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On the transferability of
snowmelt runo� model
parameters: Discharge modeling
in the Chandra-Bhaga Basin,
western Himalaya

Parul Vinze and Mohd. Farooq Azam*

Department of Civil Engineering, Indian Institute of Technology Indore, Indore, MP, India

Snowmelt runo� plays a major role in the glacierized and snow-covered

basins in the western Himalaya. Modeling is the most helpful tool to quantify

snowmelt contribution in mountainous rivers. However, the model calibration

is very di�cult because of the scarcity of ground observations in the Himalaya.

We applied snowmelt runo� model (SRM) in a reference catchment of Chhota

Shigri Glacier in the Chandra-Bhaga Basin, western Himalaya. Three model

parameters [temperature lapse rate and recession coe�cients (x and y)]

among the nine model parameters were constrained using extensive field

observations while initial values of other parameters were adopted from

previous studies and calibrated, and the model was calibrated and validated

against the observed discharge data. The daily discharge was simulated over

2003–2018 for both Chhota Shigri Catchment and Chandra-Bhaga Basin using

snow cover area (SCA), precipitation, and temperature as inputs. The simulated

mean annual discharges were 1.2± 0.2 m3/s and 55.9± 12.1 m3/s over 2003–

2018 for Chhota Shigri Catchment and Chandra-Bhaga Basin, respectively.

The reconstructed discharge was mainly controlled by summer temperature

and summer SCA in the Chhota Shigri Catchment and summer SCA and

summer precipitation in the Chandra-Bhaga Basin. The decadal comparison

showed an increase (11% and 9%) and early onset (10 days and 20 days)

of maximum monthly discharge over 2011–2018 compared to 2003–2010

in both catchment and basin scales. The model output is almost equally

sensitive to the “degree day factor” and “runo� coe�cient for snow” in

the Chhota Shigri Catchment and most sensitive to the “runo� coe�cient

for snow” in the Chandra-Bhaga Basin. Though the SRM parameters were

constrained/calibrated in a data-plenty reference catchment of Chhota Shigri

Glacier, their application resulted in large discharge overestimation at the basin

scale and were not transferable in the same basin i.e., Chandra-Bhaga Basin.

Extreme care must be taken while using SRM parameters from other basins.
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1. Introduction

The Himalaya-Karakoram (HK) Range also known as the

Water Tower of Asia contains huge storage of water in the form

of large number of glaciers, snow cover, and permafrost. The HK

Range contributes to the discharge ofmajor river systems like the

Ganga, Indus, and Brahmaputra in the form of snow and glacier

melt (Immerzeel et al., 2020; Azam et al., 2021). Due to global

and regional warming (Banerjee and Azam, 2016; Pörtner et al.,

2022), glaciers in the Himalaya have been losing their mass at an

accelerating rate since 2000 (Brun et al., 2017; Azam et al., 2018;

Bolch et al., 2019; Maurer et al., 2019; Shean et al., 2020) which

resulted in the increased discharge volume in these rivers (Lutz

et al., 2014; Azam et al., 2021). The latest IPCC 6th assessment

report stated that global warming will reach or exceed 1.5◦C

above the pre-industrial level in the next two decades (Pörtner

et al., 2022). This temperature rise would result in decreasing

snow cover, retreating glaciers, changes in river seasonality,

and higher river discharge, which can be the main cause of

different hazards like floods, landslides, etc. The discharge

from snow-covered and glacierized catchments mainly involves

contributions from snowmelt, glacier melt, baseflow, and

rainfall-runoff. The snowmelt contribution to the river discharge

is large in the Indus Basin (Karakoram and western Himalaya)

because it receives a major portion of annual precipitation in the

form of snow during winter that provides snowmelt discharge

during summer (Azam et al., 2021). Conversely, in the Ganga

and Brahmaputra basins (central and eastern Himalaya), the

total discharge is dominated by the monsoonal rains as these

basins receive the maximum precipitation from Indian Summer

Monsoon during summer. A study by Bookhagen and Burbank

(2010) found a pronounced contribution of snowmelt to total

discharge in the Karakoram and western Himalaya as compared

to the central and eastern Himalaya. Since snowmelt plays a

significant role in the discharge of Himalayan rivers, it must

be accurately estimated using suitable methods and modeling

techniques with appropriate model parameters and inputs.

Snowmelt runoff modeling has usually been done using

temperature-index or energy balance models. Whereas, the

temperature-indexmodels are simple and need fewer input data,

the energy balance models are sophisticated and require plenty

of meteorological data (Hock, 2003; Shea et al., 2015; Srivastava

and Azam, 2022). In the Himalayan region due to the adverse

situations induced by steep terrain, harsh climatic conditions,

and remote access to the high-altitude regions (Vishwakarma

et al., 2022), the monitoring of meteorological data is very

difficult hence the application of energy balance models is very

challenging. The temperature-index models follow the degree-

day approach to estimate the melt (Hock, 2003). The snowmelt

runoff model (SRM), based on the degree-day approach, is

developed to simulate the daily discharge under changing

climate from mountain basins where the snowmelt plays an

important role (Martinec et al., 2007). SRM has widely been

applied and tested on more than 100 basins of varying areas by

different agencies (Martinec et al., 2007) to simulate and forecast

the daily discharge from the glacierized catchments in different

mountain ranges. Thismodel uses long-termmeteorological and

remotely sensed snow cover data as basic input for generating

discharge at the outlet (Martinec et al., 2007; Tahir et al., 2011).

The SRM has also been applied in several studies for

simulating daily discharge in the HK range (Immerzeel et al.,

2009; Bookhagen and Burbank, 2010; Jain et al., 2010; Tahir

et al., 2011; Panday et al., 2014). As snow cover area (SCA) has

also been included in SRM for the simulation of daily discharge

hence it can also be applied to study the impact of reduced

snow cover on discharge (Immerzeel et al., 2009). For the

regions where only the gridded precipitation and temperature

dataset are available, SRM performs as an efficient tool for

snowmelt runoff modeling. Several studies tested this model

with gridded datasets of temperature and precipitation like

APHRODITE, TRMM, etc. (Immerzeel et al., 2009; Bookhagen

and Burbank, 2010; Tahir et al., 2011; Zhang et al., 2014). Jain

et al. (2010) applied SRM in the Sutlej Basin (western Himalaya)

and found that seasonally varied temperature lapse rate increases

the efficiency of the SRM, which shows the model is sensitive

to the temperature lapse rate parameter. Applying the SRM

in the Hunza River Basin (Karakoram), Tahir et al. (2011)

demonstrated that SRM, using SCA as an input, is relatively less

sensitive to the precipitation input hence its efficiency is not

hampered in high-altitude catchments where the precipitation

measurements contain large uncertainties. The high accuracy

of SRM runoff simulation in the Astore River Basin part of

the Indus Basin showed that the SRM is suitable for the runoff

forecast and water resource management (Butt and Bilal, 2011).

Tahir et al. (2019) applied SRM in the Shyok River Basin

(Karakoram) to assess the snowmelt discharge under climate

change scenarios and found that the SRM is an efficient tool to

simulate the snowmelt discharge in data-scarce regions. SRM

was also applied for future runoff simulation under different

climate scenarios in the Astore Basin (Karakoram) and Hunza

Basin (western Himalaya) and resulted in an effective tool for

runoff forecast (Hayat et al., 2019). Different SCA products from

MODIS like MOD10A2 and MOD10C2 have been widely used

and shown to perform well in several studies (Immerzeel et al.,

2009; Bookhagen and Burbank, 2010; Tahir et al., 2011; Panday

et al., 2014; Zhang et al., 2014; Haq et al., 2020, 2021a).

Available studies suggested that the SRM is a simple and

efficient model which can be applied in high-altitude catchments

due to its less sensitivity toward the precipitation input,

flexibility with the gridded dataset, and SCA integration in the

modeling scheme. Further, SRM requires a set of parameters

that depends on the catchment area characteristics and the

climatic conditions in the catchment. Due to the lack of

information about the observed parameters in the Himalayan
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catchments, these parameters are being calibrated with the

observed discharge or have been taken from previous studies

(Butt and Bilal, 2011; Tahir et al., 2011; Panday et al., 2014; Hayat

et al., 2019). But since model parameters play a vital role in

model calibration to constrain the model to overfit, they require

special attention in snowmelt runoff modeling.

In the present study, we applied SRM to reconstruct the daily

discharge from a small catchment of Chhota Shigri Glacier [34.7

km2; volume of Chhota Shigri glacier is 1.69 km3 (Haq et al.,

2021b)] and Chandra-Bhaga Basin (including Chhota Shigri

Catchment) having a large area (∼4,108 km2) up to the point

of confluence of Chandra and Bhaga rivers at Tandi village in

Himachal Pradesh. We simulated the daily discharge for the

period of 2003–2018 for both the study regions: Chhota Shigri

Catchment and Chandra-Bhaga Basin. We selected small and

large scales to check the performance of SRM for snowmelt

runoff modeling at catchment scale and basin-scale having

distinct characteristics. The main objectives for this study are

(a) To reconstruct the daily discharge separately for the Chhota

Shigri Catchment and Chandra-Bhaga Basin and assess the

discharge pattern characteristics, (b) to analyze the model

sensitivity to all input parameters in SRM, and (c) to assess

the transferability of model parameters calibrated at Chhota

Shigri Catchment to simulate the discharge in the Chandra-

Bhaga Basin.

2. Study area and datasets

2.1. Topographical and climatic
characteristics of the study area

Chandra-Bhaga Basin is a part of the Indus River system

located in the western Himalaya, it is formed by the confluence

of rivers Chandra and Bhaga at Tandi village in the Lahaul-Spiti

Valley, Himachal Pradesh, India (Figures 1A–C). It covers an

area of∼4,108 km2 up to Tandi, which lies between the elevation

range from 2,846 to 6,370m a.s.l. (Figure 2B). This basin is

having 25% glacierized area as per GAMDAM inventory (Sakai,

2019). The Chhota Shigri Catchment, situated in the same basin,

covers an area of 34.7 km2, having a discharge site at 3,840m

a.s.l. downstream of the Chhota Shigri Glacier terminus (Azam

et al., 2016) (Figure 1D). Chhota Shigri Catchment lies between

the elevation range from 3,840 to 6263 m a.s.l. and contains 47%

of the glacierized area (Figure 2A). The Chandra-Bhaga Basin is

selected because this basin as well as its Chhota Shigri Glacier

Catchment has been investigated for glaciohydrology by several

studies (Azam et al., 2019; Mandal et al., 2020; Singh et al., 2021;

Gaddam et al., 2022; Srivastava et al., 2022, etc.) and also, the

Chhota Shigri Glacier Catchment is having the longest series of

observed meteorological data and discharge measurements that

were available for the present study (Azam, 2021).

The climate of the Chandra-Bhaga Basin is governed by two

weather systems: Indian Summer Monsoon (ISM) and Western

Disturbances (WDs; Dimri et al., 2015, 2016), however, 67% of

the precipitation ( Mandal et al., 2020) come in the form of snow

during winter months from WDs (Pratap et al., 2019; Singh

et al., 2019; Mandal et al., 2020; Laha et al., 2021). The study

region receives maximum precipitation in February and March

from WDs (Mandal et al., 2020). Major discharge contribution

in this basin is governed by the seasonal snow and glacier melt

frommajor glaciers like Bara Shigri, Samudra Tapu, Sutri Dhaka,

Batal, Chhota Shigri, and Hamtah, which are losing their mass

over the last few decades (Singh et al., 2019; Mandal et al., 2020;

Vishwakarma et al., 2022). In the Chhota Shigri Catchment,

the discharge is dominated by snowmelt having around 69%

contribution to the total discharge (Srivastava and Azam, 2022).

Themaximum discharge in the Chhota Shigri Catchment occurs

in July-August corresponding to the maximum temperature

(Mandal et al., 2020).

2.2. Datasets

2.2.1. DEM data and elevation zones

For snowmelt runoff modeling Cartosat Digital Elevation

Model (DEM) having 30m resolution was downloaded from the

Bhuvan portal (https://bhuvan-app3.nrsc.gov.in) and extracted

separately for both, the catchment and basin. The Chhota Shigri

Catchment was divided into three 700m interval elevation

zones and the Chandra-Bhaga Basin was divided into sixteen

200m interval elevation zones and their mean elevation and

zone area were extracted using the digital elevation model

(Table 1, Figure 2). The Chandra-Bhaga Basin was divided into

the maximum possible number of elevation zones in SRM

(WinSRM) but we kept a higher elevation difference in Chhota

Shigri Catchment because the zonal areas were too small with

the same elevation difference as Chandra-Bhaga Basin.

2.2.2. Meteorological data, discharge data, and
bias correction

Reanalysis product ERA5 precipitation and temperature

data at resolution 0.25◦ × 0.25◦ were downloaded (https://

cds.climate.copernicus.eu) at the nearest ERA5 grid point to

the automatic weather station (AWS) at 4,863m a.s.l. in the

Chhota Shigri Catchment (Figure 1D). ERA5 reanalysis data

is available since 1950. For this study, the ERA5 temperature

and precipitation data were bias-corrected using the field

observations from the Chhota Shigri Catchment. The in-

situ precipitation data was available from the Chhota Shigri

base camp (3,850m a.s.l.) over 2012–2020 from an automatic

precipitation gauge (Geonor T-200B) and the temperature data

was available from the AWS (Campbell CR1000 data logger;

details can be found in Mandal et al., 2020; 4,863m a.s.l.) in
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FIGURE 1

Location map of Chandra-Bhaga Basin (A–C), Basin boundary (black) with Tandi discharge site (green), river (green), and GAMDAM glacier cover

(blue). Inset is the map of Chhota Shigri Catchment (D) with the catchment outline (red), Chhota Shigri Glacier (blue), and location of AWS

station, discharge site, Chhota Shigri base camp, and ERA5 grid point (green symbols).

the Chhota Shigri Catchment over 2009–2019 (Azam et al.,

2016; Mandal et al., 2020; Figure 1D). For the bias correction

of temperature data, a linear regression equation was developed

between the daily raw ERA5 temperature and the observed

temperature, whereas monthly scale factors were used to bias

correct the raw ERA5 precipitation series. The ERA5 bias-

corrected data was used for snowmelt runoff modeling in the

Chhota Shigri Catchment as well as Chandra-Bhaga Basin.

The ERA5 bias-corrected mean annual temperature at the

nearest ERA5 grid point was −5.5◦C over 2003–2018 with

the maximum mean monthly and minimum mean monthly

temperature of 4.1◦C in July and −14.9◦C in January. The

mean monthly temperature for summer (May-September) was

1.2◦C and for winter (January-April and October-December) it

was −10.3◦C (Figure 3). The ERA5 bias-corrected mean annual

precipitation was 819.9mm over 2003–2018 with maximum

monthly precipitation of 129.7mm in March and minimum

monthly precipitation of 18mm in November (Figure 3). The

mean precipitation for summer and winter was 263.1 and

556.8mm, respectively. The higher mean precipitation in winter

shows that the major portion of the precipitation occurs in

winter as suggested by previous studies (Azam et al., 2014;

Mandal et al., 2020).

The observed daily discharge data from Chhota Shigri

Catchment at a gauging site (∼3,840m a.s.l.), ∼2 km

downstream of the Chhota Shigri glacier terminus, is available

for the summer months over 2010–2015 (Azam et al., 2019).

The measurement of discharge was done using the velocity-area

method. A graduated staff gauge for monitoring the water

level, dipsticks for measuring the cross-sectional area, and

a current meter for the measurement of velocity were used

(Mandal et al., 2020). The daily discharge measurements for the

Chandra-Bhaga Basin are available over 2004–2006 at a gauging

site located at Tandi village. This gauging site is maintained by

the central water commission (CWC). For the measurement of

discharge by CWC at this gauging site, the velocity-area method
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FIGURE 2

Hypsometry curve for Chhota Shigri Catchment (A) and Chandra-Bhaga Basin (B) showing the area distribution over the di�erent elevations.

Points represent the maximum elevations for each zone and cumulative percentage area.

was used with a current meter for velocity, a rod and bamboo

for depth measurement (http://cwc.gov.in/mco/discharge-

observation).

2.2.3. Snow cover data

Snow cover data for the study area was available from

an enhanced snow cover and glacier combined product

MOYDGL06∗ at the 8-day interval for the period 2002–2018.

This product is generated by reducing the overestimation caused

by MODIS sensors and underestimation caused by cloud cover

in MODIS snow cover products MOD10A2.006 (Terra) and

MYD10A2.006 (Aqua; Muhammad and Thapa, 2020). This

product is freely available in tiff format andWGS1984 projection

(https://doi.pangaea.de/10.1594/PANGAEA.901821). For this

study, a total of 736 images were used between 2003 and 2018.

The SCA for each elevation zone of the Chhota Shigri Catchment

and Chandra-Bhaga Basin was extracted for each 8-day interval

and linearly interpolated to get the daily values.

In the Chhota Shigri Catchment, SCA was least in August

(41% of the catchment area) and started increasing from

September, achieved maximum SCA in March-April (100%

of the catchment area), and then started decreasing in May

(Figures 3, 4A). Whereas, in the Chandra-Bhaga Basin the SCA

started increasing in September and decreased from March.

Chandra-Bhaga Basin showed the maximum SCA in February

(99% of the basin area) and the minimum SCA in August

(26% of the basin area; Figures 3, 4B). The mean summer and

winter SCAwere 65% and 90%, respectively in the Chhota Shigri

Catchment whereas for the Chandra-Bhaga Basin it was 45% and

76% of the total basin area, respectively.

3. Methodology

3.1. Snowmelt runo� model

SRM (WinSRM version 1.12) is based on the degree-

day approach and runs for a maximum of 366 days in one

simulation. This model can be applied in two ways basin-wide

and zone-wise applications. For reconstructing the discharge in

the Chhota Shigri Catchment and Chandra-Bhaga Basin, we ran

the model zone-wise to compute the catchment-wide or basin-

wide discharge. The simulated discharge is a combination of

snowmelt runoff and rainfall runoff superimposed on recession

flow to transform all the components into daily discharge

(Martinec et al., 2007). This model follows Equation 1 for the

daily discharge computation from each zone:

Qn+1 =
[

CSn
∗an (Tn +△Tn) Sn + CRnPn

]

A∗10000
86400

(

1− kn+1
)

+ Qn kn+1 (1)

Where Q is the daily discharge in m3/s, CS and CR are

the runoff coefficients for snow and rain, respectively, a is the

degree-day factor (cm ◦C−1 d−1), Tn+△Tn are the degree days

(◦C d−1) after extrapolation for each zone mean elevation, S is

the ratio of snow-covered area to the zone area, P is precipitation
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TABLE 1 Characteristics of di�erent zones used in SRM for Chhota Shigri Catchment and Chandra-Bhaga Basin.

Zone Elevation range (m) Mean elevation (m) Area (km2) Area (%)

Chhota Shigri Catchment

1 3,840–4,600 4,328 5.4 15.7

2 4,600–5,300 4,981 21.7 62.6

3 5,300–6,263 5,673 7.5 21.7

34.7 100

Chandra-Bhaga Basin

1 2,846–3,000 2,943 11.3 0.3

2 3,000–3,200 3,107 44.0 1.1

3 3,200–3,400 3,304 75.9 1.8

4 3,400–3,600 3,506 91.8 2.2

5 3,600–3,800 3,706 121.7 3.0

6 3,800–4,000 3,906 164.2 4.0

7 4,000–4,200 4,107 221.6 5.4

8 4,200–4,400 4,304 280.0 6.8

9 4,400–4,600 4,504 347.6 8.5

10 4,600–4,800 4,705 415.2 10.1

11 4,800–5,000 4,904 497.6 12.1

12 5,000–5,200 5,102 581.1 14.1

13 5,200–5,400 5,298 599.6 14.6

14 5,400–5,600 5,489 443.4 10.8

15 5,600–5,800 5,682 168.3 4.1

16 5,800–6,370 5,985 44.4 1.1

4,107.5 100

contributing to runoff (cm), A is the zone area (km2), k is the

recession coefficient (input as “x” and “y” in the model) and n

shows the sequence of days.

The critical temperature (Tcrit) is used to decide the

precipitation phase as snow or rain. If the precipitation is

determined as snow, its delayed effect is considered in two ways:

(1) snowfall over the snow-covered area is assumed to become

part of the snowpack and its contribution is determined by the

snow depletion curve (Martinec et al., 2007) and (2) snowfall

occurring over snow-free areas contributes to the discharge

immediately, depending on the available degree days. When

the precipitation is determined as rain its contribution to the

discharge depends on the snowpack characteristics. In winter,

the snowpack is dry and thick so the rain falling over the SCA is

retained by the snowpack and the rain contribution to the total

runoff is limited to the only snow-free area. Later in summer, the

snow becomes ripe, and the rain is allowed to contribute to the

runoff from the entire zone area. The rainfall-induced melting

and base flow (sub-surface fluxes) are ignored in SRM (Martinec

et al., 2007). Further, the glacier ice melt contribution is also

ignored (Tahir et al., 2011).

3.2. Model parameters

In SRM, a total of nine different parameters are used. These

parameters are runoff coefficient for snow and rain (CS and

CR), degree-day factor (a), temperature lapse rate (LR), critical

temperature (Tcrit), time lag, recession coefficients (x and y),

and rainfall contributing area (RCA). In rough terrain like the

Himalaya, the measurement of these parameters is very difficult

because of the remote access and adverse climate conditions. But

the Chhota Shigri Catchment is one of the glacier catchments

which is having the longest series of observed meteorological

data and discharge measurements (Azam, 2021), hence among

the nine parameters three parameters (LRs, “x” and “y”) were

calculated and constrained using the field measurements in the
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FIGURE 3

Monthly variation of model variables ERA5 bias-corrected (temperature and precipitation) and SCA for Chhota Shigri Catchment and

Chandra-Bhaga Basin over 2003–2018.

Chhota Shigri Catchment, whereas the other model parameters

were calibrated for the Chhota Shigri Catchment.

CS and CR represent the losses between the available water

(snowmelt+ rainfall) and the runoff volume from the catchment

or basin, it depends on the surface conditions in the catchment

or basin. The default values of CS and CR in the model were

adopted initially for the Chhota Shigri Catchment as 0.7 and

0.6 for CS and CR, respectively (Martinec et al., 2007). “a” is

converting the positive temperatures on a particular day into the

melt depth. For the Chhota Shigri Catchment, the initial “a” was

considered as 5.28mm ◦C−1 d−1 (Azam et al., 2014). The daily

temperature LRs for the Chhota Shigri Catchment were available

between the two temperature measurement stations at 3,850m

a.s.l. (base camp) and 4,863m a.s.l. (AWS station; Mandal

et al., 2022; Srivastava et al., 2022). The mean LR was 0.63
◦C (100m)−1 and it was 0.71◦C (100m)−1 for summer (May-

September) and 0.57 ◦C (100m)−1 for winter (October–April).

For precipitation extrapolation, we adopted a precipitation

gradient (PG) of 0.20 m/km constrained through a mass balance

model calibration on the Chhota Shigri Glacier (Azam et al.,

2014). Tcrit is the threshold temperature that determines the

precipitation phase. The time lag is the time interval between the

start of increasing temperature and the corresponding increase

in discharge. For both, the catchment and basin, we have

adopted the time lag range from 6 to 18 h varying with the

elevation zones from previous studies (Martinec et al., 2007;

Tahir et al., 2011; Panday et al., 2014). The time lag tends to

increase with elevation because at higher elevations, the mean

temperature is less and the travel time for the melted water to the

discharge point is more as compared to the lower zones, which

results in the delayed discharge from the higher elevations. k

deals with the proportion of the daily discharge which appears

immediately in the runoff. In the SRM, this coefficient is used

in the form of “x” and “y,” which is usually determined by the

historical discharge series. Based on the relation between k, “x,”

“y,” and discharge i.e., k =
Qn+1
Qn

and kn+1 = xQn
−y the values

of “x” and “y” can be determined (Martinec et al., 2007). In

our study, we have calculated the value of “x” and “y” from the

available discharge series for the Chhota Shigri Catchment and

Chandra-Bhaga Basin. The RCA was taken as 1 for summer and

0 for winter depending on themelting season for both catchment

and basin. RCA 1 represents that the rain from the total zone

area is contributing to the runoff and 0 shows that rain only from

the snow-free area is contributing to the runoff.

3.3. Model variables

Precipitation, temperature, and SCA are the three most

important input variables in SRMwhich are required to simulate

the daily discharge (Martinec et al., 2007). We extrapolated

the bias-corrected temperature and precipitation data from the

ERA5 grid point for the mean altitude of each elevation zone

using the daily LR and PG, respectively, available from previous
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FIGURE 4

Mean monthly variation of SCA for Chhota Shigri Catchment (A) and Chandra-Bhaga Basin (B) over 2003–2018. Maps of both the areas are not

on the same scale.

studies in the Chhota Shigri Catchment (Azam et al., 2019;

Srivastava et al., 2022). The extrapolated daily temperature and

precipitation values were fed in the model, separately for each

zone in both Chhota Shigri Catchment and Chandra-Bhaga

Basin. The model also needs daily SCA fractions as an input

which is the ratio of zonal SCA to the total zonal area. For each

zone, these values were calculated at a daily timestep as discussed

in Section 2.2.3.

3.4. Model calibration and validation

The model for the Chhota Shigri Catchment was calibrated

with the observed discharge values over 2010–2013 (Figure 5A).

The parameters Tcrit, “a,” CS, CR, x, and y were calibrated over

2010–2013 while LR, time lag, and RCA were kept constant.

The calibrated parameters were kept within a permissible

range corresponding to the previous studies on SRM to avoid

the overfitting of the model. The calibration was done by

considering different performance criteria i.e., coefficient of

determination (R2), RMSE, and NSE (Nash-Sutcliff efficiency)

that is determined using the equation:

R2 =





∑n
i=1 {

(

Oi − O
′
)

∗

(

Si − S
′
)

}
√

∑n
i=1 (Oi − O

′
)
2∗ ∑n

i=1 (Si − S
′
)
2





2

(2)

RMSE =

√

∑n
i=1 (Oi − Si)

2

n
(3)

NSE = 1−

∑n
i=1 (Oi − Si)

2

∑n
i=1 (Oi − O

′
)
2

(4)

Here, n, Oi, Si ,O
′
, and S

′
are the number of observations,

observed discharge, simulated discharge, mean observed

discharge and mean simulated discharge, respectively (Nash

and Sutcliffe, 1970). NSE lies between 1 and −∞ where 1

corresponds to the perfect match and R2 lies between 0 and 1.

The calibrated parameters are shown in Table 2.
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FIGURE 5

Scatter plots for calibration on Chhota Shigri Catchment over 2010–2013 (A) and validation on Chhota Shigri Catchment over 2014–2015 (B).

Plots are showing the relations between observed and simulated discharges.

TABLE 2 List of calibrated parameters and their calibrated values for the Chhota Shigri Catchment over 2010–2013 and Chandra-Bhaga Basin over

2004–2006.

Parameter Chhota Shigri
Catchment

Case-I
(Chandra-Bhaga

Basin)

Case-II
(Chandra-Bhaga

Basin)

Case-III
(Chandra-Bhaga

Basin)

Critical temperature for

snow/rain (Tcrit; ◦C)

0.1 (Z1–Z3) 0.1 (Z1–Z16) 1.5 (Z1–Z6), 0.1

(Z7–Z16)

2 (Z1–Z6), 1 (Z7–Z16)

Degree day factor (a; mm
◦C−1 d−1)

6.8 (Z1–Z3) 6.8 (Z1–Z16) 4.5 (Z1–Z6), 6.8

(Z7–Z16)

4.5 (Z1–Z6), 5.0

(Z7–Z16)

Runoff coefficient for

snow (Cs)

0.75 (Z1–Z3) 0.75 (Z1–Z16) 0.5 (Z1–Z6), 0.75

(Z7–Z16)

0.4 (Z1–Z6), 0.5

(Z7–Z16)

Runoff coefficient for

rain (CR)

0.70 (Z1–Z3) 0.70 (Z1–Z16) 0.75 (Z1–Z6), 0.70

(Z7–Z16)

0.5 (Z1–Z6), 0.4

(Z7–Z16)

x 0.85 0.85 0.85 1.0499

y 0.002 0.002 0.002 0.061

“Z” denotes the elevation zone.

3.5. Sensitivity and uncertainty estimation

To understand the sensitivity of simulated discharge to

different model parameters, sensitivity analysis was performed

for eight model parameters including k (x and y), CS, CR, “a,”

Tcrit, LR, and time lag. The sensitivity analysis was performed

separately for both the Chhota Shigri Catchment and Chandra-

Bhaga Basin over 2003–2018. For sensitivity analysis, each

parameter was increased and decreased one by one by 10,

20, and 30% while keeping all other parameters constant, and

the sensitivities were estimated using simulated mean daily

discharge (Oerlemans et al., 1998) as following:

S =
QH − QL

2
(5)

Here, S is the sensitivity of each parameter, QH and QL is

the mean daily discharge values at the highest (+10, +20, and

+30%) and lowest (−10,−20, and−30%) values of parameters.

For the uncertainty estimation in the simulated discharge,

each model parameter among x, y, CS, CR, “a,” and Tcrit were

changed one by one, within a 10% range of its calibrated value

(Heynen et al., 2013; Ragettli et al., 2013). The parameters which
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were not calibrated kept the same i.e., LR, time lag, and RCA,

using the field observations from Chhota Shigri Catchment, are

not changed in this process. The uncertainty estimation was

done for both the study region Chhota Shigri Catchment and

Chandra-Bhaga Basin separately. The overall mean uncertainty

in the simulated daily discharge was estimated using the error

propagation law as following:

U =

√

√

√

√

n
∑

1

(

Q+10% − Q−10%

2

)2

(6)

Here, U is the overall uncertainty, n is the number

of parameters, and Q+10% and Q−10% are the mean daily

simulated discharge when the parameters increased and

decreased by 10%.

4. Results and discussions

4.1. Calibration and validation

The calibrated daily discharge over 2010–2013 showed a

good agreement with the observed data (R2 = 0.90, RMSE =

FIGURE 6

Scatter plots between the observed and simulated discharge for Chandra-Bhaga Basin in all three case scenarios (A) Chandra-Bhaga Basin

2004–2006 (Case-I), (B) Chandra-Bhaga Basin 2004–2006 (Case-II), (C) Chandra-Bhaga Basin 2004–2005 (Case-III, calibration), and (D)

Chandra-Bhaga Basin 2006 (Case-III, validation).
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FIGURE 7

Simulated discharge of Chhota Shigri Catchment (A) and Chandra-Bhaga Basin (B) over 2003–2018 (blue color). The observed discharge for

Chhota Shigri Catchment (A) and Chandra-Bhaga Basin (B) in red color over 2010–2015 and 2004–2006, respectively.

2.92 and NSE = 0.05; Figure 5A). However, the mean calibrated

discharge showed an underestimation of 41% (Figures 5A, 7A).

As already highlighted, we kept all the model parameters within

plausible ranges based on previous studies to avoid overfitting

of the SRM. The 41% underestimation is most probably due

to the lack of baseflow and glacier melt contribution in the

SRM (details in Section 4.7). After the calibration, the SRM

output for the Chhota Shigri Catchment was validated with

the observed discharge over 2014–2015. In validation the mean

simulated discharge showed a good agreement with the observed

discharge (R2 = 0.94, RMSE = 2.34, and NSE = −0.13;

Figure 5B) but with an underestimation of 34% (Figures 5B, 7A).

After the validation, the same calibrated model was used to

simulate the daily discharge for the Chhota Shigri Catchment

over 2003–2018.

The observed daily discharge was also available for

the Chandra-Bhaga Basin over 2004–2006. To check the

transferability of catchment-scale calibrated model parameters

to basin-scale discharge simulation, the discharge for Chandra-

Bhaga Basin was simulated over 2004–2006 for two different

case scenarios. Case-I: the calibrated parameters on Chhota

Shigri Catchment were applied on all the zones in Chandra-

Bhaga Basin and Case-II: the calibrated parameters were

applied on zones having elevation above 3,900m a.s.l.,

as the Chhota Shigri Catchment is having a minimum

elevation of ∼3,900m a.s.l. and altered parameters (based on

previous SRM studies) were applied for zones below 3,900

m a.s.l.

In Case-II, for the zones below 3,900m a.s.l., the parameters

were altered based on previous studies (Tahir et al., 2011; Panday

et al., 2014).We adopted a lower value of “a” (4.5mm ◦C−1 d−1)

for the lower zones because “a” is expected to decrease with a

decrease in elevation, due to the high direct solar radiation at

higher altitudes (Hock, 2003; Zhang et al., 2006; Tahir et al.,

2011; Panday et al., 2014). Tcrit for rain/snow separation was

taken as 1.5◦C for lower zones, like the previous studies in the
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western Himalaya (Singh and Jain, 2003; Aggarwal et al., 2014;

Kiba et al., 2021). The values of CS and CR were also varied with

the zone elevation, for the higher altitudes, the values for CS are

higher and the values for CR are less as compared to the lower

zones (Tahir et al., 2011; Panday et al., 2014). In the Chandra-

Bhaga Basin for the lower elevations (below 3,900m a.s.l.), the

values for these coefficients were altered as 0.5 and 0.75 for CS

and CR, respectively. The values of x, y, RCA, time lag, and LR

were kept the same as the Chhota Shigri Catchment for all the

zones (Table 2).

With the above-mentioned values of all the parameters for

Case-I and Case-II (Table 2), the daily discharge for Chandra-

Bhaga Basin was simulated over 2004–2006. The daily simulated

discharge in both the cases showed a good agreement with

the observed discharge over 2004–2006 (Figures 6A, B) but an

overestimation of 83% in Case-I and an overestimation of 74%

in Case-II. Despite the underestimation in simulated discharge

at Chhota Shigri Catchment, large discharge overestimation

in the Chandra-Bhaga Basin showed that the catchment-

scale calibrated parameters are not transferable for basin-scale

discharge simulation. This overestimation is further discussed

in Section 4.7.

Apart from these two case scenarios (Case-I and Case-

II), where the Chandra-Bhaga simulated discharge is largely

overestimated, we performed an independent model calibration

for the Chandra-Bhaga Basin using the discharge data from

Tandi village (Case-III; Table 2), ignoring the calibrated

parameters on Chhota Shigri Catchment. The calibrated daily

discharge over 2004–2005 showed a good agreement with the

observed data with R2 = 0.87, RMSE = 34.31, and NSE = 0.77

(Figure 6C). After the calibration, the same model was validated

with the observed data for 2006 that showed a good agreement

withR2= 0.92, RMSE= 18.47, andNSE= 0.85 (Figure 6D). The

calibrated and validated modeled discharge in Chandra-Bhaga

Basin showed an underestimation of 12 and 9%, respectively

unlike the overestimation shown in Case-I and Case-II for the

same basin. The daily discharge for the Chandra-Bhaga Basin

was simulated with these calibrated parameters over 2003–2018.

4.2. Reconstructed daily discharge and its
pattern

The discharge from Chhota Shigri Catchment and Chandra-

Bhaga Basin was reconstructed for 2003–2018 at a daily time

step (Figure 7). Themean of daily discharges over 2003–2018 for

the Chhota Shigri Catchment was 1.2 ± 0.2 m3/s (Figure 7A).

In the Chhota Shigri Catchment, the simulated daily discharge

starts increasing in April and reaches the maximum in July. The

highest peak in daily discharge was observed on 11th July 2005

of 7.9± 1.4 m3/s. The mean of daily discharges in the Chandra-

Bhaga Basin was 55.9 ± 12.1 m3/s over 2003–2018 (Figure 7B).

The daily discharge starts increasing in March and reaches its

peak in July. The highest daily discharge was observed on 16th

July 2011 of 386.7 ± 21.2 m3/s. The observed daily discharge

values for the Chhota Shigri Catchment over 2010–2015 and

for Chandra-Bhaga Basin over 2004–2006 are also shown in

Figure 7. The comparison showed that the simulated discharge

in both; the catchment and basin was underestimated (discussed

in Section 4.1).

4.3. Seasonal and annual discharge
patterns

To understand the seasonal and annual patterns, the

seasonal and annual discharge was computed using daily

simulated discharge for Chhota Shigri Catchment and Chandra-

Bhaga Basin over 2003–2018. Summer discharge has been

considered from May to September and winter discharge has

been considered from October to December and January to

April in the same year. The mean summer discharge and winter

discharge were found as 2.7 ± 0.5 and 0.1 ± 0.05 m3/s for

Chhota Shigri Catchment, Similarly, for Chandra-Bhaga Basin it

was 123.9± 22.3 and 6.7± 3.3 m3/s, respectively. The simulated

discharge ranged from 0.02± 0.01 to 0.2± 0.04 m3/s and 2.6±

1.2 to 13.3 ± 4.7 m3/s in winter and 1.9 ± 0.3 to 3.4 ± 0.6 m3/s

and 77.6 ± 13.7 to 164.5 ± 28.3 m3/s in summer for Chhota

Shigri Catchment and Chandra-Bhaga Basin, respectively. The

annual discharge is the mean discharge in both seasons over the

same year. The mean annual discharge for the Chhota Shigri

Catchment was found as 1.2 ± 0.2 m3/s over 2003–2018 with

a minimum annual discharge of 0.8 ± 0.1 m3/s in 2004 and

a maximum of 1.5 ± 0.3 m3/s in 2011 (Figure 8B). The mean

annual discharge for the Chandra-Bhaga Basin was found as 55.9

± 12.1 m3/s over 2003–2018 with a minimum annual discharge

of 39.9 ± 9.1 m3/s in 2003 and a maximum annual discharge

of 75.1 ± 13.2 m3/s in 2010 (Figure 8C). The mean summer

discharge dominates the mean winter discharge over 2003–2018

in the Chhota Shigri Catchment as well as in the Chandra-Bhaga

Basin. Similar results were also suggested for the Chhota Shigri

Catchment and Chandra Basin in the western Himalaya (Singh

et al., 2021; Gaddam et al., 2022; Srivastava and Azam, 2022).

The year 2016 has the maximum temperature andminimum

precipitation (Figure 8A). It is noteworthy that the 2016 year was

the warmest over a century (Wuebbles et al., 2017). This year,

though the winter SCA was relatively less, the Chhota Shigri

catchment showed more than the average discharge because

of excessive snowmelt runoff production, mainly supported

by quasi average summer SCA (Figure 8B). Conversely, in the

Chandra-Bhaga Basin, the modeled discharge was less than

average because of the lowest precipitation (Rain + Snow), and

lowest winter as well as summer SCA (Figure 8C). Similarly,

in 2011 the Chhota Shigri Catchment showed the maximum
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FIGURE 8

Seasonal (summer in orange and winter in blue) and annual (gray) discharge patterns over 2003–2018 with total precipitation (black) and mean

temperature (red) patterns for Chhota Shigri Catchment (B) and Chandra-Bhaga Basin (C). The summer season is from May to September and

the winter season is from October to December and January to April. Total precipitation and mean temperature patterns plotted here represent

the data from the ERA5 grid point location (A). Dashed lines are showing the average values over 2003–2018 of temperature (red), precipitation

(black), winter SCA (blue), and summer SCA (orange).
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discharge having average precipitation and associated with the

higher snowmelt due to higher temperature and higher summer

SCA (Figure 8B). While the Chandra-Bhaga Basin showed the

maximum discharge in 2010 due to the maximum precipitation

and higher summer SCA (Figure 8C).

Further, to understand the influence of variables on

discharge, the interrelationships between the discharge (annual,

summer, and winter), SCA (annual, summer, and winter),

and temperature and precipitation (annual, summer, and

winter) were explored with the help of the correlation matrix

developed separately for both the study regions (Figure 9).

In both the study regions, the annual discharge is highly

correlated with the summer discharge as the maximum melting

occurs in summer (Figure 9). The annual discharge in the

Chhota Shigri Catchment is more correlated with summer

temperature (r = 0.51) and summer SCA (r = 0.47) and

has a very weak correlation with the annual precipitation

(Figure 9A). These relations are expected because the higher

altitude of the catchment provides more snowfall than rainfall

hence catchment discharge is mainly dominated by snowmelt.

Similarly, the summer discharge also showed the same

relationship with the summer temperature and summer SCA

(Figure 9A). Due to very low temperatures, winter discharge

was negligible (4% of summer discharge) hence relationships

were insignificant.

In the Chandra-Bhaga Basin, the annual discharge showed

a strong correlation with the summer SCA (r = 0.74) followed

by summer precipitation (r = 0.53; Figure 9B) as the basin,

has lower altitudes (up to 2,804m a.s.l.), receives a significant

contribution of rainfall that directly contributes to discharge.

The same relation was also shown by the summer discharge with

summer SCA and summer precipitation (Figure 9B). Though

the winter discharge was only 6% it was fairly correlated

with the winter SCA (r = 0.56) and winter temperature

(r = 0.41; Figure 9) because sometimes at lower altitudes

positive temperatures may occur in March and April which

generates some snowmelt. In all, the discharge in Chhota Shigri

Catchment is equally driven by both summer temperature

and summer SCA while in the Chandra-Bhaga Basin summer

SCA and summer precipitation exert a strong control on

the discharge.

4.4. Contribution of di�erent
components to total discharge

The modeled discharge from SRM includes the contribution

from rainfall and snowmelt. The snowmelt is considered in

two ways: melt from “New snow” and “Initial snow.” “New

snow” melt is the sum of melts from the snow melt from nth

day snowfall and remained snow on the previous days from

the non-snow cover area in the catchment. “Initial snow” melt

is the melt contribution coming from the depletion of snow

cover. The percentage contribution of different components in

discharge for Chhota Shigri Catchment and Chandra-Bhaga

Basin is shown in Figure 10.

The percentage contribution of snowmelt as initial snow

from SCA to total discharge was highest with 89 and

74% in Chhota Shigri Catchment and Chandra-Bhaga Basin,

respectively. The contribution of monthly snowmelt from the

SCA was maximum over July in both the study regions in

agreement with the maximum monthly mean temperatures

(Figure 3). As expected, the contribution of total snow melt

(initial snow + new snow) to total discharge was significantly

more in the Chhota Shigri Catchment (90%) compared to

the Chandra-Bhaga Basin (78%; Figure 10). Whereas, the

contribution of new snow was higher in Chandra-Bhaga Basin

(4%) as compared to the Chhota Shigri Catchment (1%). The

higher melt contribution of new snow in the Chandra-Bhaga

Basin was due to the higher temperatures at the lower zones

(below 3,900m a.s.l.) than Chhota Shigri Catchment, which

promotes the melting of new snow. As expected, the rainfall

contribution to total discharge was higher (22%) in the Chandra-

Bhaga Basin than in the Chhota Shigri Catchment (10%) due to

the lower elevation zones (below 3,900m a.s.l.) that favor more

rainfall due to higher temperatures.

The monthly depth (new snowmelt + initial snowmelt +

rainfall) was maximum in July as 0.49 ± 0.03 and 0.27 ± 0.02m

w.e. for Chhota Shigri Catchment and Chandra-Bhaga Basin,

respectively (Figures 10A, B). The total annual depth (1.34 ±

0.01m w.e.) in Chhota Shigri Catchment was more than the

Chandra-Bhaga Basin (0.93 ± 0.05m w.e.) because the higher

Tcrit (1◦C at above 3,900m a.s.l. and 2◦C at below 3,900m a.s.l.)

in the Chandra-Bhaga Basin compared to Tcrit (0.1◦C) in the

Chhota Shigri Catchment results in a relatively higher amount

of snow available for melt from snowfall (Section 4.1). Snow

takes relatively more time to contribute to the discharge and

sometimes may not produce melt due to limited degree days

and become part of storage that is nullified at the end of each

calendar year, a limitation of the SRM discussed in Section 4.7.

Due to the lower Tcrit (0.1◦C) a larger portion of precipitation is

considered as rainfall in Chhota Shigri Catchment which directly

contributes to the discharge and further results in higher depth

than Chandra-Bhaga Basin.

4.5. Decadal discharge patterns

Studies suggest that volumetric and seasonal changes are

occurring in the HK river runoffs due to climate change (Lutz

et al., 2014; Azam et al., 2021). Though, our simulation period

is short (2003–2018), we analyzed the decadal variations in

discharge by comparing two time periods of equal length

as 2003–2010 and 2011–2018. A higher discharge was found

over 2011–2018 period than 2003–2010 period in both Chhota
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FIGURE 9

Correlation matrix for Chhota Shigri Catchment (A) and Chanda-Bhaga Basin (B). The values from −1 to 1 denote the correlation coe�cients

and the color range denotes the intensity of the correlation (one denotes the completely positive correlation, dark blue, and −1 denotes the

completely negative correlation, dark brown). Ann, Sum, and Win are annual, summer, and winter season and Q, P, T, and SCA are discharge,

precipitation, temperature, and SCA, respectively.

FIGURE 10

Monthly hydrograph of total discharge (black line) and depth of di�erent components contributing to the total discharge: initial snow (blue),

new snow (sky blue), and rainfall (light green) over 2003–2018 for Chhota Shigri Catchment (A) and Chandra-Bhaga Basin (B). The pie chart is

showing the percentage contribution of each component.

Shigri Catchment and Chandra-Bhaga Basin. Themeanmonthly

discharge in the Chhota Shigri Catchment increased by 8% from

1.1 ± 0.2 to 1.2 ± 0.3 m3/s over 2011–2018 as compared to

2003–2010. Similarly in the Chandra-Bhaga Basin, the mean

monthly discharge increased by 2% from 54.9 ± 11.2 to 56.2 ±

13.9 m3/s over 2011–2018 as compared to 2003–2010. In both
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FIGURE 11

Decadal comparison of discharge with precipitation, temperature, and snow cover area over the two time periods 2003–2010 (blue color) and

2011–2018 (red color) for Chhota Shigri Catchment (A) and Chandra-Bhaga Basin (B).

FIGURE 12

Sensitivity analysis results for Chhota Shigri Catchment (A) and Chandra-Bhaga Basin (B). The X-axis shows the percentage variation in the

values of each parameter and the Y-axis shows the corresponding simulated mean daily discharge values.
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TABLE 3 List of model parameters and their sensitivities for the Chhota Shigri Catchment and Chandra Bhaga Basin (Case-III).

Parameters Sensitivities (m3/s)

Chhota Shigri Catchment Chandra-Bhaga Basin

x −0.0004 −0.79

Runoff coefficient for snow (CS) 0.099 5.2

Runoff coefficient for rain (CR) −0.011 1.06

Degree day factor (a) 0.098 5.0

Critical temperature (Tcrit) −0.00002 −0.18

Lapse rate (LR) 0.015 1.3

Note: Parameters “y” and time lag showed no impact on discharge.

the study regions, the maximum monthly discharge occurred

in July (Figure 11). The maximum monthly discharge increased

by 11% from 4.4 ± 0.7 to 4.9 ± 0.7 m3/s for the Chhota Shigri

Catchment and by 9% from 184.1 ± 25.9 to 201.8 ± 24.8 m3/s

for the Chandra-Bhaga Basin in 2011–2018 as compared to

2003–2010 (Figures 11A, B).

In the Chhota Shigri Catchment, the mean monthly

discharge over June-August increased by 11% from 4.3 ±

0.64 m3/s in the 2003–2010 to 4.8 ± 0.76 m3/s in 2011–

2018 (Figure 11A). This increased discharge was due to the

increased temperature in 2011–2018 (3.3◦C) as compared to

2003–2010 (2.7◦C) over June-August (Figure 11), having almost

the same SCA in both periods (53 and 54%). Conversely, the

discharge decreased in September over 2011–2018 as compared

to 2003–2010 due to the lower SCA (64% as compared to

71%), even having a higher temperature by 0.2◦C in 2011–2018

(Figure 11A). In the Chandra-Bhaga Basin, the mean monthly

discharge also increased in summer by 11% from 126.5 ± 20.6

m3/s over 2003–2010 to 140.4 ± 30.4 m3/s over 2011–2018,

except in September (Figure 11B). This increment in summer

discharge resulted due to the increased precipitation from

882mm in 2003–2010 to 1,023mm in 2011–2018 (over June-

August) and increased SCA (over May-June) from 63% in 2003–

2010 to 66% in 2011–2018 (Figure 11B). Similarly, in September

the decreased precipitation by 27mm and decreased SCA (37%

as compared to 44%) resulted in lower discharge in the basin

(Figure 11B). Though the summer discharge increased, the

winter discharge decreased in both the study regions over 2011–

2018 period. In the Chhota Shigri Catchment the variations

were negligible (<1%) whereas in the Chandra-Bhaga Basin the

winter discharge showed a significant decrease of 32% from

7.9 ± 5.2 m3/s over 2003–2010 to 5.3 ± 3.4 m3/s over 2011–

2018 due to the decreased temperature over January-April by

0.6◦C in 2011–2018 and decreased SCA (56% as compared to

60%) over October-December (Figure 11B). In line to Section

4.3, the decadal analysis also suggested a large control of

summer temperature and summer SCA in the Chhota Shigri

Catchment and summer SCA and summer precipitation in

Chandra-Bhaga Basin, for discharge generation in summer, and

winter temperature and winter SCA control on winter discharge

in the Chandra-Bhaga Basin.

Further, the hydrograph is also slightly shifted in early

summer ∼10 days in the Chhota Shigri Catchment and 20

days in the Chandra-Bhaga Basin. The early onset of discharge

or the seasonality shift was also observed in previous studies

in the Indus Basin (Immerzeel et al., 2010; Tahir et al., 2011;

Lutz et al., 2014; Hasson, 2016). In our study, we observed this

change in seasonality occurred due to the higher temperatures

and higher SCA in the early summer months (May and June)

and also the early occurring precipitation peak in March over

2011–2018 as compared to April over 2003–2010 (Figure 11).

Similar to our study Immerzeel et al. (2010) and Lutz et al.

(2014) also highlighted the increased precipitation and shift in

the snowmelt peak (due to high temperature) as the main cause

of the seasonality shift in the Indus Basin.

4.6. Sensitivity analysis

In the Chhota Shigri Catchment, the simulated discharge

was almost equally sensitive to “a” and CS with a sensitivity of

0.098 and 0.099 m3/s, respectively (Figure 12A, Table 3). Other

parameters CR, and LRs showed mean sensitivities of −0.011

m3/s and 0.015 m3/s, respectively, whereas the model is less

sensitive to “x” and Tcrit (Table 3). Parameters “y” and time

lag showed no impact on simulated discharge in the Chhota

Shigri Catchment. In the Chandra-Bhaga Basin, the simulated

discharge was most sensitive to CS with a sensitivity of 5.2

m3/s followed by “a” with a sensitivity of 5.0 m3/s (Figure 12B,

Table 3) whereas among the other parameters the model is more

sensitive to CR, and LR as compared to “x” and Tcrit with “y”

and time lag have no impact on simulated discharge, similar

to the Chhota Shigri Catchment (Table 3). Other studies by

Panday et al. (2014) and Siemens et al. (2021) also found that

the parameters CS, CR, “x,” and “y” have substantial control

over the simulated discharge. The analysis showed almost linear

changes in the simulated discharge with variations in each

sensitive parameter value except for parameter “x” (Figure 12).
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The simulated discharge varied significantly when the parameter

value of “x” increased from 10 to 20% and become constant

after this. Whereas, it showed no significant change in the

discharge when the value of “x” was reduced. This varying

pattern was due to the maximum limit of k as 0.99 in WinSRM

(Section 3.2), which restricts the value of “x” and “y” according

to the maximum value of k. We found a significant impact

of LR on simulated discharge, which is also highlighted by

Jain et al. (2010) and Panday et al. (2014). In our study, we

used daily temperature LRs observed in the Chhota Shigri

Catchment which is among the sensitive parameters in both

the study regions. The adopted daily LR values enable the SRM

to capture the seasonal variations in the discharge (Figure 8)

which is not possible with constant LR values over a year. The

daily LRs reduce the possibility of errors in the extrapolated

temperature values which directly affects the snowmelt in the

different seasons. The overall mean uncertainty in the simulated

daily discharge was found as ± 0.2 and ± 12.1 m3/s for Chhota

Shigri Catchment and Chandra-Bhaga Basin, respectively.

4.7. Model limitations and transferability
of catchment-scale calibrated model
parameters to basin scale

In Section 4.1, we introduced the model limitations and

transferability of catchment-sale calibrated model parameters

to basin-scale discharge simulation in the same basin. In this

section, we investigated this in detail. The simulated daily

discharge in the Chhota Shigri Catchment was underestimated

(41 and 34%) over the calibration (2010–2013) and validation

(2014–2015) periods, respectively (Figures 5A, B, 7A). The

SRM does not involve the baseflow and glacier melt runoff

contribution to the total discharge. Given that the Chhota Shigri

Catchment is highly glacierized (47%), base flow contribution

can be neglected (Srivastava and Azam, 2022). However, glacier

melt contribution cannot be ignored, and probably this is the

reason for the underestimation in simulated discharge as glacier

provides significant runoff contribution through glacier melt

(around 21% of the total runoff; Srivastava and Azam, 2022).

In line, the simulated discharge in Case-III for the Chandra-

Bhaga Basin was also underestimated (12% over 2004–2005

and 9% over 2006). The relatively less underestimation in

the Chandra-Bhaga Basin is probably associated with the less

glacierized area (25%) in the Chandra-Bhaga Basin as compared

to the Chhota Shigri Catchment (47%). Another reason for

this underestimation in SRM simulated discharge in both the

catchment and basin scale could be the stored snow at higher

altitudes (above zero-degree isotherm) which does not melt at

the end of the year and cannot be added to the next successive

year’s simulation in the SRM scheme.

Conversely, when the calibrated model parameters from

Chhota Shigri Catchment were applied to simulate the discharge

from the Chandra-Bhaga Basin, the simulated discharge in

Chandra-Bhaga Basin in Case-I and Case-II was overestimated

(83 and 74%) by the SRM over 2004–2006 (Section 4.1;

Figures 6A, B). The overestimation in simulated discharge could

partially be due to the parameter values which may not be

applicable for lower elevation zones (below 3,900m a.s.l.) in

Chandra-Bhaga Basin. The precipitation phase (snow vs. rain)

patterns over Chhota Shigri Catchment and lower zones of

Chandra-Bhaga Basin (below 3,900m a.s.l.) are quite different

as the Chhota Shigri Catchment receives frequent snowfall

while the Chandra-Bhaga Basin is having relatively more rainfall

frequency due to the inclusion of the lower altitudes in the basin.

The values of Tcrit in Case-I (0.1◦C) and Case-II (1.5◦C) are

lower than the calibrated value of Tcrit in Case-III (2◦C) for

lower zones of Chandra Bhaga Basin. These lower values of

Tcrit (Case-I and II) are expected to convert a large portion of

precipitation into rainfall instead of snowfall as in Case-III. This

extra amount of rainfall considered in Case-I and Case-II due

to lower Tcrit contributes to the overestimation of simulated

discharge while the additional snowfall in Case-III due to higher

Tcrit may not bemelted out completely. Further, the higher value

of CS used in Case-I (0.75) and Case-II (0.5) for lower zones

(below 3,900m a.s.l.) also causes the discharge overestimation in

the Chandra-Bhaga Basin in Case-I and Case-II because these

values are higher than the calibrated value (0.4) at the basin

(Case-III). Similarly, the value for CR, which directly increases

the discharge, is also higher in Case-I (0.7) and Case-II (0.75)

than the calibrated value (0.5) in Case-III.

Though the underestimation in the Chhota Shigri

Catchment and overestimation in the Chandra-Bhaga Basin

(Case-I and Case-II) can also partially be attributed to the high

uncertainty of up to 25% in field discharge measurements in

the turbulent Himalayan rivers (Eeckman et al., 2017). Our

analysis clearly indicates that even after applying the SRM in a

data-plenty catchment, the calibrated model parameters at the

catchment scale may not be transferable to basin scale discharge

simulation, even in the same basin therefore utmost care must

be taken while using model parameters from other basins for

the SRM applications.

4.8. Comparison with other studies

Previous studies estimated the discharge from the Chhota

Shigri Catchment using a simplified glacio-hydrological model

(Azam et al., 2019; Srivastava et al., 2022). In agreement with

those studies, we also suggested a dominance of snowmelt in

the hydrology of the Chhota Shigri Catchment. Further, similar

to our study, summer temperature was also one of the main

drivers for discharge generation in the Chhota Shigri Catchment

(Azam et al., 2019). The mean monthly hydrograph showed the
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maximum discharge in July (Figure 10A) however the peak of

snowmelt runoff was found in July and total runoff in August

in Azam et al. (2019). This is because SRM does not consider

glacier ice melt in the simulation of discharge and the runoff

generation is solely due to snow melt (from SCA and fresh

snow) that peaks in July. In August, the snow cover is usually

melted out up to 5,000m a.s.l. (Mandal et al., 2020) and ice

is exposed to higher summer temperatures that contribute to

runoff providing peak discharge (Azam et al., 2019). The rainfall

contribution in the Chhota Shigri Catchment as 10% of the total

discharge is similar to the previous study by Srivastava andAzam

(2022), showing a 10% combined contribution of rainfall from

glacierized and unglacierized areas. Hydrological studies are not

available in the whole Chandra-Bhaga Basin, but a few studies

cover the Chandra Basin (59% of Chandra-Bhaga Basin). These

studies also showed a peak discharge in July (Singh et al., 2020,

2021; Gaddam et al., 2022) similar to our study (Figure 10B). The

increased discharge volume in 2011–2018 shown in this study

is in agreement with the study by Immerzeel et al. (2013) in

the Baltoro watershed in the Indus Basin. Further, the seasonal

shift observed in decadal hydrographs in our study has already

been highlighted by some other studies in different regions of

the Indus Basin (Immerzeel et al., 2010; Tahir et al., 2011; Lutz

et al., 2014; Hasson, 2016).

5. Conclusions

The daily discharge series from the Chandra-Bhaga Basin

and Chhota Shigri Catchment was reconstructed over the period

2003–2018 using SRM. Analysis showed that SRM efficiently

simulated the discharge over the calibration and validation

period. The mean annual discharge was found as 1.2 ± 0.2

and 55.9 ± 12.1 m3/s over 2003–2018 for the Chhota Shigri

Catchment and Chandra-Bhaga Basin, respectively. The analysis

suggests the overall discharge was mainly controlled by the

summer temperature and summer SCA in the Chhota Shigri

Catchment whereas by summer SCA and summer precipitation

in the Chandra-Bhaga Basin. The decadal comparison showed

that the mean discharge increased in 2011–2018 as compared

to the mean discharge in 2003–2010 and also the hydrograph

shifted in the early summer by 10 days in the Chhota Shigri

Catchment and 20 days in the Chandra-Bhaga Basin associated

with the higher mean temperature, higher SCA in early summer,

and early precipitation peak in 2011–2018. Sensitivity analysis

showed that the simulated discharge was equally sensitive to “a”

and CS in the Chhota Shigri Catchment and most sensitive to

CS in the Chandra-Bhaga Basin. The daily LRs used in this study

enable the SRM to capture the seasonal variations in discharge

and further increase the model efficiency by simulating the

discharge peaks accurately due to the varying LRs.

For the first time, we systematically checked the

transferability of catchment-scale calibrated parameters to

the basin-scale simulation of discharge through the SRM

application. For this assessment, the model calibration was

done on the data-plenty catchment of Chhota Shigri Glacier

and calibrated parameters were then applied to the Chandra-

Bhaga Basin in different case scenarios. This resulted in a

large overestimation in the simulated discharge from the

basin. Our analysis clearly showed that even though the

model parameters in SRM are calibrated with plenty of

field data at the catchment scale, their application to the

basin-scale runoff simulation, even in the same basin, may

not be applicable. We stress that care must be taken while

adopting the model parameters for SRM from other basins,

especially for the ungauged basins. The calibrated SRM for

the Chandra-Bhaga basin and the Chhota Shigri Catchment

can be used to forecast future discharge and its patterns under

various climate change scenarios. With a combination of

an automatic calibration process and high-resolution snow

cover product the efficiency of SRM can be improved in

future work.
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