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The upper Indus River basin has large masses of
glaciers that supply meltwater in the summer. Wa-
ter resources from the upper Indus River basin are
crucial for human activities and ecosystems in Pak-
istan, but they are vulnerable to climate change. This
study focuses on the impacts of climate change, partic-
ularly the effects of receding glaciers on the water re-
sources in a catchment of the upper Indus river basin.
This study predicts river flow using a hydrologic model
coupled with temperature-index snow and glacier melt
models forced by observed climate data. The basin is
divided into seven elevation zones so that the melt com-
ponents and rainfall-runoff were calculated at each
elevation zone. Hydrologic modeling revealed that
glaciers contributed one-third of the total flow while
snowmelt melt contributed about 40%; rainfall con-
tributed to the remaining flow. Some climate scenar-
ios based on CMIP5 and CORDEX were employed to
quantify the impacts of climate change on annual river
flows. The glacier retreat in the mid and late centuries
is also considered based on climate change scenarios.
Future river flows, simulated by the hydrologic model,
project significant changes in their quantity and tim-
ing. In the mid-century, river flows will increase be-
cause of higher precipitation and glacier melt. Simula-
tions projected that until 2050, the overall river flows
will increase by 11%, and no change in the shape of
the hydrograph is expected. However, this increasing
trend in river flows will reverse in the late century be-
cause glaciers will not have enough mass to sustain the
glacier melt flow. The change will result in a 4.5% de-
crease in flow, and the timing of the monthly peak flow
will shift from June to May. This earlier shift in the
streamflow will make water management more diffi-
cult in the future, requiring inclusive approaches in
water resource management.

Keywords: Himalaya, climate change, Astore River
basin, Indus River, river flows

1. Introduction

In Pakistan, approximately 220 million people depend
both directly and indirectly on water flowing down from
the mountainous regions of Hindu Kush, Karakoram, and
Himalaya [1]. These regions are located in the north of
the Indus River basin and host abundant water resources.
The country has one of the world’s largest contiguous
basin irrigation systems, largely dependent on precipi-
tation, glaciers and snowmelt, and groundwater abstrac-
tion [1]. The Indus River basin has a variable climate;
the northern parts are cooler, while the southern parts are
generally semi-arid. The spatial and temporal variations
in precipitation are significant, which influence the water
supply and demand [2].

In the upper parts of the Indus river basin the precipita-
tion regime is winter-dominated; summer precipitation in
the monsoon is also important but has a smaller share in
annual precipitation [3]. In spring (April–June), the snow
starts to melt and river flows start to increase [4]. This
region also hosts the largest number of glaciers [4]. Their
melt further contributes to the highest runoff and river
flows in summer (July–August) [5]. The runoff generated
from the upper catchments is crucial for the ecosystem, ir-
rigation, domestic and industrial needs in the downstream
region.

Despite being one of the most vulnerable to disasters
and populated regions worldwide, knowledge of the re-
gion’s climate is limited and scattered [3]. Utilization
of global climate products for hydrologic studies is quite
common, although studies relying on observation stations
exist covering smaller areas. Accurate estimation of pre-
vailing climatic conditions is crucial for hydrological as-
sessments and climate impact studies.

Changing climate is projected to bring higher tempera-
tures [1]; thus, a better understanding of future precipita-
tion and temperature is vital for water management strate-
gies [4]. The potential impacts of climate change on water
availability are crucial to the economy and ecology of the
region [1]. Climatic changes in the upper parts of the In-
dus River Basin effect snow, glaciers, and permafrost [6].
Assessing the impacts of climate change on the water re-
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sources of the upper Indus River Basin is very important
because of the large human dependence on it [7].

The utilization of general and regional circulation mod-
els is ubiquitous for projecting future climatic conditions
in the basin. Several studies have employed circulation
models to project the future climate in the upper Indus
basin (UIB) and its impacts on river flows and reported
significant variability throughout the basin. Overall, the
temperature increases in the range of 2 to 8◦C, and pre-
cipitation changes in −10 to 30% [5].

A global glacier retreat study under climate change es-
timated that glaciers in the region will lose 30 to 40% of
the mass by mid-century and almost 75% by the end of the
century [8]. The glacier retreats in the following decades
will increase the river flows temporarily before starting
to decline. In the UIB, till 2065–2075, river flows will
continue to increase because of excess glacier melt [9].
Glaciers contribute up to 67% of the regional river flows
annually, and their retreat poses a serious threat to the wa-
ter demand-supply equation [7]. The glacier melt in the
summer is vital. It is estimated that a 50% reduction in the
glacier area will result in a 24% decrease in the river flows
in the UIB [10]. Glacier contributions in sub-basins of the
UIB are variable; for example, one-third of Shigar River
flows are fed by glaciers [11], the Hunza River basin’s
glaciers contribute 43% [4], and the Gilgit River basin re-
ceives 54% of its river flows through glacier melt [7]. This
variable glacier melt component in different sub-basins
reflects the distinct climate, glacier distribution, and topo-
graphic features of the UIB.

The hydrologic models in the region utilized var-
ious modeling techniques to estimate the snow and
glacier melt, that is, energy-balanced melt models and
temperature-index models. However, the latter is more
common because of its simplicity; it requires air tem-
peratures to estimate the melt process [12]. These mod-
els are based on the direct relationship between air tem-
perature and snowmelt. A parameter, degree-day factor
(DDF), is used in the relation between air temperature and
melt. DDF increases with elevation and solar radiation,
while being inversely related to albedo and sensible heat
flux [12]. The DDF value is estimated through calibra-
tion with the observed melt rates. Correct estimation of
DDF is crucial for the quantity and timing of the meltwa-
ter. Due to data scarcity in the region, separate calibration
of the snow water equivalent is uncommon.

This study selected the Astore River basin, one of the
sub-basins of the UIB. It is located on the western edge
of the Himalayan mountain range. A statistical analy-
sis on the climate and river flow data spanning 1974 to
2007 found positive trends in precipitation and river flows
and a slight decrease in summer temperature [13]. More-
over, a slight increase in the snow cover in the basin has
also been reported, suggesting higher winter precipitation
and surging glaciers. The future climate of the basin is
changing and will impact the hydrological cycle. There-
fore, further analysis are required to understand the im-
pacts of climate change on basin hydrology. This study
uses the Rainfall-Runoff-Inundation (RRI) model, previ-

Fig. 1. Astore river basin and its observation stations.

ously applied to the Kabul River basin in the UIB [14].
However, their study did not include snow and glacier
melt as their focus was on flood prediction in the region.
This study is the first to incorporate their melting effects
in the RRI model. For continuous simulations with spa-
tially distributed information, our modeling approach in-
volves adding snow accumulation and melting processes
with glacier melt processes based on the temperature in-
dex method. Our study separately calibrates the snowmelt
model with the observed snow water equivalent before hy-
drologic simulations. For the glacier coverage, we have
used the distributed information by remote sensing for the
present climate conditions and other glacier coverage pro-
jection information [8]. This modeling approach requires
fewer parameters to simulate river flows compared to the
energy balance method, which is data-extensive. The ob-
jectives of this study are to check the suitability of ob-
served climate data for hydrologic modeling, use the RRI
model with snow and glacier melt components and quan-
tify the effects of climate change on river flows. It will
help understand the basin’s water cycle and make this
knowledge relevant to local stakeholders and decision-
makers for adaptation planning.

2. Study Area

The Astore River basin flows from the Himalayan
Mountain range. The elevation ranged between 1242
and 7470 m (Fig. 1). The basin covers an area of
3927 km2, approximately 87% of which lies between ele-
vation ranges of 3000–5000 m.

There are four observation stations in the basin; Table 1
lists their elevation and time periods. The average annual
precipitation at all stations shows a positive trend with el-
evation. The highest elevation of any observation station
is 4208 m above sea level, which means that the climatic
conditions above this elevation are unknown. The average
annual precipitation at the four stations is approximately
650 mm annually (2001–2008), significantly less than the
specific discharge (1136 mm) during the same period.

Figure 2 shows the monthly maximum and minimum
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Table 1. Observation stations with their elevations.

Station Elevation Average precipitation Time period
[m] [mm]

Astore 2168 487 2001–08
Rama 2667 650 2001–08
Rattu 3220 675 2001–08
Burzil 4208 782 2001–08

Fig. 2. Average maximum (A) and minimum (B) monthly
temperatures at the stations.

temperatures in the basin; the trend in the temperature de-
crease with elevation is evident. At Burzil, the maximum
temperature remained above freezing from April to Octo-
ber. Astore and Rattu, located at lower elevations, show
above freezing temperatures for most parts of the year.

Figure 3 shows the seasonal variations in the precipita-
tion at the four stations. The winter-dominated precipita-
tion is showed by the graph. Precipitation from October to
April falls as snow and starts to melt in May. The lower
precipitation in the summer season (May to September)
adds up with the snow and glacier melt to give maximum
flows during these months.

The MODIS snow cover product [15] from January to
December 2008 was used to explain the spatiotemporal
pattern of snow cover in the basin. Snow cover was 97%
of the total area in January. The melt starts from low-
elevation zones and progresses to higher zones from April
to July. In April, 82% of the basin was snow-covered,
which reduced to 65% in May, 34% in June, and 15%
in July. Winter starts in September, with snow falling at
high altitudes. In September, the snow cover increased to
43%, as shown in Fig. 4. The snowfall continues in winter
and covers approximately 97% in December. The glacier

Fig. 3. Average monthly precipitation at the observation
stations.

Fig. 4. Glacier cover (ICIMOD) and monthly snow over
(MODIS 10A2).

cover in the basin is 316 km2, which constitutes 8% of the
basin area [16]. Glaciers are present above 3000 m, while
68% of glaciers are present between the elevation range
of 4000–5000 m (Table 2).

The annual hydrograph is melt-dependent, i.e., it in-
creases with snow and glacier melt in summer (May to
September). In summer, it increases to 310 m3/s on av-
erage, while during winter, the streamflow remains at ap-
proximately 45 m3/s (Fig. 5). Rainfall contributes to the
monsoon season (July–September); however, it is less in
quantity, as understood by precipitation trends in Fig. 3.
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Table 2. Present glacier distribution and projected change in future.

Elevation Glacier area RCP 4.5 RCP 4.5 RCP 8.5 RCP 8.5
bands [m] distribution [km2] mid century end century mid century end century
3000–3500 4 0 0 0 0
3500–4000 18.5 0 0 0 0
4000–4500 41.8 0 0 0 0
4500–5000 172.2 126.5 110.1 47 15.3
5000–5500 42.3 42.3 42.3 42.3 42.3
5500–6000 23.4 23.4 23.4 23.4 23.4
6000–7000 10.4 10.4 10.4 10.4 10.4

> 7000 3.4 3.4 3.4 3.4 3.4

Fig. 5. Average monthly river flows in the basin.

3. Methodology

The melt from snow and glaciers and rainfall was used
as input for the RRI runoff routing model. The steps used
to calculate the melt and usage of data are explained be-
low.

3.1. Climate Data
The basin is divided into seven elevation zones be-

cause of the climate variability with elevation. Their mean
elevation is 1550, 2500, 3500, 4500, 5500, 6500, and
7150 m. The digital elevation model (15 s spatial reso-
lution) of the basin was extracted from [17]. Meteoro-
logical and hydrological data for 2001 to 2008 were ob-
tained from the Water and Power Development Author-
ity (WAPDA) and Pakistan Meteorological Department
(PMD). These data consist of daily maximum and min-
imum temperatures, precipitation, and discharge.

Temperature data from the stations were averaged
along with their elevations. The average time series
of temperature, precipitation and average elevation was
used as a benchmark for extrapolation for other eleva-
tion zones. The benchmark elevations for temperature and
precipitation were 3000 m. The following expressions are
employed for estimating the temperature and precipitation
at other elevation zones [18].

log[Ptarget(t) = log
[
Pneighbour(t)

]
+θprecip

(
Ztarget −Zneighbour

)
, . (1)

where Ptarget (t) is the precipitation at the target zone on
day t; Pneighbour(t) is the observed precipitation at the
nearest neighbor zone on day t; θprecip is the correction
factor (to be estimated) (in m−1); and Ztarget and Zneighbour
are the elevations of the target and current zones, respec-
tively. Eq. (2) was used to estimate the temperature at
higher elevations.

Ttarget (t) = Tneighbour(t)

+θtemp
(
Ztarget −Zneighbour

)
, . . (2)

where Ttarget (t) is the air temperature at the target zone
on day t; Tneighbour(t) is the air temperature observed at
the nearest neighbor zone on day t; θtemp is the altitudinal
gradient (to be estimated) (in ◦C/m).

The values of θprecip and θtemp were selected as the
result of the literature review and calibration of the hy-
drologic model. A study reported a correction factor of
0.044% in the Hunza River basin, located adjacent to the
north of the Astore River basin [3]. A precipitation cor-
rection factor of 0.0003 mm/m was applied to calculate
the precipitation time series for different elevation zones.
The average precipitation in the basin using this extrap-
olation rate is approximately 1230 mm/y, similar to the
1250 mm/y estimate [19, 20]. The temperature altitudinal
gradient was −0.005 (◦C/100 m).

3.2. Cema–Neige Snow Model
This is a degree-day melt model that uses maxi-

mum (Tmax), minimum (Tmin), and mean air temperatures
(Tmean) to distinguish between rainfall and snowfall. It
has the additional feature of calculating the percentage of
snow (Ps) in precipitation.

If the maximum temperature is below 0◦C, all precip-
itation is considered snow, i.e., 100%. If the minimum
temperature is above 0◦C, it is rainfall. In all other cases,
the percentage was estimated by employing the third ex-
pression in Eq. (3).

Ps =

⎧⎪⎪⎨
⎪⎪⎩

100% if Tmax < 0◦C
0 if Tmin > 0◦C

1− Tmax

Tmax −Tmin

. . . (3)

The quantity of rainfall and snowfall are calculated using
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Eqs. (4) and (5).

Psnow = Ps ∗P, . . . . . . . . . . . . . (4)

Prain = P−Psnow, . . . . . . . . . . . . (5)

where Psnow is snow precipitation (mm/d), P is precipita-
tion (mm/d), and Prain is liquid precipitation (mm/d). The
snowpack temperature (Snowpacktemp,t ) defines the inter-
nal thermal state of the snowpack, used to quantify the
melt. If the internal temperature rises to 0◦C, the melt
occurs. Eq. (6) estimates the snowpack temperature:

Snowpacktemp,t =

min

{
0
X ∗Snowpacktemp t−1 +(1−X)∗Tmean

, (6)

where Snowpacktemp,t is the snowpack temperature (◦C)
and X is the snowpack inertia factor, set by calibration.
The potential melt Melt pot (mm/d) was computed when
the snowpack temperature reached 0◦C, and the mean air
temperature was greater than 0◦C (Eq. (7)).

Melt pot = dd f ∗ Tmean, . . . . . . . . . (7)

where ddf is the degree-day factor. Melt cannot exceed
snow storage. In such cases, Melt pot is restricted to snow
storage. The accumulation of snowfall is an important
part of the Cema–Neige model. It is updated daily based
on the previously stored snow and the sum of Psnow of a
particular day in Eqs. (8) and (9).

SSupdate = SS−Meltact , . . . . . . . . . (8)

SS = SSupdate,t−i +Psnow,t , . . . . . . . . (9)

where SSupdate (mm) is the snow storage update after ac-
cumulation and melting of snow, SS is snow storage (mm)
and Meltact is actual melt (mm/day). The actual melt
melt (mm/d) is estimated using an empirical expression
(Eq. (10)). The snow cover area was also used in this
function.

Meltact = (0.9∗ snow cover area+0.1)
∗ Melt pot . . . . . . . . . . (10)

The snow-covered area is a unique and simple feature
of the model. The model uses Psnow and the annual aver-
age snowfall to estimate it (Eq. (11)).

snow cover area =

⎧⎨
⎩

SSt

Z
if SSt < 0.9∗Z

1
, . (11)

where Z is the average annual snow precipitation (mm).
The total runoff is the sum of the Meltact and Prain.
More detailed information on Cema–Neige can be found
in [21].

3.3. Glacier Melt Model
The glacier’s cover of the region was used to calculate

the melt from each zone [16]. The glacier melt was quan-
tified using a degree-day model [22]. Eq. (12) is used to
calculate the daily melt from clean ice and debris-covered

glaciers.

A CI
DC

=

{
Tavg ∗DDF CI

DC
∗ FCI

DC
if Tavg > 0

0 if Tavg ≤ 0
. . (12)

In the above equation, ACI/DC refers to the daily
glacial melt from clean ice and debris-covered glaciers;
DDFCI/DC (mm C−1 day−1) are degree day factors; and
FCI/DC is the proportion of clean ice and debris-covered
glaciers in the given zone. The degree-day factors were
set by calibration. The total glacial melt is the sum of
both ACI/DC (Eq. (13)).

AGLAC = (ACI + ADC)∗ GlacF . . . . . . (13)

GlacF is the fraction of glaciers in the given elevation
zone.

3.4. RRI Model
The runoff generated from the Cema–Neige model

(rainfall and snowmelt) and Glacier melt model (glacier
melt) were used as inputs for the RRI model. It is a two-
dimensional model capable of representing rainfall-runoff
and flood inundation simultaneously [14]. The flow on
the slope grid cells was calculated using the 2D diffusive
wave model, while the channel flow was calculated using
the 1D diffusive wave model. For better representations
of RRI processes, the model simulates the lateral subsur-
face flow, vertical infiltration flow, and surface flow. In
contrast, the vertical infiltration flow is estimated using
the Green–Ampt model [23].

3.5. Climate Scenarios
The potential impacts of climate change on the dis-

charge of the Astore River are of great concern because
runoff is meltwater dependent. Hence, it is necessary
to understand the role of climate conditions in the melt-
ing process. Many climate modeling studies have pub-
lished future climate projections according to the IPCC
emission scenarios. With global warming, future rainfall
and temperature are likely to change in different spatial-
temporal patterns. An assessment of the future climate
of the Karakoram-Hindukush-Himalaya Mountains pre-
sented climate projections from the CORDEX and CMIP5
experiments [24]. Both experiments concur with signifi-
cant changes in temperature and precipitation, albeit dif-
ferent in magnitude. The temperature increase was more
critical for the glacier mass balance. Apart from climate
scenarios, glacier coverage scenarios from [8] were also
employed for the simulations.

This study selected eight scenarios of varying tempera-
ture and precipitation for simulations. Table 3 shows the
temperature projections under two RCP scenarios, 4.5 and
8.5, of 24 climate models (included in CMIP 5).

Table 4 summarizes the precipitation changes in the fu-
ture. Winter, in general, will bring more precipitation than
summer, hinting at more snowfall and the resultant higher
spring melt. Summer precipitation shows higher variabil-
ity with a decrease in some scenarios but with a negligi-
ble margin. The late-century (2066–2095) will witness
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Table 3. Seasonal ensemble mean projected changes in near-surface air temperature (◦C) relative to 1976–2005 in Hindu Kush
Himalaya (HKH) above 2,500 m a.s.l. The ranges for the 10 general circulation models and 13 regional climate models analyzed
are given in brackets.

Scenario Period Ensemble Summer Winter

RCP 4.5
2036–65 CORDEX RCM 2.0 (1.2, 3.3) 2.3 (1.4, 3.2)

CMIP5 2.6 (1.7, 3.3) 2.1 (1.2, 3.2)

2066–95 CORDEX RCM 2.6 (1.4, 3.7) 3.1 (2.2, 4.1)
CMIP5 3.3 (2.5, 4.1) 3.0 (2.1, 3.4)

RCP 8.5
2036–65 CORDEX RCM 2.7 (1.7, 4.3) 3.2 (1.8, 4.4)

CMIP5 3.3 (2.5, 4.3) 3.0 (2.2, 3.9)

2066–95 CORDEX RCM 4.9 (3.0, 7.7) 5.4 (3.9, 8.2)
CMIP5 5.7 (4.0, 7.1) 5.1 (3.8, 6.3)

Table 4. Seasonal ensemble mean projected changes in total precipitation (%) relative to 1976–2005 in Hindu Kush Himalaya
(HKH) above 2,500 m a.s.l. The range for the 10 GCM and 13 RCM analyzed is given in brackets.

Scenario Period Ensemble Summer Winter

RCP 4.5
2036–65 CORDEX RCM −0.1 (−11.6, 19.7) 7 (−13.9, 21.9)

CMIP5 0.8 (−17.1, 35.1) 1 (−10.2, 18.0)

2066–95 CORDEX RCM 3.5 (−9.8, 29.3) 14.1 (−4.9, 34.4)
CMIP5 −0.3 (−23.2, 34.8) 6.2 (−6.8, 43.3)

RCP 8.5
2036–65 CORDEX RCM 3.7 (−13.8, 22.3) 12.8 (−12.3, 28.8)

CMIP5 3.6 (−16.6, 48.8) 5.1 (−10.9, 36.0)

2066-95 CORDEX RCM 3.9 (−14.9, 60.0) 12.9 (−30.3, 35.4)
CMIP5 5 (−17.7, 79.9) 6.9 (−20.9, 54.7)

Table 5. Projected change in glacier extent in Astore in the
mid and late-century under RCP 4.5 and 8.5.

Scenario Mid century Late century
RCP 4.5 35% 60%
RCP 8.5 40% 70%

higher precipitation than the mid-century (2036–2065).
This higher precipitation could play a crucial role in sus-
taining declining river flows due to glacier retreat.

3.6. Future Glacier Extent
A study used a glacier model to estimate the impact of

global glacier changes on sea-level rise. Future changes in
glacier cover have been quantified based on two RCP sce-
narios throughout the late century of 2100 [8]. By 2050,
the glacier will lose one-third of the area, and a more sig-
nificant reduction is expected in the late century, where
almost a quarter of the area will remain. Table 5 shows
the change in the glacier area in the Himalaya-Karakoram
region under RCP 4.5 and 8.5 in the later part of the cen-
tury.

The future glacier area along the elevation was decided
by assuming retreat from the lower elevation zones. The
basis of this assumption is that the glaciers retreat from
the lower elevation zones, also confirmed by field stud-
ies [25]. Table 2 shows glacier areas with elevations.
Presently, the largest proportion of glaciers is concen-
trated between the elevation ranges of 4500 and 5000 m.

Until the mid-century, complete glacier retreat is expected
up to an elevation of 4500 m. In the late century, the ma-
jor proportion of glaciers in the elevation band of 4500–
5000 m will be lost. It could potentially impact the sum-
mer river flows.

4. Results

4.1. Calibration of Cema–Neige Model
Accurate simulation of snowmelt is important for the

assessment of the water balance in the basin. The
snowmelt model was calibrated with observed snow wa-
ter equivalent (SWE) recorded at Deosai station, located
60 km outside the Astore at 4010 m a.s.l. The precip-
itation and temperature time series of the station were
provided by WAPDA, and SWE values were digitized
from [26]. The period from November 2007 to June 2010
was selected to calibrate the Cema–Neige model. The
threshold temperature to separate snow and rainfall was
0◦C, and the degree-day factor during the melt season
was 6 mm/◦C. In total, 61% of the precipitation was snow,
which started to accumulate in November and reached a
maximum in March (Fig. 6). The melt season starts in
May and continues until June. The model was able to
reasonably simulate the accumulation and melting of sea-
sonal snow at point locations.
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4.2. River Flow Simulation
The simulation of Astore’s river flows was performed

for seven years, from January 2002 to December 2005
for calibration and January 2007 to December 2008 for
validation. Fig. 7 shows the simulated and observed dis-
charge. The model simulated the response of the catch-
ment well, satisfactorily representing the peaks and low
flows. The model assumes that the precipitation and tem-
perature remain constant throughout the given elevation
zone, resulting in minor inconsistencies. A more detailed
approximation of climate parameters at a finer scale and
accurate distribution of glacier melt will produce better
simulations. For the simulations, the ddf for snowmelt
was 4 mm/◦C and glacier melt was 6 mm/◦C.

The performance criteria of the simulation were the
Nash–Sutcliffe (NS) coefficient [27]. The NS is calcu-
lated using Eq. (14).

NS = 1−

T

∑
t=1

(
Qt

m − Qt
o
)2

T

∑
t=1

(
Qt

m − Q̄t
o
)2

. . . . . . . . (14)

where Qo and Qm are the observed and modeled dis-
charges, respectively, and Q̄o is the average of the ob-
served discharges. A value close to unity indicates an
accurate simulation.

Table 6 shows the annual contributions of rainfall,
snowmelt, and glacial melt. The second column shows
the contribution of the rainfall (mm). The third column
shows the snowmelt (mm) and the fourth column shows
the glacier contribution (mm). The contribution of melt
water in the streamflow is 65–73% annually.

Altogether, the melt water contribution is higher than
rainfall owing to the presence of glaciers and heavy win-
ter snowfall. Fig. 8 shows the separate hydrographs de-
scribing the runoff components. Rainfall is higher in early
spring and the monsoon season, although the second peak
is comparatively suppressed. This trend in the rainfall
hydrograph can be ascertained from the (Fig. 3), where
the monsoon precipitation is quite low. Snowfall is the
major source of hydrographs, contributing 42% annually.
Glaciers start contributing in July and continue for three
months. During July, August, and September, the over-
all contribution of glaciers was higher than snowmelt and
rainfall combined. Overall, their share was 32% in the
annual hydrograph.

4.3. Future River Flows
The future river flows across both RCP scenarios are

shown in Figs. 9 and 10. Under RCP 4.5, spring flows will
increase in both future time intervals. In the mid-century,
the average spring flows will increase to 180 m3/s, and in
the late century, approximately 200 m3/s. Higher precipi-
tation in the winters and earlier onset of glacier melt will
contribute to this change. In RCP 8.5, spring flows follow
the same trend, albeit with different magnitudes. Average
spring flows in the mid-century will increase from present

quantities to 195 m3/s, which corresponds to a change of
+62%. In the late century, the flow will be 234 m3/s, pro-
jecting a +95% change.

Summer flows are projected to show different trends in
comparison to spring flows because of glacier contribu-
tions. In RCP 4.5, the flows will increase up to 308 m3/s
in the mid-century, 13% higher than the present values.
However, in the late century under RCP 4.5, these flows
will decrease slightly to 246 m3/s, representing a 10% de-
crease.

Summer flows in the mid-century in RCP 8.5 will be
297 m3/s, 9% higher than the present. However, in the
late century, the flow will drop to 192 m3/s, correspond-
ing to a 29% decrease. This decrease in the late century
in both RCPs is mainly due to the reduced glacier contri-
bution considering their retreat. The projected increase in
summer precipitation during this time would help little to
sustain the flows to the present level.

In the principal until the mid-century, increased aver-
age annual flows are projected across all the scenarios and
RCPs. For RCP 4.5, the average annual flow increases
from 152 m3/s to 181 m3/s. On the other hand, RCP 8.5
projects a similar increase with 182 m3/s.

In the late century, this increasing trend will subside a
little, and the average annual river flows will remain at
160 m3/s in RCP 4.5. RCP 8.5 projects a slightly higher
decrease (145 m3/s) in average annual flows, correspond-
ing to a drop in average annual flows of approximately
4.5%. In the late century, RCP 8.5 will see considerable
decrease in the average river flows mainly due to glacier
retreat. In this scenario, the glaciers of the region are pro-
jected to reduce up to 70% of their current area.

Climate change will further affect the flow regime in
terms of the timing of peak flows in the late century. In
RCP 4.5 and 8.5, the peak shifts backward to May from
June. After May, in both RCPs, the flow dropped sig-
nificantly until September. This shift in peak flow is the
combined impact of early glacier melt and higher spring
runoff due to snowmelt.

5. Discussion

The projection of hydrographs under a changing cli-
mate largely depends on the GCM outputs. Recently, sev-
eral climate change impact studies on the Astore River
basin have been published [28, 29]. These studies re-
lied upon downscaled climate scenarios and projected that
future river flows will increase due to higher precipita-
tion and excess melt of snow and glaciers. By the mid-
century, the annual Astore River flows would increase by
13%, and 58% by the late century, according to a previous
study [29]. Our study also showed an increasing pattern in
the river flows by the mid-century. Our study also projects
large differences during the late century due to the differ-
ent glacier covers in the studies.

Furthermore, another study [5] used an ensemble of
GCMs to project climate change in the UIB and their im-
pacts on river flows. Their study included ensembles of
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Fig. 6. Calibration of SWE at Deosai station (4010 m a.s.l). Fig. 7. Calibration and validation of river flows in As-
tore River basin.

Table 6. Contribution of runoff components (mm) and model performance.

Year Rain Snow Glacier Simulated Observed Δ NS
runoff [mm] Runoff [mm] [mm]

2002 231 581 397 1208 1015 193 0.8
2003 334 673 412 1455 1371 84 0.82
2004 278 548 377 1197 1180 17 0.86
2005 190 612 414 1442 1350 92 0.75
2006 171 385 477 1192 1140 52 0.68
2007 144 424 457 1313 1050 273 0.74
2008 149 251 459 1089 964 125 0.74

Fig. 8. Monthly contributions of runoff components in As-
tore river basin.

statistically downscaled GCMs, and their outputs were
used for hydrologic modeling. In RCP 8.5, the tem-
perature will increase in the range of 5 to 8◦C, and the
range of precipitation change will be −8 to 30%. In addi-
tion, a glacier mass balance model has also been used.
Spring snowmelt and enhanced glacial melt will cause
increases in the hydrograph. In the late century, hydro-
graphs in summer (June to September) are projected to
be less when compared to the present, and from March
to May, higher river flows will be observed. Our study
reports similar changes in the shape of hydrographs be-
cause of the similar GCM outputs and modeling approach.
However, it showed higher spring flows. Their GCM pro-
jections show a decrease in precipitation from January to
May, while the scenarios used in this study project an

increase in these months. Due to the combined contri-
butions from spring snowmelt, increasing spring precip-
itation, and earlier glacier melt, our study shows higher
spring river flows.

Similar changes in the quantity and timing of hydro-
graphs were reported for an adjacent river basin, Shi-
gar [11]. By the mid-century, the river flow will increase
throughout the year, but towards the last decade of the
century, the summer flows will drop. However, in their
study, one GCM projects slightly different river flows.
This discrepancy among GCM projections indicates the
unpredictable nature of future climate and necessitates the
inclusion of ensemble scenarios for a clear picture of fu-
ture climate and its impacts.

6. Conclusions

The water resources of the UIB are vital; any change in
their quantity and timing will impact the downstream ar-
eas. Climate change impacts the hydrologic cycle in var-
ious ways, i.e., changing peaks and timings. An accurate
assessment of water resources and climate change is nec-
essary for future sustainable policies. This study focuses
on the changes in the hydrologic regime of a high-altitude
Astore River basin under a changing climate. The hydro-
logic model was able to simulate the response of basin
river flows with reasonable accuracy. The contribution of
runoff throughout the elevation zones was highly variable.
Precipitation increases with elevation, but the presence
of glaciers between 3000 and 5500 m brings additional
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Fig. 9. Change in river flows in the mid and late-century under RCP 4.5.

Fig. 10. Change in the river flows in the mid and late-century under RCP 8.5.

runoff from these zones. The zones above 5500 m receive
the most precipitation as snow but remain close to freez-
ing temperature, thus contributing less to runoff. Thus,
climate conditions at higher elevations, that is, 3000–
5500 m, play the most vital role in runoff generation.
However, better estimation of precipitation and temper-
ature is required on a spatial scale. The model can be
used to evaluate the impacts of receding glacier cover and
changing climate on water balance.

In the future, winter precipitation is projected to in-
crease, causing increased spring river flows. This will in-
crease the potential for irrigation and hydropower during
the spring. However, the probability of localized flooding
also increases. The extra water in the months of spring
should be stored to meet the demands of the following
months with lower river flows.

Higher temperatures extend glacier melt seasons and
enhance glacier melt rates. This impact is transient; how-
ever, ice volumes will eventually be sufficiently reduced
to limit the total meltwater production.

Glacier reduction in the late century will play a vital
role in the reduction of summer flows. Although the sum-
mer precipitation is projected to increase, it will not be
sufficient to sustain the present quantity. A loss of 60–
70% in the glacier area will reduce the summer flows by
up to half in July and August.

The projections of future river flows reveal interest-
ing patterns at the sub-basin scale and are consistent with
other studies in the upper Indus River basin, thus provid-

ing a clearer picture of future river flows.
This study provides sufficient details and confidence in

designing strategies for environmental conservation and
economic development under climate change.
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[21] A. Valéry, V. Andréassian, and C. Perrin, “‘As simple as possi-
ble but not simpler’: What is useful in a temperature-based snow-
accounting routine? Part 2 – Sensitivity analysis of the Cemaneige
snow accounting routine on 380 catchments,” J. Hydrol., Vol.517,
pp. 1176-1187, doi: 10.1016/j.jhydrol.2014.04.058, 2014.

[22] W. Terink, A. F. Lutz, G. W. H. Simons, W. W. Immerzeel, and P.
Droogers, “SPHY v2.0: Spatial Processes in HYdrology,” Geosci.
Model Dev., Vol.8, No.7, pp. 2009-2034, doi: 10.5194/gmd-8-
2009-2015, 2015.

[23] T. Sayama, “RRI User Manual,” 2015.
[24] P. Wester, A. Mishra, A. Mukherji, and A. B. Shrestha, “The Hindu

Kush Himalaya Assessment,” Springer International Publishing,
2019.

[25] M. Huss, G. Jouvet, D. Farinotti, and A. Bauder, “Future high-
mountain hydrology: A new parameterization of glacier re-
treat,” Hydrol. Earth Syst. Sci., Vol.14, No.5, pp. 815-829, doi:
10.5194/hess-14-815-2010, 2010.

[26] S. Hasson, V. Lucarini, M. R. Khan, M. Petitta, T. Bolch, and G.
Gioli, “Early 21st century snow cover state over the western river
basins of the Indus River system,” Hydrol. Earth Syst. Sci., Vol.18,
doi: 10.5194/hess-18-4077-2014, 2014.

[27] J. E. Nash and J. V. Sutcliffe, “River flow forecasting through con-
ceptual models part I – A discussion of principles,” J. Hydrol.,
Vol.10, No.3, pp. 282-290, doi: 10.1016/0022-1694(70)90255-6,
1970.

[28] M. Iqbal, G. Akhter, A. Ashraf, and S. Ayub, “Snowmelt runoff as-
sessment and prediction under variable climate and glacier cover
scenarios in Astore River Basin, Western Himalayas,” Arab. J.
Geosci., Vol.11, Article No.568, doi: 10.1007/s12517-018-3923-6,
2018.

[29] H. Hayat, T. A. Akbar, A. A. Tahir, Q. K. Hassan, A. Dewan, and M.
Irshad, “Simulating Current and Future River-Flows in the Karako-
ram and Himalayan Regions of Pakistan Using Snowmelt-Runoff
Model and RCP Scenarios,” Water, Vol.11, No.4, Article No.761,
doi: 10.3390/w11040761, 2019.

Name:
Sohaib Baig

Affiliation:
Disaster Prevention Research Institute (DPRI),
Kyoto University

Address:
Gokasho, Uji, Kyoto 611-0011, Japan
Brief Career:
2021- Researcher, DPRI, Kyoto University

Name:
Takahiro Sayama

Affiliation:
Disaster Prevention Research Institute (DPRI),
Kyoto University

Address:
E-313 D, Gokasho Uji, Kyoto 611-0011, Japan
Brief Career:
2015- Associate Professor, DPRI, Kyoto University
Selected Publications:
• “Error structure analysis of distributed runoff model and multipoint
water level data assimilation method,” River Technical Papers, Vol.25,
pp. 285-290, 2019.
Academic Societies & Scientific Organizations:
• Japan Society of Civil Engineers (JSCE)
• Japan Society of Hydrology and Water Resources (JSHWR)

Name:
Kaoru Takara

Affiliation:
Graduate School of Advanced Integrated Studies
(GSAIS) in Human Survivability, Kyoto Univer-
sity

Address:
1 Yoshida-Nakaadachi-Cho, Sakyo-ku, Kyoto 606-8306, Japan
Brief Career:
1998- Professor, Disaster Prevention Research Institute (DPRI), Kyoto
University
2018- Professor, GSAIS in Human Survivability, Kyoto University
Selected Publications:
• “Understanding and Reducing Landslide Disaster Risk,” Volume 6
Specific Topics in Landslide Science and Applications, Springer, 2021.
Academic Societies & Scientific Organizations:
• Japan Society of Civil Engineers (JSCE)
• Japan Society of Hydrology and Water Resources (JSHWR)
• Japan Society for Natural Disaster Science (JSNDS)

1206 Journal of Disaster Research Vol.16 No.8, 2021

Powered by TCPDF (www.tcpdf.org)

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp




