards could be dramatic, although not the
same in terms of rate, intensity or direction in all parts of the region. Given the current
state of knowledge about climate change, determining diversity of impacts is a

challenge, and risk assessment is needed to guide future action.

2.2 Statement of the problems

The effect of the global warming on the glaciers and ice reserves of Nepal has serious
implications for the fresh water reserve and consequently for low flows. Any
significant change in glacier mass and ground water storage will impact water

resource in a regional scale. Increase in temperature and precipitation in Himalayas
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accelerates the process of ice/snow melting as well as enhances flooding event from
direct runoff whereas dry season discharge (base flow) decreases. The projected
changes in climatic parameters have adverse effect on water storage capacity of the
Nepalese Himalayas. The major concern is rapid reduction of glaciers in much of the

Himalayan region and shifting snow line upwards.

In the past, many attempts were made to study climate change impact on flow regime.
Most of these have focused on the extreme events like flood and drought. Whereas,
climate change studies in Himalayan regions have focused mainly on the glacier
melting, retreating, Glacial Lake Outburst Flood (GLOF), and its trend. However, this
study is carried out to investigate the contribution of snow and glacier melt in stream

flow of glacier-fed river and impact of climate change on flow regime.

2.3 Impact of climate change in hydrology and water resources

In recent years, numerous studies have investigated the impact of climate change on
hydrology and water resources in many regions (Arnell and Reynard, 1996;
Bergstrom et al. 2001; Middelkoop et al. 2001; Gao et al. 2002; Menzel and Burger,
2002; Pilling and Jones, 2002; Arnell et al. 2003 and Christensen et al. 2004).
Charlton et al. (2006) investigated the impact of climate change on water supplies and
flood hazard in Ireland using a grid-based approach, the HYSIM model (Manley,
1993) with statistically downscaled climate data from the Hadley Centre Climate
Model, HadCM3 (Gordon et al. 2000). Murphy et al. (2006a) employed similar
downscaled data to force HYSIM Model, modeling individual basins rather than a
gridded domain. As discussed in Murphy et al. (2006b), parameter uncertainty is
addressed by employing the GLUE methodology (Beven and Binley, 1992) with
Latin-Hypercube sampling (McKay et al. 1979) as an alternative to Monte- Carlo
simulations. There are some key differences between the study of Charlton et al. and
Murphy et al. and Sibert's on calculating the parameter uncertainty. Charlton et al.
(2006), and Murphy et al. (2006a) used dynamical rather than statistical downscaled
climate data in the HVB-light 3.0 hydrology model whereas Seibert (2005) used
Monte-Carlo simulations. Regional climate model is used to produce dynamically
downscaled precipitation and temperature data which are required by the HVB-light

3.0 conceptual rainfall-runoff model.
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2.4 Climate Change Impact on Snow and Glacier

According to the World Resources Institute (WRI), the total size of the world’s
glaciers has declined by about 12 % in the twentieth century (Anthwal et al., 2006).
Combes et al., 2004 reported that since the early 1960s, mountain glaciers worldwide
have experienced an estimated net loss of over 4,000 km® of water. This loss was
more than twice as fast in the 1990s than during previous decades. Projected climate
change over the next century will further increase the rate at which glaciers melt.
Average global temperatures are expected to rise by 1.1 to 6.4 °C by the end of the
21% century (IPCC, 2007). Simulation by Combes et al. (2004) projects that 4 °C rise

in temperature would eliminate nearly all of the world’s glaciers.

Glaciers are the world’s water towers (Thompson, 2006) and the origin and lifeline of
the major river systems. They represent valuable natural reservoirs of water exerting a
strong control on drainage characteristics of alpine catchments. Hence, storage and
release of water from glaciers are important for various practical and scientific fields
including hydroelectric power, flood forecasting, sea level fluctuations, glacier
dynamics, sediment transportation and formation of landforms (Jansson et al., 2003).
Global warming is melting the glaciers in every region of the world. The loss of
glaciers threatens the water resources of many parts of the world and will directly
affect millions of people who depend on water released from glaciers during the dry
season (Thompson, 2006). Besides, continued-widespread melting of glaciers during
the coming century will lead to severe floods and sea level rise threatening and

destroying the coastal communities and habitats.

Global sea level rose at an average rate of 1.80 (£0.50) mm per year over 1961-2004,
with an estimated contribution of 0.50 (£0.18) mm per year from melting glaciers.
The projected sea level rise at the end of the 21st century ranges from 0.18 to 0.59
mm per year under the different emission scenarios (IPCC, 2007). This trend of sea
level rise will affect coastal regions throughout the world causing flooding, erosion
and salt water intrusion into aquifer and fresh water habitants. Thus, even those who
live far from the mountains will have to face the consequences of melting glaciers
(Hall and Fagre, 2003).
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Climate change can greatly alter the water resources in mountain environments with
substantial snow and ice-cover areas (Garr and Fitzharris, 1994). Daily and seasonal
fluctuations in temperature and precipitation have a significant impact on the seasonal
distribution of snow storage and runoff. Changes in the snowfall pattern have been
observed in the Himalayas in the past decades. Consequently, almost 67 % of the
glaciers in the Himalayas have retreated in the past decade (IPCC, 2001b). Increasing
temperature would lead to reduction in snow and glacier volume and thereby

reduction in water availability in the Himalayas.

The hydrological cycle of the HKH region is influence by the Asian monsoon, the
globe indicate that the stream flow regime in snowmelt dominated river basin is most
sensitive to wintertime increase in temperature (Stewart et al. 2004, Nijssen et al.
2001). In the regions where the land surface hydrology is dominated by winter snow
accumulation and spring melt, the performance of water management systems such as
reservoirs, designed on the basis of the timing of runoff, is relative among the global
models as to the magnitude (and even direction of) precipitation changes regionally
(Giorgi et al. 2001, Giorgi et al. 2005, Ruiz et al. 2003 and Dia A. 2003).

The Himalayan Rivers are expected to be very vulnerable to climate change because
snow and glacier melt water make a substantial contribution to their runoff (Singh,
1998). However, the degree of sensitivity may vary among the river systems. The
magnitudes of snowmelt floods are determined by the volume of snow, the rate at
which the snow melts and the amount of rain that falls during the melt period (IPCC,
1996Db). A runoff sensitivity analysis (Mirza and Dixit 1997) showed that a 2 °C rise
in temperature would cause a 4 % decrease in runoff, while a 5 °C rise in temperature
and 10 % decrease in precipitation would cause a 41 % decrease in the runoff of the
Ganges River near New Delhi. There will be decrease in runoff in dry seasons and
increase in runoff in monsoon season under the doubled CO, scenario using the
Canadian Climate Centre Model (CCCM) and Geophysical Fluid Dynamics
Laboratory (GFDL) models (Gurung, 1997).

According to the various studies done all over the world current demands for water in

many parts of the world will not be met under plausible future climate conditions. The
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other key factor affecting water availability is lack of enough reservoir storage to

manage a shift in the seasonal cycle of runoff (Barnett et al. 2005).

On an annual time scale, the water that flows from a glacierized catchment is the sum
of the precipitation and the melted snow and ice (minus some negligible evaporation).
Both contributions can have a pronounced seasonality (e.g. spring-time snow melt,
glacier melt in summer, highest precipitation in autumn) and will strongly vary by
region and degree of glacierization. On a decadal time scale, a change in the long-
term reservoirs will also have an impact on runoff characteristics, as a diminishing
glacier cover will produce less melt-water (UNEP, 2010). Rapid shrinkage of glaciers
in the Nepal Himalayas has been observed during recent decades by analyzing air
temperature records. However, it is still not known how global warming affects the
mountains in Nepal, since long-term meteorological records for high elevations (more
than 4000 amsl) are few (Fujita et al., 2006).

2.5 Flow regime

In general, the term regime refers to any system of control. In science, regime refers
to a particular state of affairs where a particular physical phenomenon or boundary
condition is significant, such as "the super-fluid regime" or "the steady state regime".
In hydrology, regime refers to the seasonal patterns of runoff which is consistent with
the more general notion in science at large, as the regimes reflect classes of processes
not known in exact detail that do differ in important aspects. In other words, a river
flow regime describes the average seasonal behavior of flow and reflects the climatic
and physiographic conditions in a basin. Differences in the regularity of the seasonal
patterns reflect different dimensionality of the flow regimes, which can change due to
changes in climate conditions. Krasovskaia and Gottschalk (2002) mention that, the
river flow regimes reflect the climate conditions and, naturally, are bound to respond
to a climatic forcing (such as global warming, for example). Considering the irregular
character of many river flow regimes, it is hardly adequate to predict only some
average seasonal patterns in the future caused by, for example, climate change. One
should rather refer to the changed frequencies of occurrence of different seasonal flow
patterns during each individual year in the future.
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2.6  Flow regimes and the water balance

The task of hydrology is to solve the water balance equation at various space and time
scales. As such, an assessment of hydrological processes in catchments needs to start
with an analysis of the water balance components. Merz and Bloschl (2004) and
Parajka et al. (2004) estimated the water balance components for a large number of
Austrian catchments using climatic inputs, runoff data, and snow depth data, based on
a conceptual catchment model. Estimates of the hydrological catchment scale fluxes
(precipitation, evapo-transpiration, runoff) and storage terms (soil moisture and snow
water equivalent) clearly highlight the reasons for the seasonal patterns of runoff. This
type of information complements the descriptive regime type approach as it provides
quantitative estimates of the relative role of the water balance components, their
average seasonal patterns and variability between years as well as their spatial

patterns at the regional scale.

2.7 Flow regimes of extremes — low flows and floods

Similar to the water balance, more detailed analyses can provide insight into the main
driving processes at the extreme ends of the runoff spectrum, i.e. low flows and
floods. In the case of low flows, Laaha and Bloschl (2004) used seasonality to tag
processes, and allowed them to unravel process controls of the Q95 low flow
discharges in Austria. The ratio of summer and winter low flows pointed to regions
where either summer evaporation or alpine snow packs controlled the presence of low
flows. In the case of floods, the analyses of Merz and Bloschl (2003) were more
involved and included process indicators such as the spatial coherence of floods, snow
conditions and the moisture state of catchments that were used to classify 12,000
annual floods into “flood types” (long rain floods, short rain floods, flash floods, rain
on snow floods, snow melt floods). For Austrian conditions, north of the Alps, most
floods were long rain floods, while short rain floods dominated south of the Alps.

Rain on snow floods were most frequent north of the Danube.

An important issue in global warming is its impact on the environment, and water
resources in particular. During the last three decades many studies have been devoted
to this latter problem (Nemec and Schaake, 1982; Arnell et al. 1990; Jones, 1999;

Beltaos and Prowse, 2001). The majority investigated the effects of eventual climate
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change on water resources in terms of water volumes and only a few have yet taken
up its effect on seasonality of flow, i.e. river flow regimes (Krasovskaia and
Gottschalk, 1992; Krasovskaia and Gottschalk, 1995; Krasovskaia and Saelthun,
1997). The IPCC Third Assessment Report (IPCC, 2001) draws attention to changes
in the timing of stream flow caused by global warming and the increasing interest in
the temporal changes of the river flow regimes is manifested by many quite recent
studies on this topic (Westmacott and Burn, 1997; Bouraoui et al. 1999; Leblois,
2001; Middelkoop et al. 2001). Different flow regime patterns can be treated as some
"preferred states™ of the runoff system, which are more or less stable. Under the
influence of changing climatic conditions, a flow regime might destabilize and turn
over to another one with sometimes quite different seasonal patterns of high and low
water, thus disturbing the established hydro-ecological conditions and water uses. The
importance of such a change will clearly depend on the sensitivity of a certain regime
pattern to the changing climate. In order to identify a change in any pattern (whatever
the reason), it is necessary first of all to adequately describe its initial state. There are
diverse pattern recognition methods, and both supervised and non-supervised
approaches have been applied to describe the flow regime patterns (Parde, 1933;
Lvovich, 1938; Gottschalk, 1985; Haines et al. 1988; Krasovskaia et al. 1994). In the
supervised approach a couple of indicators (flow regime types) are defined first and
the patterns consistent with the defined ones are then searched in long-term mean
monthly runoff data. In a non supervised approach (in this context most often
clustering) no such indicators are available and the task is to identify the types
indicated by the data structure. Whatever approach is chosen for the initial pattern
identification, it will affect the analyses of its eventual changes in time. Paradoxically,
a too precise definition of the "indicator type" may lead to exaggerated sensitivity to a
climatic variation and vice versa, while with the non-supervised approach the selected
degree of consistency in the identified groups (“the stopping rule™) may also affect the
result. Thus, it is reasonable to avoid a rigid framework of pre-defined flow regime

types, at the same time preserving information about seasonal behavior of river flow.

2.8 Snow and Glacier research in the Himalayas
Rango and Martinec (1997) examined the influence of changes in temperature and

precipitation on the snow cover using SRM. Singh and Kumar (1997b) used
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University of British Columbia (UBC) watershed model (Quick and Pipes, 1977) for
similar study on a high altitude river. Singh and Bengtsson (2004) used a conceptual
snowmelt model to assess the impact of global climate changes in Sutlej River basin.
The study showed that when the aerial extent of glaciers decreases due to higher melt
rate on long term, the water availability from the complex basins will be reduced but

increased in glacier fed river basins.

Jordan et al., (2005) analyzed the impact of climate change in Simulation Control
Area (SCA) by using aerial photographs of the Cotopaxi Volcano ice cap dating from
1956 to 1976 and found that the loss of surface area by about 30 % between 1976 and
1997. Slope exposure did not seem to have significant effect since all the glaciers of
the volcano retreated in the same proportion. In accordance with specific
measurement performed on 15 glaciers nearby Antizana, it was suggested the strong
recession observed after 1976 was associated with increasing melting conditions

which have occurred repeatedly during the intense duration of warm ENSO phases.

Several models and empirical relations have been used to study Himalayan glaciers
from simple system model to conceptual to more physical based model. For example,
empirical relations to calculate glacier ablation by Agata and Higuchi (1984), a
simplified model for estimating glacier ablation under debris layer by Nakawo and
Takahashi (1982), and Rana et al. (1996) and energy balance modeling or glacier
mass balance on Glacier AX010 by Kayastha et al. (1999). Direct field observations
are very difficult to carry out in the Himalayas because of rugged and remote
mountain terrain. So, the model and method to predict snow and ice melt should be
simple with a minimum field data requirement. Following this concept of simplicity,
Kayastha et al. (2000) used the “positive degree-day factors” in Khumbu Glacier,
Nepal for the ablation under various debris thickness were found and a practical
relationship between debris layer. Similarly, Fukushima et al. (1991) used a
conceptual runoff model called HYCYMODEL in Langtang River Basin, using
method developed by Agata and Higuchi (1984), which gives empirical relation to
calculate snow and ice melt without consideration of effect of debris on glacier
surface. Braun et al. (1993) applied the conceptual precipitation-runoff model in the
same basin (Langtang basin) for better understanding of hydrological process and

efficient planning and operation of water resources.

19



Arnold et al. (1996) is the pioneer on using digital elevation model (DEM) to study
the mass balance of the glaciers. The study developed and tested the surface energy
balance model for calculation of snow melt with help of DEM along with topography
and meteorological data from site in front of the glacier and determined the hourly or
daily energy balance components and calculated the snow melt on a spatial resolution
of 20m by 20m. This type of energy balance concepts to calculate ablation have been
used in IMJA glacier by Shrestha (2008) and Kayastha et al. (1999) used the same
mass balance model based on energy balance at the snow or ice surface in the small
glacier, AX010 in Nepalese Himalayas, considering the process that affected

absorption of radiation.

Because of simplicity and reasonably good results, the degree day concept has been
used by many authors. Laumanna and Reeh (1993) and Johnnesson et al. (1995) also
applied the degree day method for estimating melts rates on different glaciers in
Iceland, Norway, and Greenland. Similarly, Braithwaite and Zhang (2000) and Hock
(1999) used PDD method for sensitivity analysis of Swiss and Swedish small glaciers.
Kayastha et al. (2005) used the classical degree day method to estimate snow and ice
melt in Langtang and Lirung Khola in Nepalese Himalayas. Annual discharges were
calculated using positive degree day with monthly mean air temperature and monthly
total precipitation in consideration of types and depth of debris layer too.

2.9 Selection of Precipitation and Runoff Models

The result of runoff from the glacier fed streams, the melting portion of snow or ice
from glacier, as discussed above, is then added to precipitation over the region is
calculate. There are many Rainfall (Precipitation)-Runoff model to transform the
precipitation to runoff, ranging from black box i.e. simple system method (Unit
hydrograph, regression, transformation model etc.) to conceptual model (Crawford,
tank, SRM, HEC models etc.) and then to more rigorous i.e. physical model (SHE
Model, IHDM). Conceptual models use some physical process like infiltration,
evaporation, snow melt etc. and calculate calibration parameter for the input output

relationship.
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Physically based models such as: lumped, semi distributed and distributed models are
more rigorous and based on physical processes and equations for mass and energy
transfer in the catchment with minimum measurable catchments characteristics. In
lumped model, the whole catchment is assumed as one unit and a relationship
between observed inputs and output are determined without considering any physics
and spatial variability in the catchment. In distributed model, the catchments are
divided into small segments called grid cells and consider all spatial and temporal
variability in catchment as well as employing physically consistent formulation and
parameters. The major drawback in lumped model is requiring extensive data,
physics and equations and expertise. Semi distributed model is a bridge between these
two extremes, i.e. distributed and lumped model. These models utilize the conceptual
relationship for hydrological process with some simple equations. Nevertheless, snow
and glacier melt should be added to the effective precipitation component in using the
simple rainfall model in glacierized catchment basins as such models calculate runoff
from rainfall data only. The models are described in detail in the following

subsections.

2.9.1 Lumped Model

Parameters of lumped hydrological models do not vary spatially within the basin and
thus, basin response is evaluated only at the outlet without explicitly accounting for
the response of individual sub basins. Parameters of lumped models often do not
represent physical features of hydrologic process and usually involve certain degree
of empiricism. The impact of spatial variability of model parameters is evaluated by
using certain procedures for calculating effective values for the entire basin. The most
commonly employed procedure is area weighted average (Haan et al. 1982). The
representation of hydrologic process in lumped hydrologic models is usually very
simplified; however they can often lead to satisfactory results, especially if the
interest is in the discharge prediction only. They are capable of modeling the potential
climate change impact on river basin water balance or seasonal snow accumulation
and melt, for example IHACRES (ldentification of unit Hydrograph and component
flows from Rainfalls, Evaporation and Stream flow data), SRM (Snow Melt Runoff),
WATBAL (Water balance Previously CLIRUN).
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2.9.2 Semi-distributed Model

There are two main types of semi-distributed model: a) Kinematic wave theory
models (KW models), such as Hydrologic Engineering Center-Hydrologic Modeling
System (HEC-HMS), and b) probability distributed models (PD models, such as
TOPMODEL). The KW models are simplified versions of the surface and/or
subsurface flow equation of physically based hydrologic models. In the PD models
spatial resolution is accounted for by using probability distributions of input
parameters across the basin. The main advantage of semi-distributed model is that
their structure is more physically based than the structure of the lumped models, and
that they are less demanding on input data than the fully distributed models. Some of
such models are HBV-96 (Hydrologiska Byrans Vattenbalansavedelning), HEC-
HMS, HFAM (Hydrocomp Forecast and Analysis Modeling), HSPF (Hydrologic
Simulation Program-Fortran), PRMS (Precipitation-Runoff Modeling System),
SSARR (Streamflow Synthesis and Reservoir Regulation), SWAT (Soil and Water
assessment Tool), SWMM (Strom Water Management Model), TOPMODEL etc.

2.9.3 Distributed Model

Parameters of distributed models are fully allowed to vary in space at a resolution
usually chosen by the user. Distributed modeling approach attempts to incorporate
data concerning the spatial distribution of parameter variations together with
computational algorithms to evaluate the influence of this distribution on simulated
precipitation- runoff behaviors. Distributed models generally require large amount of
(often unavailable) data for parameterization in each grid cell. However, the
governing physical processes are modeled in detail, and if properly applied, they can
provide the highest degree of accuracy. Some examples of distributed models are
CASC2D, CEQUEAU, GAWSER/GRIFFS, HYDROTEL, MIKE SHE, Waterloo
Hydrological and Flood Forecasting System (WATFLOOD), TOPKAPI, Vflo etc.

There are numerous methodologies to simulate snowmelt runoff. These vary from the
simple index methods to complex energy balance approaches. Among the various
index methods, the temperature index models are the most frequently used in
operational studies. In temperature index models, mean air temperature is used

commonly to estimate the snowmelt runoff because air temperature data are readily
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available climatologically as well as from operational hydro-meteorological networks.
Furthermore, it stores most of climatic information and climate change pattern and it
is probably the best single index to represent aerial snow cover change. The other
main components of melt i.e. short wave radiation as well as sensible and latent heat
have large variations due to topography and vegetation cover, and it is hard to obtain
these data where hydro-meteorological measurements are scarce, as in Himalayan
region. Additionally, the factors that determine the melt process are correlated with
temperature or, in other words, the air temperature contains information on the major
energy sources like net radiation, i.e. incoming long wave radiation which transfers
information of air temperature to surface (Ohamura, 2001). The popularity of
temperature index models also arises from the fact that they “give melt estimate that
are comparable to those determined from a detailed evaluation of various terms in the

energy equation” (Male and Gray 1981).

The SRM is a degree-day based temperature index model. It computes water
production from snowmelt and rainfall, superimposes the value on the calculated
recession flow, and transforms all together into daily discharge values (Martinec et al.
2007). The SRM has been used worldwide for over 100 basins in 25 countries in snow
melt hydrological studies. Exponential relationship between the Snow Covered Area
(SCA) values and the Cumulative Mean Daily Air Temperature (CMAT) (starting
from melting season) for interpolating the SCA in period of no satellite imagery and
the importance of dating of satellite images can be generated. Despite the simplicity
of the degree-day method, the reported studies prove its utility for simulation or
forecasting of river discharges induced from snowmelt (Singh and Kumar, 2001,
Martinec et al. 2007).

2.10 General Circulation Model (GCM)

These are used to simulate changes in temperature, precipitation and other climate
variables at the global and regional scales as a function of increasing greenhouse gas
concentrations and other drivers. These model results are used to project future
changes under the alternative scenarios (i.e., different assumptions about future
greenhouse gas emissions). While GCMs are valuable for modeling climate change at

such scales, they are too coarse to capture factors that influence climate at the scale of
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individual countries. Hence downscale product are implied for point or small scale
studies (Detail in 3.4.2)

2.11 Runoff Generation

Catchment runoff is the best measured water balance component. However, runoff generation
is yet not fully understood. There is still scientific debate on the role of overland,
subsurface and groundwater flows in runoff generation and its mechanisms.
Disastrous floods can be caused by unusual combinations of hydro-meteorological
factors and river basin conditions that have not been observed during a long
observation period. Physically-based models of runoff generation enable one to find
dangerous possible combinations of hydro meteorological factors and to estimate the
risk of extreme floods discharge that may be from snowmelt or rainfall depending on
the river basin area and the runoff generation mechanism. Monthly water-balance
models have been used as a means to examine the various components of the
hydrologic cycle (for example, precipitation, evapo-transpiration, and runoff). The
water-balance model analyzed the allocation of water among various components of
the hydrologic system using a monthly accounting procedure based on the
methodology originally presented by Thornthwaite (Thornthwaite, 1948; Mather,
1978, 1979; McCabe and Wolock, 1999; Wolock and McCabe, 1999).
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CHAPTER 3 MATERIALS AND METHODS

3.1 Study Area

Three watershed areas are selected for comparing the impact of climate change on

flow regime. They are;
1. Modi Khola River Basin (Annapurna region)

2. Langtang Khola River Basin (Langtang region)
3. Dudhkoshi River Basin (Khumbu region)
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Figure 3.1.1 Study area
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3.1.1 Modi Khola River Basin
Modi Khola river basin is located in the Annapurna region in Gandaki zone of

Western Development region of Nepal. Modi Khola river is one of the major
tributaries of Kaligandaki river basin. It is bordered by Mardi and Seti rivers in the
east, by Marshayangdi basin in the north and by Kaligandaki basin in the west and
south. The Modi Khola river basin of area 676.8 km? extends up to Kaligandati
confluence. However, only about 640.79 km? of the watershed is considered in this
study. The upper part of the basin attracts tourism while lower part is endowed with
extensive agricultural land and hydropower projects. Glacier starts at 4130 meter and
is characterized mainly by debris cover. Study area covers the lateral moraine ridge of
the Annapurna South Glacier and extends up to Machapuchhre base camp where the

end moraine is located.

In this study, data from Modi Khola river basin hydrological station at latitude 28.12
N and Longitude 83.42 E and meteorological stations (Table 3.3-1) at latitude 28.13 N
to 28.31 N and Longitude 83.42 E to 83.57 E are used (Figure 3.1.1 and Appendix II,
Figure 1).

3.1.2 Langtang Khola River Basin

The Langtang Khola river basin has area of 583.41 km? and is located approximately
100 km north of Kathmandu. The elevation of study area ranges from Syaprubesi
1434 masl up to the peak of Langtang Lirung at 7234 masl with an average altitude of
4334 masl. In total, 26 % (153.14 km?) of the catchment is glacierized. The glacier
tongues below 5200 masl is 32 km? and are generally debris covered (Immerzeel et.
al, 2011). The main valley is divided by the Langtang Khola River and it is typically
U-shaped. In the Langtang Khola catchment, about 78 % of annual precipitation of

634 mm y * falls during monsoon season.

In this study, data from Syaprubesi hydrological station at latitude 28.16 N and
Longitude 85.35 E and Langtang Kyanging meteorological station (Table 3.3-1) at
latitude 28.22 N and Longitude 85.62 E are used (Figure 3.1.1 and Appendix I,
Figure 2).
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3.1.3 Dudhkoshi River Basin

Dudhkoshi river basin has an area of 3710.30 km? and is situated in the Khumbu area
in Eastern region of Nepal, which covers three districts viz. Khotang, Okhaldhunga
and Solukhumbu. Basin elevation ranges from 439 amsl to 8848 amsl and 415.09 km?
area is glacier covered, which is 11.18 % of the total area of the basin. Within the
basin, the glacier area ranges from 4347 amsl to 8136 amsl. Dudhkoshi river basin is
the main tributary of Saptakoshi river basin, which has seven major tributaries,
namely: Sunkoshi, Tamakoshi, Dudhkoshi, Indrawati, Arun, Likhu and Tamur rivers.
The Dudhkoshi river joins Sunkoshi river at Harkapur and then Sunkoshi river joins
Arun and Tamur rivers at Tribeni, downstream of which is called Saptakoshi. At
Barahchhetra, it descends from mountain and then called simply Koshi River. These
tributaries encircle Mount Everest from all the sides and are fed by one of the world's
highest glaciers, Khumbu Glacier. Further downstream, at Tribeni the river cuts a
deep gorge across the Lesser Himalayan Range of the Mahabharat Lekh and then
passes through a plain near Chatara. After flowing for another 58 km it enters North
Bihar plains of India near Bhimnagar and after another 260 km, inters into the
Ganges. The river travels a distance of 729 km from its source to its confluence into
the Ganges (Rao, 1975).

In this study, data from Rabuwa Bazar hydrological station at latitude 27.16 N
longitude 86.65 E and Khumbu region meteorological stations (Table 3.3-1) latitude
27.21 N to 27.89 N and longitude 86.45 E to 86.83 E are used (Figure 3.1.1 and
Appendix Il, Figure 3).

3.2 Watershed characteristics of the three basins

Watershed characteristics depend upon the peak discharge, time variation of runoff
(hydrograph), stage versus discharge, total volume of runoff, frequency of runoff
(statistics and return period). However, in this study, flow regime of all three river
basins is dependent on monsoon storms, glacier area and its melting contribution. In
Nepal flow regime is divided into seven drainage basins: the Kankai Mai River Basin,
the Koshi River Basin, the Bagmati River Basin, the Narayani River Basin, the West
Rapti River Basin, the Karnali River Basin, and the Mahakali River Basin Figure

3.2.1. Among them only three sub river basins viz; Modi Khola, Langtang Khola and
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Dudhkoshi river basins are considered for this study. In the Modi Khola river basin,

highest glacier area was found in between 2550 m to 5750 m (Figure 3.2.2). The

highest glacier area in the Langtang Khola river basin was found in-between 5434 m
to 5934 m (Figure 3.2.3). Finally, the Dudhkoshi river basin had the highest glacier

area in-between 4500 m to 5000 m 413.2 sq km (Figure 3.2.4).
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Figure 3.2.4 Glacier area and elevation of Dudh Koshi river basin

3.3 Research Methodology

For the protection of environment, climate and water studies play key role. Therefore,

the following methods are applied for climate change flow regime analysis;

Selection of the study basins: Modi Khola river basin (Annapurna region),
Langtang Khola river basin (Langtang region) and Dudhkoshi river basin
(Khumbu region) were selected for study. These selections are based on
availability of relatively better Hydro-meteorological data compared to other
regions of Nepal Himalayas.

Downloading SRTM DEM data (http://www.cgiar-csi.org/data/srtm-90m-
digital-elevation-database-v4-1) and separation of the study basin was done by
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GIS software. The SRTM digital elevation data, produced by NASA
originally, is a major breakthrough in digital mapping of the world, and
provides a major advance in the accessibility of high quality elevation data for
large portions of the tropics and other areas of the developing world.

e Collection of daily Hydro- Meteorological data.

e Evaluation of data quality and classification into seasons : Winter - (DJF)
December of the previous year to February, Spring - (MAM) March to May,
Summer -(JJAS) June to September and Autumn -(ON) October to November.

e Calibration of SDSM.

e Validation of SDSM.

e Generation of temperature and rainfall scenario by SDSM.

e Comparison of the observed and modeled data.

e Bias correction.

e Hydrological modeling in HVB-light 3.0.

e Calibration of HVB-light 3.0 model.

e Validation of HVB-light 3.0 model.

e Generation of discharge scenario.

e Computation of seasonal trends of rainfall and discharge.

e Comparison of the seasonal trend of basins characteristics.

e Comparison of water balance of basins.

3.3.1 Collection of daily Hydro- Meteorological data
Data from five climatic stations, six precipitation stations and three hydrological

stations were selected for this study. The lowest elevation of hydrological station
considered is from Dudhkoshi river basin which is situated at 460 amsl altitude,
whereas highest station is from Langtang Khola river basin at 1434 amsl. Modi Khola
river basin is situated at 667 amsl. The details of these stations are presented in Table
3.3-1.
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Table 3.3-1 Collection of daily Hydrological and meteorological data

Station name Type Latitude (N) | Longitude (E) | Elevation (m) | Area (Km?) | Record Period
Machhapuchhre Climatic 28.31 83.57 3470 1987-2009
Lumle* Climatic 28.18 83.48 1740 1969-2009
Parbat* Precipitation 28.13 83.42 891 1969-2009
Modi** Hydrological 28.12 83.42 667 640.79 1991-2008
Langtang* Climatic 28.22 85.62 3920 1987-2010
Sabrubasi** Hydrological 28.16 85.35 1434 583.14 1994-2010
Dingboche Khumbu* |  Climatic 27.89 86.83 4355 1987-2009
Chaurikhark* Precipitation| 27.42 86.43 2619 1949-2009
Parkarns* Precipitation 27.26 86.34 1982 1948-2009
Aiselukhark* Precipitation| 27.21 86.45 2143 1948-2009
Okhaldhunga* Climatic 27.32 86.50 1720 1948-2009
Mane Bhanjyang* | Precipitation| 27.29 86.25 1576 1948-2009
Salleri* Precipitation 27.3 86.35 2378 1948-2009
Dudhkoshi Rabuwa** | Hydrological |  27.16 86.65 460 3710.3 | 1964- 2008

Meteorological Station*, Hydrological station**

3.3.2 Data quality control

The time-series data are considered to be acceptable only if they satisfy some level of
quality control (WMO, 1988). For trend analysis (Section 3.3.3), the annual value was
computed from daily values. In this study, annual meteorological data was kept blank
if there was missing values in the series for any period, because the Sen’s slope
estimation method allows estimating the trend with missing values. The double-mass
analysis (or sometimes called double-sum analysis) is useful method for assessing
homogeneity in a weather parameter (Allen et al. 1998, Raghunath 2006, Silveira
1997). This is a useful tool for checking the consistency of climatic variable where the
error is caused due to various reasons, such as change in environment (or exposure) of
a station such as planting of trees or cutting of nearby forest, which affects the catch
of the gauge due to change in the wind pattern or exposure. The replacement of

instruments with new methods might also bring such deviation (Raghunath 2006).

Homogeneity test: Homogeneity tests are carried out by using Raghunath procedure
for the daily data. This requires data series from two weather stations, where X; (i = 1,
2,..., n) in a chronological data set for a given variable observed for a certain time
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length at a "reference” station, and which is considered to be homogeneous. Similarly,
Y; is a dataset of the same variable, with the same time duration, observed at another
station and for which homogeneity needs to be analyzed. In this technique, starting
with the first observed pair of values X; and Y3, cumulative data sets are created by
progressively summing values of X; and Y; to verify whether the long-term trends in
variation of X; and Y; are the same. This is typically applied as a graphical procedure.
The graphical application of the double-mass analysis is done by plotting all the
coordinate points from cumulative values (x; and y;). The plot is then visually
analyzed to determine whether successive points of two stations follow a unique
straight line, indicating the homogeneity of the data set Y; relative to data set X;. If
there appears to be any break line or deviation in the plot of x; and y;, then there is a
visual indication that the data series Y; (or perhaps X;) is not homogeneous (Allen et
al. 1998). Two reference stations (Lumle and Okhaldhunga) with relatively long time

period and less or no data gaps were chosen for the test.

For the annual data, homogeneity test was conducted using a software named
Rainbow. Frequency analysis of data requires the data be homogeneous and
independent. The restriction of homogeneity assures that the observations are from the
same population. One of the tests of homogeneity (Buishand, 1982) is based on the

cumulative deviations from the mean:
Sk = Z:(:l(X_Xavg) K=I,....,n 3.3.1

where Xi are the records from the series Xy, Xa, ..., Xn and Xayq the mean. The initial
value of Sx=0 and last value Sk =n are equal to zero. When plotting the Sk’s (also
called a residual mass curve) changes in the mean are easily detected. For a record Xi
above normal the Sy =i increases, while for a record below normal Sy =i decreases.
For a homogenous record one may expect that the Sk 's fluctuate around zero since
there is no systematic pattern in the deviations of the Xi’s from their average value
Xavg - The example of homogeneity test for observed temperature and precipitation at

selected station example is shown in following Figure 3.3.1.
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Figure 3.3.1 Homogeneity test by Rainbow software.

Consistency test: Mann-Kendall tests are non-parametric tests for the detection of
trend in a time series. These tests are widely used in environmental science, because
they are simple, robust and can cope with missing values and values below a detection
limit. This test was first proposed by Mann in 1945 and by Kendall in 1975 and then
afterwards in 1981 co-variances between Mann-Kendall statistics were proposed by
Dietz and Kileen (1981). In 1982 Hirsch and Slack extended it to include seasonality.
Similarly, the slope of a linear trend can be estimated with the nonparametric Sen’s
method (Gilbert, 1987). This method has advantage of not being greatly affected by
single data errors or outliers. Mann-Kendall test and Sen's slope estimator are used in

its original form.

Mann-Kendall test: The univariate MK statistic for a time series {Zk, k =1,2,..., n} of

data is defined as

S=>sn(Z,-Z,)
i<i 3.3.2

where
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1, ifx>0
sgn(x) =<0, if x=0
-1, if x<0

Ho, i.e. the observations Z; are randomly ordered in time, against the alternative
hypothesis, H1, where there is an increasing or decreasing monotonic trend. For time
series with less than 10 data points the S value is directly used, and for time series
with 10 or more data points the normal approximation is used. However, if there are
several tied values (i.e. equal values) in the time series, it may reduce the validity of
the normal approximation when the number of data values is close to 10. The statistic

S is approximately normally distributed with

n( -1)@2n +5)- q_ltp(tp ~1)(2t, +5)

E(S)=0 var[s ]= 1§ 333

Where q is the number of tied groups and t, is the size of the p™" tied group. The
values of S and VAR(S) are used to compute the normal standardized test statistic Z

as follows:

zzJ%l(s) ifs >0 3.3.4
z=0ifs=0

ZZJ\Z:Tl(s,) ifs <0 3.35

The presence of a statistically significant trend is evaluated using the Z value. To test
for either an upward or downward monotone trend (a one-tailed test) at o level of
significance, Ho (no trend) is rejected if the absolute value of Z is greater than Z;.,,

where Z1., is obtained from the standard normal cumulative distribution tables.
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Sen's method: If a linear trend is present in a time series, then the true slope (change
per unit time) can be estimated by using a simple nonparametric procedure developed

by Sen (1968). This means that linear model f (t) can be described as

f(t)=Qt+B 3.3.6

Where Q is the slope and B is a constant. To derive an estimate of the slope Q, the
slopes of all data pairs are calculated.

Zj_Zx
G-k

Q; = where j > k 3.3.7

If there are n values Z; in the time series we get as many as N = n(n-1)/2 slope
estimates Q;. The Sen’s estimator of slope is the median of these N values of Q;. The

N values of Qj are ranked from the smallest to the largest and the Sen’s estimator is

Qn+1 ifNis odd
2

Q=1 1 . .
—{QN + QN+2} if N is even
2077 2

Above equations were used for Mann Kendall test and Sen's slope estimation in this
study. The normal variate statistics (Z) and Sen's slope were obtained from the
calculation for each month and also for annual time series. The presence of a

statistical significance of trend was evaluated using the Z value.

To test for either an upward or downward monotone trend (a one-tailed test) at a level
of significance, Hy (no trend) was rejected if the absolute value of Z is greater than
Z1. Where Z1., was obtained from the standard normal cumulative distribution tables.
The significance level 0.05 means that there is a 5 % probability that the values Z; are
from a random distribution and with that probability we make a mistake when
rejecting Hy of no trend. Sen's slope is available as average change per year; negative

value indicates negative trend and positive value positive trend shown in Table 3.3-2.
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Table 3.3-2 Data Consistency and Homogeneity checking

Station name Consistency test | Homogeneity test | Accept Or Reject | Data record length | Data reject Year

Macapuchhre ok ok Accept 1987-2009 No

Lumle ok ok Accept 1969-2009 No
Parbat ok ok Accept 1969-2009 No

Modi ok ok Accept 1991-2008 No
Langtang ok ok Accept 1987-2010 No
Sabrubasi ok ok Accept 1994-2010 No
Dingboche Khumbu ok ok Accept 1887-2009 No
Chaurikhark ok ok Accept 1949-2009 1952 missing
Parkarns ok Not Reject 1948-2009 No
Aiselukhark ok ok Accept 1948-2009 No
Okhaldhunga ok ok Accept 1948-2009 1958 missing
Mane Bhanjyang ok Not Reject 1948-2009 No
Salleri ok ok Accept 1948-2009 1962-1972 missing
Dudhkoshi ok ok Accept 1964- 2008 No

3.3.3 Trend Analysis

To test the hypothesis of whether or not a long-term trend in time series data exists,
the trend analysis is broadly divided into parametric and non-parametric. There are
several methods available in both these categories which are well described by Helsel
and Hirsch (1992). The parametric method is a simple linear trend which can be
computed using a linear equation and assumes that the data follows normal
distribution. In this study, the non-parametric rank-based Mann-Kendall (MK) test
(Mann 1945, Kendall, 1975) has been chosen. The non-parametric test for trend
makes no assumption about the distribution of the data. Therefore, distribution free
test is useful for monotonic trend detection. MK test is based on sign differences
rather than value, and is robust against the effect of extreme values and outliers
(Helsel and Hirsch, 2002). Many researchers have found the MK test as an excellent
tool in similar applications (Gemmer et al. 2004, Hamed 2008, Sharma et al. 2000b).
MK test is based on the difference (xi - ;) between successive years of data for a

given period. A test statistic (S) is estimated as the summation of signs:
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n-1

n
Z Sign(xi — xj) 3.3.9

j=i+1

A Z value is then computed to estimate the significance level of the trend. The
significance level increases with number of identical successive signs. Three different
significance levels are used to test the annual trends of precipitation, temperature and

discharge as shown below:

a=0.001 or 99.9 percent confidence level (***),
o= 0.01 or 99 percent confidence level (**) and

o= 0.05 or 95 percent confidence level (*)

The significance level 0.001 means that there is a 0.1 percent probability that the
values xi are from a random distribution and with that probability we make mistake
when rejecting Ho of no trend. Thus the significance level 0.001 means that the

existence of a monotonic trend is very likely (Helsel and Hirsch, 1992).

To estimate the true slope of an existing trend (as change per year), the non-
parametric Sen’s method (Sen 1968) was used. This method calculates the median of
all possible pairwise slopes. This procedure is particularly useful since missing values
are allowed during the analysis. The Sen’s method can be used in cases where the

trend can be assumed to be linear.

3.4  Data collection Methodology

Observed meteorological (maximum and minimum temperatures, precipitation and
evaporation) and hydrological (water level and discharge) data for Modi Khola,
Langtang Khola and Dudhkoshi (1948 to 2010) were collected from DHM,
government of Nepal, the detail of which is shown in Table 3.3-1. The glacier

coverage data of these basins were collected from ICIMOD.
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3.4.1 Meteorological data

In this study, observed Hydro-Meteorological information is necessary as an input in
hydrological model development as well as in the performance evaluation
(verification) of the model outputs. To fulfill these objectives, Meteorological data
from 1961-2009 was used in which the number of meteorological variables collected
varies from station to station depending on their types. Some stations contain only
rainfall data whereas some stations include maximum and minimum temperatures and
evaporation data. Monthly mean of potential evapo-transpiration required to run the

model was calculated by using Penman method CROPWAT 8.

3.4.2 SDSM modeling

General Circulation Models (GCMs) indicate that rising concentrations of global
warming will have significant implications for climate at global and regional scales.
Unfortunately, GCMs are restricted in their usefulness for local impact studies by
their coarse spatial resolution (typically of the order 50,000 km?) and inability to
resolve important sub—grid scale features such as clouds and topography. As a
consequence, two sets of techniques have emerged as a means of deriving local-scale
surface weather from regional-scale atmospheric predictor variables (Figure 3.4.1).
Firstly, statistical downscaling is analogous to the “model output statistics” (MOS)
and “perfect prog” approaches used for short-range numerical weather prediction Lu
et al. (2007). Secondly, Regional Climate Models (RCMs) simulate sub—GCM grid
scale climate features dynamically using time-varying atmospheric conditions
supplied by a GCM bounding a specified domain. Both approaches will continue to
play a significant role in the assessment of potential climate change impacts arising

from future increases in greenhouse—gas concentrations.
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Figure 3.4.1 Schematic illustrating the general approach to downscaling
(Source: Wilby and Dawson, 2007)

Statistical Downscaling method has several practical advantages over dynamical
downscaling approach. In situations where low—cost, rapid assessments of localized
climate change impacts are required, statistical downscaling represents the more
promising option at present. Statistical downscaling methodology enables the
construction of climate change scenarios for individual sites at daily time—scales,
using grid resolution GCM output. In addition, this method has also advantage of
filling up the missing data for temperature and precipitation. The software used is
SDSM (Statistical Down Scaling Model) and is coded in Visual Basic 6.0. (Wilby and
Dawson, 2007).

The GCM data are available from the NCEP/NCAR reanalysis product. The
NCEP/NCAR reanalysis products Kalnay et al. (1996) and Kistler et al. (2001) have
been interpolated onto the CGCM3 Gaussian Grid, and made available for the
calibration procedure of statistical downscaling models. The NCEP/NCAR reanalysis
use a T62 (~ 209 km) global spectral model to consistently collect observational data

from a wide variety of observed sources. All the data included are of quality ‘A’ or
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‘B’, which means that they are influenced directly (to some extent) by observational
data. Details of the reanalysis project and this categorization scheme can be found in
Kalnay et al. (1996). All NCEP/NCAR data has been averaged on a daily basis from 6
hourly data, before being linearly interpolated to match the CGCM3 data.

3.4.3 SDSM Calibration and validation

Observed daily precipitation data are available for the period 1987 to 2009 in
Annapurna (Machapuchhre), Langtang (Kyaging) and Khumbu (Dingboche).
Consequently, observed and CGCM3 data from 1987 to 1995 were utilized for SDSM
calibration and data from 1996 to 2003 were used for its validation (NCEP data were
available only up to 2003). Statistical Downscaling Model (SDSM 4.2.2), a decision
support tool for the assessment of regional climate change impact, which is a hybrid
of the stochastic weather generator and transfer function methods and developed by
Robert L. Wilby and Christian W. Dawson (2007) in the United Kingdom, is chosen

for developing daily climate scenario study.

In Annapurna, Langtang and Khumbu only three high Himalaya stations have
observed daily precipitation data (1987-2009). These data are used for SDSM
downscaling Table 3.4-1. Hence, observed precipitation and NCEP predictor data are
utilized for SDSM calibration (1987-1996) and validation (1996 -2003). The model
captures the annual cycles well.

Observed temperature and precipitation data are plotted against modeled output to
calculate coefficient of determination (R? as shown in the Appendix (1V), from
Figure 3.3.2 to Figure 3.3.19. The R’ value greater than 0.90 is very highly
significant, 0.70 to 0.89 is highly significant, 0.50 to 0.69 is moderately significant,
0.30 to 0.49 is low significant and less than 0.20 cannot be considered as significant.
The plotted result obtained from SDSM (model) and observed temperature and

precipitation data (R?) is shown in Table 3.4-2.
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Table 3.4-1 Comparisons of average annual precipitation in three basins
Down scale Projected
Study area Year Observed CGCM3 O?;I_?SI)D PRECIS TRMM
Model HadCM3

Modi Khola river basin ~ {1990-2008 2459 2434 1734 3308 1958

Langtang Khola river basin|1990-2008 670 652 938 2616 1455

Dudhkoshi river basin 1990-2008 494 507 1694 2212 1398

Table 3.4-2 The value of Coefficient of determination R
Figure Region Downscaled Parameters Ca"br? tion Va"di‘t'o”
No R R

332 Annapurna Maximum Temperature 0.96
(Tmax)

333 Annapurna Maximum Temperature 0.87
(Tmax)

334 Annapurna Mlnl_mum Temperature 0.98
(Tmin)

3.3.5 Annapurna Mlm_mum Temperature 0.97
(Tmin)
Maximum Temperature

3.3.6 Langtang (Tmax) 0.83
Maximum Temperature

3.3.7 Langtang (Tmax) 0.62
Minimum Temperature

3.3.8 Langtang (Tmin) 0.92
Minimum Temperature

3.3.9 Langtang (Tmin) 0.80

33.10 Khumbu Maximum Temperature 0.64
(Tmax)

3311 Khumbu Maximum Temperature 059
(Tmax)

3312 |Khumby | Minimum Temperature 0.89
(Tmin)

3313 | Khumby | Minimum Temperature 0.82
(Tmin)

3.3.14 | Annapurna | Precipitation (PPT) 0.92

3.3.15 | Annapurna | Precipitation (PPT) 0.94

3.3.16 | Langtang | Precipitation (PPT) 0.68

3.3.17 | Langtang | Precipitation (PPT) 0.82

3.3.18 | Khumbu Precipitation (PPT) 0.77

3.3.19 | Khumbu Precipitation (PPT) 0.87
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3.4.4 Bias correction methodology

The results from GCMs and RCMs always show some degree of biases for both
temperature and precipitation data. The reasons for such biases include systematic
model errors cause by imperfect conceptualization, discretization and spatial
averaging within the grids. The bias correction approach is used to eliminate the
biases from the daily time series of downscaled data (Salzmann et al. 2007). In this
study, equations 3.4.1 and 3.4.2 are used to de-bias daily temperature and
precipitation data (Mahmood et.al. 2012).

T gep=Tscen — (Tcont — Tobs ) 3.4.1
Pobs
Piep = Pscpn X <PCONT> 3.4.2

Where, T4, and Pg.p, are bias corrected daily temperature and precipitation
respectively. Tscen and Pscen are daily temperature and precipitation obtained from

downscale data (SDSM). T,,s and P, are long term monthly mean of observed

temperature and precipitation respectively, while Tconr and Pconr are long term

monthly mean of temperature and precipitation simulated using SDSM for observed

period.

Several methods of bias corrections have been proposed to improve the quality of
GCM data for hydrological analysis purposes, such as linear scaling of precipitation
and temperature, local intensity scaling (LOCI) of precipitation, power
transformation of precipitation, variance scaling of temperature, distribution mapping
of precipitation and temperature and delta-change correction of precipitation &
temperature (Teutschbin et al. 2012). Both precipitation and temperature output
obtained by statistical downscaling SDSM data were bias corrected for the calibration
period 1988 to 1996 and validation period 1996 to 2003. The validation of the bias
corrected temperature and precipitation data is shown in Appendix (IV), (Figure 1 to

Figure 9).
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3.45 SDSM Application

GCMs simulated climate predictors are the basis for developing future climate
scenarios at a given location using statistical downscaling method. Results using the
climate change predictors from different GCMSs or from the same GCMS with
different emission scenarios can be very different. It is thus suggested that predictors
from a few different climate change scenarios be used in order to incorporate the
uncertainties. In this study, source of daily observed predictor variables was the
National Centre for Environmental Prediction (NCEP) reanalysis data set. (Wave site
detail can be refer: http://www.cics.uvic.ca/scenarios/index.cgi?Scenarios OR
http://loki.qc.ec.gc.ca/DAl/gcm_CGCM3-e.html). Various steps involved in the
application of SDSM for downscaling of GCM products are data preparation,
screening of predictor variables, model calibration, weather and scenarios generation
and statistical analysis. NCEP predictors were considered as the independent variables
for multiple regression analysis and climate observation as the dependent variable.

Significant predictors were selected, which is shown in Table 3.4-3.

Finally, optimization of the model was completed by applying ordinary least squares
method. In above analyses, observed and NCEP data sets have year length of 365
(366 in leap years) days. Meteorological data used in this study include daily
precipitation, daily maximum temperature and daily minimum temperature of

Annapurna, Langtang and Khumbu.

43



Table 3.4-3 Predictors used in this research

Parameters Annapurna Langtang Khumbu
Maximum Mean sea level 500 hPa Surface vorticity,
temperature pressure and geopotential height | 500 hPa divergence
(Tmax) and 850 hPa and 850 hPa

850 hPa _ ) ) )

. _ geopotential height | geopotential height

geopotential height
Minimum Mean sea level 500 hPa Mean sea level
temperature (Tmin) | pressure, 500 hPa | geopotential height | pressure, Surface

meriodional and 850 hPa velocity, 500 hpa

velocity, 500 hpa
geopotential height
and 850 hPa
geopotential height

geopotential heigh

geopotential height
and 850 hPa
geopotential height

Mean temperature

(Tmean)

Mean sea level
pressure, 500 hPa
meriodional
velocity, 500 hpa
geopotential height
and 850 hPa
geopotential height

500 hPa
geopotential height
and 850 hPa
geopotential heigh

Mean sea level
pressure, 500 hPa
geopotential height
and 850 hPa
geopotential height

Precipitation (PPT)

Surface meridional
velocity, 500 hPa
geopotential height
and 850 hPa
geopotential heigh.

500 hPa
geopotential height
and 850 hPa
geopotential heigh

500 hPa
geopotential height
and 850 hPa
geopotential heigh.
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3.5  Catchment Data

The catchment data was generated from ArcGIS 9.3 by available SRTM DEM. The
area was delineated after generation of catchment for the determination of catchment
area. Elevation zones were generated in three river basins (Table 3.5-1) from the

available data by the reclassification process.

Table 3.5-1 HBV-Light-3.0 Model Calibration and Validation of three study area

Elevation Drainage | Calibration | Validation | No of Elevation
Name of Studyarea | Range (m) | Area (KmP)|  period period Zone
Modi Khola river basin 750-7750 640.79 1991-1999 | 2000-2008 15
Langtang river basin 1434-7434 583.14 2002-2005 | 2006-2009 13
Dudhkoshi river basin 500-8848 4123.6 | 1965-1970 | 1970-1979 17
Dudhkoshi river basin 500-8848 4123.6 | 1980-1989 | 1990-2008 17

The reclassified data was converted into the feature by raster conversion. The
converted feature was then dissolved into fifteen elevation in Modi Khola river basin,
thirteen elevation in Langtang Khola river basin and seventeen elevation in
Dudhkoshi river basin and finally all the elevation zones were masked by the SRTM
DEM data. The first procedure was repeated after masking the aspect map preparation
for each of the elevation zone. The aspect were then reclassified and converted into
feature in order to calculate area. Finally aspects were divided into three parts viz.
North, South and East/West and area of each elevation with respect to aspect was
generated. The same procedure was again carried out by ArcGIS 9.3 software, but this
time for glacier and the catchment areas delineation. The detail characteristics of
study area, DEM, elevation map, aspect and glacier areas are depicted in Appendix

(1), Figures 1 to Figure 21.

Watershed delineation is the first step in HVB-light 3.0 Hydrological Model and is
followed by digitization of the catchment into hydrologic response units. Elevation
zones were considered as primary hydrological units of the catchment and were
divided into different vegetation zones. The version of HVB-light 3.0 model used for

this study allows dividing the catchment up to 20 elevation zones and into three
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vegetation zones per elevation zone (Seibert, 2010). These zonings were done based

on elevation and land cover data of the study areas using ArcGIS.

3.6
The daily stream flow data are essential to calibrate and validate the HVB-light 3.0
Hydrological Model. The stream flow data (1991 to 2009) located at Naipaul

Hydrological Data

representing Modi Khola river basin, data located at Syaprubesi (1994 to 2010)
representing Langtang Khola river basin and data located at Rabuwa bazar (1964-
2008) representing Dudhkoshi river basin were collected from the DHM. These data
ware checked by several methods such as personal judgments, homogeneity test,
significance test etc for errors. Small (one day) gaps of temperature and discharge
data were filled by interpolation methods whereas longer gaps in daily temperature
data were filled by SDSM output and large gap for daily discharge data was filled

after the hydrological model simulation.

Table 3.6-1, summarize the statistically significant long-term trends of the stations
data. Both increasing and decreasing trends can be observed. The Langtang Khola
hydrological station at Syaprubesi showed a statistically significant trend with higher
than 95 percent confidence level. However, the gauging stations at Modi Khola and
Dudhkoshi hydrological stations are shows a statistically insignificant decreasing
negative trend.

Table 3.6-1 Statistically significant trends of hydrological stations

Data
Trend
Time series| Record 3 Significant| Qmin99 | Qmax99|Qmin95|Qmax95
(m?/sec/year)

length
Modi Khola [1991-2010 -0.30 -0.70 0.21 -0.52 0.06
Langtang |1994-2010 -0.38 o -0.78 | -0.06 | -0.72 | -0.25
Dudh Koshi [1991-2010 1.95 -1.88 6.84 -0.83 5.47

a = 0.01 or 99 percent confidence level (**)
3.7 HVB-light 3.0 Hydrological Model and its Structure

The HVB-light 3.0 model is a conceptual hydrological model for continuous
simulation of runoff. It was originally developed at the Swedish Meteorological and

Hydrological Institute (SMHI) in the early 70s to assist hydropower operations
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(Bergstrom and Graham, 1998) by providing hydrological forecasts. The model was
named after the abbreviation of Hydrologiska Byrans Vattenbalans-avdelning
(Hydrological Bureau Water balance-section). The HVB-light 3.0 model simulates
daily discharge using daily rainfall and temperature, and monthly estimates of

potential evaporation.

<. rain and snow ] evapotranspiration
.

STV

TT, CFMAX, SFCF "snow routine”™
CWH, CFR

tlevation

. ATCE
-—

| ]
I

FC :hl

FC, LP, BEETA "soil rowutine™

* ‘+ * recharge

ISUZ o =K,~suz™

ISLZ Q. =K_~SLZ = computed
— runoff

MAXBAS

weights

"response function”™ “rowting routine”™

Figure 3.7.1 Structure of HVB-light 3.0 hydrological model.

The model consists of subroutines for snow accumulation and melt, soil moisture
accounting procedure where groundwater recharge and actual Evapo transpiration are
coupled, routines for response and transformation function for runoff generation and
finally, a simple routing procedure. Further descriptions of the model can be found
elsewhere (Bergstrom, 1992). The version of the model used in this study, “HVB-
light 3.0” (Seibert, 1997), corresponds to the version HBV-96 described by
(Bergstrom, 1992). The model simulates daily discharge using daily rainfall,
temperature and potential evaporation as input. Precipitation is simulated to be either
snow or rain depending on whether the temperature is above or below a threshold
temperature, TT [°C]. All precipitation simulated to be snow, i.e. falling when the

temperature is bellow TT, is multiplied by a snowfall correction factor, SFCF [-].
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Snowmelt is calculated with the degree-day method by Equation 3.7.1. Melt water
and rainfall is retained within the snowpack until it exceeds a certain fraction, CWH
[-], of the water equivalent of the snow. Liquid water within the snowpack refreezes
according to Equation 3.7.2. Rainfall and snowmelt (P) are divided into water filling
the soil box and groundwater recharge depending on the relation between water
content of the soil box (SM [mm]) and its largest value (FC [mm]), Equation 3.7. 3.
Actual evaporation from the soil box equals the potential evaporation if SM/FC is
above LP [-] while a linear reduction is used when SM/FC is below LP in Equation
3.7.4. Groundwater recharge is added to the upper groundwater box (SUZ [mm]).
PERC [mm d*] defines the maximum percolation rate from the upper to the lower
groundwater box (SLZ [mm]). Runoff from the groundwater boxes is computed as
the sum of two or three linear outflow equations depending on whether SUZ is above
a threshold value, UZL [mm]Equation 3.7.5. This runoff is finally transformed by a
triangular weighting function defined by the parameter MAXBAS from Equation
3.7.6 to give the simulated runoff [mm d™]. If different elevation zones are used the
changes in precipitation and temperature with elevation are calculated using the two
parameters PCALT [ %/100 m] and TCALT [ °C / 100 m] in Equations 3.7.7 and
3.7.8. The long-term mean of the potential evaporation, Epsm for a certain day of the
year can be corrected to its value at day t , Eyun(t), by using the deviations of the
temperature, T(t), from its long-term mean, Ty , and a correction factor, Cer [°C™?]
(Equation 3.7.9).

melt = CFMAX(T(t) — TT) 3.7.1
Refreezing = CFR CFMAX(TT — T(t)) 3.7.2
recharge _ (SM(t) BETA
P(t) _( FC ) 3.1.3
. [ SM(t
Eact = Epot mm(ﬁ(uz, 1) 3.74
Qew(t) = K,SLZ + KySUZ + Ky max (SUZ — UZL,0) 3.75
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MAXBAS

Qim® = Y cQw(t—i+1)

i=1

Where,
. i 2 MAXBAS 4
c(®) = fi—l MAXBAS | N 2 | MAXBAS 3.76
CALT (h—h

P(h) = P, (1424 0t)) 377
T(h) = T, — 2= 378
Epoe(t) = (1 + Cgr) (T(2) — Tw))"Pot, M
but 0 < Eppr (t) < 2Epoe, M 3.7.9

3.7.1 Schematic Model Structure
The Figure 3.7.2 to Figure 3.7.5 below gives an overview of the structure of the

different routines within the model.

PRECIPITATION

[ Snow routine ]

[ Soil moisture routine]

[Response function ] _ [Routing routine | — RUNOFF

Figure 3.7.2 Schematic Model Structure

3.7.2 Snow Routine
The snow and glacier factor is controlled by snow routine which generates the snow
melt and snow pack contributing runoff. The input data for the snow routine is

precipitation and temperature and the output data is snow pack and snow melt. The
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detailed description of this routine is given below which includes parameter and its

function.

CFMAX = degree-day factor (mm °C™* day™)

CFR= refreezing coefficient

TT= threshold temperature (°C), Accumulation of precipitation as snow if
temperature<Tr (T is normally close to 0 °C)

Melt of snow starts if temperatures are above T+ calculated with a simple degree-day
method.

melt water = Cemax (T-T1) (mm day™)

Crmax Varies normally between 1.5 and 4 mm °C™? day™ (in Sweden), with lower
values for forested areas. As approximation, the values 2 and 3.5 can be used for
Crmax in forested and open landscape respectively.

The snow pack retains melt water until the amount exceeds a certain portion (CWH,
usually 0.1) of the water equivalent of the snow pack. When temperatures decrease

below T+ this melt water refreezes again.

Refreezing melt water = CFRCFMAX (T+-T)
It has to be noted that all precipitation that is simulated to be snow is multiplied by a
correction factor, SFCF. These calculations are carried out separately for each

elevation and vegetation zone.

3.7.3 Soil Moisture Routine

The soil moisture accounting routine is the main part controlling runoff formation.
This routine is based on the three parameters:

e FC =maximum soil moisture storage (mm),

e  LP =soil moisture value above which ET 4 reaches ET pot

e BETA= parameter that determines the relative contribution to runoff from rain or

snowmelt (-)
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Figure 3.7.3 Soil Moisture Routine

where Sqm is computed soil moisture storage; and FC is a model parameter and not

necessarily equal to measured values of ‘field capacity’.

3.7.4 Response Routine
The model of a single linear reservoir is a simple description of a catchment where the

runoff Q (t) at time t is supposed to be proportional to the water storage S (t).

Figure 3.7.4 Realization of a single linear reservoir is a box with a porous outlet

A realization of a single linear reservoir is a box with a porous outlet , thus obtaining
Equation 3.7.1 from Darcy's law.

Where S = storage (mm), Q = outflow (mm day-1), t = time (day) and k = storage (or
recession) coefficient (day-1)

QM) =k.S() 3.7.10
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The water balance equation of a catchment P (T) = E(t) + Q (t)

ds(t)

T ignoring

precipitation and evapo-transpiration, together with equation 3.7.1 differential
equation gives solution function

Q1 =0Q (t) e 3.7.11
recharge |
|
uzL I o L Qo=Ko.(SUZ-UZL) 4‘
SUZ
EP Ql=K1.5UZ — X
| PERC J
L LAKE ' }
SLZl
Q2=K2.517
runoff

Figure 3.7.5 Response function and Response routine of the HBV model

Where,

recharge = input from soil routine (mm day™)

SUZ = storage in upper zone (mm) and has no upper limit.

SLZ = storage in lower zone (mm)

UZL = threshold parameter (mm)

PERC = max. Percolation to lower zone (mm day™)

Ki = Recession coefficient (day™)

Qi = runoff component (mm day™)

It has to be noted that SUZ has no upper limit, Q2 can never exceed PERC, and SLZ
can never exceed PERC/K2

If In Q is plotted against time during a dry period, the slopes of the hydrograph at

different runoff values provide good first estimates of the response-function

parameters.
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Figure 3.7.6 Schematic shape of recession in relation to the different parameter

Slope of the recession: -Peaks: KO + K1 + K2 with thresholds Q(T1) <
PERC+K1UZL and Q(T2) <PERC
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3.7.5 Routing Routine and Transformation Function
The generated runoff of one time step is distributed on the following days using one
free parameter, MAXBAS, which determines the base in an equilateral triangular

weighting function.

T s Q
Qo+ Qi1 Weight
time MAXBAS time time

Figure 3.7.7 The transformation function (IHMS, 2006)

3.7.6 HVB-light 3.0 Model Data

Daily values of areal rainfall and areal temperature and potential evapo-transpiration
are main input data of the model. The monthly mean potential evaporation was
estimated using Penman-Monteith method to estimate PET (Allen et al. 1998) and the
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missing temperature was filled by using SDSM downscaling model. The glacier area
is also necessary for computing output and Arc GIS version 9.3 was used for

estimating aspect and area of glacier as well as vegetated area.

3.7.7 History of HVB-light 3.0 for discharge modeling

More than 30 years back, the HVB model was used for the first time to simulate
catchment runoff (Bergstrom, 1972). During the last decades the HBV model
(Bergstrom 1976) has been further developed by the Swedish Meteorological and
Hydrological Institute (SMHI) and has become widely used for runoff simulations in
Sweden (Bergstrom, 1990; 1992). Moreover, the model has been applied, sometimes
in modified versions, in about 30 countries. The HBV model is a conceptual, semi-
distributed, rainfall-runoff model. Seibert (2005) developed a new version called
HBV light3.0, which is an easy to use Windows version for research and education.
Seibert (2005) describe the model as follows: daily discharge is simulated by HBV
light3.0 using daily rainfall, temperature and potential evaporation as input. The
simulated catchment can be divided in twenty elevation and three vegetation zones.
Each zone is sub-divided into three ordinate classes (north, south and east/west).
Additionally this new version of the model differentiates between glacierized and
non glacierized area; consists of the snow, soil, response and runoff generation
(Routing) routines. The routines are applied to each HVB-light 3.0 class to generate
the runoff at the outlet of the basin. The model does not require initial conditions and

instead has a ‘warming-up’ period in which an initial state is reached.

3.7.8 HVB-light 3.0 Methodology for Model Calibration and Validation

Methodology: Present study builds on the work of Wang et al. (2006) to develop a
methodology to be used with an ensemble of dynamically downscaled climate data to
investigate the impacts of climate change on the hydrology of Irish rivers. Wang et al.
(2006) used the HBV model (Bergstrom, 1992) from the Swedish Meteorological and
Hydrological Institute (SMHI) which is usually calibrated using a manual trial and
error approach. Here, it has been replaced by the HVB-light 3.0 model of Seibert
(2005) because its interface allows Monte-Carlo simulations. Calibration using
Monte-Carlo methods yields an ensemble of simulations which allows accounting for
parameter uncertainty in analysis. A Monte-Carlo approach to calibration was used, in
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which the 99™ percentile of an ensemble of 10,000 parameter sets were selected for
use in the impact study. This approach allows the inclusion of parameter uncertainty
in the study, and provides a range of possible values rather than a single value which
further allows an estimation of confidence in the research outcome. The HVB-light
3.0 model was validated for a reference period (1961-2000) to ensure that stream
flow was modeled correctly. A persistent positive bias in the downscaled precipitation
was observed and removed to improve the agreement between modeled and observed
stream flow. It was shown that the impact of parameter uncertainty on the validation
of seasonal (winter and summer) flow was less significant than in the annual

maximum daily mean flow.

To investigate the hydrological and catchment characteristics, the analysis of affecting
parameter was carried out, missing dataset of temperature and precipitation was filled
by statistical downscaling model and conceptual model was run several times to
generate three different results by varying the parameter affecting the hydrological
characteristics. Three sets of methods, one without using glacier component and
another by using glacier were carried out; and finally simulation of the river discharge
by HVB-light 3.0 model was carried out by assuming the temperature increase (Konz
and Merz, 2010) applied HBV model for Tamor river in order to estimate runoff at
Tapethok, Taplejung in eastern Nepal. Generally, HBV model was able to correctly
simulate low flow except for some sharp peaks due to isolated precipitation events
(Konz and Merz, 2010). In this study, similar analysis was carried out and similar
results were obtained as HBV model was able to simulate low flows well except in
the case of sharp peaks.

Model HVB-light 3.0 was calibrated for the three river basins by the study area was
divided into 15 elevation zones in Modi Khola river basin, 13 elevation zones in
Langtang river basin and 17 elevation zones in Dudhkoshi river basin. Two vegetation
zones, namely, glacier and vegetated area for calibration period have been used and
described in Table 4.5-1 Calibration of HVB-light 3.0 model was made by trial and
error technique in three study basin, the calibration and validation results are
presented Appendix, (V) Figure 3.4.8(a) to Figure 3.4.8(i).
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3.7.9 Scatter plot observation and simulation

Data obtained from hydrological model i.e. simulated data and the real observed data
was plotted in the scatter diagram in order to examine the efficiency of the model for
two different set of the calibrated data. Efficiency of the model is the most important
factor that determines the reliability of the model and the results of the scatter diagram

are also highly efficient.

Table 3.7-1 Scatter plot between observed discharge verses model discharge

Figure No Observed discharge verses Model Calibration Validation
g discharge (R?) (R?)
3.4.14 (a) Modi Khola river basin calibration 0.77

(1991_1999)

Modi Khola river basin validation
3.4.14 (b) (2000 2008) 0.83

Langtang Khola river basin

34.14(%) | calibration (2002_2005)

0.84

Langtang Kola river basin

validation (2006_2009) 0.86

3.4.14 (d)

Dudhkoshi river basin calibration
3.4.14 (e) (1965_1970) 0.78

Dudhkoshi river basin validation
3.4.14 () (1970 1979) 0.78

Dudhkoshi river basin calibration

34.14(9) | 1980 1989)

0.75

Dudhkoshi river basin validation
3.4.14 (h) (1990_2008) 0.67

Best-fit models were calibrated for each set of input data based on initial parameter
sets. A weakness in the model results which applies to all catchments is that the
simulations have a tendency to underestimate discharge and it gives proxy value for
output. Best fit line and efficiency of the model is the governing factor for validation
and application of hydrological model. The observed and simulated discharge from
1991 to 1999 Modi Khola river basin, 2002 to 2003 Langtang Khola river basin and
1965 to 1970 Dudhkoshi river basin was plotted in the different graphs as shown in
Appendix VI, Figure 3.4.14 (a) to 3.4.14 (h). The coefficient of determination (R?)
between observed discharge verses model (explain in section 3.4.3) discharge value is
shown in Table 3.7-1.
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3.7.10 Model performance

By using the A1B and A2 scenario from CGCM3 data set and downscaling
precipitation and temperature data for discharge projection, the results showed that
the downscaled precipitation data is suitable for the climate change impact on flow
regime study in these three glacier fed basins. The result of observed and simulated
discharge obtained from HVB-light 3.0 model is similar while comparing the

performance in simulation of historical stream flow in the three river basins.

3.8 Water surplus/deficit in the three studied basins

In 2012, Adhikari et al. reported that in the context of water surplus and water deficit
in the three basins, the water deficit is found in winter and autumn at Annapurna
region. Similarly, the water deficit is found in winter, spring and autumn at Langtang

region and in all seasons of the year in Khumbu region (Table 3.8-2).

3.8.1 Potential Evapo-transpiration (PET)

The PET is the amount of water that would be evaporated under an optimal set of
conditions, including an ultimate supply of water. The highest value of PET is found
in the month of May in all three stations as shown in Table 3.8-1. In Annapurna area,
the PET shows quite variable trend in the modeled results (highest values of 96 mm

and the lowest value of 49 mm). The PET is decreased with elevation.

Table 3.8-1 Comparison of potential evapotranspiration in three stations
Region |[Jan|Feb{Mar|Apr|May|Jun|Jul|Aug|Sep|Oct|Nov|Dec|Annual (mm)
Annapurna|49| 53|68 |88(96 [79(76| 76| 71|72| 63|59 852
Langtang |53 | 55|70 | 87|92 |76(76| 75|68 |72 62| 58 845
Khumbu |50 49|59 |71|7362|63| 70|57 (59|60 |59 731
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3.8.2 Actual Evapo-transpiration (AE)

Actual evapo-transpiration in a soil water budget is the actual amount of water
delivered to the atmosphere by evaporation and transpiration. AE can be visualized as
“water use” that is actually evaporating and transpiring. The AE is an output of water
that is dependent on moisture availability, precipitation, sunshine hour, wind,
temperature, and humidity. In wet months, when precipitation exceeds potential
evapo-transpiration, actual evapo-transpiration is equal to PET. In dry months, when
potential evapo-transpiration exceeds precipitation, actual evapo-transpiration is equal
to precipitation plus the absolute value of the change in soil moisture storage. In this
study, AE was estimated by using Penman method. In Annapurna and Khumbu area
PET >AE in all season, but in Langtang area PET equaled AE in summer and in other
season PET >AE (Table 3.8-2). This indicates that the deficit occurs when the soil is

completely dried out.

Table 3.8-2 Comparison AE, WD and WS in three stations of Nepal Himalaya

Station Condition Dec-Feb| Mar-May | Jun-Sep | Oct-Nov| Total
Name (DJF) (MAM) | (JJAS) | (ON) (mm)
AE 135 252 303 123 813
Annapurna| WD 27 0 0 13 40
WS 0 294 1170 27 1491
AE 38 90 296 71 495
Langtang WD 129 159 0 63 351
WS 0 0 177 0 177
AE 20 49 232 55 356
Khumbu WD 144 155 19 64 382
WS 0 0 49 0 49

58



CHAPTER 4 RESULT AND ANALYSIS

4.1
The month of July has the highest rainfall followed by August in Modi Khola river

Seasonal and monthly precipitation of three basins

basin and Dudhkoshi river basin. The monsoon precipitation is more pronounced in
Modi Khola river basin and Dudhkoshi river basin. In case of Langtang Khola river

basin, August has the highest rainfall followed by July.

The total precipitation of Modi Khola river basin during the summer (JJAS) is 2062
mm out of which 85 % rainfall is in monsoon season and the rainfall of 44 mm is
found during winter (DJF). Similarly, the total precipitation of Langtang Khola river
basin during the summer (JJAS) is 492 mm out of which 78 % precipitation is in
monsoon season and the precipitation of 20 mm during the autumn (ON) season. The
total precipitation of Dudhkoshi river basin during the summer (JJAS) is 345 mm out
of which 80 % precipitation found in monsoon season and the precipitation of 2 mm
found in Winter (DJF) (Table 4.1-1).

The maximum coefficient of variation exceeded in November at Modi Khola river
basin and Dudhkoshi river basin. Similarly the coefficient of variation exceeded from

October at Langtang Khola river basin (Figure 4.1.1 to Figure 4.1.3).

Table 4.1-1 Precipitation distribution of the three river basins

Season | Modi Khola river basin Langtang Khola river basin Dudh Koshi river basin
seasonal total| seasonal % | seasonaltotal|  seasonal % | seasonaltotal | seasonal %
DJF 44 2 28 4 9 2
MAM 220 9 94 15 57 13
JIAS 2062 85 492 78 345 80
ON 109 4 20 3 20 5
Annual 2436 100 634 100 431 100
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Figure 4.1.1 Precipitation distribution of Modi Khola River Basin
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Figure 4.1.2 Precipitation distribution of Dudh Koshi River
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Figure 4.1.3 Precipitation distribution of Langtang Khola River Basin
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4.2  Yearly precipitation trend of observed data
The observed annual precipitation trend analysis (1988-2009) is carried out in 9

stations which has given in Table 4.2-1.

Table 4.2-1 Annual average precipitation trends with elevation

Elevation Average Precipitation
Station Name | Data Period (m) (mm) Trends
Chaurikhark | 1988-2009 2660 2116 -15.363
Salleri 1988-2009 2378 1690 13.690
Aisealukhark | 1988-2009 2417 1087 4.648
Okhaldhunga | 1988-2009 1720 1170 6.287
Dingboche 1988-2009 4355 452 -1.108
Langtang 1988-2009 3920 634 10.896
Annapurna 1988-2009 3470 2473 9.000
Lumle 1988-2009 1740 4083 4.056
Parbat 1988-2009 891 2580 1.820

Precipitation trend

5000 | e Chaurikhark

4500 f———-

et CLCU
4000 ———F— +——

e Ajsealukhark

3500 v

E 3000 M Okhaldhunga
5
= 2500 Annapurna
£
'g 2000 Langtang
* 1500
Khumbu
1000
500 Lumle

0

Parbat
1985 1990 1995 2000 2005 2010 2015

Figure 4.2.1 Precipitation trend of study stations
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The highest increasing trend of 13.690 mm is found in Salleri station and highest
decreasing trend of -15.363 mm in Chaurikhark, both station lies in Dudhkoshi Basin
(Figure 4.2.1). The highest annual precipitation occured in Lumle station in the
elevation 1740 amsl in Modi Khola basin and the lowest precipitation occured in
station Dingboche 452 mm in the elevation 4355 amsl. Precipitation is found

decreased with elevation at the rate of -0.5832 mm per thousand meter (Figure 4.2.2).

y =-0.5832x + 3335.7

4500

4000 ? 2
— 3500
3
E 3000 —
§ 2500 & VS
8 2000 *
Q.
‘S 1500 ®
s 2
& 1000 <
500 L <
0
0 1000 2000 3000 4000 5000
Elevation (m)

Figure 4.2.2 Variation of precipitation with elevation (1988-2009)

4.3  Yearly temperature trend of observed data

Five stations are included in the temperature trend analysis from the three basins
discussed in Chapter 3.3.3. The temperature stations selected for the trend analysis are
provided in Table 4.3-1. Results indicate that there is a high confidence in recent
warming which is also statistically significant. The observed trends in selected
temperature stations are shown in Figure 4.3.1, Figure 4.3.2 and Figure 4.3.3. All the
stations indicate a rising trend in both maximum and mean temperature . However,
the magnitude of the trend is higher in the maximum temperature than in the
minimum temperature. Two of the stations, Annapurna and Lumle, showed
decreasing trends of -0.004 °C/year and -0.002 °C/year for minimum temperature. The
maximum increasing trend of temperature is found in Langtang area which is 0.176
°c.
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Table 4.3-1 Observed significance and trend of temperature record

Maximum Minimum Mean
. ., |temperature [Maximum| Temperature | Minimum | Temperature| Mean
Station Name |Data period .. L L
P statistically | Trend |statistically Trend |statistically Trend
significant significant significant
Annapurna 1988-2009 * 0.089 -0.004 *x 0.048
Lumle 1988-2009 * 0.097 -0.002 ** 0.05
Langtang 1988-2009 *x 0.176 * 0.151 * 0.129
Okhaldhunga |1988-2009 ** 0.129 0.011 ** 0.065
Khumbu 1988-2009 *x 0.123 * 0.151 *x 0.065
a = 0.01 or 99 percent confidence level (**)
a = 0.05 or 95 percent confidence level (*)
Maximum temperature
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Figure 4.3.1 Observed Tmax trend
Minimum temperature trend
20.0
15.0 | | | Anna
B
10.0
9 5.0 e | angtang
5 00 N“ Khumbu
g 50 v/\\, P
o
g -10.0 Lumle
= -15.0 —-
200 —<~—A—wA NNV UASN Okhaldhunga
-25.0
-30.0
1985 1990 1995 2000 2005 2010 2015

Figure 4.3.2 Observed Tmin trend
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Figure 4.3.3 Observed Tmean trend

4.4  Monthly flow regime analysis of three river basins

A flow regime of a river is essentially a statistical summary of how flows in a river
vary over time, the amount of water and the rate of flowing water in a river carries to
different months. Recent research has advanced range of approaches to the analysis of
flow regimes in order to define operational rules for protecting or restoring fluvial
hydro-systems (Nestler and Long, 1997). In the Modi Khola Basin system the
maximum discharge is found as 916 m®s in the month of August due to the
monsoonal effect, the minimum discharge is 5.31 m%s in the month of March. The
maximum peak discharge increased to 194.0 m*/s in April due to the effect of snow
melt. There is a slight decrease in observed discharge in May, but after mid-May;, it is
continuously increased till August (Figure 4.4.1). In the Langtang Khola Basin the
snow melt effect started from March to mid of June. The observed peak discharge
from snow is 101.4 m%s and it decreased to 88 m*/s by mid-July. After the monsoonal
effect the maximum discharge is 111.4 m*/s (Figure 4.4.2). In this basin snow melt is
more efficient as compared to other two basins. The minimum discharge in the month
of March is similar to that in Modi Khola Basin. In Modi Khola and Langtang Khola
Basins snow melt effect can be significant as compared to Dudhkoshi basin. Snow
melt contribution in Dudhkoshi Basin continues supporting monsoonal discharge and
they cannot be separated from each other like in Modi Khola and Langtang Khola
Basin. The maximum discharge of Dudhkoshi basin is 2580 m®s occurs in August
and minimum of 13.5 m%/s in March (Figure 4.4.3 and 4.4.4).
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Figure 4.4.1 Monthly flow regime of Modi Khola river basin

120.0
100.0
80.0
I 60.0
-
£ 40.0
g" 20.0 N
© ——
] 0.0
g Jan Feb | Mar | Apr | May | Jun Jul | Aug | Sep | Oct | Nov | Dec
Average| 17.0 | 16.0 | 15.3 | 17.1 | 23.2 | 44.2 | 58.9 | 62.8 | 46.3 | 29.4 | 21.3 | 17.7
e MaX 22.4 | 20.0 | 19.7 | 31.2 | 67.5 |101.4| 88.0 (111.4| 97.4 | 50.6 | 29.8 | 26.7
s MiN 11.1 | 10.9 | 10.3 | 10.8 | 13.9 | 14.7 | 16.3 | 39.8 | 21.8 | 17.0 | 12.7 | 10.6
Figure 4.4.2 Monthly flow regime of Langtang Khola river basin
6000.0
5000.0
w
- 4000.0
E
& 3000.0
&
=
2 2000.0
a
1000.0
0.0 ———
Jan Feb | Mar | Apr | May | Jun Jul Aug | Sep Oct Nov | Dec
=== Average | 45.1 | 37.3 | 35.1 | 40.8 | 72.4 | 245.4|561.2 | 601.6 | 437.9 | 186.8 | 89.4 | 59.4
e VaX 77.8 | 64.5 | 72.0 | 123.0 | 524.0 |1550.0/2390.0{2580.0/5380.0|1310.0| 278.0 | 106.0
e MliN 24.6 | 204 | 13.5 | 140 | 14.2 | 32.3 | 143.0 | 143.0 ( 110.0 | 77.0 | 45.0 | 30.9

Figure 4.4.3 Monthly flow regime of Dudhkoshi river basin

65



6000.0
5380.0
5000.0
Q
:E, 4000.0
g0 3000.0
k< 2580.0
3 2000.0
2
1000.0
0.0 Q
Jan Feb Mar | Apr | May | Jun Jul Aug Sep Oct Nov Dec
e Average 45.1 | 373 | 35.1 | 40.8 | 72.4 | 245.4 | 561.2 | 601.6 | 437.9 | 186.8 | 89.4 | 59.4
e M aX 77.8 | 64.5 | 72.0 | 123.0 | 524.0 |1550.0|2390.0/2580.0(5380.0/1310.0| 278.0 | 106.0
Correct Max | 77.8 | 64.5 | 72.0 | 123.0 | 524.0 |1550.0/2390.0|2580.0| 1410 | 887.0 | 278.0 | 106.0
e i 246 | 204 | 135 14.0 | 14.2 | 32.3 | 143.0 | 143.0 | 110.0 | 77.0 | 45.0 | 30.9

Figure 4.4.4 Corrected monthly flow regime of Dudhkoshi river basin

45  Yearly discharge (flow regime) trend of observed data

Three discharge stations of studied river basins are considered for the yearly flow
regime analysis. These three stations are shown in Figure 4.5.1, Figure 4.5.2 and
Figure 4.5.3. The flow regime analysis of the discharge data indicated significant
inter-annual variability. The rising and falling trends have similar behavior among the

stations.

The most notable behavior is found in Annapurna area during the year 2000-2003.
There is a sudden increase in discharge due to the high precipitation fall but overall
annual maximum discharge is in decreasing trend -8.779 m*/s and minimum trend is
found to be -0.035 m%s (Figure 4.5.1). In contrast, Modi Khola station is located in
the downstream region where additional stream flow is contributed by the area and

also by occurrence more precipitation.

Another notable behavior was found in Langtang area during the year 1999-2001 due
to the heavy snow fall with a similar increasing precipitation data in 2000 (Adhikari et
al. 2012). The annual maximum decreasing trend was found -0.7236 m®s and

minimum trend was found -0.1542 m®/s in Langtang area (Figure 4.5.2).

The results of the observed discharge from DHM show that, in September 3, 1998 the

highest instantaneous flow was recorded with the value of 9880.0 m%s which is
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shown in Appendix (1) Table 9; and average maximum discharge was 5380.0 m®/s
(Figure 4.5.3).

According to Dwivedi et al. (1999), in September 3, 1998, a GLOF event occurred in
Tam Pokhari Lake of Dudhkoshi river basin. This GLOF was triggered when an ice
avalanche hit the frontal lake and induced a surge wave which overtopped the end
moraine dam. There is a brief report which indicates that lives were lost and that NRs
156 million (about 2 million US$) in damage was incurred. Similarly, the most
extraordinary behavior was found during the years 1998 in Dudhkoshi basin. Due to
the GOLF event, the river cross section was changed according to local perception.
For the actual flow regime analysis purpose, a new rating curve should be established
from DHM for future study.

According to given rating curve annual maximum flow regime was found to be
19.403 m®/s, annual minimum was 0.2142 m%s and mean was 318.3 m%s in
Dudhkoshi river basin (Figure 4.5.3). Due to monsoonal effect maximum discharge
trend is high but minimum discharge trend is low due to shrinkage of glacier area. It
has to be noted that most of the discharge occurred during the monsoon season in all
three basin when the water level is high. Comparison of yearly observed discharge
trend of three river basins along with the significant test are depicted in Table 4.5-1
and in Figure 4.5.4.

Table 4.5-1 Yearly trend of observed discharge data

Average
Elevation Trend Statistically
Basin Name discharge
(m) (m*/sec/year) | Significant
(m%/s)
Modi Khola river 667 -0.2984 52
Langtang Khola river 1362 -0.3799 e 31
Dudhkoshi river 460 1.9531 197
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Figure 4.5.1 Observed discharge trend analysis of Modi Khola river basin
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Figure 4.5.2 Observed discharge trend analysis of Langtang Khola river basin
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Figure 4.5.3 Observed discharge trend analysis of Dudhkoshi river basin
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Figure 4.5.6 Corrected daily average discharge of Dudhkoshi river basin
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4.6  Flow-duration curve of three basins

A flow-duration curve is a cumulative curve that shows the percent of time that flow
in a stream is likely to be equal or exceed during a given period (Searcy 2002). It
combines in one curve the flow characteristics of a stream throughout the range of
discharge, without regard to the sequence of occurrence. In addition, it shows the
percentage of time river flow can be expected to exceed a design flow of some
specified values and to show the discharge of the stream that occurs or is exceeded
some percent of time usually (70 percent of the time). Flow-duration analysis can be
used for many purposes in the field of water resources engineering and have been
used to solve problems in water management, flood control, hydropower and

scientific comparison of stream flow (Vogel and Fennessey 1995, Searcy 2002).

180.0 70.0
160.0 \\ 600 S\
140.0 \\
\ 50.0
120.0 \ L\
2 1000 \ Z 400 \
£
> 80.0 \ % 30.0
& g
= 60.0 \ 8 0.0
o] S .
2 200 E: N ——
20.0 10.0
0.0 0.0
0.0 20.0 40.0 60.0 80.0 100.0 0.0 20.0 40.0 60.0 80.0 100.0
Percentage of time -Modi Khola Percentage of time - Langtang Khola
700.0
600.0 \
500.0 \
2 \
_E_ 400.0
: \
]
& 3000
2
8 2000
100.0 S —
0.0
0.0 20.0 40.0 60.0 80.0 100.0
Percentage of time - Dudhkoshi

Figure 4.6.1 Modi Khola , Langtang Khola , Dudhkoshi flow duration curve
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The flow-duration curve of three basins is provided in Figures 4.6.1, 4.6.2 and 4.6.3.
The information from the three stations can be seen in Figure 4.6.3. The figure shows
that the Dudhkoshi basin gauging station has the highest magnitude of discharge. The
discharge of higher than 100 m*/sec occurs more than 50 percent of the time and the
lowest flow is higher than 35.1 m%sec. Modi Khola basin has higher than 21.9
m?*/sec discharge more than 50 percent of the time while the lowest flow is higher
than 10.9 m%sec. Similarly, the discharge higher than 23.2 m*/sec occurs more than
50 percent of the time in Langtang Khola Basin while the lowest flow is higher than

16.0 m®/sec.
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CHAPTER 5 SUMMARY AND CONCLUSION

5.1 Summary

Summary of temperature, precipitation and discharge scenarios obtained from the
application of SDSM and HVB-light 3.0 models are discuss in the following sub
sections.

5.1.1 Temperature scenario

Projected seasonal baseline NCEP temperature trend for calibration scenarios over the
period of 1971-2000 are depicted in Table 5.1-1. During the calibration period, all
three regions show highest base line temperature trends (Tmax, Tmin and Tmean)
except Khumbu (Tmin) and Langtang (Tmean) in summer (JJAS). The lowest trends
are found to occur in different season summer (JJAS) and autumn (ON), except in
Khumbu (Tmean). Similarly, highest annual temperature trend of 0.0104 °Clyear,
0.0089 °C/year and 0.0088 °C/year in Langtang region and the lowest annual trend of
-0.0099 °Clyear and -0.0022 °C/year in Khumbu (Tmax and Tmin) and -0.0049

OC/year Annapurna (Tmean) region are evident.

Table 5.1-1 Base line temperature trend for calibration period
Base line temperature trend (NCEP: 1971-2000)

Maximum temperature (°C) Minimum temperature(°C) Mean temperature (°C)
Season [Annapurna| Langtang | Khumbu |Annapurna| Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0140 0.1170 | 0.0147 0.0049 0.0171 | -0.0022 0.0097 0.0078 0.0207

MAM -0.0060 [ 0.0140 | -0.0198 | -0.0043 | 0.0121 | -0.0059 [ 0.0028 0.0090 | -0.0158
JJIAS -0.0080 [ 0.0047 | -0.0207 | 0.0035 | 0.0068 | 0.0050 0.0057 0.0106 | -0.0076
ON 0.0080 | 0.0011 | -0.0099 | -0.0057 | 0.0007 | -0.0113 | -0.0019 0.0004 | 0.0001
Annual | 0.0027 -0.0099 0.0006 -0.0022 -0.0049 -0.0014

CGCM3 projected seasonal baseline temperature trend for A2 scenarios over the
period of 1971-2000 are depicted in Table 5.1-2, in which it is apparent that the
highest baseline temperature trends of A2 (Tmax, Tmin and Tmean) is found to occur
in spring (MAM) except in Khumbu for Tmin. In all three regions, the lowest
temperature trends are found in autumn (ON). Similarly, the highest annual

temperature trend of 0.0119 °C/year is found in Langtang region.
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Table 5.1-2 Base line temperature trend for A2 scenario
Base line temperature trend of A2 scenario (CGCM3: 1971-2000)

Maximum temperature (°C) Minimum temperature(°C) Mean temperature (°C)
Season [Annapurna| Langtang [ Khumbu [Annapurna| Langtang [ Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0013 | -0.0050 [ 0.0084 | 0.0098 | 0.0185 | 0.0060 0.0107 0.0198 | 0.0093
MAM 0.0305 | 0.0282 | 0.0233 | 0.0334 | 0.0549 | 0.0037 0.0336 0.0588 | 0.0260
JIAS 0.0052 | 0.0024 | 0.0073 | 0.0100 | 0.0165 | 0.0318 0.0085 0.0109 | 0.0110
ON -0.0014 | -0.0178 | -0.0084 | -0.0063 | -0.0105 | -0.0090 | -0.0084 [ -0.0153 | -0.0052
Annual 0.0026 0.0089 0.0137 0.0115 0.0134 0.0110

CGCM3 projected seasonal maximum temperature trend for A2 scenarios over the
period of 2001-2030 and 2031-3060 are depicted in Table 5.1-3. All three regions
show highest maximum temperature trend in spring (MAM) and autumn during
former period and highest maximum temperature trend in winter (DJF) during later
period. However the lowest temperature trends are found in different periods. Highest
annual maximum temperature trend of 0.0119 °C/year is found in Annapurna among

three regions.

Table 5.1-3 Maximum temperature trend for A2 scenario

Maximum temperature (2001-2030) | Maximum temperature(2031-2060)
Season Annapurna Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0137 -0.0089 -0.0006 0.0224 0.0322 0.0186
MAM 0.0276 -0.0011 0.0309 0.0136 -0.1008 0.0105
JIAS 0.0052 0.0035 -0.0049 0.0107 0.0110 0.0016
ON -0.0014 0.0082 -0.0003 -0.0005 0.0216 0.0018
Annual 0.0014 0.0061 0.0126 0.0087

CGCM3 projected seasonal minimum temperature trend for A2 scenarios over the
period of 2001-2030 and 2031-3060 are depicted in Table 5.1-4 All three regions
show highest minimum temperature trend in spring (MAM) during former period and
in summer (JJAS) during later period except in Khumbu. Lowest trends are found in
autumn (ON) during both periods. Similarly, highest annual minimum temperature
trend of 0.0292° C/year is found in Langtang among three regions during later period.
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Table 5.1-4 Minimum temperature trend for A2 scenario

Minimum temperature (2001-2030) | Minimum temperature(2031-2060)
Season Annapurna Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0132 0.0163 -0.0019 0.0260 0.0470 -0.0025
MAM 0.0412 0.0378 0.0145 0.0235 0.0185 0.0238
JIAS 0.0093 0.0077 0.0417 0.0106 0.0212 0.0764
ON -0.0014 0.0202 -0.0055 0.0025 0.0300 | -0.0031
Annual 0.0166 0.0164 0.0171 0.0303

CGCM3 projected seasonal mean temperature trend for A2 scenarios are over the
period of 2001-2030 and 2031-2060 are depicted in Table 5.1-5. All three region
show highest mean temperature trend in spring (MAM) during former period except
in Khumbu region at later period. Lowest trends are found in autumn (ON) during
former period. Similarly, highest annual mean temperature trend of 0.0209 °Clyear is

found in Langtang among three regions during later period.

Table 5.1-5 Mean temperature trend for A2 scenario

Mean temperature (2001-2030) Mean temperature(2031-2060)
Season Annapurna Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0110 0.0090 -0.0016 0.0214 0.0339 0.0185
MAM 0.0345 0.0347 0.0331 0.0224 0.0980 0.0156
JIAS 0.0050 0.0082 0.0048 0.0062 0.0141 0.0099
ON -0.0072 0.0097 -0.0020 0.0017 0.0313 0.0184
Annual 0.0127 0.0097 0.0137 0.0141

CGCMB3 projected seasonal maximum temperature trend of ALB scenarios are
depicted in Table 5.1-6. All three regions show highest maximum temperature
increasing trend in spring (MAM) except in Langtang (2001-2030). The lowest
maximum temperature trend are found in autumn (ON) all three regions (2031-2060).
Similarly, highest annual maximum temperature trend of 0.0203 °C/year is found in

Annapurna region among in three regions (2031-2060) .
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Table 5.1-6 Maximum temperature trend for A1B Scenario

Maximum temperature (2001-2030) Maximum temperature(2031-2060)
Season | Annapurna Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0183 0.0147 0.0216 0.0222 0.0071 0.0131
MAM 0.0285 0.0043 0.0294 0.0413 0.0037 0.0350
JIAS 0.0080 0.0160 0.0038 0.0159 0.0160 -0.0019
ON 0.0120 0.0085 -0.0102 -0.0059 -0.0012 -0.0032
Annual 0.0122 0.0123 0.0075 0.0116

CGCM3 projected Seasonal minimum temperature trend of ALB scenarios are
depicted in Table 5.1-7 All three regions show highest minimum temperature trend in
spring (MAM) except in Khumbu region (2001-2030). The lowest minimum
temperature trends are found in autumn (ON) except in Langtang region. The
minimum temperature trend are increasing during spring (MAM) in Annapurna and
Langtang except in Khumbu (2031-2060). However, the occurrence of lowest
minimum temperature trends are found in different seasons (2031-2060). Similarly,
highest annual minimum temperature trend of 0.0300 °C/year is found increasing in

Langtang compared to Khumbu and Annapurna regions during both periods.

Table 5.1-7 Minimum temperature trend for A1B scenario

Minimum temperature (2001-2030) | Minimum temperature(2031-2060)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0170 0.0366 -0.0039 0.0214 0.0249 -0.0013
MAM 0.0410 0.0414 0.0162 0.0517 0.0522 0.0043
JJIAS 0.0102 0.0172 0.0241 0.0036 0.0139 0.0303
ON -0.0650 0.0268 -0.0170 -0.0084 0.0278 0.0062
Annual 0.0151 0.0085 0.0188 0.0119

CGCMS3 projected seasonal mean temperature trend of A1B scenarios are depicted in
depicted in Table 5.1-8. All three regions show highest mean temperature trends in
spring (MAM) in both period 2001-2030 and 2031-2060. The lowest mean
temperature trends are found in autumn (ON) except in Langtang region. Highest
annual mean temperature trend of 0.0287 0C/year (2001-2030) at Langtang is found

to occur among three regions.
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Table 5.1-8 Mean temperature trend for A1B scenario

Mean temperature (2001-2030) Mean temperature(2031-2060)
Season | Annapurna Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0155 0.0290 0.0217 0.0195 0.0065 0.0182
MAM 0.0368 0.0387 0.0309 0.0499 0.0558 0.0320
JIAS 0.0072 0.0220 0.0092 0.0066 0.0096 -0.0012
ON -0.0253 0.0214 -0.0092 -0.0178 0.0304 -0.0023
Annual 0.0133 0.0149 0.0186 0.0126

5.1.2 Precipitation scenario

Seasonal precipitation trend baseline NCEP and A2 scenarios are presented in Table
5.1-9 (NCEP and CGCM3:1971-2000). During these calibration periods, all three
regions show increasing precipitation trends randomly. Precipitation trend are found
decreasing in summer (JJAS) except in Khumbu region from NCEP (1971-2000) and
the precipitation trend are decreasing randomly from A2 (1971-2000). Likewise, the
maximum observed precipitation trend of 0.3614 mm/year is found in Khumbu region
in spring (MAM) and annual increasing precipitation trend of 0.7705 mm/year is
simulated at Langtang region from A2 SERS scenarios. (CGCM3: 1971-2000) while
the annual decreasing precipitation trend is found to be -3.0416 mm/year in Langtang
region from NCEP.

Table 5.1-9 Baseline precipitation trend for NCEP and A2 scenario

Precipitation trend of baseline (NCEP: 1971-2000) | Precipitation trend of A2 (CGCM3: 1971-2000)
Season Annapurna Langtang Khumbu Annapurna Langtang Khumbu
DJF -0.0298 -0.0800 0.0025 -0.1122 -0.0130 -0.0029
MAM 0.2226 -0.2383 -0.1052 -0.1327 0.0251 0.3614
JJAS -0.5761 -0.5153 -0.1537 0.1987 -0.2217 0.0911
ON -0.1013 -0.0293 -0.3970 -0.0428 0.0415 -0.1733
Annual -1.9919 -3.0416 -1.8330 -0.0485 1.0932

Seasonal precipitation trend of A2 scenarios are depicted in Table 5.1-10 (CGCM3:
2001-2060). All three regions show precipitation increasing trends during spring
(MAM) (2001-2030) except in Annapurna (2031-2060). The precipitation trends are
found decreasing randomly (2001-2030) and same conditions have been found in
summer (JJAS) except in Khumbu region (2031-2060). Similarly, annual precipitation

shows increasing trend of 0.9166 mm/year (2001-2030) in Langtang and the annual
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precipitation has a decreasing trend of -6.4797 mm/year (2031-2060) in Annapurna

among three regions.

Table 5.1-10 Precipitation trend for A2 scenario (CGCM3:2001-2060)

Precipitation trend of A2 (CGCM3: 2001-2030) Precipitation trend A2 (CGCM3: 2031-2060)
Season Annapurna Langtang Khumbu Annapurna Langtang Khumbu
DJF -0.0540 0.0150 -0.0093 -0.09340 -0.01570 0.00800
MAM 0.0940 0.1700 0.3420 -0.01319 0.1646 0.1305
JJAS -0.8968 0.0326 -0.1422 -1.7808 -0.2734 -0.07770
ON -0.2228 0.0813 -0.1531 0.6889 -0.02230 -0.0918
Annual -3.9057 0.1272 -6.4797 -0.68970 -0.07910

Seasonal precipitation trend of A1B scenarios are depicted in Table 5.1-10 (CGCM3:
2001-2060). In Annapurna region the precipitation trends are found decreasing for
all season and lowest is found to occur in autumn (ON) compared to all three region
(2001-2030) , whereas highest precipitation trends are found to occur in different
season. Likewise, highest precipitation trend of 2.7913 mm /year is found to occur
during (ON) compare to Langtang and Khumbu (2031-2060). Lowest precipitation
trend of -0.2755 mm/year is found in Khumbu region in summer (JJAS). Similarly,
annual precipitation trends are found increasing at the rate of 2.9232 mm/year and
1.4753 mml/year respectively in Annapurna region (2001-2030 and 2031-2060). The
annual precipitation trend has been found decreasing at the rate of - 0.8604 mm/year
in Khumbu region (2001-2060).

Table 5.1-11 Precipitation trends for A1B scenario (CGCM3:2001-2060)

Precipitation trend of A1B (CGCM3: 2001-2030) | Precipitation trend of A1B (CGCM3: 2031-2060)
Season Annapurna Langtang Khumbu Annapurna Langtang Khumbu
DJF -0.0919 0.0174 0.0158 -0.1544 -0.00400 0.00070
MAM -0.2728 0.0728 0.4109 0.55800 0.2220 0.2196
JJIAS -0.1327 0.0949 0.2420 0.02250 -0.1462 -0.2755
ON -0.489 0.0072 -0.1277 2.7913 0.05850 -0.20770
Annual 0.7621 1.9991 0.20840 -0.8604

5.1.3 Discharge scenario

Seasonal maximum and minimum discharge trend baseline NCEP scenarios over the
period of 1971-2000 are depicted in Table 5.1-12. All three regions show highest
base line discharge trends randomly. The lowest trends are also found to occur
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randomly. Likewise, maximum discharge trend are found decreasing in autumn (ON)
except in Annapurna (1971-2000) during summer (JJAS) and minimum discharge
trends are found decreasing in autumn (ON) except in Langtang region (1971-2000).
The trend of annual maximum discharge is found decreasing at the rate of -0.8013
m®/slyear (1971-2000) in Khumbu region while minimum discharge trend is

increasing at the rate of 0.0661 m*/s/year occurs in Langtang region.

Table 5.1-12 Maximum and minimum discharge trend for base line

Maximum (1971-2000) Minimum (1971-2000)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF -0.0375 -0.0096 | 0.0782 -0.0218 -0.0045 | -0.0666
MAM -0.0214 -0.0355 | -0.8442 -0.0333 -0.0147 | -0.8504
JJIAS -0.0710 0.0649 -1.1713 -0.0523 0.0143 -0.6595
ON -0.0653 -0.1059 | -1.1830 -0.0646 0.1009 -1.4549
Annual -0.0466 -0.0100 | -0.8013 -0.0394 -0.6072

CGCM3 projected seasonal maximum and minimum discharge trend of A2 scenarios
over the period of 1971-2000 are depicted in Table 5.1-13 (1971-2000). Annapurna
and Langtang regions show increasing maximum discharge in summer (JJAS) except
in Khumbu region (1971-2000) and minimum discharge are found to occur in
different season. Similarly, the seasonal minimum discharges trends are found to be
increasing during summer (JJAS) in Langtang and Khumbu region except in
Annapurna. The lowest discharge trends are found to occur during autumn (ON) in
all three regions. The annual minimum discharge is in increasing trend at the rate of
1.4109 m®/s/year in Khumbu region whereas the minimum discharge decreasing
trend is found to occur at the rate of -0.4953 m®/s/year in the same region (1971-
2000).

Table 5.1-13 Maximum and minimum discharge trend for A2 scenario

Maximum (1971-2000) Minimum (1971-2000)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0479 0.0313 0.0899 -0.0030 0.0412 | -0.0167
MAM 0.0184 0.0193 -0.8442 0.0479 0.0428 0.1824
JIAS 0.3467 0.0495 | -0.4428 0.0347 0.1882 0.6129
ON -0.0193 0.0042 -0.1830 -0.0193 -0.0204 | -0.9169
Annual 0.0127 -0.4953 0.1266 0.0766
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NCEP and CGCM3 seasonal mean discharge trend baseline and A2 scenarios over
the period of 1971-2000 are depicted in Table 5.1-14. In all three region, mean
discharge baseline trends are found increasing in summer (JJAS) (NCEP: 1971-2000)
except in Khumbu. The mean discharge A2 trends are also found increased in
summer (JJAS) except in Annapurna (CGCM3: 1971-2000). The mean discharge
trend are found decreasing in autumn (ON) in all three reason (2001-2030). The mean
discharge trend are decreasing in autumn (ON) except in Annapurna region (CGCM3:
1971-2000). Annual mean discharge trend is found decreasing in Khumbu region at
the rate of -0.5523 m®/s/year (NCEP: 1971-2000) whereas it is found increasing at
the rate of 0.3057m?%s/year (CGCM3: 1971-2000) same region.

Table 5.1-14 Mean discharge trend for base line and A2 scenario

Mean (NCEP:1971-2000) Mean (CGCM3: 1971-2000)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF -0.0052 0.0109 0.0724 0.0077 0.0362 0.0366
MAM 0.0607 -0.0081 | -0.8473 0.0102 0.0310 | -0.3309
JIAS 0.5205 0.0572 -0.5512 -0.1359 0.1189 1.7280
ON -0.0317 -0.0509 | -1.3190 -0.0133 -0.0081 | -1.0990
Annual 0.0083 -0.5523 -0.0452 0.0516

CGCM3 projected seasonal maximum discharge trend A1B scenarios over the
period of 2001-2060 are depicted in Table 5.1-15. The maximum discharge in both
Annapurna and Khumbu region show are found increasing in summer (JJAS) except
in Langtang region (2001-2030). Likewise, maximum discharge trends are found to
occur in different seasons (2031-2060). The lowest maximum discharge trend is
found to occur during summer (JJAS) in Langtang region (2001-2030). and the
lowest is found during autumn (ON) in Khumbu region (2031-2060). Similarly,
annual maximum discharge has an increasing trend in Khumbu at the rate of 0.7282
m®/slyear (2001-2030) and 0.1208 m®/s/year (2031-2060) respectively compare to

other region.

79



Table 5.1-15 Maximum discharge trend for A1B scenario

Maximum (2001-2030) Maximum (2031-2060)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0054 0.0479 0.2841 0.0135 0.0365 | -0.0291
MAM 0.0788 0.0611 0.6692 0.0943 -0.0195 | 0.3399
JJIAS 0.1315 -0.1010 1.7764 0.2535 0.0101 0.0984
ON 0.0693 0.1198 0.4291 0.0566 0.1408 -0.5431
Annual 0.0833 0.0277 0.0315 0.0193

CGCM3 projected seasonal minimum discharge trend AL1B scenarios over the
period of 2001-2060 are depicted in Table 5.1-16. The minimum discharge trends in
Annapurna and Khumbu are found increasing in summer whereas in case of Langtang
it is found increasing during autumn (ON) and decreasing in summer (JJAS) (2001-
2030). In Langtang and Khumbu, the minimum discharge trend is found increasing
during spring (MAM) whereas for Annapurna it is found during spring (JJAS)
similarly the minimum discharge trend are found to occur in Annapurna and Khumbu
whereas for Langtang during summer (JJAS) (2031-2060). The highest annual
minimum discharge trend is found in Khumbu region at the rate 0.6947 m®/s/year
(2001-2030) whereas, it is 0.0925 m®/s/year in Annapurna region (2031-2060) and the
lowest value of -0.1522 m*/s/year is found to occur in Khumbu region.

Table 5.1-16 Minimum discharge trend for A1B scenario

Minimum (2001-2030) Minimum (2031-2060)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0282 0.0279 | 0.0291 -0.0033 0.0038 | 0.0128
MAM 0.0235 0.0175 1.1798 0.0531 0.8885 0.9675
JIAS 0.1895 -0.0285 1.2070 0.2500 -0.1545 | -0.7023
ON -0.0051 0.0565 0.2222 -0.0196 -0.0408 | -0.9862
Annual 0.0714 0.0234 -0.0552 | -0.1522

CGCMBS projected seasonal mean discharge trend A1B scenarios over the period of
2001-2060 are depicted in Table 5.1-17. The mean discharge trends are found
increased in summer whereas in case of Langtang it is found increasing during
autumn (ON) and decreasing in summer (JJAS) (2001-2030). In Langtang and
Khumbu, the mean discharge trend is found increasing during spring (MAM) whereas
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for Annapurna it is found during spring (JJAS) similarly the minimum discharge trend
are found to occur in Annapurna and Khumbu whereas for Langtang during summer
(JJAS) (2031-2060). The highest mean discharge trends in Khumbu are found as
0.3738 m®/s/year (2001-2030) and 0.2713 m*/s/year (2031-2060) respectively. The
lowest value of -0.0159 m®/s/year is found only in Langtang region (2031-2060).

Table 5.1-17 Mean discharge trend forA1B scenario

Mean (2001-2030) Mean (2031-2060)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF 0.0095 0.0422 0.1275 0.0125 0.0159 0.0209
MAM 0.0866 0.0208 0.5046 0.0383 0.4530 1.0737
JIAS 0.1925 -0.0455 0.9374 0.2198 -0.0915 0.2524
ON 0.0630 0.1303 -0.0570 -0.0124 0.0079 -0.3820
Annual 0.1021 0.0296 0.0820 -0.0159

CGCM3 projected seasonal maximum discharge trend A1B scenarios over the
period of 2001-2060 are depicted in Table 5.1-18. The maximum discharge trends in
Langtang and Khumbu are found increasing in winter (DJF) whereas in case of
Annapurna it is found increasing during in summer (JJAS) and decreasing in summer
(JJAS) (2001-2030). In Langtang, Khumbu, and Annapurna the maximum discharge
trend is found increasing different seasons autumn (ON), spring (MAM), summer
(JJAS) (2031-2060) respectively. The highest annual maximum discharge trend is
found to occur in Khumbu region at the rate 0.0.1368 m®/s/year (2001-2030)
whereas, it is 0.0875 m®/s/year in Annapurna region (2031-2060).

Table 5.1-18 Maximum discharge trend for A2 scenario
Maximum (2001-2030) Maximum (2031-2060)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF -0.0114 0.0376 0.2474 0.0035 0.0740 0.0551
MAM 0.0882 0.0325 1.0384 0.0442 -0.0179 | 0.5161
JIAS 0.2236 0.0259 | -0.0196 0.2601 -0.0095 | -0.2538
ON -0.0325 0.0203 -0.5158 0.0180 0.0819 -0.0880
Annual 0.0960 0.0417 0.0233 0.0493
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CGCM3projected seasonal minimum discharge trend A2 scenarios over the period
of 2001-2060 are depicted in Table 6.1-19. The minimum discharge trends are found
increasing in summer (JJAS) for all three regions (2001-2030). In Khumbu and
Annapurna the minimum discharge trends are found increasing during (JJAS),
whereas it is found in winter (DJF) in Langtang region (2031-2060) respectively.
The highest annual minimum discharge trend is found to occur in Langtang region at
the rate -0.0587 m®/s/year (2031-2060). The annual minimum discharges trends are
found to occur in Khumbu (2001-2030) and Annapurna (2031-2060) at the rate of
0.2135 m*/s/year and 0.0925 m*/s/year respectively.

Table 5.1-19 Minimum discharge trend forA2 scenarios

Minimum (2001-2030) Minimum (2031-2060)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF -0.0240 -0.0059 | 0.0714 -0.0031 0.0025 | -0.0021
MAM 0.0288 0.0037 0.1043 0.0215 0.0023 0.0622
JIAS 0.2627 0.0689 0.6502 0.0279 -0.1705 | 1.3434
ON -0.0469 0.0198 -0.1962 -0.0187 -0.0201 0.0879
Annual 0.0858 0.0422 -0.0587 | 0.0478

CGCM3 projected seasonal mean discharge trend A2 scenarios over the period of
2001-2060 are depicted in Table 6.1-20. The mean discharge trends for three regions
are found increasing in different seasons during summer (JJAS) in Annapurna, winter
(DJF) in Langtang and spring (MAM) in Khumbu regions. Whereas in case of
Annapurna and Khumbu it is found decreasing autumn (ON) and summer (JJAS)
(2001-2030) respectively. The mean discharge trend in Annapurna and Khumbu
region are found decreasing during autumn (ON) and summer (JJAS) (2001-2031).
In Khumbu and Annapurna the mean discharge trends are is found increasing during
summer (JJAS), where as in case of Langtang, it is during spring (MAM) (2031-
2060). The mean discharge trend in Annapurna and Khumbu region are found
decreasing during in summer (JJAS), whereas in case of Langtang it is found
decreasing during winter (DJF) (2031-2060). The highest annual mean discharge
trends are found to occur both in Khumbu region at the rate 0.0931 m®/s/year (2001-
2030) and 0.1302 m®/s/year (2031-2060) respectively.
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Table 5.1-20 Mean discharge trend forA2 scenario

Mean (2001-2030) Mean (2031-2060)
Season | Annapurna | Langtang | Khumbu | Annapurna | Langtang | Khumbu
DJF -0.0040 0.0558 0.1513 -0.0136 -0.0017 0.0347
MAM 0.0662 0.0073 0.7773 0.0252 0.0030 0.0833
JJIAS 0.2419 0.0082 -0.1367 0.1453 -0.0508 0.9968
ON -0.0073 0.0511 -0.3019 -0.0328 -0.0001 | -0.0542
Annual 0.0918 0.0325 0.0892 -0.0083

The overall summary and results of analysis of the seasonal temperature obtained
from different scenario of different climate projection show that there is significant
increase in temperature during spring (MAM) season whereas the discharge trend is
increasing in summer (JJAS) in all regions, this could be due to melting of snow and
glacier together with rainfall those regions. Likewise, the seasonal analysis of the
precipitation data shows precipitation trends are found to be increased significantly
during spring season in most of the cases but the flow regime (discharge) is more
pronounced in subsequent season, that is in summer (JJAS), this is due to temperature

precipitation responses on discharge.

5.1.4 Impact of climate change on flow regime

The daily projected maximum and minimum temperatures and precipitation data are
used for discharge projection (Appendix (1), Table 1 to Table 9). Decadal projected
seasonal values of these parameters are described for temperature (section 6.6.2),

precipitation (section 6.6.3) and discharge (section 6.6.4).

5.1.5 Scenario analysis
CGCM3 simulated A2 and A1B decadal SERS scenarios (annual and seasonal) of
maximum, minimum and mean temperature at Annapurna, Langtang and Khumbu

are presented as follows:

Appendix (1) Table 1, A1B decadal scenarios of maximum, minimum and mean

temperatures from 2001 to 2060.
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Appendix (I), Table 2, A2 decadal scenarios of maximum, minimum and mean
temperatures from 2001 to 2060.

Appendix (1) Table 3, Decadal values of maximum, minimum and mean

temperatures from 2001 to 2060 in calibration and validation period from NCEP data.

Appendix (1) Table 4, A2 decadal scenarios of maximum, minimum and mean
temperatures from 1961 to 2000.

Appendix (1) Table 5, Observed decadal precipitation (mm) of the three regions.

Appendix (I) Table 6, Comparisons of decadal precipitation (mm) of Modi Khola,
Langtang Khola and Dudhkoshi river basins, A2 scenario after the calibration and
validation period 1961 to 2000.

Appendix (1) Table 7, Decadal values of precipitation (mm) in calibration and
validation period from 1961 to 2000.

Appendix (I) Table 8, Decadal observed discharge during calibration and validation
period from Modi Khola (1991 to 2010), Langtang Khola (1991 to 2010), and
Dudhkoshi river basins (1971 to 2010).

Appendix (1) Table 9, A1B and A2 decadal scenario of discharge (m®/s) from

maximum, minimum and mean temperatures (°C) and precipitation (2001-2060).

Result obtained from above appendix are summarized as follows;

In Modi Khola river basin (Annapurna region), the A1B decadal average annual
maximum temperature is found to have highest of 9.7 °C during 2051-2060 and
lowest of 9.0 °C during 2001-2010(Appendix I: Table 1). Decadal average annual
total precipitation is found to have maximum value of 2198.3 mm during 2051-2060
and minimum value of 2181 mm during 2001- 2010 (Appendix I: Table 7). Similarly,
decadal annual average discharge is found to have maximum of 47.1 m®s during
2051-2060 and minimum value of 42.0 m®s during 2001 -2010 (Appendix I: Table
9).
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In Langtang Khola river basin (Langtang region), the A1B decadal annual maximum
temperature is found to have highest value of 7.1 °C during 2051-2060 and lowest of
6.8 °C during 2001-2010 (Appendix I: Table 1). Decadal average annual total
precipitation is found to have maximum value of 729.1 mm during 2051-2060 and
minimum of 710.9 mm during 2001-2010 (Appendix I: Table 7). Similarly, maximum
value calculated for decadal annual average discharge is found to be 36.9 m*/s during
2051-2060 and minimum value of 35.7 m*/s during 2001-2010 (Appendix I: Table 9).
There is a similarity found in terms of annual average maximum temperature, annual

total precipitation and annual average discharge Adhikari et. al., (2014).

In Dudhkoshi river basin (Khumbu region) the A1B decadal annual maximum
temperature is found to have highest value of 2.6 °C during 2051-2060 and lowest of
2.1 °C during 2001-2010 (Appendix I: Table 1). Decadal average annual total
precipitation is found to have maximum of 548.1mm during 2051-2060 and minimum
of 522.9 mm during 2001-2010 (Appendix I: Table 7). Similarly, decadal annual
average discharge is found to have maximum of 257.1 m%s during 2051-2060 and
minimum of 238.8 m%s is during 2001-2010 (Appendix I: Table 9).

In Modi Khola river basin (Annapurna region) the A2 decadal annual maximum
temperature is found to be highest of 9.7 °C during 2051-2060 and lowest of 9.1°C
during 2001-2010 (Appendix I: Table 2). Decadal average annual total precipitation
found to have maximum value of 2295 mm during 2001-2010 and minimum of 239.1
mm during 2051-2060 (Appendix I: Table 7). Similarly, maximum value of decadal
annual average discharge is found to be 47.4 m®/s during 2051-2060 and lowest
minimum value of 43.0 m*/s is found during 2001-2010 (Appendix I: Table 9).

In Langtang Khola river basin (Langtang region) the A2 decadal annual maximum
temperature is found to be highest of 7.3 °C during 2051-2060 and lowest of 6.8 °C
during 2001-2010 (Appendix I: Table 2). Decadal average annual total precipitation
found to have maximum value of 676.6 mm during 2051-2060 and minimum value of
691.1mm during 2001-2010 (Appendix I: Table 7). Similarly, maximum value of
decadal annual average discharge is found to be 36.7 m*/s during 2051-2060 and
lowest minimum value of 35.6 m*/s during 2001-2010 (Appendix I: Table 9).
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In Dudhkoshi river basin (Khumbu region) the A2 decadal annual average maximum
temperature is found to be highest of 2.6 °C during 2051-2060 and lowest of 2.2 °C
during 2001-2010 (Appendix I: Table 2). Maximum value of decadal average annual
total precipitation is found to be 567.2 mm during 2051-2060 and minimum value of
538.8 mm during 2001-2010 (Appendix I: Table 7). Similarly, maximum value of
annual average discharge found to be 242.4 m®s during 2051-2060 and lowest
minimum value of 230.3 m*/s during 2001-2010 (Appendix I: Table 9).

Above results indicated that there in an overall increase of decadal average annual
temperature, precipitation and discharge in all three basins. These increases in decadal
values during later decades could be due to enhancement of global warming.

5.1.6 Water Balance of the study basin

For comparison of climatic water balance in three regions Table 5.2-21 is presented.
According to this table, there is lowest water deficiency of 40 mm at Annapurna
region. The highest water deficiency of 382 mm is evident at Khumbu. Langtang has
intermittent water deficient of 351 mm. Therefore, it suggests that the water
deficiency is increasing from western to eastern Nepal Himalaya. Similarly the
highest water surplus of 1491 mm is at Annapurna, 177 mm at Langtang and the
lowest 49 mm at Khumbu which is similar to the precipitation distribution, i.e.
increasing from eastern to western Himalaya due to the altitudinal and monsoonal

effects latitudinal different from east to west.

Table 5.1-21 Comparisons of climatic water balance in three stations

Climatology of water Balance | Annapurna | Langtang | Khumbu

Water Deficiency (mm) 40.0 351.0 382.0
Water Surplus (mm) 1491.0 177.0 49.0

Devkota (2003) found the highest rainfall pocket of more than 320 cm annually over
central mountainous region, particularly along the southern flanks of Annapurna

range, whereas the driest part is found over the north of the same range with less than

86



40 cm annually. The strong rainfall gradient across this range shows the importance of
topography on spatial variation of annual rainfall distribution in Nepal. The second
highest rainfall zone of more than 240 cm per year is located over the northeast
mountainous region. Terai belt has rainfall distribution ranging from 160 to 200 cm
annually, whereas the western Terai shows less rainfall in comparison to the rest of
the Terai. While Devkota (2003) noted that highest rainfall zone is located at the
middle mountainous region, Seko (1987) and Shirawa et al. (1992) observed that the
amount of precipitation in an altitude of 5090 amsl is almost 1.5 times higher than at
the Langtang station located at 3920 amsl during the monsoon periods of 1986 and
1990. This study shows that in the high mountainous region the precipitation
decreases with increase in altitude. The water surplus also shows similar chatterers as

that of precipitation.

52  Conclusion

Performance of SDSM downscaling based on NCEP and GCMs predictors at three
basin are evaluated using statistical properties of daily climate data. It is found that
the application of SDSM for statistical downscaling is suitable for developing daily
climate scenarios. To demonstrate the procedure of developing scenarios, SDSM is
applied based on daily outputs of common climate variables from GCMs simulation,
which has been widely used in the development of daily climate scenarios, and the
results can be used in many areas of climate change impact studies. Based on the
analysis of results, CGCM3 model has been found as a useful model for the future

simulation of temperature and precipitation scenario.

Temperature

Most of the observation stations in three basins indicate positive increasing annual
temperature trends which are statically significant. These stations indicate a gradual
increase in annual maximum, minimum and mean temperature in all cases, except for
minimum temperature in Annapurna and Lumle stations (Table 5.3-1). During the
base line period, annual temperatures (maximum, minimum and mean) are randomly
increasing. Similarly, the annual temperature trends of A2, A1B scenario of all three
regions are in increasing trends (2001-2030 and 2031-2060). The projected seasonal

temperatures trends (maximum, minimum and mean) in three regions are much
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warmer in autumn than in spring and summer. Similarly, annual average maximum
temperature is warmer in both Annapurna and Langtang regions. On the other hand,

annual average minimum temperature is cooler in Khumbu region only.

Rainfall

The distribution of precipitation is controlled by the orientation of mountain systems.
Due to this effect, middle mountain and windward side receive relatively higher
precipitation than high mountain, valley and leeward side. Most of the observed
stations in three regions indicate increasing annual precipitation trends. These stations
indicate a gradual increase in annual precipitation except in Chaurikhark and
Dingboche (Table 5.2-1). Observed annual precipitations are increasing in Annapurna
and Langtang regions, whereas no such trend is found in Khumbu region (Appendix I,
Table 5). The base line (NCEP) A2 scenario annual precipitation is randomly
increasing (1971-2000, 2001-2030 and 2031-2060). Similarly, the annual
precipitation of A1B scenario of all three regions are in increasing (2001-2030 and
2031-2060) except in Khumbu region (2031-2060).

Discharge

Observed annual discharge shows negative trend except in Dudhkoshi river basin at
Khumbu region. There is a high possibility that the rating curve is less representative
for Modi Khola river basin at Annapurna region and Langtang Khola river basin at
Langtang region (Table 5.5-1). Observed discharge is found to be similar with the
base line NCEP simulated discharge. The base line (1971-2000) NCEP simulated
annual discharge (maximum, minimum and mean) for A2 scenarios are decreasing,
however that for projected period (2001-2060) from all three regions are increasing,
except in Dudhkoshi river basin. Similarly, annual discharge of A1B scenario of these
basins are increasing (2001-2030) except in Modi Khola river basin. However,
CGCM3 (SRES A1B and A2) simulated seasonal and annual discharge at these basins
are increasing, except at Langtang region, where only discharge from A2 scenario is
decreasing. Further, the flow regime (discharge) trend is more pronounced after the
subsequent summer season in all three regions for both A1B and A2 scenario during
2001-2030 and 2031-2060 period.
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Result shows that average annual temperature, precipitation and discharge of the
study area of three basins are getting higher in the future decades due to enhancement

of global warming.

PET and Water balance

PET is decreasing with increasing elevation similar to the vertical temperature
variation. The highest water surplus is found in the Annapurna region, but less
amount of water surplus is obtained in Langtang and Khumbu region. In Annapurna
region, temperature and precipitation are larger as compared to the other two regions
(Langtang and Khumbu region). In Annapurna areas, both temperature and
precipitation are high and hence snow accumulation as well as melting is also high as
compared to other two stations. Water surplus occurred in three seasons (spring,
summer and Autumn) at Annapurna region, but in summer very small quantity of
water surplus is found in Langtang and Khumbu region. Water deficiency is
increasing from western to eastern regions whereas water surplus is increasing from
eastern to western regions. Freezing precipitation and climatic water balance show
that Annapurna region has the highest water surplus. This may be due to the fact
that this area is located at the highest rainfall pocket of Nepal. The pattern of
decreasing rate of precipitation is not similar in three catchments due to the different
temperature profile and the freezing precipitation. The snow melting rate is higher in
the Annapurna area. The melting rate of glaciers is higher in western region as

compared to the middle and eastern regions of Nepal Himalaya.

5.3 Recommendation for future work

The research aimed to study the impact of climate change on precipitation trend and
river discharge of the study areas (Modi Khola, Langtang Khola and Dudhkoshi river
basins). By analyzing the precipitation data and then applying hydrological model, the
change in river discharge was computed. The change in global air temperature was
found to be the major factor affecting the changes in the precipitation trend as well as

river discharge. In this contest the following recommendations are made:

e In Nepal, conclusions regarding the climate change in the higher altitude

region were based on limited observation with short time series data and thus
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it is suggested to improve observational networks particularly at high altitude

regions.

Because of the diverse topographical, physical and environmental
characteristics of the basins in Nepal, a number of empirical studies related to
the climate change impact are required in order to segregate the climatic and
non-climatic impacts. Therefore, more representative studies for the
identification of potential impacts of climate change on water resources are

needed.

In this study, the capability of the automatic calibration algorithm and the
uncertainty analysis was weakened due to relatively short duration of data.
The study would have been more reliable if the data was of longer duration.
So it is recommended to give continuation to the current data stations so that

no such problem will be faced for future researchers.

In this study, lack of reliable land-use and groundwater data were responsible
for not computing water balance properly. It is therefore recommended to the
concerned authority to develop an accessible, comprehensive database to
overcome these issues.

Since the most of the research in the study area are conducted by hydropower
and infrastructure developers, basic issues like climate change are neglected
and hence study in climate change issue needs to be strengthened.

In order to implement adaptation and mitigation plans in future, as the areas

are at high risk due to impact of the precipitation change and flood regime,

concentrated study on climate change effect on glaciers should be enhanced.
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APPENDIX

Appendix (1) Table 1, A1B decadal scenarios of maximum (Tmax), minimum (Tmin)
and mean (Tmean) temperatures from 2001 to 2060.

| Annapurna Langtang Khumbu

Tmax (°C) A1B Scenario

Season/Decadel [ 2000s [ 2010s | 2020s | 2030s | 2040s | 2050s | 2000s [ 2010s | 2020s [ 2030s | 2040s [2050s [ 2000s | 2010s [ 2020s | 2030s [ 2040s | 2050s

DJF 3.7 3.9 4.1 4.0 4.4 | 45 1.1 0.9 1.4 1.6 1.5 16 | 38| 36 | 34 | 34| 3.1 | -31
MAM 10.0 | 10.4 | 10.5 | 10.7 | 11.2 | 115 7.1 7.2 7.1 7.2 6.9 7.2 3.6 3.9 4.2 4.3 4.7 5.0
JIAS 126 | 12.7 | 12.7 | 12.8 | 129 | 13.1 | 10.5 | 10.5 | 10.8 | 10.8 | 11.0 | 11.0 | 5.6 5.7 5.7 5.7 5.6 5.6
ON 8.2 8.2 8.0 8.1 8.0 8.0 7.7 7.5 7.8 8.0 7.9 8.3 1.5 13 1.2 1.3 1.1 1.2
Annual 9.0 9.2 9.2 9.3 9.5 9.7 6.8 6.8 7.1 7.1 7.1 7.3 2.1 2.2 2.3 2.3 2.5 2.6

TMin (°C) A1B Scenario

Season/Decadel [ 2000s | 2010s | 2020s [ 2030s | 2040s [2050s | 2000s [ 2010s | 2020s | 2030s [ 2040s |2050s [ 2000s | 2010s [ 2020s | 2030s | 2040s [2050s

DJF 42| 41| 39| 38| 36|-34| 69| 67| 62| -60| 58|-54]-139][-13.9]|-13.9|-13.9(-13.9|-14.0
MAM 1.6 2.0 2.3 2.6 3.1 36 | -1.5 ] 09| -07 | 04 | 00 06 |-11.7-11.4|-114|-114|-11.3|-11.2
JIAS 6.8 6.9 7.0 7.0 7.1 7.1 6.4 6.6 6.8 6.9 6.9 72 | -28 | 31| -23]-21]-14|-13
ON 1.6 1.4 13 1.4 1.1 1.3 1.1 1.2 1.6 1.9 1.9 25 [-12.4]-126 | -12.8 | -12.6 | -12.7 | -12.5
Annual 1.9 2.0 2.1 2.3 2.4 2.6 0.2 0.5 0.8 1.0 1.2 16 | 94| 94| 92| 91| 89 | -88

TMean (°C) A1B Scenario

Season/Decadel [ 2000s [ 2010s | 2020s | 2030s | 2040s | 2050s | 2000s [ 2010s | 2020s [ 2030s | 2040s [2050s [ 2000s | 2010s [ 2020s | 2030s [ 2040s | 2050s

DJF 20| -19 ) -17|-17] -14 | -13 3.2 31| -25| 22| -23| 21| -79 | 77| -75 | ‘74 | 71| 7.1
MAM 4.0 4.4 4.7 5.0 5.5 6.0 3.0 3.6 3.7 4.1 43| 51| 06| 03] -01| 0.1 0.4 0.7
JIAS 7.8 7.9 8.0 8.0 8.1 8.2 9.4 9.5 9.9 9.9 9.9] 10.2] 3.0 3.1 3.2 3.2 3.1 3.2
ON 6.1 5.8 5.6 5.7 5.2 5.5 4.1 4.2 4.5 5.0 50| 56 -27]-29]|-30]-29]| 31| -29
Annual 3.6 3.8 3.9 4.0 4.1 4.4 3.8 4.0 4.4 4.6 46| 51| -16 | 14| -13 | 12| -11 ] -1.0

Appendix (I), Table 2, A2 decadal scenarios of maximum (Tmax), minimum (Tmin)

and mean (Tmean) temperatures from 2001 to 2060.

Temperature A2 Scenario

| Annapurna Langtang Khumbu

Tmax A2 Scenario

Season/Decadel | 2000s [ 2010s | 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s | 2020s | 2030s | 2040s | 2050s | 2000s | 2010s | 2020s | 2030s | 2040s | 2050s

DJF 35 3.8 3.9 4.2 4.4 4.5 1.0 1.2 0.9 1.4 1.6 2.0 3.8 | 36 | 3.7 | 33| 3.1 | 3.1
MAM 10.3 | 105 | 109 | 11.0 | 11.1 | 11.2 | 7.2 7.4 7.2 7.1 7.1 6.9 3.8 4.0 4.4 4.5 4.6 4.7
JIAS 12.7 | 12.7 | 12.7 | 12.9 | 13.0 | 13.1 | 10.5 | 10.6 | 10.6 | 10.8 | 11.0 | 11.1 | 5.7 5.6 5.6 5.8 5.8 5.8
ON 8.4 8.1 8.3 8.3 8.2 8.2 7.6 7.7 7.9 7.9 8.3 8.3 1.4 1.2 1.4 13 13 13
Annual 9.1 9.1 9.3 9.5 9.6 9.7 6.8 6.9 6.9 7.1 7.2 7.3 2.2 2.1 2.3 2.4 2.5 2.6

TMin A2 Scenario

Season/Decadel | 2000s [ 2010s | 2020s | 2030s [ 2040s [ 2050s | 2000s | 2010s | 2020s | 2030s [ 2040s | 2050s | 2000s [ 2010s | 2020s | 2030s | 2040s | 2050s

DJF 44| 41| 41| 38| 35| 34| -71| 66| -67 ]| -59]| -56 | 52(-139]-13.9]-13.9]-13.9(-14.0| -13.9
MAM 1.8 2.2 2.6 2.9 3.1 33 11| 07 | 03| -0.2 | 0.2 0.0 |-11.6 | -115|-113|-11.4]| -11.2 | -10.9
JJAS 6.8 6.8 7.0 7.0 7.2 7.2 6.6 6.6 6.7 6.8 7.0 7.2 34 | 30| -27 | 28| 22| -1.2
ON 1.6 1.2 1.6 1.5 1.5 1.4 1.2 1.1 1.8 2.0 2.6 26| -12.5|-12.8 | -12.6 | -12.7 | -12.6 | -12.8
Annual 1.9 2.0 2.2 2.3 2.5 2.6 0.4 0.5 0.8 1.1 1.4 1.6 96 | 95| 93 | 94| 9.1 | 838

TMean A2 Scenario

Season/Decadel | 2000s [ 2010s | 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s | 2020s | 2030s | 2040s | 2050s | 2000s | 2010s | 2020s | 2030s | 2040s | 2050s

DJF 22| 20| -19 | -16 ] -14 | -13 -3.2| -29| -32| -23| -20| -16| 80| -78 | -79 | -75 | -7.3 | 7.3
MAM 4.3 4.6 5.0 5.2 5.4 5.6 3.5 3.9 4.2 4.3 4.7 45| 10 | 07| 03] -02 | 01| 0.1
JJAS 7.9 7.9 8.0 8.1 8.2 8.2 9.5 9.7 9.7 9.9] 10.2] 10.1| 3.2 3.1 3.3 3.4 3.5 3.5
ON 6.3 5.6 6.1 6.0 5.9 5.9 4.2 4.4 4.6 4.9 5.5 59| 45| 50| 44 | 47 | 45 | 44
Annual 3.7 3.8 4.0 4.1 4.2 4.3 4.0 4.2 4.3 4.6 5.0 50| 1.5 | -15 | -13 | -1.2 | -1.0 | -1.0
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Appendix (I) Table 3, Decadal values of maximum (Tmax), minimum (Tmin) and
mean (Tmean) temperatures from 2001 to 2060 in calibration and validation period
from NCEP data.

|Temperature calibration and validation

| Annapurna Langtang Khumbu

Tmax

Season/Decadel 1970s|1980s [1990s | 2000s | 1970s | 1980s|1990s | 2000s|1970s|1980s|1990s | 2000s

DJF 3.4 3.2 3.4 3.4 1.9 2.1 2.5 2.3 -4.1 4.1 -3.7 -3.8
MAM 11.1 10.9 10.6 11.0 6.4 6.6 6.7 6.9 3.2 3.3 3.1 2.9
JJAS 12.1 12.3 12.5 12.5 10.3 10.4 10.5 10.5 5.8 5.8 5.9 5.3
ON 8.3 8.3 8.4 8.3 6.7 6.5 6.1 6.5 1.3 1.3 1.4 1.1
Annual 9.1 9.0 9.1 9.1 6.6 6.8 6.8 6.9 1.9 2.0 2.0 1.7
TMin

Season/Decadel |1970s[1980s|1990s |[2000s|1970s [1980s|1990s [2000s |1970s | 1980s [ 1990s | 2000s

DJF -4.5 -4.7 -4.5 -4.5 -7.5 -7.2 -6.6 -6.9 -13.8 | -13.8 | -13.9 | -13.8
MAM 2.4 2.0 1.8 2.0 -1.7 -1.4 -1.5 -1.2 -11.8 | -11.8 | -11.7 | -11.9
JIAS 6.3 6.2 6.4 6.2 6.1 6.2 6.3 6.3 -3.3 -2.9 -2.4 -2.9
ON 1.1 0.9 0.7 0.8 -0.9 -1.1 -1.5 -1.2 | -12.8 | -12.6 | -12.8 | -12.8
Annual 1.8 1.6 1.6 1.6 -0.4 -0.2 -0.2 -0.1 9.6 9.5 9.3 9.5
Tmean

Season/Decadel 1970s11980s [1990s | 2000s |1970s[1980s|1990s |2000s|1970s|1980s|1990s | 2000s

DJF -2.3 -2.5 -2.3 2.4 -2.6 -2.1 -1.7 -2.0| -8.4 -8.4 -7.9 -8.0
MAM 4.9 4.7 4.4 4.7 2.4 2.8 2.8 3.0 -1.4 -1.2 -1.3 -1.4
JJAS 7.5 7.5 7.6 7.5 8.4 8.7 8.8 8.8| 2.7 2.7 2.9 2.5
ON 5.8 5.6 5.5 5.5 3.0 3.2 2.9 3.1 5.7 -5.2 -5.0 -5.4
Annual 3.6 3.5 3.5 3.6 3.3 3.6 3.7 3.7] -2.0 -1.9 -1.7 -2.0

Appendix (1) Table 4, A2 decadal scenarios of maximum (Tmax), minimum (Tmin)

and mean (Tmean) temperatures from 1961 to 2000.

| Temperature A2 Scenario

I Annapurna Langtang Khumbu

Tmax A2 Scenario
Season/Decadel 1970s | 1980s | 1990s [ 2000s | 1970s | 1980s | 1990s | 2000s | 1970s | 1980s | 1990s | 2000s
DJF 3.2 3.3 3.4 3.6 0.6 0.9 0.6 0.6 -4.2 -4.1 -4.0 -3.9
MAM 9.6 9.8 10.3 10.3 6.8 7.0 7.6 7.6 3.1 3.4 3.7 3.9
JJAS 12.2 12.2 12.3 12.4 10.2 10.4 10.4 10.5 5.2 5.1 5.2 5.2
ON 7.9 7.9 7.7 7.9 7.0 7.0 6.7 6.7 1.0 1.0 0.7 0.8
Annual 8.6 8.7 8.8 8.9 6.4 6.6 6.6 6.7 1.6 1.7 1.8 1.9
TMin A2 Scenario
Season/Decadel 1970s [ 1980s | 1990s [ 2000s | 1970s | 1980s | 1990s | 2000s | 1970s | 1980s | 1990s | 2000s
DJF -4.7 -4.7 -4.6 -4.4 -8.0 -7.6 -7.5 -7.3 -13.8 | -13.8 | -13.9 | -13.8
MAM 1.0 1.3 2.0 2.0 -2.1 -1.6 -0.6 -0.4 -11.8 | -11.8 | -11.7 | -11.9
JIAS 6.3 6.3 6.4 6.5 6.1 6.2 6.4 6.5 -3.3 -2.9 -2.4 -2.9
ON 1.0 0.9 0.5 0.8 -0.1 0.0 -0.3 -0.1 -12.8 | -12.6 | -12.8 | -12.8
Annual 1.3 1.4 1.6 1.7 -0.5 -0.2 0.1 0.2 9.6 9.5 9.3 9.5
TMean A2 Scenario
Season/Decadel 1970s [ 1980s | 1990s [ 2000s | 1970s | 1980s | 1990s | 2000s | 1970s | 1980s | 1990s | 2000s
DJF -2.5 -2.4 -2.3 -2.2 -4.2 -3.8 -3.7 -3.6| -8.3 -8.3 -8.3 -8.1
MAM 3.5 3.8 4.4 4.4 2.6 3.1 4.3 4.3] -1.6 -1.3 -1.0 -0.8
JJAS 7.5 7.5 7.6 7.6 9.0 9.1 9.2 9.4 2.6 2.5 2.6 2.7
ON 5.2 5.1 4.6 5.0 3.1 3.3 2.9 3.0] -2.8 -2.8 -3.1 -2.9
Annual 3.2 3.2 3.4 3.5 3.1 3.4 3.7 3.8| -2.1 -2.0 -2.0 -1.8
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Appendix (I) Table 5, Observed decadal precipitation (mm) of the three regions.

Precipitation (mm)observed period

Annapurna Langtang Khumbu
Season/Decadel | 1980s | 1990s | 2000s 2010s 2000s |2010s|1970s[1980s| 1990s |2000s]2010s
DJF 16.9 23.6 23.1 19.0 10.4 7.7 3.3 2.9 3.4 3.2 3.1
MAM 100.4 | 97.2 | 106.0 113.1 29.5 35.2 | 17.0 | 20.0 19.0 19.3 | 22.8
JJAS 672.8 | 718.5 | 754.6 733.9 105.6 [139.4| 92.9 | 85.3 86.7 90.8 | 89.2
ON 90.4 62.8 70.5 86.6 9.6 13.7 | 10.7 | 12.2 10.2 8.4 9.2
Annual 3222.813361.9(3546.3| 3506.4 561.3 |713.9|453.1|434.4| 434.3 |447.7(453.1

Appendix (I) Table 6, Comparisons of decadal precipitation (mm) of Modi Khola,
Langtang Khola and Dudhkoshi river basins, A2 scenario after the calibration and
validation period 1961 to 2000.

Precipitation (mm) A2, calibraton and validatin period

Annapurna Langtang Khumbu
Season/Decadel | 1970s | 1980s | 1990s 2000s 1970s ]1980s]1990s|2000s| 1970s |1980s|1990s|2000s
DJF 20.0 16.7 12.9 16.8 12.1 119 | 10.3 | 11.8 1.5 0.8 0.8 0.9
MAM 87.7 77.3 82.6 82.8 31.2 35.5 ] 33.6 | 29.7 18.1 18.9 | 20.5 | 16.5
JJAS 504.1 | 521.4 | 547.6 506.8 131.2 |125.2(122.7(116.4| 973 100.9 [ 104.0 [ 90.9
ON 98.1 70.0 55.5 71.7 12.9 113 | 9.8 | 105 12.3 13.7 | 12.7 | 6.4
Annual 2532.312507.9(2588.2 2468.3 678.3 |665.7|642.0|610.8| 471.9 |489.9|505.1|428.6

Precipitation (mm)A2, calibraton and validatin period

Annapurna Langtang Khumbu
Season/Decadel | 1970s | 1980s | 1990s 2000s 1970s [1980s|1990s[2000s| 1970s |1980s|1990s|2000s

DJF 19.3 18.9 18.6 16.8 10.5 9.7 [ 105 | 9.3 0.8 0.9 0.7 0.7
MAM 102.6 | 107.4 | 100.6 105.2 31.3 324 | 341 | 324 22.5 23.4 | 30.8 | 30.4
JJAS 415.2 | 413.2 | 404.1 418.7 1379 |(142.0(144.1(136.7| 915 91.7 | 93.6 | 92.3
ON 112.6 | 126.2 | 126.1 119.8 11.3 11.0 | 11.5 | 12.0 10.1 9.7 6.2 5.7
Annual 2250.112284.3(2225.9( 2280.9 698.4 |716.1|733.5|696.1| 456.0 |459.2(481.5|474.2
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Appendix (I) Table 7, Decadal values of precipitation (mm) in calibration and
validation period from 1961 to 2000.

Precipitation (mm)A1B Scenario

Annapurna Langtang Khumbu
Season/Dec
adel 2000s | 2010s | 2020s | 2030s | 2040s | 2050s | 2000s [ 2010s | 2020s [ 2030s [ 2040s | 2050s [ 2000s | 2010s | 2020s [ 2030s | 2040s [ 2050s
DJF 13.0 12.8 12.0 10.1 10.1 8.3 10.2 | 11.4 | 10.7 | 9.9 9.6 10.1 | 0.5 0.7 0.9 0.7 0.7 0.6
MAM 102.3 | 106.1 | 94.8 97.7 96.4 | 88.2 | 293 (279 | 31.2 | 315 | 33.0 | 358 | 243|298 |33.0| 345|364 ] 389
JIAS 407.5 | 414.4 | 405.1 | 413.9 | 406.9 | 408.9 | 143.2 |141.7 | 144.4(143.1 | 138.8(141.7 1 105.2 ( 104.9 1 109.8 [ 109.3 | 105.1 | 103.7
ON 102.7 | 123.5| 131.8 | 114.0 | 109.2 | 136.4 | 10.4 | 13.3 | 11.0 | 10.6 | 11.3 | 12.3 | 13.8 | 11.6 | 10.9 | 11.5 7.8 7.4
Annual 2181.0]2261.2|2204.312207.9]2164.112198.3710.9 | 711.5 | 725.4 | 717.8 [ 705.9 | 729.1 [ 522.9 | 534.2 [ 562.7 | 565.7 | 547.2 | 548.1
Precipitation (mm)A2 Scenario

Annapurna Langtang Khumbu
Season/Dec
adel 2000s | 2010s | 2020s | 2030s | 2040s | 2050s [2000s |2010s | 2020s [ 2030s | 2040s | 2050s | 2000s [ 2010s [ 2020s | 2030s | 2040s | 2050s
DJF 13.6 13.8 12.6 9.7 8.7 85| 7.3 7.6 7.7 7.2 5.8 7.5 0.8 0.9 0.7 0.5 0.7 0.7
MAM 105.2| 100.9| 106.1 98.71 92.8 9791 26.5 | 30.8 | 30.7 | 28.2 | 35.0 | 32.1 | 27.4 | 31.6 | 346 | 359 | 38.0 | 38.4
JIAS 419.8| 425.9| 405.6| 442.3| 418.1| 405.5|143.0|142.2|143.2(140.8|142.6(134.81107.1(103.2|104.2 (110.9|111.7|108.7
ON 130.3( 130.9 120.9| 124.1( 131.1| 140.6( 9.4 9.7 108 | 9.7 9.6 9.4 129 | 104 | 10.7 | 10.0 | 9.8 7.4
Annual 2295.12310.3| 2219.7| 2342.5]2239.1 2222.1| 691.1 [ 703.2 | 709.6 | 688.8 | 712.3 | 676.6 [ 538.8 | 531.1 | 544.1 [ 572.9 | 582.5 [ 567.2

Appendix (1) Table 8, Decadal observed discharge during calibration and validation

period from Modi Khola (1991 to 2010), Langtang Khola (1991 to 2010), and
Dudhkoshi river basins (1971 to 2010).

Observed discharge (m?/s)

Annapurna (1991-2010) Langtang (1991-2010) Khumbu (1961-2010)

Season/Decadal 1990s 2000s 1990s 2000s 1960s 1970s | 1980s | 2000s | 2000s
DJF 11.1 15.8 17.5 16.5 48.6 51.4 44.6 43.1 47.9
MAM 13.7 17.3 19.6 17.8 46.7 55.2 49.4 48.1 46.4
JIAS 129.3 101.6 58.4 49.3 439.7 462.7 | 453.7 | 432.0 | 525.9
ON 66.0 57.8 54.9 47.7 295.7 319.7 | 251.3 | 267.2 | 2475
Annual 54.9 47.1 33.4 28.9 195.1 207.6 | 195.4 | 189.2 | 219.8
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Appendix (1) Table 9, A1B and A2 decadal scenario of discharge (m3/s) from

maximum, minimum and mean temperatures (°C) and precipitation (2001-2060).

Discharge A1B Scenario from Max Temp

Annapurna Langtang Khumbu
Season/Decadel | 2000s [ 2010s | 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s [ 2020s | 2030s | 2040s | 2050s | 2000s [ 2010s | 2020s [ 2030s | 2040s | 2050s
DJF 8.5 9.2 9.6 9.3 9.4 9.6 (159 | 17.7 | 183 | 189 | 19.2 | 19.7 | 79.0 | 83.1 | 83.4 | 83.6 | 83.1 | 82.8
MAM 156 | 175 | 17.1 | 182 | 19.2 | 199 | 20.5 | 21.5 | 21.7 | 21.7 | 20.4 | 21.2 [100.0 [ 110.9 |113.1|115.7|119.9|122.8
JIAS 90.4 | 92.6 | 93.1 | 95.1 | 99.6 [100.9] 59.2 | 57.7 | 57.1 | 56.7 | 57.1 | 56.7 | 487.4(490.3 |522.3|523.3|529.6 (529.8
ON 34.6 | 34.7 | 36.1 | 35.4 | 34.7 | 36.6 | 40.1 | 39.8 | 42.0 | 43.8 | 44.0 | 46.6 |186.4180.7|178.8|185.5|171.6|174.6
Annual 42.0 | 43.4 | 43.7 | 445 | 46.1 | 47.1 | 35.7 | 35.7 | 36.0 | 36.4 | 36.2 | 36.9 | 238.8(242.0|253.0 | 255.2|255.9  257.1
Discharge A1B Scenario From Min Temp
Annapurna Langtang Khumbu
Season/Decadel | 2000s [ 2010s | 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s [ 2020s | 2030s | 2040s | 2050s | 2000s [ 2010s | 2020s [ 2030s | 2040s | 2050s
DJF 4.0 4.3 4.5 4.5 4.2 4.4 7.2 8.2 8.6 8.6 8.6 8.7 | 452 | 48.8 | 49.6 | 49.9 | 50.6 | 50.3
MAM 19 | 24 | 23 28 | 32 | 38 | 34 | 39| 41 | 42 | 42 | 43 [1059]120.6]129.9135.2|144.7|153.8
JIAS 50.3 | 52.6 | 54.1 | 55.6 | 59.8 | 61.2 | 24.9 | 25.0 | 24.1 | 22.5 | 22.5 | 19.2 |464.3 | 467.2 |487.5|484.6 (473.9|470.4
ON 20.8 | 20.7 | 20.7 | 20.8 | 20.0 | 20.6 | 15.7 | 169 | 16.8 | 17.2 | 16.8 | 16.3 [183.8|178.7|179.4|184.4|168.0 | 165.0
Annual 21.8 |1 227 | 23.2 | 23.8 | 25.1 | 259 | 13.7 | 14.2 | 14.0 | 13.6 | 13.5 | 12.4 [223.8227.9|237.3|238.6|234.7235.3
Discharge A1B Scenario From Mean Temp
Annapurna Langtang Khumbu
Season/Decadel [ 2000s | 2010s [ 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s | 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s [ 2020s | 2030s | 2040s | 2050s
DJF 6.2 6.8 7.0 6.9 6.8 7.0 (116 | 129 | 135 | 13.7 | 13.9 | 142 | 62.1 | 65.9 | 66.5 | 66.7 | 66.9 | 66.5
MAM 8.7 | 10.0 | 9.7 10.5 | 11.2 | 11.9 | 12.0 | 12.7 | 129 | 12.9 | 12.3 | 12.8 |103.0(115.8 |121.5|125.4132.3(138.3
JIAS 70.4 | 726 | 73.6 | 753 | 79.7 | 81.0 | 42.0 | 41.3 | 40.6 | 39.6 | 39.8 | 38.0 [475.9|478.7|504.9|504.0 | 501.7 | 500.1
ON 27.7 | 27.7 | 28.4 | 28.1 | 27.3 | 286 | 27.9 | 284 | 29.4 | 30.5 | 30.4 | 31.5 [185.1|179.7|179.1|184.9|169.8|169.8
Annual 31.9 | 33.0 | 334 | 341 | 35,6 | 36.5 | 24.7 | 249 | 25.0 | 25.0 | 24.9 | 24.6 [ 231.3235.0|245.2|246.9|245.3|246.2
Discharge A2 from max Temp Scenario
Annapurna Langtang Khumbu
Season/Decadel | 2000s [ 2010s | 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s [ 2020s | 2030s | 2040s | 2050s | 2000s | 2010s | 2020s [ 2030s | 2040s | 2050s
DJF 8.7 9.4 9.4 9.9 10.0 | 10.0 | 159 | 18.0 | 18.3 | 19.1 | 19.6 | 20.5 | 44.9 | 48.8 | 48.9 | 51.5 | 51.1 | 51.7
MAM 16.8 | 17.6 | 18,5 | 19.1 | 19.5 | 199 | 21.0 | 22.6 | 21.4 | 21.8 | 22.3 | 21.2 [114.7 | 126.5|136.4 | 140.9 | 149.6 | 150.2
JIAS 91.4 [ 92.6 | 95.6 | 96.0 | 99.0 [101.3 | 58.5 | 58.4 | 58.9 | 58.3 | 58.2 | 57.9 |476.4 (469.3 |473.6 | 497.2|497.3 [ 489.5
ON 36.5 | 35.6 | 36.0 | 36.9 | 37.7 | 37.0 | 39.7 | 40.5 | 40.7 | 40.7 | 42.8 | 42.0 [186.0|174.4|177.5]|175.2(181.9|172.6
Annual 43.0 | 43.6 | 449 | 454 | 46.7 | 47.4 | 35.6 | 36.4 | 36.4 | 36.4 | 37.0 | 36.7 |230.3|229.3(233.9(243.0246.3|242.4
Discharge A2 from min Temp Scenario
Annapurna Langtang Khumbu
Season/Decadel | 2000s | 2010s | 2020s | 2030s [ 2040s [ 2050s | 2000s | 2010s | 2020s | 2030s [ 2040s [ 2050s | 2000s | 2010s | 2020s [ 2030s [ 2040s | 2050s
DJF 43 4.3 4.5 4.5 4.7 4.5 7.6 8.2 8.6 8.6 8.6 87 | 180 19.0 | 19.1 | 19.4 | 19.6 | 19.5
MAM 2.3 2.5 29 3.0 3.4 3.4 3.8 4.0 4.2 4.2 4.3 4.3 7.3 8.2 9.7 9.0 | 10.1 | 10.4
JIAS 50.8 | 53.0 | 55.7 | 56.2 | 59.4 | 62.4 | 25.2 | 26.0 | 26.4 | 249 | 22.8 | 21.4 [310.5|311.5|323.0|346.8|358.5[371.9
ON 2191201 | 21.1 ) 21.2 | 219 | 20.7 | 169 | 16.2 | 17.4 | 16.8 | 16.6 | 16.2 | 929 | 85.6 | 89.2 | 88.1 | 95.4 | 91.1
Annual 2231227 (239 | 241 | 255 | 26.2 | 141 | 144 | 149 | 143 | 13.6 | 13.1 [125.6124.9|129.8|137.3|142.9|146.6
Discharge A2 from mean Temp Scenario
Annapurna Langtang Khumbu
Season/Decadel | 2000s [ 2010s | 2020s | 2030s [ 2040s | 2050s [ 2000s | 2010s [ 2020s | 2030s | 2040s | 2050s | 2000s [ 2010s | 2020s [ 2030s | 2040s | 2050s
DJF 6.5 6.9 6.9 7.2 7.4 7.3 11.8 1 13.1 | 13.4 ) 13.8 | 141 | 146 | 31.5 | 339 | 34.0 | 354 | 35.3 | 35.6
MAM 9.6 | 10.1 | 10.7 | 11.1 | 114 | 116 | 12.4 | 13.3 | 12.8 | 13.0 | 13.3 | 12.7 | 61.0 | 67.3 | 73.0 | 75.0 | 79.9 | 80.3
JIAS 7111728 | 75.7 | 76.1 | 79.2 | 81.8 | 41.9 | 42.2 | 42.7 | 41.6 | 40.5 | 39.7 [393.5|390.4 | 398.3 | 422.0 | 427.9 | 430.7
ON 29.2 1279 | 28.6 | 29.1 | 29.8 | 28.8 | 28.3 | 283 | 29.0 | 28.7 | 29.7 | 29.1 [139.4130.0|133.4|131.7|138.6 | 131.9
Annual 327 | 332|344 | 348|361 368248 | 254|256 | 254 | 253|249 (178.0|177.1|181.8|190.1(194.6|194.5
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Appendix (1) Table 10, Observed instantaneous maximum and minimum discharge

of Dudhkoshi river basin.

MAXIMUM INSTANTANEOUS MINIMUM INSTANTANEOUS
Year Discharge (m3/s) Gauge height Date Discharge (m3/s) Gauge height(m) Date
1964 1840 4.68 22/07/1964 - - -
1965 1740 4.55 15/08/1965 38.8 0.31 22/03/1965
1966 1900 4.75 24/08/1966 34.4 0.38 12/4/1966
1967 1260 3.9 16/08/1967 35.5 0.05 13/04/1967
1968 1700 4.5 16/07/1968 25.2 0.12 4/4/1968
1969 1920 4.78 28/07/1969 24.6 0.06 4/5/1969
1970 1530 5 20/07/1970 40 -0.02 18/02/1970
1971 1310 4.7 3/8/1971 29.2 0.36 18/03/1971
1972 1140 4.46 28/07/1972 43.8 0.74 24/04/1972
1973 1380 4.8 8/8/1973 43.2 0.94 6/3/1973
1974 1690 5.2 5/8/1974 46.4 0.98 21/03/1974
1975 1510 4.98 27/07/1975 31 0.55 27/03/1975
1976 2320 5.86 10/7/1976 31.6 0.56 30/03/1976
1977 1670 5.18 27/08/1977 32.2 0.77 6/3/1977
1978 1640 5.14 11/8/1978 34.6 0.81 7/4/1978
1979 1470 4.92 21/08/1979 27 0.68 21/03/1979
1980 1380 4.8 15/07/1980 40.8 0.91 19/03/1980
1981 1530 5 12/8/1981 40 0.9 24/03/1981
1982 1920 5.45 19/07/1982 35.7 1.13 28/12/1982
1983 2630 6.15 15/07/1983 20.4 0.92 24/03/1983
1984 1280 4.65 17/09/1984 18 0.74 9/4/1984
1985 4430 7.5 4/8/1985 33 1 25/03/1985
1986 2010 5.55 22/09/1986 24 0.85 24/03/1986
1987 1430 447 25/07/1987 38.1 1.2 11/3/1987
1988 1310 4.7 1/8/1988 24.6 0.98 28/03/1988
1989 1010 4.25 6/7/1989 23.8 0.53 18/03/1989
1990 1870 5.4 12/8/1990 30.2 1.06 3/4/1990
1991 1310 4.7 9/8/1991 19 0.9 24/04/1991
1992 1140 4.46 25/08/1992 26 1 3/4/1992
1993 1470 4.5 12/8/1993 26.1 1.06 23/03/1993
1994 870 4 27/07/1994 26.2 0.57 28/04/1994
1995 1210 4.55 13/08/1995 27.5 0.79 10/3/1995
1996 1530 5 4/9/1996 34.7 0.91 6/3/1996
1997 1870 5.4 12/8/1997 41.6 0.92 11/3/1997
1998 9880 10 3/9/1998 28.6 0.61 13/00/1998
1999 920 5 26/08/1999 108 2.57 17/03/1999
2000 3600 7.1 24/07/2000 26 1.65 19/03/2000
2001 2470 6 18/08/2001 27.2 1.2 22/03/2001
2002 3720 7 21/08/2002 13.4 0.88 18/03/2002
2003 2710 6.22 20/07/2003 19 0.9 12/3/2003
2004 3050 6.5 10/7/2004 28.4 1.22 11/3/2004
2005 2260 5.8 15/08/2005 32.6 1.5 4/3/2005
2006 2040 6.15 30/06/2006 21.5 1.57 10/3/2006
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Appendix (I1) Figure 1- 24, Study Area, Watershed characteristics of three basins.

Modi Khola River Basin

83°4'10'E 83°§0'E 84°I()'E
28°40'N- N -28°40'N
. S
28°30'N+ -28°30'N
28°20'N- -28°20'N
® Hydrological Station
A Meteorological Station
— River Network
28°10'NA  Glacier -28°10'N
83°4'IO'E 83°§0'E 84°I0'E
0 5 10 20
T e KM

Figure 1 Modi Khola river basin (Annapurna region)
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Appendix (I1)

Langtang Khola River Basin
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Figure 2 Langtang Khola river basin (Langtang region)
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Appendix (I1)

[J o ®
Dudhkoshi River Basin
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Figure 3 Dudhkoshi river basin (Khumbu region)
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Appendix (I1)

DEM of Modi Khola River Basin N
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Figure 4 DEM of Modi Khola river basin (Annapurna)
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Appendix (I1)

DEM of Langtang Khola River Basin
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Figure 5 DEM of Langtang Khola river basin (Langtang)
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Appendix (I1)

DEM of Dudhkoshi River Basin
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Figure 6 DEM of Dudhkoshi river basin (Khumbu)
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Appendix (I1)

DEM of Glacier Area of Modi Khola River Basin
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Figure 7 Glacier area of Modi Khola river basin (Annapurna)
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Appendix (I1)

DEM of Glacier Area of Langtang Khola River Basin
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Figure 8 Glacier area of Langtang Khola river basin (Langtang)
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Appendix (I1)

DEM of Glacier Area of Dudhkoshi River Basin
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Figure 9 Glacier area of Dudhkoshi river basin (Khumbu)

123



Appendix (I1)

Elevation Map of Modi Khola River Basin N
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Figure 10 Elevation map of Modi Khola river basin(Annapurna)

124



Appendix (I1)

Elevation Map of Langtang Khola River Basin
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Figure 11 Elevation map of Langtang Khola river basin (Langtang)
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Appendix (I1)
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Figure 12 Elevation map of Dudhkoshi river basin (Khumbu)
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Appendix (I1)

Elevation Map of Glacier Area of Modi Khola River Basin
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Figure 13 Elevation map of glacier area of Modi Khoal river basin (Annapurna)
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Appendix (I1)

Elevation Map of Glacier Area of Langtang Khola River Basin
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Figure 14 Elevation map of glacier area of Langtang Khola river basin (Langtang)
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Appendix (I1)

Elevation Map of Glacier Area of Dudhkoshi River Basin
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Figure 15 Elevation map of glacier area of Dudhkoshi river basin (Khumbu)
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Appendix (I1)

Aspect Map of Modi Khola River Basin
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Figure 16 Aspect map area of Modi Khoal river basin (Annapurna)
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Appendix (I1)

Aspect Map of Langtang Khola River Basin
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Figure 17 Aspect map of Langtang Khoal river basin (Langtang)
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Appendix (I1)
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Figure 18 Aspect map of Dudhkoshi river basin (Khumbu)
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Appendix (I1)

Aspect Map of Glacier Area of Modi Khola River Basin
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Figure 19 Aspect map of glacier area of Modi Khoal river basin (Annapurna)
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Appendix (I1)

Aspect Map of Glacier Area of Langtang Khola River Basin
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Figure 20 Aspect map of glacier area of Langtang Khoal river basin (Langtang)
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Appendix (I1)

Aspect Map of Glacier Area of Dudhkoshi River Basin
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Figure 21 Aspect map of glacier area of Dudhkoshi river basin (Khumbu)
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Appendix (111) Figure 1 to Figure 9, calibration, validation and seasonal bias

correction of three basins.
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Figure 1 Annapurna validated Tmax bias corrected

Figure 2 Annapurna validated Tmin bias corrected
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Figure 3 Langtang calibrated Tmax bias corrected

Figure 4 Langtang validated Tmin bias corrected
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Appendix (I11)
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Figure 5 Khumbu Validated Tmax seasonal bias corrected

Figure 6 Khumbu Validated Tmin seasonal bias corrected

1000
900
800
700
600
500
400
300
200
100

Precipitation (mm)

Obs

e Bias

_‘Mod‘:-c-

140

120

Dbs

eee Bias

100

\
\
\
\

—_/

DJF

MAM

JAS

ON

)

DJF

MAM

JAS

ON

Figure 7 Annapurna PPT validation seasonal bias corrected

Figure 8 Langtang PPT validation seasonal bias corrected
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Figure 9 Khumbu PPT validation seasonal bias corrected
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Appendix (IV) Figure 3.3.1 to Figure 3.3.18, calibration and validation of

meteorological data.
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Appendix (1V)
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Figure 3.3.14 Annapurna PPT calibration (1988_1995)

Figure 3.3.15 Annapurna PPT validation (1996_2003)
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Figure 3.3.19 Khumbu PPT validation (1996_2003)
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Appendix (V) Figure 3.4.8 (a) to Figure 3.4.8, (i) Calibration and validation of

Hydrological data

Simulated discharge
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Figure 3.4.8 (a) Modi Khola river basin model calibration (1991-1999)
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Figure 3.4.8 (b) Modi Khola river basin model validation (2000-2008)
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Simulated discharge

Observed Discharge
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Figure 3.4.8 (c) Langtang Khola river basin model calibration (2002-2004)
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Figure 3.4.8 (d) Langtang Khola river basin model validation (2005-2009).
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Simulated Discharge

Observed Discharge
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Figure 3.4.8 (e) Dudhkoshi river basin model calibration (1965-1970)
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Figure 3.4.8 (f) Dudhkoshi river basin model validation (1970-1979)
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Simulated

Observed Discharge
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Figure 3.4.8 (h) Dudhkoshi river basin model calibration (1980-1989)
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Figure 3.4.8 (i) Dudhkoshi river basin model validation (1991-2008)
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Appendix (V1) Figure 3.4.14(a) to Figure 3.4.14 (h), Simulated and observed

discharge of three basins.
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Figure 3.4.14 (a) Modi Khola river basin observed and simulated
discharge(1991 1999)
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Figure 3.4.14 (b) Modi Khola river basin observed and simulated discharge

(2000_2008)
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Observed Discharge (m3/s)
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Figure 3.4.14 (c) Langtang Khola river basin observed and simulated

discharge(2002_2005)
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Figure 3.4.14 (d) Langtang Khola river basin observed and simulated discharge

(2006-2009).
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Observed discharge (m3/s)
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Figure 3.4.14 (e) Dudhkoshi river basin observed and simulated discharge

(1965_1970)
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Figure 3.4.14 (f) Dudhkoshi river basin observed and simulated discharge

(1970_1979)
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Figure 3.4.14 (g) Dudhkoshi river basin observed and simulated discharge
(1980_1989)
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Figure 3.4.14 (h) Dudhkoshi river basin observed and simulated discharge
(1990_2008)
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Climatic Water Balance of Annapurna, Langtang
and Khumbu regions of Nepal Himalaya

Tirtha Ray Adhikari and Lochan Prasad Devkota
Ceneral Dsparnwent of Hydrdogy and Adeteovalopy, TU, Nepa!

waner swisiur o thvee salecred siadion &5 calwlaved by abowe

af fiose period fruee 587 1 2008 NMaa¢MMhmmka

Koy words: Pognsa) Evapotranggirarion, Anseal Aaser Sorples. Anngpurne, Langiony

LINTRODUCTION

Snow ‘aad glcur are nateral fresh wazer
fesesvor Ja solid form which is one of the
important componesss of Mydrological cycle in
Nepalese Humalsyws Glscierized esvirnnments
moneofmomodvnhmhlelocliumw
= regand to fumire avadability of freshiwaser
m e region (Mats ez af, 2009). The perensal
Nlew of megee rivers in Nepal 5 mauwesined by
mell water commg from these sources, which
v vnal for the water resources development
of the country” Climatic winer bafance is ame of
the important factors while predicting: glecier
eoelt runofT (Barmeti of o, 2005). Glaciers in
Nepal are being hazardoss  doe to the Nsing
lempenturs eod, deposited carbon particles,
dvcreasing winler peecipitations and impect of

Mmddﬂﬂnb‘rndwm& No. 1

global warming as 2 whode (Mats et 21 LS00,
llrmyhcvlnhhednﬂufewmshecauw
the glicier retresting rare was 10 %0 60 per
minMKMI!nsin[&juuh-ynotnl..
2008}lno&=«mn-iunwunchusnm
be.gidmiaeuq*.&put‘sm
ghaciers in USA- Mnlulh)mq
duqbtheﬂeaofdimmdmgcﬂhnaml
rmzommm:wumuby "
competer-based cimarodogical model 25 only
computer Based models aro switable fuy such
Scenano, The park's ghiciers coald disappear in
mommmlmwm&mwem
© be tue The summe: mmean emperature in
2100 is predicted 1 reach 19 76°C; however,
glacier di My ootur gven esiser,
umyd&eghcmsmmmm«mn
their predicted mtes (Hall and Fagre, 2003)
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This study atempes o calcalate weter dethcit
(WD) and water serplus (WS) by using Thom-
thuaite procedires and wrics W0 ideatzfy the cli-
matic water tulance (CWH) o the soady mrea.
The resulz of CWEB can be heneficial to under-
stand the glaciecs accumulation sed ablatyoe
and ils respooss with tomperanine, iy,
susghine, wind speed and precipiation analy-
sis. Scasoanl cyele of presipitation, maximum,
migsmam and mean femperaree malysis are
also carrved oot as o part of analysis.

2 STUDY AREA

Department of Tydrology and Meteozology
(DITM), Snow and Glacier Hydrological section
wiks esmablzhed in 1987 with an sim % moasior
nydro-meseorohogical  statons in the bagher
regiva (Noren belt) of Negal. Now, DHM =
operating ¢leven hy<ino-meteorological staticns
i different Jecaroa of highes regon of Nepal.
Bt in this rescarch three stations s selectad 45
Ansapumma (Lacitode 26°53", Loegitude 83°947)
in westorn gurt whoss clevation is M0 m
a5, 1, Langeang (Latinde 28°22', Lomgtode
S4962") the elevation 3920m s.m.s.l in Madde
part and Khumju (Latitude 27809", Longituds
#5°43') the elevation 435%m am sl In eastern
part of the country in Hamalsya Region Nepal
The cesearch stations ore degneted = Figure 1

7

—

gus 3 Sudy A d!gmcllum
M‘“"“

lo-uldnydruqydwm&ﬂml

August 2012

3. METHODOLOGY

Climatie Water Falance is actual Precipitalion
(" mnus potencal Evapotranspiranion
Where, P is the hill shaded leran vased
precipiation (Ramfall + Soow meng) data

CWB=P-PET (h

Several methods have been  proposad:
in the [weramre Sor caloulatmg  actual
o) and Clmstic  Waser

Balxsce Monteith (1963, 1965) introduced
resistance terms into the well-known metod
of Penmse (1948) and denved an cquanon
for evapotansprstion  from surfaces with
cither optimsl o limited water supply, T3as
method, often refermed % a5 Peamse - Moateith
wmethod, Tas been soccessfally used w estimase
evagotanspiration from different fand oovers
The method requires dats on serodyvamic
resismance and swrfasce resstance which e
not readily wailable, o that the staidacd
Pesman-Monieith method for estimating acwal
evapotranspiration (AE) has been Fenokad o
pracecal weed For this practice CROPWAT 80
models s used for calculating the PET using
different steps  of the model. Several methods
exist 10 determine AE, The FAO Pemsan’
Micazeith method bas bees recommended as the
sppeopciate combinstion method calozkle
PET s determine AE using the following:

*  Mazimum termperature

*  Mirimum temparatue

= Humidity

« Sunshine duratico

¢ Wind spesd.
Daily mavewm and mipimum leaperaturs,
e adiLy, . wind speed and precipitation (1987
2008) are collected froes DHM, these data were
averaged foc faree stations. The sursbace houwr
(lS“J-IMmetwm&mﬂw
Bydmlogical Atlss of Nepal (ICIMOD, 1596).

SOMAM-Nepal
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The sunshine hour and other climasologucal
prramiciets ars of not similar period bot day
length is simelar in each and every year therefoce
day length 5 coosdered In soalysis. These data
were nsed feed meo the CROPWAT 8 maodi]
fur calculating the polenizl evapoaranspinition
(PET), wiuch uses Penmas-Monteith method
w estimage PET (ALLEN etal, 1998} This
-awthod has also beea applisd in Xzzhuang
watershed (XZW) whach lies in the maeddie
mountasns Baoshan region of southaest Chana
willy elevations ranging from 1695 w0 3060 m
by Ma Xing & al. (2008}

[ ccm;fn_‘-~:).0):£-;&!u.ry-u> )
Where :

PET = Patential evapotraspiratioa [men day'],

Rn = Net radhaticn ot the crop surface [MI ' day 'L
G = Soil et fus, desery (M) 7 day ')

T = Miean daily air temperature 1 2 m heighn [°C),
u, = Wing spead ar 2 m hoighe [ms')

23 = Sapuration vapaur pressure [¥7a),

o = Acosal vapous presarre [kPa),

{Ex-za) » Satumatiom vapour prossiee Sl [ KPs),
'y = Psychomeatric corstant &P “C Y,

A = Stope vepour pressene csnve [kP2 °CY,

The equtes wses standand  climstological
tecords of solar radiation (sunshine), ar
tempenature, humidity and wiad speed. Apart
from the site Jocation, the FAO TPenmis-
Moosenth  eguation requires air lemperalure,
huesidity, radiation sl wind speed dama foc
daily, weekly, sen-duy o mcasily caloslations.
Thronthwaite. and Masher (1955) metod bas
boon wsid s calowlate the climatic water balmee,
This method shows the rolaleshy betueen
enintalil, PET and actsal evapolsasspestion from

which water surphes (WS) and water deficsency
(WD) can be cakulatad at any place of regka

Jowrnal of Hydeulogy and Meteorology, Vol. 8, No. L

T. R Adbikasi aoad L V. Devhola o

aver 2 given period of timme, The water balance
accounting procadure with the  sublractiom
of polestal evapotranspiration (FET) foems
the wcoming precapaation (p) in cach month.
The negmtive vaboe ol (P-PET) indicates the
amonmt by which (P} failed 0 meet the walar
need, On the other tand Posstive valoes of
(P-PET) refers o amomnt that is in excess of
the witer need. Accumulsied poecntial water
foss (mec) 1s obtained by a progressively addsg
all the megative value of (P-PET) But if the
soil has never resched the Beld capacity the
first value of ace is obauned by a successive
approximanion meshod wsing (he fieh! capacity,
The s0il mostee decresses when P is bower
than PET and increases when P is higher thin
PET. Change in soil storape (Cst) is obtainad
by subtracting the soil moisture In any mooth
frcen that valoe in the provioes moedh Whes
Precipttatica s equal 1o oc gresser than PET,
the actual evapotranspiration (AL) will be
wpal 1o PET IFP less than PET, AE i obtained
by adding P to the magnitude of Cst. The
cfference of PLT and AF gives the values of
waser delicicocy (WD) asg

WD = PET-AE ' (3)
Water sarplus ocomrs only if the soil his Seen
recharged o #ts Hiedd capacity and wheneves
precipitation is hgher than PET and sail i nol
ot the field capecity. The excexs first goes o
recharge the soil mostere The witer surplus
(WS) can be written &5

WS= (P-PET) - Car (4)

The sccurasy of the compatstion may be 1esied
with the yearly of PET, P, AE, WD sad W5 i
e following maseer

PeAL WS 15)

The comnection with cheatic water balsnos, the
term waker deficiency (WD) e winer suiplus
(WS) are used WD represcsts the smoant of
water loss through AE, whick cannot be mel

SOHAM-Negal
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Iy precipitstics. In this article the seasons are
claasified as winter - December of the prevaoas
venr vo Febenacy (IJF), Pre-mossoon (spring)

March o May (MAN), Mdwsoon (summer) -
June to September (UAS) Postmmoasoon (221l)
- Oicwober and November (ON), The seascsal
elfect of precapitation is sorongly pronousced
with high precipitation inpun dyming the mon-
soom (UAS) and very listle peccipitation during
{ON) the winber parxsd

4. MODEL AND DATA USED

Momithly average data { 1987 - 200K) of minimuom
lemperature, roaximum tempenyune, humidicy,
precipitaton, wind spoed and sseslusnc duration
15 weed for caloukating the PETL. Sumilacly e
CROPWAT 0 model = used for calculating
the PET. Outputl from CROPWAL 50 PET.
precipitation doaa is used for cakulating AE,
WS, WD Water Surplus (WS) 15 the excess
of waner froom precipiatca fall afier the wodl
water 5 replenished and the demand of PET
= owel WD is 3 pencral torm used o descoribe
o situsstion where the avaslable wager within 2
region is less than the togwon’s demand. 11 is the
aater @ =5 avsilable from precipstaton (snow
wnd min) glacier melt for rivers and rechange
of grounduwater The sessom wise (DJF, MAM,
HAS and ON) water balanoe is caloalated from
the oxpuation. of leyperatune saud precapaarion at
Ansapumna, Langiang, and Khumbu. Moreover,
the secason wise chmatxe watcr balance =
obtaingd foas the Throsthwai chesatue balance
shown m Figure 5. Foc the field capacity 50 mm
assumod, doe 10 soil sl euaporiliion rouine
raramciers mages (S0mm - S00mm) are used
for the estimation of psssmetor uncertinly
by Meate Carto simulations (Sefert 1996)
In the sclected three stations there are not so
msch of nussing data except m fow cascs Foe
the mussing daza m small (one day) gaps lineas
imserpolation 3 sdopled loe lempersiore dats
and for the long gaps, sl senes are simply

jomrnal of Hydrology and Metcorology, Vol. &, Ne 1
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replaced by the mesn valuss of the respectine
months. The data are then cossgwesed 500 annax)
w3 well as seasconal mcsn

S RESULTS AND DISCUSSION
Precipltation

Precipitation duning the semmer  mon
penasd which is a2 mmajoe component |=
accumulation of glacies in the Negal
Himalayas was stroegly influenced by meso-
scale mommisis valley corculation. Remarkable
diurssl varamos was found e peecipaation
ad had crucwl effees on the disanbution of
precipitation. Especially, from Ociober 1935
w March 1984, the amount of precipitation
wis larpe and i was controlled by behaviom
of westeely oough (Western slisturbances.
Precipitation in the cold seasca o abo
associated with Iarge scale snow cowver Dee
to the sccumuistion of glacwrs = Nepal

is important o detormane the  Belon i
the thermal cmoshbon a osoumntam »
scale = e SUMMSE MORSOON SOk

the bBehawviomr of westerly trough o )
remaining scasoma  Especially, interanaued
variabilay of the latier is more impoetant (o
the 2ccumulation of glacier than was expecied
(Seko, 19871 The snow line docs not slways
coinoide with the tempsratare °C isother
throsghwoan the year. The selation betwees
snow line and air lemperaturs & greaty
changed from seasom o season (Maorinaoe
ct.al., 1987) The fluctuntion  snow lioe i
Langtang valley was reported by Yamada ot al
(1992) and Kappenherger <t al (19951 Some
studies related o mass balancs of glacies
the valley were evaluased by Agets vt !

and Stoincgger of al (1993) Seke (T8

and Takadshi (1991), Shumaiwa et al

and Ueno et al (1993) cvaluate the Gsinibunon
of precipstation in the valley. Although o
altitudies! dependencs of precipaanon i the

SOHAM Nepal
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valley was evabsited lergely by their analysis,
it is il not emoegh o clanily how the local
climate would change glacier arex when the
zlobal clumare impact.- The precipitation ep 0
63%, 7% and 32% of koeg tenm ansual 1ol
was observed at Annapurns, Langang and
Khumbu respectinvely dunmg moosoon sesson
{JJAS) in the Nepal [imsEasan reghon whach
15 depicted in Table 1

From the thores reference salstms (Aanapuma,
Langtang snd Khemibsa) 11 can be staned the
1ol mamhly average precipitatos (1987 -
2008} varies over space. The average annesl
totnl precipuiaticn al Anmapurns, Lasgiang and
Khamby 8 2304mm, 653 mm and 405mm
respectivedy (Tabde 1)

Temperature

I'he mean monthly sempersiunes Were
calculated ¢  Annapurna,  Longmang  and
Khumbu wiach s peosented wt Table 2. The
mean monthly saximum was obssrved to
be 10.4°C at Annspursa, 9.9°C Langung sad

T. B Adiikact and L, F. Devikota el

Table 1:Comparison, of seasonalcycie of Total
Average precipitation (mm) (1387 — 2008)

m! ﬂ.‘ﬁ_._ I =8
_‘i"uh 3z 7
Mo 3 b 7
Azr 195 31 ==
L May 216 B p &)
Juz 353 &Y 33
, Je o4 153 2
e Aug 453 163 135
T Sep 255 9] 1 “sa
Ocs ) 23 7
| Nov Al s E}
I 13 3. .
ST 1331 3% 15
%0 00 43
UAS 1473 <504 350
ON 3 R
Teesl 2,504 853 s05

5.9°C en July. The averape monthly minimam
was observed 1o be - 1.3 in Ansaposaa arca
o Jaocary, -24°C @ Lasgtang and -6.0°C o
Khumbu in Febmumry This can be justified by
e fhcr hat the 1emperaere decceases with
nltirade. The similar wends of a0 temperature

Table 2: Maximum, minimum and mean temperature data which was used to derive PET

using CROPWAT & model.

ANNAPILrEY

Mooth Min | Maz ) Moan T Min T

{ soytang
Max 1 Mean d

Khambu

Mia 1 Maun T

3 Mean ¥
.3 -39 Q13 ] 00 57

Jan 60 | 33 | .13 {1 -78
Feis 39 37 | -1l 22 24 24| A | e 60
Mar 38 | ) 20 | -a2 5.2 0.5 5.7 | 38
Apr a< | 105 | s0 13 | 30 it =7 | 33 1.
[ May | 27 | 132 | E0 19 | wo 60 -12 56 17
| Jun $6 | 140 93 52| 4 i3 17 73 47
Jul 21 157 [0 75 123 59 | 34 83 5%
A 69 135 | 102 | 69 1.9 vA 3.1 7 S5
Sep ) [(EX} 91 s0 | 107 19 (K 71 al
O 09 | s ) 05 | ws | as 42 a5 04
~on 23 iz 33 3% | &8 | 18 | 3 | 33 20
[ Dec | 36 | 64 14 as | sz 0z &7 26 30
Avermge | 04 9% 53 | 00 39 | as -2 FE] 0
Joursal of Hydrology and Metearsdogy, Vol. % No. | SOMAM-Nepal
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vanaben are also fosad At all theee stlions.
Feeezing cain occurs when air semperature
js above aod ground surface is bedow 32°F
(0°C) 11 thireshodd teonperatues found to be up
to the 29C temperature the procipnasca will
freame (Sebert 1996) From the temperature
peecipitation (elalcashp of three Himalayn
region siations, the percentage of freezing
precipitaisn in Annapurma is 2%, in Langtang
is 4% and in Khumbu 35 9% Above resclt shows
that the freezmg peecipration 3 lower than
the meiring rate, therciore glaciers are rapidly
rezroating in these regions. The glacier area loss
is about 20% in et 40 years. The subaidence
of glacier surface by 0,40m per year in Dudh
Koshi basin s also repocted sinve late 1960
due 10 the melting of the glaciers. Bolch e 3l
(2008} and Bajracharya et al. (2008) have also
reparsed the glacior retreat rate of 1010 60m
per year e Dudh Koshi basin,

The mass baluece of glcier can be divided ino
» wirser and s season, mainly influenced
by froezing precipstation snd mean threshold
air tempersture (Paterscn, 1994) Al the end of
the sussymes, snow sy be accumulating on the
nigherpart o7 the glacuer w hide ablation continues
near the seeminus. Ting the accumalaticn varics
from place o plce on the glacies (Paterson,
1994) The freezing peecipitation is less where
accumulation is also less. As Khumbua Is in
higher clevabon s compared o two other
stmions, the average air temperabure s found
10 be 4 9C, which t5 lower than the @esshold
value, o there is more sccumubation of snow in
winter s2asan shown in Table 3.

Table 3: Comparison of seasomal awerape

temperasture (1387-2008)
Dy “as <14 49
MAM 5 15 -1
JAS 00 8 5
ON 48 Ll L8

Journal of Hydrology and Meteorology, Vol B, Ne. |
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Fotential Evapo-sransplrution (PET)

The PET is the smouet of woler thal would be
evaporsiad under an cptimml w1 0f condiivns,
among whech is an wltimate supply of wite The
Fighest valos of PET was found is the moath of
May in all three stations &5 shown in Table 4 In
Annapurma gred, the PET shows quite vanable
trend in the modelled result (highest values of
96 mam and the lowest valoe of 49 mm). PET
(Figure 3) was also dacressed with  clevation
simalar %0 fhe levgenere shown in Figure 2

l N M e WAL e DR e

\ - b lagag - S

Figere 2 Comparucn of Mien Tampecsture v Wree
ks

wsustctoselE

BERYREREREY:

S-lavn —-- Oy

[ e

Fagure 3 LOM@1H cre of pote rile Bvepe HAOAR reton in
thess Yatsom

155



August 2012

Yable 4; Polential evapatranspiration In

three statans [mm)

T. R Adhukari and L. P, Devkola

Jan 49 53 5N
Ieb 53 5 ]
X [ ) » |
_Ap 86 87 7
May 9t 92 K
[ e i 7 R
| Jul 6 76 il
_Avg 0 It LA
o N of 5 |
ot | - n % |
| Now #3 @ | 0
Do | & | S | =
b.,_u | % | se 52
Actual evapotranspiration (AE)

The AE is an output of water thirt is dependent
on moksture availabiliey, procpitacon. snshine
hour, wind, lempersturc, sed humidity. Lhins of
AT as “water use” that is actuslly evaparating

MICS:WPET,ALWDMWSWMMM of Nepal Himalaya.

33

and  transpiring. When  the  ieragenum
increases, AR aliso increnses a3 shown in Talle
3 and Table §. Tn tis study AE is compured with
wemperature only. In Azaapoma and Kl
ares PET >AF in all scason, bl s Laogtang
stea PET equals to AE in sommer and in odber
wesson PET ZAE us shown in Table 5 Thie
adicares that the deficat ocours when #he soil 1
completely dried out. Actual evapoiraseDicalnin
AE = & soil water budgst is the sctual
pemount of waler deliveriad 10 the mmospavre
by evipueaton sad transpiralice. In wet
moetha, when precipitation exceods potestal
CvApOATATEPATILION, sctual evapolrRmspEaten
is eqpaal to PET In dry monsfis, when potential
cvapotranspimicn eresads precipitation, sl
evapotranspinlm is eqwl 10 procipitat ke plus
e absolute yalue of the change sodl monduse
slorsgs.

Clisatic Water Balanew

There is Jess waer deficit 40 mus at Anuspuma
(han # other two stations (Laogtang and
Klnambaa). The highest water deficit is 382mam

|
Sutin Naie [ perameter | Dec-Feb (DIF) M(:.::;)’ '(“;:;}’ ”:‘(;N“:" ::.
Arsepurmn LT (610 2520 BN 140 5520
‘| AF 1350 2520 W30 1240 A0
WD w0 0.0 00 ' 130 20
. ws " W4 " o 14910
Lasgmg PET 160 2490 2950 M0 40
AE 0 w00 6.0 o P50
WD 1290 1498 0 630 110
| ws . 0s e "o ma
Khumbn PET 1530 30 1520 1190 B |
' oA 200 W 120 560 1560
‘ wi 1940 1550 190 i W
| wi 04 0o wa w | o
luumlotnfdmlmsulww\'ol.&hl SOHAM -Nepal
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st Kaumbu e bowest s Annegrama. Water
deficit of 351 mm is found ar Langtang as
shown in Table 6 Table & shows that the waler
deficil 1 imcressed from west 1o eastom Nepul
Hinsalays

The bughest waeer serplus of 1391 mm was
ot Ansapurma, 177 mm at Langleng aad the
lowes! 49 mm ol Khamdy which is semilar o
the precipimation  distribution, continuously
\ncrensed from castom 10 western Himalaya dos
o the altitudinal and moesoonal uffest shows in
Tohle 6.

Table & Comparisons of climatic water

batance in three stations,
R | |
Clmmiogy of ma
Babirct ArapTe l.-pug Khandu
WaniDeichmeytons) | 400 | 3510 | Si28
Wit Suniss e W0 | 1m0 | en

[evkom (2003) found the highest cainfsll pock-
o1 of moee than 320 cm seeally over central
mountainous region, paricalarly along e
suuthims flasks of Anapuma range, whereas the
driest par s Sound over the nanthy of e same
rangs with Jess than 40 cm annually. The sirony
rainfall gradicmt across this mnge shows e im-
portance of lopography on spacial variation of
wrovsal minfall distnibution i@ Nepal. The second
highest rainfal} zo0e of maore than 230 cm per
year is located over the northeast mountxinoss
region Tarad belt hus reintall destribztion ang
ing from 160 w 200 cm annually, wheress the
westiern Tarsi shows less rainfall in comparison
10 the rest of the Tarai. Waile Denkota £2003)
noted tha highest runfhll zose is bocsted of the
middle moenminohs region. The precadtatian
decreases with meresse in altinade. The water
surplas &0 shows silar trends as that of pre-
Cipitation,

|owrned of Hydrology and Metearalogy, Vol, 8, No.

Augest 2012
6, CONCLUSION

This swdy shows that the  precipitation |

encreases from eastem %0 weslem  regions.
It may be dur to the orogruphic effecs in the
previpitalom s Beee stations are Jocmed in
e ditterent elevations. PET is decremscd with
clevalpon similae W the temperature variation.
The lighest water surplus s Sound n the
Annspurns aress, bt less significant amount
of water surplus is oblmmed i Langtang
and Khambu area Table 6 In Annapurma
rempensiure and precipitslion i ligher Sun
in  comparison 30 the other two. ststons
(Langrang 2md Khombuh Thereltee save
accumulation is higher and melring race is also
higter In Annzpurna. Water surplus occurs
@ threr seasoms of the year (speing, sammer
and fall) 2 Anpapuma ssatom, but very small
quantity of water serplis 8 found in Lasgrang
and Kiramba in summer (Table 5] Water

deficiency 15 increased from wesian th easiem

regrms wherens water sueplus is increased
from costem to westen regoes, Freszing
peevipitation and climatic waser halance shows
that Annapuma arez has the  highest wake
surplus. Thic may be duz 10 the foct that this
ared it Jocmed at the highest rainfall pockor
0f Neqal. The retreating rate 5 8ot similar in
three catchments cue to the difference In the
tempesiture grofike (Table 2) and the freezing
precipitation. Snow melting caie is baghes = the
Anmpurns ares 3 (e Geszing precipiato is
only 2% The melting rate of glaciers is higher
in western region x5 compared 0 the auddle
ned castem regioas of Nepal Himelaya,

ACKNOWLEDGEMENTS
The sathor would [ke to thank Deparement

of Hydrology and Mescorology (DHM) for |

providing the necessary dana for this research.
Also, the authoe would fike to scknowiedge
. Suml Kansskar foe reviewing this paper

SOMAN Nepal

157



Ampt 2012

and lor his sglunble fesdbacks. Likewise,
usefal suggestions from Dx. Sunil Adhikary
are Mighly acksowledped.

REFERENCES

Apeta, Y, Iy, H sed Waninabe, O (1954)
Glaciological studies on Yala Glackr
in Langung Himal Glacial Stodes In
Langtaeg Valley, report of the Glacier
Boring Project 1981-82 in the Nepal
Healays, 4147,

ALLEN, R G, PEREIRA, LS., RAES, D, SMITH,
A, (1998)  Crop svapotaasprton.
guidelines  for  computing  <rop waltt
recuirerments, FAQ frrigation o Dranoage
paper, vo. 36, Romne. g 17.

Bajrachseyn, SR Meool, K & Slwestha BR.
(2008) ‘Global cisate charge and metmg
of Himobiyua gaaes” I Rapuide, PS;
ot Melting phecitrs amd sising sed Invel
ingacts and fmplratios, {Tyderabad, lndw,
Lefa University Press, 2846

Burest, T. B, Adam, J. C & Letwnmnaier, ne
(204) “Porentisl unpach of 3 weemeng
climate om Wueer svailability oW
doainated regions” Vol 43817 November
20055doe: 10 1038 natec0d 141

Bolch, T, Nacdmoiboer, ME: Puiees, 1; Baesshr,
M & Bajrschanya, S aoos].lhmsm
ol glasier mobon and potestsally Ssgerov
glacial lakes = the M1, Evereed regionNepal
Bard Syst. Sci; 8, 1329:1340

Deviots (2005), Climae varisbility ever Nepal
chgervations, freecasting, model svalustion
sl inppact on cgrculiuse Ond WS resoECes
un putlishad PhD Resis,

Hull M. P.ond D B. Fagre 2000, Madeled chimate-
induzal ghcia change in Glaer Nationa|
Pk, 1850-2100, Bascieroe $32x 1M -140

ICIMOD (1996) chaatic and hydrelogiead atles of
Nq-l.mn-mwmob.

lmaddum-ndmwdm.Ml.No.l

7. R AdhIkazh aed L I Devkets 35

Journal agraeliural waltT mndgelILT W{2HV)
lﬂ-l?&ﬂmme&ml (boanepagee
wwrn chevier s loTaE A gW),

w«:«.o.wnu . Broen, LN asd
Kostha, R (193] Rocent changes in glacwe
wngues in e Lamglang Khoka tosa, Nl
dmermite by bemmesrial  phoscgrisnmnory.
Smow il glacter hydrobogy, Imematicoul
Association  of Mwdrobogieal  wonoes
Padelication, 218, 95101

Ata Xirg, Xu Juachs and Qian Jie (2008), Winw
Rescrorce Management i a bisdtle Mosnsis
warerhed A Cme Stofy in Xuseg.
Yurman, Chima ~

Maty Exikesson, Xu Jianche, Aren Blukm Sheesiia,
Ramish Amerds Veidyw, Saolod Nepul
wd Klas Sandstom (2009), The chengicg
Homalays “lmpect of climate chanie o
waler romesee and livelihoods & the graier
Himatayae Published by CIMOD,

Sjoateith, )L, 196} (s enchange ™ L]
communies, ln Envireamental Coommol of
Plagn Geowth,

Meateith, ) 1., 1968 Evapeaaticn a0d envaoammwe -
Syme. Soc, Eap. Biol 19, 205 234 Pormat,
HL. 1948, Natetal cvapoiatzon from open
wates, byre and grws. Pooc, R Soc lend,
ex A 193, 120-14% Exp. Blol. 19, 268-7M,

Mormapge  Yuks,  Seki, Kotumo, sl
Takahpedu Shshei (1967), Scasomal vanaien
of wow e in languog vallex Nl
Himaimas, 1985-1986. Felletin of ghoer
reacanch, 4 (1957) 48-53

Paversen WS B (1994), The Phoysies of gk 2°
Edrion: Elsesse Science Lud

Seibert Jan (1996) Estimanen of Parmmnzier
Uncectasisty n The HBYV Mokl Paper

o the Nuwde Hydmkgical
Confetercel Alureyn, [oekued - Aiguel 1995).

Seko K and Takatehi, § (1971), Charsasenalicss
effect ool wimer peecipitation and & glacwes
iz the Nepal Himalys Bulletin of Glaciet
Research 9, %16

158



56 T, % Adhtkari and L 1. Devkota August 2012

Seciregges, U, Bras, LN, Kapperbenger, Goand Ueso, K. Shimiwa. T and Yamada, T (1993

Tortan G (L9353 Assesstnnt of xmnial siow
wecumddston over thee past 10 years af digh
clevanon in the Langiang segion. Snow and
phicier hpdeclogy, Intervadiom] Asnintios
of Hwdrelogiced soiences Peblicanon, 218

Precipiusnn emviroament in the Langtang
valley, Nepal Himalayrs Snew and glacier
hydrology,  Intematioral Acariation ol
Hyd&ologxal sciences Pubbeason, 218, 207.
v

| 55165

Thomitwake, CW. and Mater, LR (1943) The
wir bakinen [n pubbaation of elimesology,
Vol.$ No.l:1-46.

Yarrde T, Shimaiwe. T lide, M., Ksdus |
Warsmabe, 0, Rana, B, Agesa, Y and
Fuwhima 3l (1992} Flochmbomn of the
ghciers from the 1970y 30 1989 m e

Journal of Hydeology asd Mereorsdogy, Vol. &, Na. | SOHAM Nepal

159






Evisiriy Waler Masciries Syaless Lindersioding, Praciotng and Mafegng Frieler-Soctely infiiacions 9
Privassdings of IOVRSN, Bolegna, Ny Jufe 200 (1AHE Pulbl 384 2004

Climate change scenarios and its impact on water resources of
Langtang Khola Basin, Nepal

TIETHA EATADHIEART' LOCHAN FRASAD DEVEOTA!

& ARUN BHAKTA SHRESTHA®

|I'ul|-|:u:3=lﬁ~;.:' i af Fedmizn: aod Mirdromlogps, Tribkrwen Uahernty Cathmeeds, Niped
2 lniermational Cesine for Jqu'rdm'.'ul'mv Drvriopmend, Katbmonds, ¥epal

Abstract General Circalation mn:ﬂlfdh u:mluﬁmmchmd:qdm'hﬂ:t:rmﬂ.:'hnnh
chngima.nh'lnlmlnhm -:-umtm'ﬂnn‘applmlm ot stadies at a
aamwimmmmw woperens dyn were med for the
climaty soenarios Eﬂd mh."ﬂ:ﬂ-&:lmallqnt on. Emissions
&m&ﬁﬂﬁhmﬂﬂﬁﬂ ﬂhmm%?mh i'l:lnin:sm'ud
mﬂ%ﬂﬁﬂhmhﬂh ﬂ.rJJ ramfal-rmedf modal for fe calibration
and vaki of tha modal, i it s pariod [ 19E8-20081. In&nI'[E‘L-IJ_g.'m
ﬁ ﬂ:ﬂ-l:l:-mud::rmﬁrm From the: precipitanion
Mﬂm:mmﬁmgmmmufFMFMmhmgmmﬂ

SprimE l:lﬂ. a b:m winher and Fotoin Geatons was chowm The model projeced ammmal
for the 2050k of hhaﬂﬂﬁmm'lﬁ4mﬂ'ﬂ36mmﬂy

pﬂmm E:hm. tha it imereass of precipittion in all susom the womerdr
I:h -:-IHHF .nnﬂmmmmmm[mmm‘lm .Em-.l_'l:'lil
"'f:rl’l.]B.-:mnd.Sﬁ.;m':[H-Sm":-hﬂmimmjﬂmm
mowase for 2ll weasons except for spring. wharess the ezt will deceass m wumenar.

iy wemls waler miross, Mopal, cisale chnge

.IJa.

DNTRODUCTION

Climate and water sfudies play an imsportant rols in the protection of the senircoment. This study
aftansphs to asteds the dowmscalimg of GUM: sizmiated pridded dafa to high mschifion regiczal
gridded or point data model: dymamical climate modal, wuaﬂ:.n:h‘pm.g. tremsform function and
SCananio geoerztica (Bipwmrercics.uvic.ca/scenaricsindsx omi T Scanamios). The Coupled Clotal
Climate Maodal (CGCM3) of National Contres for Emvirnnmental Prediction (WCEF) predictem
hawe besn considered 2s the mdependent warisbles for mmlbple regmssion amabysis for climsade
cheervation as 2 dependent varizble. Finally, meaz sea level pressurs, surfacs vortcrty, warface
divergamcy, 500 BPa geo-potuntal heights and specific bumidity at 500 hPa for teenparafure
dommscaling. and mendicmal welocty, serface ronal welocity and 350 hpa geopotential beight for
peecipiiztica downscaling waere selecied as significant predicters. Fimally, optmization of the
ezodal was completed by applymp the ordinary least sqguames methed In the above amabynas,
cheerved and WCEP data sets kave a yeer length of 367 days (366 in lezp yeam). The hdstomical
edeorclogical daily observed climate dats are used as a predicior 2nd input in the statistical
dommscaling mothad.

STUDY AREA

The Lamgtang River catchesant {78341 kee®) is located appromimasshy 100 ke north of
Eathmandu, Nepal. In this study, data from Syapmbesd npdrological station at latimde 280 097307
and longitude £50 207437, and Langteng Kyanging meteorological staticn at hatimde 280 12700
and lomgitede 50 34°00" are nwed The elematom of the study area ranges from Syapra bei, 234
masl u:pl:-:-ﬂ:l.npiak of Langtang Lireng at ""34m.a..L m‘ﬂ:.ma.rm‘qgnall:l‘h.tdﬂ--::f—ﬁ]-?
mazl In fomal 26% (133. 14I:|:|:|-§'_'] of the catchmant is glacierized. The glacier tomgmes balow 5200
masl is 32 km' I.-:-:l:ug and are generally debris covered (Immoreeel o af. 2011} The main vallay
s divided by the Langtang Ehels River and it s typically U-shaped. T.I:n-Gi:l:-:biiF.h'qr sysbem o
central Nepal consists of the Kaligandaki Mwtang and comverges with the Triskmli at Deoghat in

Capyright © 201 LAHS Priss
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Chifwas, the river is then called the Nerayani Langtang EKhola amd is ono of the snow- and glacior-
fiod rivurs and is the main inbefeary of Narryani basis (Trsholi). Tie axtrams daily simmolxod mon
discharge af Syapmbas hydrological striien iz 6.5 w5

MFETHODOLOGY

The daily clinzate data ware collected fom the Departmsst of Hydmlogy azd Measarclogy
(DHM), Govarnment of Mapal Mateorodogical data esed in this smdy inchide deily precipitation,
daily maximmm temperaiere aed daily misimom temperrnre of Kyanging Leangtang ssow and
Eh.axhjiuluymm The products of scanarics gemsrated by msing CGOM3
tamzperaters and precipitation data were wed with the HBV (Hydrologiska Byrins
Vattanbalamcavdalning) fight 5.0 kydrolegicel mode] for the caleulation of fatere discharge from
Langtang Khola ceichmant at Syaprubesi. Seibart {2005) describes the model as follows: deily
discharge is Emelxied by HEY Ighs 5.0 using daily rainfall, temparature and potontial svaporation
a5 inpat. Iz this stody, masons i Napal ars classified 2s5: wintar (DJF) Decansber of the previous
yuar o Fobmary, spring (MAK) March to hay, sommer (TTAS) Jome to Soptemsher; and anfomn
{OM) Dctober to Wevembar. Four applicatioss of comgmter softwar programs am applied i this
mtl}&ﬂﬁﬂhmtﬂjwm}dmmmﬁﬂ
developsd by Wilby and Dewson (2007) in the UK, is chosan for developing deily climass
scenemio siudy, () hgrating medel {developed by the Dopartmant of Hydrolegy and Matecmdogy.,
Gorammssst of Hapal) fo dewelop the mtng corre, (3) ArcES 9.3 for glacier ama dolingation, and
() HBV Ligtst 3.0 for dischergs modalling (Seibart 2007).

Comiimnoaes dischargs messmrement of a smam is very difficolt and costly, bof the comtimmous
record of river sizge cen be sesily ebixined Heancs to compute the daily flow, them showld be an
nusmally detsrmingd ampirically nsing panedic measmraments of discharge and stzge (Roddy 20005
Tha discharge meamsraments are made by correst meter. Meamrod discharges are them plotbed
2gainst comcument SR oo grapk paper to defing the mtizg curve. Hydrological data used i this
study are: daily gamge (stage) height (1994-2010) and cccasiomal dschargs mmmemamsat data of
Syaprobazi hydrelogical station (197920090 Thesm unpeblished discharge mearmmanzsat data ars
rvzilable from the Departmsat of Hydrology and Mstsorclogy (DHM). COm the basis of this
discharge mozsurement and sage height dein the rating equation (1) was developed im Syaprobesi
hydralogical statiom of Langtazg Ebela:

E DEAE e M+ 20 40
A | (0

Lanatamo Khels Basin

T il

4 s

H 4l

3 10

a 1

I .

= 0 Il
02045 .|-=1|| SEM) SAREESE SS2-ERN] N-ASH] r.'::rual ||.| T TEM

Bidacier Avea i | £3 1]

ﬁ.!ﬂﬂﬂmiﬂ.m'nn

In this smdy the watershed i divided into 13 slowaiion amd ome vegeistion rone by ening
ArcEIS 83 for glacier aa delneation. The delineated area histogram of Lamgtang Ebala hasim
glaciar amee is shown in Fig. 2. The largest glaciar amee, 62 ke, ocours i the 5520 m slsvation
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rone and the lowsest glicier arsa, 3 k', iv found in the eleetion of 4520 . HBV fghr 30 &
applied on the Hme period from Jamary 1002 to Decesnsher 2004, with the dischargs data recordad
in Syaprubasi station. Fimtly sutomatic Cemsratic Algorithm Package (GPA) optimization was
applied and then mannal calibration was doss to mfine the paramebers by “wizl and emor”. In
addition to vimal imspecticn of the siombated timwe sezies and the obsarved, semre] ohjsctve
criteria wers weed to aswess the best pamameter wet. Validatico was dooe with the paramatar sats
from the GPA cptimiraticn for comparison. The model was vabidated for the Langtang Ehola
Syaprubasi oz 20075 to 2009, with the same paamster sets of calibraton. At Eyanging, cbeerved
datly temperture datz are availble Som 1986 to 2009, Comequently, obsenved fsmpemture and
MNCEP data froms 1968 to 1997 ware msed for downscale calibration and data from 1996 20 2003
ware used forits validation

AModelling calibrados sed validation

Ths ssascmal 2nd azmual valess of obsarved (0B%) apd NCEP smmlated temperziure, incheding
thedr parcentage differcmcs, am presanted in Table |- depicting the highest sexsomal percentags of
differsmics in mawievem and einivmes temperatres weme —0.1"C and -1 0°C, respectively, in the
calibration. Similarly, the annwm] purcentage of different maximes temperatum & 1.3°C and
pxinimnes temperatrs is 1 0"C in the validation. Thess percentags of differeacs indicate 2 degms
of mliability of the SDEM twmperamme calibration and validation process 2t Langtang Eyanging
shown im Table X Observed daily precipitation data were availsble Som 1968 cowards. Hance,
cheeried poecipitaton amd MCEP predictor data fom 1988 do 1995 were nolized for GOME
calibmation and data from 1998 to 2003 were weed for ifs validation. Seaconal 2nd anoual values of
oheerved and NCEP simmlated tofl precipitation and their differsmcs are precented in Table 1. The
precipitztica for NCEP calibrated (MCEP Cal) scemariosn of spring. summwer and awtumn am
meaved whersas it is decreesed In winder, showing summer parcsatzes of differsmce —15% (of
cheerved snmmer total). Buf in the WCEP walidation (WCEP_Val) process Table I, showing the
sempser percantags: of differemcs 12. 7% (of observed sempsar totl). This sxplains relativaly poor
reliability of the S05M precipitation calibration process, which could be dne to altimdine] affect
of the smemer monsoon 2t Langtang Eyanging.

Table 1 Calhmtion of chearved dat with CECME of MCEP dats

I-imm'.l'm]:lll"ﬂ" Minipmm Tamp M0} Pm:q::l:.::l:n:l:.l:::u:l:l:L_, Chischarge (m'5)

Samm OBS MECP 2B MECE %hof WECP %iof OBS MECP %hof
Cal ﬂ:ﬂ' Cal  &EE fal &EE el A
DIF 21 14 43 77 67 -0 128 0% 147 175 155 11E

MAM &5 4B -3 -24 -5 0% 189 31T 44 126 154 212
ITas  10% 13 00 33 43 -10 1013 1186 -150 J84 450 114
o 65 62 46 26 -5 3EI 13 Bd -M62 174 B3 143
Armal 68 49 -l -12 9 -0 5350 46184 136 334 MO 193

T:th!ﬁ’ahinmnfubmnﬂ-ihmﬁmﬁ-ﬁ m-ﬁn

Irhmm.qu:llf‘C" I!l-:E.m.m.Im:pl."C" Pl:uq:u:hh:n.[m] Dhischarge (m'5)
Semen OBS MECP %ef OBE MECP %of O35 NECPR %of OBE MECP %af
_ Vel & Val &R Val  EH Val  EE
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Dizcuszion for fotere climste and discharpe scenaries

GCM S-rimulated ssasomal amd ammmal ramge of mean of 20 ensenshles for emparabere sCaNAanios
with A and AlS omission scaparics at Lamgitang Eyangng are shown in Tables 3. In the
pzaximem femparzinre of the meodol simmlation festure the som=on temparsnre & wammer thas
wimier, spring and summar. Ths Teble shows that the model prejects warmeer days o every masoa
of the entire 2030s for both eoxssions The wamming s higher iz maximem than in minieom
temperateres, indicating an increasimg trend of frnre dadly tempersture Tasgs.

Eimmilarty, GOME-simulated matonal azd armmal meas of tamperamme scenamios with SRES
Al and AlB smiswios scemaries at Langteng Eyanging are thowm in Table 3. According to the
Table, the model projects wermer days increessd = ewvery seasoa up to the 2050s for beth A2 and
AlB scanarios GCM S-simmlated ssasonal and azrme] mees for precipitation scezeries with SEES
A and AlE eouissions 2t Eyamging are shown in Table 3. Where, for both lbew and high
amissions, the meodol geeerally projects an inmrease of precipitrtion dening summor and spring,
thern is 2 docrease during wimter and aol=mn searons. Such precipitation projections indicats that
thern is sufficient to balamce the deficit, mdicating dnier Langtazg Eyesging dos to the offeck of
wenhanced gressbonse gas in the 2050,

Tahle 3 Tamparaiure and Precipitation both 415 and A2 Sceman.

A AlB AR . AlR ~ i B
Bomano A2 Boowrio  Somarm Al Scssmric  Scoesrio AD Bomumc  ATE Scomwio A2 Bomama
2000 I0SG 3600 DD MG AbA0 DS I0SG 3ER D6 MG 2040 BRe 2040 WG M8
DiF (¥} 1.3 (N ] 1.3 —AF -f5 d$ A1 -5 23 0 23 148 b T4 i
MlAM 1 T k| 71 -1 B4 0% -0i1 13 LTi] 1T ad =4 e WT L3
jiry: s 0@ ME I0E £3 &0 1] Lt ] L] L] E-T ] g 1438 iRl A a3
(s ] 18 T® T8 4] e i 13 | a2 iR 4% a1 1L (1T T 100
doeman] AR T L1 71 LX) 10 od 1.1 g s Al ad Tl 764 EI T4

*hllrerren Mepraters U], "Shlisimem tenperrhers (007, ® 50k s Sampesities (707 dnd ® 0= Provipiteion (ren)
Tablle 4 MMenoemans aed mininnm dischargs soomanie.
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Climazle change scenanios and §5 impac on waker resources of Langiang Rhola basle, Mepai 13

The model is abls to accomately simulate the daily discharge data at Syaprubasi hydrolegical
staticn at the outlet of Langtamg Ehola {2002-2004). The obsarved 2zd siemlatd hydrosmaph
during the calibraticn peded is shews in Fig 1. Downscals simulated results fom teosperatens and
precipitation in 2 daily scanaric data wure 2ppbied = HBY bgiw 5.0 for a bydmlogical model. The
sqascoal and anom] range of mean of the 20205 and 2050s enwmbles for discharge scenarios with
A7 and AlB at Syvaprobasi hydrological station are shows in Table 4. The table shows that the
mwodel AlB projects maximum discharge monsased I svery season, sxcept in the spring seasoms of
thie eavtire 20505 cantery for the emission. By the wnd of the 2020%, simmlation projects an increase
of discharge in winter, summer and axtumm, but 2 deceass = spring by the maximym (pdnizoue)
discharge of 37.3 m's (13.% o'fs). Similasly, by the smd of the 2050: winter, spring and autams
will increase but in summaer thare will be 2 decrease of maxieum (minimum) discharge of 378
w5 {13.7 m='s) for AlB scenario. Likewise, the 2020s and 20:50s will both have an increase of
discharge in winter, spring and amzm, bt decrerse in sue=mer by the maximmm (peinimme) 375
o'z {143 =*s) and meaxiovem {mimdewem) 36.2 m's (14.3 m's) for the A2 scenario. The cverall
scenario shows a decmsasing discharge in sumpwr in Langtang Ehola, which may be dos to the
decreasing glaciar area, and as a renlt the glacier malt contribation is les.

CONCLUSION

Performance of S0EM dowmscaling based on NCEP and GCMs predictors at Langtang, Kyvanging
are evalnated msing statistical propertios of daity clinate data. It was found that the application of
SDEM for statistical dowmscaling & smiteble for developing daily climeds scenarios. To
dspzcnsizate the procedee of developing sceparics, SDEM is applied, based oo daily outpubs of
commcn clmate varzhbles fom GOM: simwmlaton, which bas been widsly uwd o the
devulopment of daily cimate scezarios, and the mesults can be nsed in many amas of climate
change impact smdies. According to this shudy, the autamn femperxire i much wamser commparsd
to wimier, spring and summer. The prcipitrtion & increesed for NMCEP calibrted scenarios for
spring, sumpssr and aemeen, whensas in winter it is decrsassd The modal gemerally projected an
mcreame of precipitation duning summer and spang, and a decrease dering winter and awtnms
seasons. Howewr, maximem projected discharge will memase for all seasons sxcept for spring
companed 02 miniemm projecied dischangs in summar.
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