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Abstract: The Himalayan region, a major source of fresh water, is recognized as a water tower of
the world. Many perennial rivers originate from Nepal Himalaya, located in the central part of the
Himalayan region. Snowmelt water is essential freshwater for living, whereas it poses flood disaster
potential, which is a major challenge for sustainable development. Climate change also largely affects
snowmelt hydrology. Therefore, river discharge measurement requires crucial attention in the face
of climate change, particularly in the Himalayan region. The snowmelt runoff model (SRM) is a
frequently used method to measure river discharge in snow-fed mountain river basins. This study
attempts to investigate snowmelt contribution in the overall discharge of the Budhi Gandaki River
Basin (BGRB) using satellite remote sensing data products through the application of the SRM model.
The model outputs were validated based on station measured river discharge data. The results
show that SRM performed well in the study basin with a coefficient of determination (R2) >0.880.
Moreover, this study found that the moderate resolution imaging spectroradiometer (MODIS) snow
cover data and European Centre for Medium-Range Weather Forecasts (ECMWF) meteorological
datasets are highly applicable to the SRM in the Himalayan region. The study also shows that
snow days have slightly decreased in the last three years, hence snowmelt contribution in overall
discharge has decreased slightly in the study area. Finally, this study concludes that MOD10A2
and ECMWF precipitation and two-meter temperature products are highly applicable to measure
snowmelt and associated discharge through SRM in the BGRB. Moreover, it also helps with proper
freshwater planning, efficient use of winter water flow, and mitigating and preventive measures for
the flood disaster.
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1. Introduction

Discharge measurement is important for water and riverine flood management [1,2]. Snow and
glacier melt shares crucial amount in perennial river discharge [3]. The flood disaster researches show
that the floods in snow-fed rivers are often associated with snowmelt [1,4]. Global warming has
increased snowmelt runoff, thus posing challenges to flood disaster and freshwater management [5]
and ultimately to sustainable development [6]. Excess snowmelt associated with monsoon precipitation
will result frequent floods in the Himalayas [1]. Hence, the assessment of water volume released from
the snow and glaciers is imperative for water resources management, including flood forecasting and
reservoir operation.

The Himalayan glaciers are a major source of freshwater, not directly affected by human activities;
however, researchers have shown that the snow cover area is depleting due to human-induced climate
change [7,8]. In other words, climate change is posing a severe consequence on snow and glaciers,
and the snow accumulation has reduced [9]. Studies reveal that, if the global warming persists,
the Himalayan glaciers melt rate will be high in the near future, and summer streamflow will be
high in the Himalayas [1,10]. Large quantities of runoff are derived from Himalayan headwaters
in the form of snowmelt and rainfall, which flows to Ganges River. Siderius et al. [11] found that
snowmelt contributes 1–5% of the total annual flow of the Ganges river basin. However, there are
large spatial variations in snowmelt rate over the Himalayas due to fluctuations in surface temperature
and accumulated snow amount [9].

Studies show that glaciated area has been decreasing globally where the Himalaya region is
not an exception [5]; about 50 cm to 90 cm yearly glacier recession has been observed in the Nepal
Himalaya [12]. Regional climate projections of IPCC (2018), indicates that Central Asia will warm by
3.7 ◦C by the end of the 21st century, with the largest warming over higher altitudes, particularly the
Tibetan Plateau and the Himalayas [5]. The Hindu Kush Himalayas (HKH), which is a water tower for
over 25% of the world population, is experiencing global warming effects [13]. The short snow season
due to warm temperature decreases runoff and shifts peak river flow from summer to spring [14].

Climate change has a direct impact on snowmelt and associated streamflow results on freshwater
supply, irrigation, and hydropower potential [15]. Water provision, mainly obtained from snowmelt, is
a major management challenge for achieving UN Sustainable Development Goals [6], where remote
sensing data and Geographic Information System (GIS) technology can play a crucial role to assess
water resource and meet Sustainable Development Goals [16]. The SRM has frequently been used to
measure and forecast snowmelt and associated discharge that help to water management and reduce
disaster loss caused by rapid snow and glacier melt [1,11]. Current climate change causes an increase
in glacier melt, especially during the summer monsoon season in the whole Himalayan region [1],
including Nepal Himalaya.

Small-scale hydrological assessment is essential to understand the impact of climate change on
hydrology and the river discharge [14]. To assess climate change impact on water resources and
to evaluate streamflow variability, validation of the hydrological model in the particular basin is
important. The assessment of hydrological impacts due to climate change is particularly challenging
in mountain environments due to poor accessibility, sparse hydro-meteorological stations, and high
altitude variations; these are also the major challenges of using a hydrological model in the Himalayan
region [9,17]. Besides mountain environment has sensitive hydrological systems due to extreme
heterogeneity in vegetation, soils, topography, and spatially and temporally varying snow cover [15].
Many studies have used satellite snow cover data and interpolated meteorological station data to run
the model [18,19]. Although there are spare meteorological stations in the HKH region, the continuous
and spatially well-distributed data is not available throughout the region.

The snowmelt runoff model (SRM) is a degree-day model developed to simulate and predict
daily discharge of the glaciated mountain basin [20]. The model has been used in many studies to
evaluate the climate effect on river discharge in the mountain watersheds [10,17,21,22]. The SRM was
successfully used to assess the impact of climate change on water availability in the Upper Rio Grande
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Basin [22]. Tekeli et al. [21] used SRM using moderate resolution imaging spectroradiometer (MODIS)
snow cover data to measure river discharge in a mountain watershed of Turkey [21]. Similar studies
were done in the Karakoram range, northern Pakistan, where climate change impact on discharge was
calculated using MODIS snow cover data in the Hunza River Basin [10]. SRM parameter uncertainty
was evaluated and future snowmelt runoff was projected under various climate projections in the
data-scarce deglaciating river basin of western China [23]. Besides that, Panday et al. [17] used the
Markov Chain Monte Carlo (MCMC) data assimilation approach for SRM parameter estimation in
the Tamor River Basin of the Himalayan region [17]. In addition to that, the SRM model was used to
estimate present and future river discharge in the Karakoram Himalayan region using MODIS snow
products, where annual discharge is projected to increase [1]. The SRM model at the sub-basin scale is
considered beneficial to understand hydrological characteristics of the basin, which ultimately helps
in freshwater management [24]. Many studies have measured snowmelt in the Himalayan region
using different models [15,25,26], some of which have used SRM in the region [1,10,17]. The satellite
meteorological data product is useful in hydrological modelling [27,28]. A few attempts have been
made to estimate the contribution of snowmelt in river discharge using SRM in the HKH region at
different scale; however, such work, particularly in the headwater of Gandaki River Basin, does not
exists. This paper attempts to fulfill this research gap. The main objective of this work is to estimate
snowmelt contribution in river discharge using SRM in the upper part of the Gandaki River Basin
in Nepal (Figure 1) and validate European Centre for Medium-Range Weather Forecasts (ECMWF)
meteorological data to run SRM in the HKH region.Remote Sens. 2020, 12, x FOR PEER REVIEW  4 of 23 
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Figure 1. The topographic and administrative status of the study area.

2. Materials and Methods

2.1. The Study Setting

Major rivers such as the Indus, Ganges, Brahmaputra, Yangtze, and Yellow Rivers, originate
from the HKH region [29]. The Ganges River Basin is third-largest glaciated area (1.1%), following by
Brahmaputra (3.1%) and Indus (2.2%), in the HKH region, whereas the Ganges River Basin has high
annual precipitation as compared to other basins [29]. The total inhabitants are comparatively higher in



Remote Sens. 2020, 12, 1951 4 of 21

the Ganges River Basin (477,937,000) than Brahmaputra and Indus River Basins, where many of them
rely on agriculture [29]. This situation indicates that more people will be affected by climate factors in
the Ganges River Basin than in other basins. Nepal has three major river systems—Koshi, Gandaki, and
Karnali—and these are all tributaries of Ganges River. The Gandaki River has seven sub-tributaries
including Daraudi, Seti Gandaki, Madi, Kali Gandaki, Marsyandi, Budhi Gandaki, and Trishuli; thus,
it is also called the Sapta Gandaki River System [30], and all originate from Himalayan region.

The Himalayan region has a tundra climate mostly covered by ice and glaciers, where snow line
elevations are lower in the west than in the east [31]. The snow cover extent in Nepal Himalaya is
high during late winter and spring, while it is least during summer monsoon season [31]. Moreover,
many studies report that the temperature rise in Nepal (0.6 ◦C per decade) is less than the global
average (0.74 ◦C) [32,33], and the past 15 years status shows that it rose by 0.0539 ◦C/year between
2000 and 2015 [34]. Nepal Himalaya contains 3252 glaciers and 2315 glacier lakes of various sizes
and a large snow cover area (2030.15 km2) found in the GRB with estimated ice reserves (191.39 km3)
which is higher than Koshi and Karnali River Basins [32]. Hence, the snowmelt associated river
discharge measurement in Nepalese rivers is very important to assess the effect of climate change in
the Himalayan region [29].

The Budhi Gandaki River Basin (BGRB) is located in central Nepal and is the tributary of the
Gandaki River Basin originating from the Himalayas in the north (Figure 1), covering an area of
3881.16 square kilometers. The majority of BGRB lies in Gorkha district of Nepal, where the altitude
varies from 479 m above sea level (masl) at the Arughat hydrological station to 8163 masl (Mount
Manaslu) at the top of the basin. Since the basin has high altitude variation, the temperature varies
along with elevation zones (Figure 2). The mean annual precipitation in the BGRB is 1800 mm with
extremely high spatial variability within BGRB [35]. The permanent snow line is reckoned above
5000 masl in Nepal Himalaya, where precipitation occurs in the form of rain and snow. Karki et al. [36]
show that there are three types of climatic condition found in the study area:—temperate climate
with dry winter and warm summer, polar tundra, and polar frost. The lower part of the basin has a
temperate climate with dry winters, and warm summers are found mainly in zone A and B, followed
by polar tundra climate in zone C and D. In addition, polar frost is found in zone E.
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2.2. Satellite Data Used

This study uses SRTM DEM data for topographical analysis of the basin. The MODIS snow cover
data products (MOD10A2) have been used for daily snow cover, and ECMWF data is used for the
precipitation and temperature data. The details of these satellite data are given below.

2.2.1. MODIS

The moderate resolution imaging spectroradiometer (MODIS) capture data in 36 spectral bands
ranging from 0.2 µm to 14.4 µm at varying spatial resolutions [37]. MODIS data is open access, and
moderate resolution has frequently been used for snow cover data input for SRM [1,17,18]. A study
has compared NOAA-AVHRR and MODIS snow cover data to run the SRM model and found MODIS
snow cover accuracy is much better than that of AVHRR data and recommended to use the MODIS data
to run the model [21]. The MOD10A2 snow cover products (C6) use MODIS bands 4 and 6 to compute
the NDSI snow mapping algorithm to detect snow cover pixels from the cloud-like atmospheric
blockage [38]. According to Hall et al. [38], a pixel is mapped as snow if the NDSI value is less than or
0.4 and MODIS band 2 is higher than 11%. In addition to that, the fractional snow cover (FSC) equation
was applied in those pixels where snow pixel is detected from NDSI in order to get high accuracy [39].

The MOD10A2 snow cover product uses MODIS Terra surface reflectance daily data (MOD09GA),
which provides 16-bit signed integer daily surface reflectance at a 500-m spatial resolution [40].
The MOD10A2 algorithm composites eight days of MOD10A1 tiles to get the snow cover extent. If
the snow was found on any day during the eight days, the cell is categorized as snow in the final
MOD10A2 product. On the other hand, if five days are snow free, and the last three days are cloud, the
cell is defined as a snow-free pixel [38]. MOD10A2 tile covers approximately 1200 × 1200 km (10◦ × 10◦)
area on the Sinusoidal projection [38]. This study uses a MODIS tile (h25v06) to get snow cover area
over 14 years (2005–2018). The eight-day snow cover data was downloaded from the National Snow
and Ice Data platform (https://nsidc.org/data/mod10a2) for the scene h25v06 over 14 years (2005–2018).

2.2.2. ECMWF

Due to the inaccessible geographic location, meteorological stations are scarce in the Himalayan
region. Since there are scarce meteorological stations and a lack of continuous data in Nepal, ECMWF
data was selected for temperature and precipitation variables as inputs for the model. ECMWF provides
a veriaty of climatic data products that are frequently used for climatic studies [41,42]. The ECMWF
data provides global coverage climatic data with acceptable accuracy [43]. Many studies have used
ECMWF data products in climate studies [35,44]. Global climate data are available in coarse spatial
resolution, whereas ECMWF forecast climate data is a relatively high spatial resolution compared to
other freely available climatic data. Although ECMWF data have successfully been used in many
sectors [28,44], this study applies a novel approach to using ECMWF temperature and precipitation
data to simulate the SRM model in the Nepal Himalaya. This study measures river discharge using the
SRM degree day model using remote sensing data (MODIS, ECMWF).

ECMWF routinely processes data from around 90 satellite data products as part of its operational
daily data assimilation and monitoring activities. Besides that, ECMWF benefits from all available
observations from non-satellite sources, including surface-based and aircraft reports (https://www.
ecmwf.int/en/research/data-assimilation/observations). ERA-Interim Daily datasets for this study
were accessed (https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/) and downloaded
from 2005 to 2018. The data grid (0.125◦ × 0.125◦) was selected while downloading temperature
and precipitation datasets in NetCDF file format using custom latitude and longitude values for the
study area.

https://nsidc.org/data/mod10a2
https://www.ecmwf.int/en/research/data-assimilation/observations
https://www.ecmwf.int/en/research/data-assimilation/observations
https://apps.ecmwf.int/datasets/data/interim-full-daily/levtype=sfc/
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2.2.3. SRTM DEM

Shuttle Radar Topography Mission (SRTM) is a near-global digital elevation model (DEM),
generates the complete high resolution digital topographic datasets, using C-band SAR data [45].
Compared to other freely available DEM data, SRTM is the best DEM ever generated at the global scale
with consistency and overall accuracy [46]. SRTM DEM has been used in military, civil, and scientific
user communities. Besides that, it has been used in runoff modelling, flood control, soil conservations,
reforestation, volcano monitoring, earthquake research, and glacier movement [47,48]. Two SRTM tiles
(N28 E084, and N28 E085) of 30-m global data were downloaded using www.earthexplorer.usgs.gov,
and then the watershed under study is extracted for further topographic analysis.

2.3. Station Data

The study area lacks continuous meteorological data for the study period, so station data were
only used to validate the satellite data and analyze the accuracy of the model applied. However, we
have used daily river discharge data of Arughat hydrological station (lat. 28.02.37; long. 84.48.59),
which is important to validate the model output. The hydrological station data were collected for
model calibration (2005/2006) and validation (2007–2012).

2.4. Data Preparation

After downloading satellite image data, the projection system is converted into a common
projection system (WGS_1984_UTM_Zone44) for further analysis. The spatial resolution of ECMWF
and MODIS are relatively coarse, hence resampling technique to delineate zone wise information of
the satellite data has been adopted. Since SRTM DEM data has 30-m spatial resolution, all satellite
images are resampled to 30 m using the Nearest Neighbor resampling technique in ArcGIS 10.4.1
environment (Environmental Systems Research Institute, Redlands, CA, USA). MODIS snow cover
product and SRTM DEM was downloaded in Tagged Image File (.tif) format that can be directly
processed in ArcGIS for further processing, whereas daily ECMWF temperature and precipitation data
were downloaded in NetCDF file format. The python code was used to extract information from .nc
data structure transferred into the ASC file format. Besides this, all data preprocessing steps were done
using model builder tools in the ArcGIS environment.

As per the model requirement, we divided the study area into five elevation zones using SRTM
DEM, and all necessary input variables and parameters were prepared accordingly. The study area
covers 3881.16 km2 with high-altitude variation; in such conditions, the model requires different
zonation. Based on the SRTM-DEM, we have divided the study area into five elevation zones and
presented in the hypsometric curve (Figure 2). The hypsometry curve is the primary condition of
SRM model calibration. The basin is divided into five zones of 1500 m in each zone. Since the basin
outlet point height is 479 m (Arughat, Gorkha), the first elevation zone A ranges from 478 m to 2000 m.
Likewise, subsequent zones of 1500 m are created. The last zone “E” starts from 6500 m to 8147 m.
Detail about the elevation zone, mean elevation point, and the total area is presented in Figure 2.
The hypsometric curve shows that zone E has a very small area, whereas zone C has a large area.
In other words, zone C is comparatively less steep than other zones, followed by zone D.

2.5. Snowmelt RunoffModel (SRM)

2.5.1. Model Structure:

Martinec (1975) developed the SRM model to calculate daily runoff mainly based on snow cover
area, precipitation, and temperature [49]. Equation (1) has been used to calculate snowmelt runoff

in the study area. The model requires daily snow cover data, total daily precipitation data, and
temperature data. Besides that, the runoff coefficient, degree day factor, temperature lapse rate, and
recession coefficient are major parameters used in the model. The runoff amount is different in snow
and rain; hence the runoff coefficient is further divided into two coefficients for snow (Cs) and rain

www.earthexplorer.usgs.gov
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(Cr). The model parameters denote the existing basin characteristics and climatic condition, derived in
various ways, have discussed in Section 2.5.3.

Qn+1 = csn. ∝n [(Tn + ∆Tn)Sn + crnPn]
A · 0.01
86400

(1− kn+1) + Qnkn+1 (1)

Q = average daily discharge; Cs = runoff coefficient snow; Cr = runoff coefficient rain; α = degree
– day factor (cm ◦C−1

· d−1) indicating the snowmelt depth resulting from 1 degree – day;T = number
of degrees – days (◦C · d); ∆T = the adjustment by temperature lapse rate necessary because of the
altitude difference between the temperature station and the average hypsometric elevation of the
basin or zone; S = ratio of the snow-covered area to the total area; P = precipitation contributing to
runoff (cm). A preselected threshold temperature, TCRIT determines whether this contribution is
rainfall and immediate; A = area of the basin or zone in square meter; 0.01

86400 = conversion from cm ·
m2
· d−1 to m3

· s−1; k = recession coefficient indicating the decline of discharge in a period without
snowmelt or rainfall: k =

Qm+1
Qm

(m, m + 1) are the sequence of days during a true recession flow
period); n = sequence of days during the discharge computation period. Source: [50].

2.5.2. Input Variables

Snow cover area—Since daily snow cover data products are not continuous, we chose eight-day
snow cover (MOD10A2) products for this study. A linear interpolation method was used to derive
daily snow cover data from the eight-day snow product and calculated SCA for each elevation zone.

Temperature—Satellite-based average daily temperature data was used in this study.
One meteorological station is in operation in the study area, whereas the station does not have
continuous daily data, so, it was not used in the model. We choose ECMWF 2-m surface temperature
data as the input for the model.

Precipitation—Mainly, there are two types of precipitation found in the Himalaya region—rain
and snow. The distinction between rain and snow is very important in SRM because rain contributes
runoff on the same day that rain occurs, whereas snow contribution is delayed. Therefore, TCRIT must
be determined carefully in each elevation zone that determines whether the precipitation is rain or
snow. Also, if precipitation is determined to be snow, its delayed effect is treated differently depending
on whether it falls over the snow-covered or snow-free area of the basin. The new snow that falls over
the previously snow-covered area is assumed to be a part of the seasonal snowpack, and its effect is
included in the normal depletion curve of the snow coverage. The new snow falling over the snow
free area is considered as precipitation to be added to snowmelt, with this effect delayed until the
next warm day. This precipitation is stored by SRM and then melted as soon as a sufficient number of
degree days has occurred [49–51].

2.5.3. Parameters

The temperature lapse rate, runoff coefficient, degree-day factor, recession coefficient, critical
temperature, and lag time are important parameters used in the SRM model. The initial parameters can
be obtained from hydrological judgment, basin characteristic, physical laws, theoretical relations, and
empirical regression analysis [52]. Besides, the final parameters should be determined by calibrating
and adjusting these initial parameters until the model get the desired accuracy in the particular basin.
Once the parameters are adjusted, these parameters values are used for the rest of the years. Depending
on the climatic condition of the basin, parameters can be adjusted from lower elevation to upper
elevation (Table 1).
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Table 1. Parameter Values Range Used for the Snowmelt Runoff Model (SRM).

Study Area
(Source)

Degree Day
(◦C−1

· d−1)
Lapse Rate

(◦C per 100 m)
TCRIT
(◦C) Cr Cs Lag

Time (h) x-Coefficient y-Coefficient

WMO test all (a) 0.03–0.76 0–1.12 (−2.0)–5.5 0.18–1.0 NA 0 to 18 NA NA

WMOSRM (a) 0.2–0.65 0–0.65 0.75–3.0 0.18–1.0 NA 6 to 18 NA NA

All SRM (a) 0.09–0.73 0.59–0.95 0.75–3.0 0.10–1.0 NA 4 to 24 NA NA

Koshi Basin (b) 0.30–0.90 0.50–0.70 0.00–2.0 0.30–0.8 0.3–0.8 18 0.9–1.4 0.0–0.25

Present study 0.30–0.90 0.40–0.75 0.00–2.0 0.25–0.90 0.25–0.95 4 to 24 0.85–1.25 0.01–0.25

a: Martinec and Rango [51]; b: Panday et al. [17].

If the initial parameters are not in good agreement, Martinec (1983) suggests reviewing the
accuracy of snow cover data first and reconsidering the lapse rate, runoff coefficient, degree day
factor, precipitation, and recession coefficient, respectively [50]. This study derives initial parameters
from the Koshi River Basin [17], which has the similar climatic condition; later, the parameters were
modified based on the hydrological and physical condition of the study area until the model has the
desired accuracy.

In the SRM model, degree-day factor plays a very crucial role in runoff calculation. Usually,
the melt factor (degree day value) in SRM can be given as a constant from direct observation [50].
However, the literature suggests that the melt factor varies with seasons, altitude, and geographical
locations [22,52]. A study found that there are large spatial-temporal variations of snowmelt rate over
the Himalaya region, ranging from 0.02 cm/◦C/day to 0.6 cm/◦C/day [53]. The degree-day factor is also
related to relative snow density; thus the general seasonal increase in snow density is used as an index
for an increase in degree-day factor [25]. In the study area, this factor is gradually increasing from
0.35 cm ◦C−1

· d−1 in April to 0.65 cm ◦C−1
· d−1 in October in zone E (Table 1). The time lag describes

the total time it takes for water to reach the outlet, which is determined directly from hydrograph
record. Based on the size of the basin and previous studies, we assigned a different parameter value to
different elevation zones (Table 1).

The surface air temperature is directly related to elevation [54]. The temperature lapse rate is
calculated based on the temperature stations available at a different altitude and it can be estimated
using a linear regression model [54]. In SRM simulation, a lapse rate of 0.65 ◦C per 100 m is most
frequently used [55]. It should either determined from historical data, or appropriate value must
be evaluated by analogy from other basins or with regard to climatic conditions [51]. Based on the
study done in the southern Himalayas [36,54], we set initial temperature lapse rate for SRM (0.45 ◦C
in January, 0.65 ◦C in April, 0.85 ◦C in July, and 0.75 ◦C per 100 m in September). The studies show
that the critical temperature is also varied with different climatic condition and altitude of the basin,
whereas the value is generally above the 0 ◦C [56]. In addition to that, this is very important during
the snowmelt season in order to decide whether precipitation immediately contributes to runoff [51].

The runoff coefficient deals with water losses, derived from the difference between the available
water volume in the basin and outflow from the basin. At the beginning of the snowmelt season, the
losses are minimal since they are limited to evaporation from the snow surface, and the c value is
near 1.0, especially at high elevations [51]. Later, when soil becomes exposed and vegetation grows,
more losses must be expected due to evapotranspiration and interception, and the runoff coefficient
generally decreases [52]. Besides that, the larger the basin size, generally, the lower the coefficient
value expected [51]. Therefore, the runoff coefficient is different for the various seasons; the initial
runoff coefficient is estimated from 0.90 in April to 0.25 in July to 0.95 in September.

Analysis of historical discharge data is a good way of determining recession coefficient. SRM
is very sensitive with k value since it is the proportion of the daily meltwater production which
immediately appears in the runoff. In addition, the variability of k concerning the current discharge
should be taken into account by determining the constants x, y; used in the SRM equation. Generally,
if the model responds too quickly to any changes in daily input, we should change the coefficient x, y
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value of the model [51]. A study found that recession coefficient (x and y value) and lapse rate are the
most sensitive parameters in the SRM model [17]. Therefore, these parameters should be carefully
determined while calibrating the model.

The initial parameters for the study area were derived from the study done by Panday et al. [17]
in the Koshi river basin of Nepal. After setting up the initial parameter, we followed Martinec’s (1986)
suggestion to change the initial parameter, they put forward seven probable causes that may deviate
the model output [51]. Martinec [50] suggests reevaluating snow cover depletion to check the error that
results in too high or too low computed runoff. Besides that, he proposed to adjust the parameter value
based on basin characteristics and altitude zones [50]. In this way, the final parameters are determined
for this study, which are presented in Table 1.

2.6. Validation

Validation of the model output is a very important component of any scientific research, and SRM
streamflow accuracy assessment is no exception. There are two methods—coefficient of determination
(R2) and the volume difference (Dv)—that have frequently been used to validate SRM outcomes [50].
This study also uses these frequently used SRM validation methods (R2 and Dv) to check the model
accuracy (Equations (2) and (3)).

R2 = 1−

∑n
i=1 (Qi −Q′i )

2∑n
i=1 (Qi −Q

′

)
2 (2)

where Qi is measured daily discharge, Q′i is the computed daily discharge, Q
′

is the average measured
discharge of the given year, and n is the number of daily discharge value.

Dv(%) =
VR −V′R

VR
.100 (3)

where VR is the yearly measured or seasonal runoff volume and V′R is the computed yearly or seasonal
runoff volume.

3. Results

3.1. Snow Cover Area

The total snow cover area of the basin was about 77% in January, February, and March (Figure 3).
The snow cover area decreased sharply from April and reached to its lowest (about 38%) in June,
July, August, and September (Figure 3). The snow accumulation starts in October in the study area.
Figure 3 shows the inverse relationship between snow cover area and temperature rise. In response
to increased surface temperature, the snow cover area decreased from the beginning of March and
started to increase river discharge (Figure 3).

Yearly temporal snow cover in the study basin is related to temperature, precipitation, and overall
river discharge (Figure 4). The elevation minimum, average, and maximum snow cover area of the
14-year period (snow cover fraction) range from 0 (no snow) to 1 (fully covered by snow) presented in
Figure 4.

To get yearly snow cover fraction (SCF) among the five elevational zones, we calculated annual
fractional snow cover of the study periods (14 years). Later, we categorized the minimum, average,
and maximum snow cover area in each zone of the basin, which are presented in Figure 4. High snow
cover fluctuations observed in zone A particularly during the winter season, where fractional snow
cover is less than 0.1. The average SCF of zone B is 0.3 in the first three months of the year, whereas it
goes down to 0.1 in May and June. Since the total area of the zone C is high in comparison to other
zones (Figure 4), SCF of this basin matters significantly for overall snowmelt runoff. The average SCF
of zone C is about 0.8 in the first three months of the year, whereas it goes down to 0.4 from June to
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September. Fewer SCF fluctuations are seen in zone D and E, where average SCF is more than 0.8
throughout the year.
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 Figure 3. Comparison of monthly average river discharge at the outlet with average snow cover,
temperature, precipitation in the Budhi Gandaki River Basin, 2005.Remote Sens. 2020, 12, x FOR PEER REVIEW  11 of 23 
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Figure 4. Snow cover fraction (SCF) variation among different zones derived from moderate resolution
imaging spectroradiometer (MODIS) eight-day snow cover product MOD10A2 from the year 2005
to 2018.

The spatial distribution and temporal changes of snow cover in BGRB noted to vary between 2005
to 2018 (Figure 5). Since this study carried out a yearly simulation of SRM to see annual fluctuations
of snowmelt discharge of the basin, the analysis of a number of snow days helps to determine the
degree days of the respective year. Figure 5 shows some of the fluctuations of snow cover days over the
period, where snow cover days were high in 2005 and reduced slowly up to 2012, and then increased
again in 2013 and 2014. The last three years (2016–2018) show less snow cover days, particularly in the
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northern part of the study area (Figure 5). However, the number of snow days were high in the years
2005, 2013, and 2014.Remote Sens. 2020, 12, x FOR PEER REVIEW  12 of 23 
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3.2. SRM Output

3.2.1. Assimilation Mode

The average river discharge of the basin was calculated based on Equation (1). The average
measured runoff was 147.76 m3/s, while the computed SRM average runoff was 145.07 m3/s in 2005.
However, the modelled and computed average discharge was almost similar (measured 150.56 m3/s
and computed 150.45 m3/s) (Figure 6).
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Figure 6. Simulation mode/parameter calibration for the year (a) 2005, and (b) 2006

The calibration result for the study area shows that the volume difference (%) and the coefficient
of determination (R2) are 1.8% and 0.93, respectively, in the year 2005 (Figure 6). Besides, a set of
calibrated model parameter range for this study basin is presented in Table 1, which is used as input
parameters for SRM.

3.2.2. Forecast Mode

Daily river discharge forecasting is one of the major advantages of using SRM model. The following
Figure 7 shows SRM daily river discharge for the BGRB and compares the result with station daily
river discharge records.

The capability of SRM to forecast river discharge in the Budhi Gandaki River is presented in
Figure 7. The SRM forecast results are compared with station-based measurement, where SRM can
detect the peak river discharge of the basin. However, SRM measurement is unable to grasp the
extreme peak flow of the river (Figure 7).

The station data shows that average daily discharge is 150.23 m3/s, whereas the calculated average
discharge is 147.06 m3/s (Table 2). The calculated discharge was high in the years 2007, 2008, 2010, and
2011, where the hydrological station records were equally elevated in the respective years. In addition,
Table 2 shows the volume difference and coefficient of determination of the computed river discharge
based on the station record. Due to the lack of hydrological station data, we consider only eight years
to test the model result. Volume difference (Dv) shows that the model performed well in the basin,
where it shows less than 0.5 in the years 2006, 2007, 2008, and 2012 out of the eight study years. Besides
that, the coefficient of determination R2 also shows good agreement in the study basin, where R2 is
more than 0.90 throughout the study period, except in the year 2009 (R2 = 0.88).
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The SRM output of the study basin is presented in the following Figure 8. The yearly average
of the study period is about 147.06 m3/s. Although average discharge has not changed measurably,
peak discharge has reduced consistently in the last few years. There was less discharge (calculated and
measured) in 2009, where the peak flow was about 400 m3/s during June, July, and August, which has
the highest flow in rest of the years, except the last year (2018) (Figure 8).



Remote Sens. 2020, 12, 1951 14 of 21

Table 2. Comparison of the Model Result and Station Measured River Discharge.

Year Station Record
(m3/s)

Model Result
(m3/s)

Computed Total Runoff
Volume(106 m3)

Volume Difference (Dv)
in Percent

Coefficient of
Determination (R2)

2005 147.76 145.09 4575.77 1.80 0.936
2006 150.86 150.45 4744.44 0.07 0.905
2007 162.76 161.09 5105.61 0.53 0.938
2008 157.52 157.46 4979.25 0.03 0.958
2009 120.79 121.89 3846.89 −0.98 0.880
2010 155.59 157.50 4966.92 −1.22 0.954
2011 161.29 159.20 5020.56 1.29 0.932
2012 145.26 144.85 4580.68 0.280 0.938
2013 NA 153.96 4855.37 –
2014 NA 144.94 4570.69 –
2015 NA 133.97 4224.89 –
2016 NA 147.03 4649.61 –
2017 NA 147.01 4635.99 –
2018 NA 134.51 4241.78 –
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Figure 8. Daily calculated river discharge from 2005 to 2018.

3.2.3. The Relation between Daily Temperature, Precipitation, and Snow Cover

The river discharge looks almost constant until March. There was a slight increase in discharge
with some fluctuations until mid-June. The peak discharge has observed in July and August in both
station records and model output. The river discharge starts decreasing in September and onward
until December, where slight downward fluctuations were observed in mid-October, and the discharge
remains stable in November and onward. The snow-covered area was about 77.27% of the total basin
until mid-March, and the area starts decreasing with temperature rise from the end of March.

High fluctuations in precipitation and river discharge does not correspond to the initial rainfall of
the year (Figure 9). In contrast, the mode starts to respond to rainfall fluctuations from mid-March
onward. It also indicates that the model can respond to rainfall-induced discharge studies that have
been using SRM in mountain basin without permanent snow [10,18]. As expected, high rainfall
fluctuations have been observed during the monsoon season (Figure 9).
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4. Discussion

4.1. Snow Cover Area in the Basin

Many South Asian rivers originate from the Himalayan region, and the HKH region is mainly
covered by snow and ice [57,58]. Hence, snowmelt accounts for a significant amount of total annual
river discharge [59]—more than 60% of total annual discharge accounted for snowmelt in the study
area. Freshwater management and flood risk management are significant challenges to meeting UN
sustainable development goals [6] ,particularly in the face of climate change [60]. Fitting a model
for small river basins is crucial in order to use the model in flood and freshwater management [1];
hence, this study uses SRM in BGRB. The Budhi Gandaki River is also the major freshwater source
mainly used for agriculture and household purposes downstream [30]. This study shows that spatial
snow cover of the basin has reduced in the last few years, and depressed associated runoff is therefore
observed (Figures 5 and 7).

The snow cover area is directly related to the altitude of the basin, where zones D and E hace
high permanent snow cover and fewer fluctuations throughout the year. However, high snow cover
inter-annual fluctuations were observed in zone C, which is the largest zone of the study area and has
significant influence on the total runoff calculation. Since snow cover plays a crucial role in discharge,
the spatial and temporal pattern of snow cover observed in the study area, particularly in the north
(Figure 5), is important. Observed total snow cover days was less in the last three years, which has
affected the total basin runoff.

On average, more than 60% of total annual rainfall discharge is contributed by snowmelt water
during the peak months of May and June. In addition, monsoon rainfall is another important source of
river discharge, especially during the monsoon and post-monsoon season in the Himalayan region [9].
The high snowmelt water together with intense monsoon rainfall poses a risk of flood disaster [1];
however, no direct snowmelt-associated flood loss have been observed in the study area.

Likewise, the present study validates the snowmelt runoff model (SRM) to estimate streamflow
for the Budhi Gandaki River Basin. This study indicates that snowmelt contributes to the majority
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of the river flow in the study area. However, the 14-year river discharge analysis revealed that the
contribution of snowmelt runoff to total discharge has been reduced in the last few years. The depressed
snowmelt is related to fewer snow days occurring in the basin (Figure 10).
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Figure 10. Snowmelt contribution in Budhi Gandaki River discharge.

4.2. SRM Application

SRM helps to understand discharge variation at the basin scale. Therefore, studies have used
hydrological models as a predictive tool for climate extreme such as floods and drought and their
socioeconomic costs [61]. Reduced snowmelt contribution to river discharge will create agriculture
drought; on the other hand, excess river discharge triggers downstream flooding [1]. Many studied have
applied SRM with a variety of data sources, whereas very few studies have used SRM in Himalayan
basins [17], which are the major headwater source of the Ganges River. Varieties of data sources have
been used as input to run the model with partial help of station-based measured data [17,19,62,63].
However, there are many small and medium-sized river basins in the Himalayan region without
meteorological stations. In such conditions, the verification of meteorological satellite data products
for the SRM model is very important; hence, this study verifies the application of ECMWF temperature
and precipitation data products to run SRM in the Himalayan region.

SRM has been used in snowmelt-associated streamflow forecasting and for assessing the impact
of climate change on snowmelt, particularly in the mountain watersheds where station-based
meteorological data is scarce [64]. Verification of SRM for the particular basin was felt to be essential
for measuring snowmelt accurately and observing the climate change impact on snowmelt [17,29,62].
Therefore, this study validates the SRM model in the Gandaki River Basin with high accuracy.
Xiang et al. [23] concluded that SRM gives good results in a multi-year calibration, whereas this study
uses SRM for yearly calibration, and it performs well in the BGRB. River discharge modelling helps to
identify possible future events, i.e., drought or flood, under the climate change scenario [65]. Although
the SRM model result responded well with measured discharge, the model is unable to grasp the
extreme peak of the discharge; this means that the model cannot be used to detect riverine flooding.

Since many meteorological forecasts are major limitations for hydrological modelling, remote
sensing data provides a reliable means for hydrological modelling and snowmelt runoff forecasting,
which are vital for water resource management [66]. The SRM forecasts revealed good agreement with
the measurements, confirming satellite data usefulness; Nagler et al. [66] came to similar conclusions.
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One study concluded that the onset of snowmelt runoff is likely to shift earlier and snowmelt discharge
will increase [23], which pose a challenge in freshwater management and disaster mitigation.

Many studies have used MODIS data to run the SRM model [10,17,66,67]; hence, this study
used MOD10A2 data in the Himalayan region. Pandey et al. [17] identified the meteorological data
limitations in their study because they have access station-based precipitation measurements, which
is scarce in the Himalayan region and does not represent the whole basin [17]. To address data
discontinuity, we used remote sensing data in this study, which increased the accuracy of the results.
The ECMWF climatic datasets are widely used datasets [28,44], whereas no studies have used these data
in SRM applications. The result shows that SRM can be applied along with ECMWF meteorological
data in any inaccessible sub-basin of GRB.

This result shows annual total snowmelt contribution is 60 percent in the study area throughout
the study period (2005–2018). One study states that eastern Himalayan catchments received about 20
percent of total annual discharge from snowmelt [68]. A similar study in Sutluj basin of the western
Himalayan region estimated that snowmelt contributes about 59% of the total annual discharge [56].
Likewise, the study shows that snowmelt contributes 34% of the total annual discharge in the Dudh
Koshi River Basin (3713 km2) in eastern Nepal [15]. One study showed that the monthly mean of the
Budhi Gandaki River has increased by 0.50, whereas river flow has decreased during the dry season
(November to April) by 0.16 [30], which poses a risk of flood during the wet season and drought in the
dry season.

4.3. Climate Change and River Discharge

The SRM result shows that snowmelt contribution is high during winter and pre-monsoon, and a
similar conclusion was made by Gautam and Acharya (2012) in the Himalayan region [69]. A study
has found that climate change has directly impacted river hydrology and concluded that the river
flow of the GRB is decreasing [30]. They also found that the river flow is decreasing especially in
the dry season [30], which will create water scarcity and dominant monsoon precipitation, with high
snowmelt during summer season triggering downstream flooding. Snowmelt contribution to river
discharge increases continuously when the summer season progresses (June and July), which is the
time of monsoon rain in the HKH region [70].

One study has claimed that temperature and summer precipitation both have a negative
relationship with snow cover [9]. This study snows high snowmelt at the beginning of the monsoon
season, as found in the Hindukush Himalayan region [70]. Hayat et al. [1] concluded that snowmelt
starts earlier in the lower elevations due to climate change-induced temperature rise, which may
increase the frequency and intensity of flood in future [1]. Therefore, flood mapping in flood-prone
areas needs to be delineated, which will be beneficial to prevent future flooding and improve water
resource management [1,71]. However, parameter uncertainty is a significant challenge in hydrological
climate change assessment in data-scarce regions [23].

Since climate change affects snow cover and rainfall patterns, it also alters the river discharge
and downstream populations [72]. Many studies have concluded that the glacier and snow cover area
is decreasing due to high melt as a result of temperature rise [1,15]. To understand snow and rain
contribution to river discharge, SRM consists of a no-snow mode that disregards the snow depletion
information and modifies the run only for year-round forecast and simulation [18].

5. Conclusions

This study used the SRM model in the BGRB and computes snowmelt contribution to overall river
discharge from 2005 to 2018. Based on the station recorded daily discharge data, SRM parameters are
optimized in the simulation mode for the years 2005 and 2006, and the parameters are finalized for the
basin. In addition, the model was used to measure river discharge using satellite input variables for the
years 2007–2012. The validation result shows high accuracy between measured and SRM calculated
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discharge. Based on the optimized parameter the model was used to calculate river discharge from the
watershed for the years 2013–2018.

The result show that MODIS snow cover data and ECMWF meteorological data are very beneficial
to run the SRM model in the data scarce Himalayan region. The model has excellent capability to
evaluate snowmelt contribution to overall discharge, and easy access to various satellite imagery has
contributed to the SRM efficiency. The SRM efficiency in high mountain catchments can be attributed
to MODIS and ECMWF remote sensing data as an input variable for the model. Though the majority
of melting occurs in summer and autumn, the streamflow for these periods was dominated by heavy
monsoon rainfall. The study result provides an important guideline for water resource managers to
develope an appropriate strategy for water resources management and hydropower development.
Moreover, it also helps in proper freshwater planning, the efficient use of winter water flow, and in
mitigation and preventive measures for the flood disaster.
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