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Abstract The Upper Indus Basin (UIB), situated in the

Himalaya–Karakoram–Hindukush (HKH) mountain ranges,

is the major contributor to the supply of water for irrigation

in Pakistan. Improved management of downstream water

resources requires studying and comparing spatiotemporal

changes in the snow cover and hydrological behavior of the

river basins located in the HKH region. This study explored

in detail the recent changes that have occurred in the Gilgit

River basin (12,656 km2; western sub-basin of UIB), which

is characterized by a mean catchment elevation of 4250 m

above sea level (m ASL). The basin’s snow cover was

monitored through the snow products provided by the

MODIS satellite sensor, while analysis of its hydrological

regime was supported by hydrological and climatic data

recorded at different altitudes. The Gilgit basin findings

were compared to those previously obtained for the lower-

altitude Astore basin (mean catchment eleva-

tion = 4100 m ASL) and the higher-altitude Hunza basin

(mean catchment elevation = 4650 m ASL). These three

catchments were selected because of their different glacier

coverage, contrasting area distribution at high altitudes and

significant impact on the Upper Indus River flow. Almost 7,

5 and 33 % of the area of the Gilgit, Astore and Hunza

basins, respectively, are situated above 5000 m ASL, and

approximately 8, 6 and 25 %, respectively, are covered by

glaciers. The UIB region was found to follow a stable or

slightly increasing trend in snow coverage and had a dis-

charge dominated by snow and glacier melt in its western

(Hindukush–Karakoram), southern (Western-Himalaya) and

northern (Central-Karakoram) sub-basins.

1 Introduction and background

Pakistan’s agriculture-based economy is dependent on

irrigation waters supplied by the Indus River and its

tributaries (SIHP 1990). Channeled through the Upper

Indus Basin (UIB), most of the Indus River flow at Tarbela

is comprised of snow and glacier melt (Bookhagen and

Burbank 2010; Immerzeel et al. 2012, 2013; Mukhopad-

hyay and Khan 2014a) originating from the Himalaya–

Karakoram–Hindukush mountains (Fig. 1a). The Tarbela

reservoir, constructed on the Indus River, supplies
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irrigation water to the highly productive agricultural lands

of the Pakistani Punjab (Fig. 1a) through a large network of

barrages and canals (Indus Basin Irrigation System).

Within the UIB, five river basins (Shyok, Shigar, Astore,

Gilgit and Hunza) (Fig. 1a) contribute significantly to

Indus River discharge. Principally fed by snow and glacier

melt and little influenced by monsoon rainfall patterns

because of the Western Himalayas mountain barrier, these

five sub-catchments contribute nearly 70 % of the total

Upper Indus flow (Mukhopadhyay and Khan 2014a) and

thereby figure prominently in the management of the Tar-

bela reservoir. In addition, Liniger et al. (1998) estimated

that over 80 % of Indus River flow reaching the plains

originates in the Hindukush, Karakoram and Western

Himalayan mountain areas.

As the UIB extends over parts of the Hindukush,

Karakoram and Western Himalayan ranges, it is subjected

to different micro climate regimes within the basin area.

Most of the annual precipitation in the UIB (especially in

the northern and western parts) occurs in the winter and

spring and originates in the west (Dimri and Chevuturi

2014; Dimri et al. 2013; Young and Hewitt 1990). The

effect of the monsoon decreases along the Himalaya–

Karakoram–Hindukush Mountains moving from a south–

east to north–west direction (Fowler and Archer 2005;

Young and Hewitt 1990), making the climate of the

northern and western parts of the UIB distinctly different

from that of the eastern parts (Central Himalayas). There is

a strong east–west gradient in monsoonal strength as it

migrates along the Himalayan front (Bookhagen and Bur-

bank 2006, 2010) such that the eastern parts of the UIB

receive much more monsoon precipitation than the western

parts. Two precipitation regimes influence the UIB dis-

charge, i.e., (1) precipitation advected by westerly circu-

lation, mainly in the form of snow at higher altitudes and

winter rainfall at lower altitudes in the northwest (Hin-

dukush–Karakoram region) and southwest (Western

Himalayas) parts of the UIB (Dimri et al. 2013), and (2) the

summer monsoon rainfall in the eastern part of UIB (Khan

et al. 2015). Therefore, it is particularly important to

investigate the hydro-climatological regime at the sub-

basin scale to improve our understanding of the UIB’s

hydrology.

High elevation ([4000 m ASL) regions generate much

of the UIB’s flow (Archer 2003; Hewitt et al. 1989;

Mukhopadhyay and Khan 2014a; Wake 1989; Young and

Hewitt 1990). Despite this, only a few studies (e.g., Akhtar

et al. 2008; Bookhagen and Burbank 2010; Immerzeel et al.

2012, 2015; Mukhopadhyay and Khan 2014a) have moni-

tored the climatic parameters, snow and ice processes and

resultant hydrological regimes at these altitudes. In remote

regions, such as those of the UIB, satellite remote-sensing

techniques may be the only way to analyze spatiotemporal

variations in snow cover (Sirguey et al. 2009; Tahir et al.

2011). Moderate Resolution Imaging Spectroradiometer

(MODIS) snow products have been widely used in esti-

mating the spatial extent of snow cover in snowmelt runoff

modeling applications (Immerzeel et al. 2009; Lee et al.

2005; Maurer et al. 2003). Several studies compared the

relatively ‘‘coarse’’ resolution (500 m 9 500 m) MODIS

data, the ‘‘fine’’ resolution (30 m 9 30 m) Advanced

Spaceborne Thermal Emission and Reflection Radiometer

(ASTER) data and ground observations in estimating snow

cover; the former gave satisfactory estimates at both low

and high altitudes (Tahir et al. 2011; Tekeli et al. 2005).

The overall absolute accuracy of the 500 m resolution

MODIS snow products is [90 % (Hall and Riggs 2007;

Wang et al. 2008), but it varies by land-cover type and

snow condition. These findings support the use of MODIS

data in estimating changes in snow cover extent at varying

altitudes and in different mountainous regions of the UIB.

The wide altitudinal range of the UIB (455 m ASL at

Tarbela to 8611 m ASL at K2; Fig. 1a) and its resulting

widely varying climate suggest that a global, basin-wide

study regarding spatial variation in both snow cover and

hydrological regime would not be as meaningful as a sub-

basin scale study. To date, no studies have addressed these

issues on the sub-basin scale of UIB, thus this study of

individual UIB sub-basins situated in different mountain-

ous regions under slightly different climate regimes

(Fig. 1a) will contribute towards the improvement of water

resources management for irrigated agricultural lands

downstream of Tarbela. This study was different from

previous studies on the UIB (e.g., Archer et al. 2010;

Archer and Fowler 2004; Forsythe et al. 2012a, b; Fowler

and Archer 2006; Hasson et al. 2014) in that the spa-

tiotemporal trends of snow cover were estimated in three

different altitudinal zones (contrary to the basin-wide-ap-

proach adopted previously) within a western sub-catchment

of the UIB, the Gilgit sub-catchment in the Hindukush–

Karakoram region. The trends and the hydroclimatic

characteristics of the Gilgit sub-catchment were then

compared to those obtained for a southern sub-catchment,

Astore, in the Western Himalaya (Tahir et al. 2015;

Fig. 1a) and a northern sub-catchment, Hunza, in the

Central Karakoram region (Tahir et al. 2011; Fig. 1a). The

bFig. 1 a Map of Pakistan including the Upper Indus Basin (UIB)

area, its sub-basins, the Tarbela dam and the Gilgit, Astore and Hunza

sub-basin study sites, with their Global Digital Elevation Models

GDEM, b mean monthly recorded precipitation totals (1951–2012)

and mean monthly runoff (1980–2008) of the study sites. Precipita-

tion records are the average totals of all the climate stations (Gilgit,

Gupis, Ushkor and Yasin climate stations for the Gilgit basin; Astore,

Rama and Rattu climate stations for the Astore basin; Khunjerab,

Naltar and Ziarat climate stations for the Hunza basin) situated in the

three catchments
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current study is an important complement to the two pre-

vious studies to better understand the water inputs of the

Tarbela reservoir, and to provide a better representation of

the climate diversity and dynamics and the land cover

complexity.

The present study focused on (1) estimating annual and

seasonal trends in hydro-meteorological variables e.g.,

snow cover extent, mean temperatures, precipitation and

stream flow, (2) determining mutual correlations among the

variables themselves, for the Gilgit River basin in the

Hindukush–Karakoram range and (3) comparing the results

to those previously obtained for the Astore and the Hunza

River basins, which are also located within the greater UIB.

The Gilgit, Astore and Hunza River sub-catchments

were selected for this study because they almost double the

Upper Indus flow at their confluence with the Indus River.

Hence, any change in their flow magnitudes or timing may

strongly influence water resources management within the

UIB. This study therefore contributes to a better under-

standing of the complex hydroclimatic regimes of the high-

altitude snow- and glacier-fed river catchments typical of

the UIB.

2 Study area

The snow- and glacier-fed Gilgit River basin (sub-basin

of UIB) (Fig. 2) was selected for the analysis of snow

cover extent and hydrological regime. These characteris-

tics of the 12,656-km2 Gilgit River basin were then

compared to those of the previously studied 3990-km2

Astore and 13,733-km2 Hunza River basins (sub-basins of

the UIB) (Fig. 1a) (Tahir et al. 2011, 2015). Snow and

glacier melt water originating from two different ranges,

Hindukush and Karakoram (Fig. 1a), feeds the Gilgit

River basin. The Gilgit River originates in the Hindukush

region, but the Karakoram glaciers also contribute sig-

nificantly to its flow at the eastern boundary of the basin

(Fig. 1a). While the climatic regimes of the Gilgit and

Hunza River basins are almost similar, winter and spring

in the Astore basin are much wetter (Fig. 1b). The Gilgit

and Hunza River discharges are mainly dependent on the

westerly circulation that promotes winter snowfall, and

thereby generates high discharges under summer snow-

melt conditions whereas the Astore River discharge is

influenced by the winter and spring rainfall (at lower

Fig. 2 Global Digital Elevation Model (GDEM) of the Gilgit River basin showing three altitudinal zones, glacier coverage across them, and

superposed by the gauging stations
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elevations), which combines with the solid winter pre-

cipitation forced by the Westerlies.

The main differentiating features of the Gilgit, Astore and

Hunza River basins are summarized in Tables 1 and 2. The

area of the Gilgit River basin was estimated using an

ASTER Global Digital Elevation Model version-2 (ASTER-

GDEM V2) at a 1 arcsec resolution (approx. 30 m). The

hypsometric curve and the percentage area under each

500-m altitudinal layer, as estimated by the ASTER-GDEM

V2 for the Gilgit, Astore and Hunza River basins, are pre-

sented in Fig. 3. The Gilgit, Astore and Hunza River basins

differ most prominently in the relative areal distribution of

their B3300, 3301–4300, and [4300 m altitudinal zones:

17, 39 and 44 %, respectively, for the Gilgit; 16, 50 and

34 %, for the Astore; and 11, 25 and 64 % for the Hunza

River basin (Table 2). Only &5–7 % of the area in the

Gilgit and Astore basins is above 5000 m ASL, while this

percentage is &33 % in the Hunza basin (Fig. 3; Table 1).

Mean elevations in the Gilgit, Astore and Hunza River

basins are 4250, 4100 and 4650 m ASL, respectively, as

determined from the hypsometric curve.

Three climate stations (Gupis, Yasin and Ushkor),

equipped with precipitation gauges were installed at

different altitudes within the Gilgit River basin and one

station (Gilgit) just outside the catchment boundary (Fig. 2).

Recorded average total annual precipitation (mean for the

data period 1995–2008 for Ushkor and Yasin; 1951–2012 for

Gupis and Gilgit) was 310, 313, 185 and 135 mm year-1 at

the Ushkor (&3051 m ASL), Yasin (&3280 m ASL),

Gupis (&2156 m ASL) and Gilgit (&1479 m ASL) cli-

mate stations, respectively. The Gilgit River’s mean (taken

over 29 years from 1980 to 2008) annual flow measured at

the Gilgit hydrometric station (1445 m ASL; Fig. 2) was

285 ± 43 m3 s-1, resulting in an equivalent annual total

water depth of 712 mm. The flow time series (m3 s-1) and

the total catchment area (km2) were inputted to the IRD

(French Research Institute for Development) software

HYDRACCESS developed by Vauchel (2005) to convert

these flows into the equivalent water depths (mm).

Present precipitation records in the Gilgit basin are not

representative of the runoff at the outlet because of the lack

of climate data records at altitudes above &3300 m ASL

and the underestimation of winter precipitation (snow).

This may also be associated with well-identified high-

mountain environment gauging errors (Førland et al. 1996;

Sevruk 1985, 1989), including wind-induced error, wetting

Table 1 Key features of the Gilgit, Astore and Hunza River basins

Catchment Gilgit Astore Hunza

River flow gauging

station

Gilgit Doyian Dainyor bridge

Latitude 35�560N 35�330N 35�560N

Longitude 74�180E 74�420E 74�230E

Elevation of gauging

station (m ASL)

1445 1583 1450

Drainage area (km2) 12,656 3990 13,733

Glacier-covered area

(km2)

*1060 *248 *3417

Glacier cover

percentage (%)

*8.37 *6 *25

Mean elevation

(computed from

hypsometric curve)

(m ASL)

*4250 *4100 *4650

Median elevation

(computed from

GDEM) (m ASL)

*4150 *4594 *4631

Area above 5000 m (*872 km2) * 7 % (*200 km2) * 5 %, (Tahir

et al. 2015)

(*4463 km2) * 32.5 %, (Tahir

et al. 2011)

No. of meteorological

stations

4 (2 installed by PMD and 2 installed by

WAPDA)

3 (1 installed by PMD and 2

installed by WAPDA)

3 (installed by WAPDA)

Gilgit

1479 m

Gupis

2156 m

Yasin

3280 m

Ushkor

3051 m

Astore

2168 m

Rama

3179 m

Rattu

2718 m

Khunjerab

4440 m

Ziarat

3020 m

Naltar

2898 m

Altitudes of the high-altitude climate stations were verified by the WAPDA (Water and Power Development Authority) and SIHP (Snow and Ice

Hydrology Project) and corrected altitudes [different from those previously published by Archer (2003) and Tahir et al. (2011)] are given in the

table
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loss, trace precipitation, blowing and drifting snow, and

systematic mechanical errors. Another reason for this

underestimation is that the spatially integrated precipitation

value is largely influenced by orographic precipitation (a

function of elevation and terrain characteristics) whereas

the value recorded at a meteorological station is simply a

point measurement.

3 Materials and methods

ASTER and MODIS products, ground observations of

stream flow, climate data and their treatment for the Astore

and Hunza River basins were explained in detail in two

previously published studies by the authors Tahir et al.

(2011, 2015). Similar datasets and methodologies were

used for the Gilgit River basin to assess its spatiotemporal

trends in snow cover and hydrological regime and then to

compare the results to the Astore and Hunza River basins.

A brief description of the data sets and methodology used

for the Gilgit River basin is given below.

3.1 Topography

Based on ASTER image data available for high-latitude

and steep mountainous areas (METI and NASA 2011), a

GDEM V2 was used to sketch the river basin boundary.

ASTER-GDEM V2 was preferred over Shuttle Radar

Topography Mission (SRTM) because the former has a

higher spatial resolution (*30 m) than the latter (*90 m).

In addition, Nuimura et al. (2015) reported that ASTER-

GDEM is a better product than SRTM to estimate the

glacier covered area in high mountains. To allow a detailed

analysis of spatial change in snow cover in the Gilgit,

Astore and Hunza River basins, three altitudinal zones

were extracted from the GDEM V2 for the study area

(Figs. 1a, 2; Table 2). These zones were based on the mean

seasonal elevation of the freezing isotherms (0 �C). Using

the studies of Hasson et al. (2014), Archer (2004) and

Forsythe et al. (2012b), the zones were derived as follows:

Zone A (B3300 m) was the portion of the UIB below the

winter (DJF) freezing isotherm (Tmax = 0 �C), Zone C

([4300 m) included the portion of the UIB above the

summer (JAS) freezing isotherm (Tmin = 0 �C, as reported

in Archer (2004) and Khan et al. (2015) this isotherm

generally ranges between 5000–5500 m) and Zone B was

the portion in between A and C. Total catchment and zonal

areas, along with hypsometric curves and median eleva-

tions, were also estimated with the ASTER-GDEM V2

(Tables 1, 2; Fig. 3). The hypsometric curves were then

used to calculate the mean elevations of the river basins

and their respective altitudinal zones (Tables 1, 2).

The Randolph Glacier Inventory (RGI) Version 5 (V5)

was used in this study to estimate the glacier cover over

the Gilgit, Astore and Hunza River basins (Fig. 2;

Table 1). RGI V5, released in July 2015, has new cov-

erage of most of the Asian glaciers (Arendt et al. 2015)

and is a combination of new and previously-published

glacier outlines. Glacier outlines provided by Arendt et al.

(2015) for the HKH region are entirely new in the current

version and were taken from the GAMDAM Glacier

Inventory (GGI) of Nuimura et al. (2015) and the second

Chinese Glacier Inventory (CGI2) of Guo et al. (2015).

For this reason the glacier cover estimated from RGI V5

for Gilgit, Astore and Hunza basins (Table 1) in this

study differs from what was previously estimated from

RGI V3.2 and presented by Tahir et al. (2015). RGI V5 is

a globally complete inventory of glacier outlines and it is

supplemental to the Global Land Ice Measurements from

Space initiative (GLIMS). The RGI V5 offers complete

one-time coverage, version control and a standard set of

attributes (Arendt et al. 2015).

Table 2 Main features of the elevation zones extracted from the ASTER GDEM of the Gilgit, Astore and Hunza River basins and their

corresponding climate station

Zonal classification Basin Elevation

band (m)

Mean

elevation (m)

Median

elevation (m)

Area (%) Area

(km2)

Climate stations

A (low-altitude zone) Gilgit 1445–3300 *2750 *2372 17 2113 Gilgit, Gupis, Yasin, Ushkor

Astore 1213–3300 *2950 *2263 16 638 Astore, Rama, Rattu

Hunza 1432–3300 *2850 *2366 11 1541 Naltar, Ziarat

B (mid-altitude zone) Gilgit 3301–4300 *3900 *3800 39 4915 –

Astore 3301–4300 *3910 *3800 50 1995 –

Hunza 3301–4300 *3850 *3800 25 3413 –

C (high-altitude zone) Gilgit 4301–7032 *4650 *5578 44 5628 –

Astore 4301–8069 *4600 *6132 34 1357 –

Hunza 4301–7849 *5000 *6067 64 8779 Khunjerab

Elevation band area and mean elevation for each zone was computed from the hypsometric curve that was estimated from ASTER GDEM
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3.2 Hydrometeorology

The Surface Water Hydrology Project of the Water and Power

Development Authority (SWHP–WAPDA) carries out the

stream flow measurements in Pakistan, with the earliest

observations dating from 1960. A 33-year database of daily

discharge covering the period of 1970–2008 (with a missing

data period for 1974–79) for the Gilgit River gauged at the

Gilgit hydrometric station (Fig. 2) was available for this

study. Meteorological data of daily mean temperatures and

daily total precipitation over 14 years (1995–2008) for two

high-altitude Automatic Weather Stations (AWS), Ushkor

and Yasin (Fig. 2), was provided by the WAPDA, and similar

data over a *62 year time period (1951–2012) from two

valley stations, Gilgit and Gupis (Fig. 2), was provided by the

PMD (Pakistan Meteorological Department).

The nonparametric Mann–Kendall (MK) trend test for

periodic data, with a 5 % significance level (P = 0.05) for

Kendall’s tau (s) coefficient (Hirsch and Slack 1984;

Hirsch et al. 1982; Kendall 1975; Mann 1945;

Mukhopadhyay and Khan 2014b; Pellicciotti et al. 2010;

Nalley et al. 2012; Pingale et al. 2014), and the Theil–Sen

estimator or ‘‘Sen’s slope’’ S (Gilbert 1987; Sen 1968) were

applied to identify trends in the time series data. The MK

trend test is a nonparametric test that is less sensitive to

extreme sample values and is independent from the

hypotheses regarding the nature of either linear or nonlin-

ear trends (Nalley et al. 2013; Araghi et al. 2015). Sen’s

slope is a method for robust linear regression that chooses

the median slope among all lines through pairs of two-

dimensional sample points. A seasonal trend analysis of the

precipitation and temperature data was performed for the

winter months from December to February (DJF) and the

summer months from July to September (JAS) on 62 years

of climate data (1951–2012) of the Gilgit and Gupis cli-

mate stations. Trends on the standardized values (as per the

standardization procedure outlined by Tahir et al. 2015) of

annual runoff (for the Gilgit, Astore and Hunza rivers) and

total annual precipitation (recorded at the Gilgit climate

station) were also calculated.

An analysis of the annual and seasonal (winter and

summer) relationships between different variables (pre-

cipitation, snow cover, mean temperature and discharge)

were also carried out using different correlation tests (ex-

plained in Tahir et al. 2015) at a 5 % significance level.

3.3 Snow cover

The MODIS/Terra Snow Cover 8-Day L3 Global 500-m

Grid (MOD10A2) dataset over the period of March 2000–

Fig. 3 Hypsometric curves, the distribution of area under 500-m elevation bands and the limits of elevation zones for the Gilgit, Astore and

Hunza River basins, estimated from ASTER-GDEM V2. The location of the weather stations is presented on the right hand side y-axis
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December 2012 was used to estimate the snow cover

extent; it contains fields for maximum snow cover extent

over an 8-day period (Hall et al. 2006, updated weekly) at a

resolution of approximately 500 m (precisely, 15 arcsec)

and completely covers the Gilgit River basin. The Gilgit

River basin area was then extracted from larger tiles (h23–

v05 and h24–v05 tiles; ‘‘h’’ denotes horizontal and ‘‘v’’

denotes vertical) to estimate the spatial extent of snow

cover (%) for the different elevation bands/zones (Table 2)

over the 13-year period. A limitation of the MOD10A2 is

that persistent cloud cover over consecutive days or over

all days of the 8-day period can hide snow cover that might

have existed (Hall and Riggs 2007). The uncertainties of

this product [caused mainly by the confusion between the

snow and cloud signals or by the use of the maximum snow

covered area (SCA) over the 8-day period] are not cur-

rently well known in high altitude areas (Hall and Riggs

2007). The daily MODIS snow product (MOD10A1) was

not utilized in this study because of the significant gaps in

the times series, especially during the monsoon season, as a

result of cloud cover (Savéan et al. 2015), and also because

of the low quality of this product in the HKH area (Ragettli

et al. 2015). MODIS snow products (MOD10A2) used in

the current study were treated to avoid the inaccuracies in

snow cover estimation due to cloud cover following the

procedure detailed by Tahir et al. (2015). The entire data

series was also subjected to a seasonal climatology

adjustment (Mukhopadhyay and Khan 2014b; Pellicciotti

et al. 2010) before trend analysis. Seasonality is a pattern in

a time series that replicates systematically, in this case

every year. Seasonal fluctuations make it difficult to ana-

lyze the trend in data for a given period because of con-

fusion as to whether the change reflects an ample change in

the magnitude of the data or is due to regularly occurring

seasonal variation. Seasonal adjustment (de-seasonality)

was applied to assess the seasonal variation and to omit its

impact on a time series; the result was a seasonally adjusted

(de-seasonalized) time series. Trends in the snow cover

time series were then determined using Kendall’s tau (s)

and Sen’s slope (S) at a significance level of 5 %.

4 Results and discussion

4.1 Changes in snow cover in the Gilgit River basin

In the Gilgit River basin, the 13-year annual mean extent of

snow cover, estimated from MODIS snow products, varied

between &85 % (in winter) and &12 % (in summer)

(Fig. 4). Snow began to accumulate in September and peak

snow cover (*85 %) generally occurred in late January to

mid-February (Fig. 4). Generally, July to September are

the months of glacier melt flow from the area

(Mukhopadhyay and Khan 2015), so the appearance of

snow accumulation starting in September (Fig. 4) might

have been associated with snow accumulation at higher

altitudes. Spring snowmelt began in early April (Fig. 4)

resulting in an increase in river discharge (Fig. 1b) and the

minimum snow cover (*12 %) was reached in August.

Approximately 872-km2 of the Gilgit River basin’s area

exists at elevations exceeding 5000 m ASL (see hypso-

metric curve, Fig. 3), with almost the same area (&8 %)

being glaciated. This information was extracted from the

GDEM V2 of the Gilgit River basin (Fig. 2) using the RGI

(Randolph Glacier Inventory) version 5 dataset (Arendt

et al. 2015) as a mask. The average snow cover cycle in the

Gilgit, Astore and Hunza River basins over the entire study

period are shown by a solid and two dashed lines,

respectively, in Fig. 4.

Trends in monthly snow cover were estimated for a

13-year period in three altitudinal zones (low,

1450–3300 m; mid, 3301–4300 m; and high elevation

zone, 4301–7032 m) of the Gilgit River basin (Fig. 5). In

the low altitude zone, the MK trend analysis showed a

significant positive trend in snow cover (Fig. 5) over the

13-year data period. In contrast, for the middle and high

altitude zones the positive trend was non-significant. For

the low, mid and high elevation zones the s values were

?0.26, ?0.124 and ?0.079, respectively, while S values

(% year-1) were ?0.021, ?0.018 and ?0.024, respectively

(Fig. 5).

In the middle and high elevation zones, covering *39

and *44 % of the total Gilgit basin, respectively, snow is

the main form of precipitation. In contrast, the low eleva-

tion zone, which covers *17 % of the Gilgit basin’s total

area, receives most of its precipitation in the form of

rainfall and houses the outlet of most of the region’s gla-

ciers (Fig. 2) to streams and rivers. This zone may prove

more sensitive to the overall variation in basin snow cover

extent since it has the largest proportion of glacier-free area

among the three zones and it experiences the highest

temperatures. For these reasons, it is most vulnerable to

changes in precipitation from snow to rainfall due to a

warming climate. The lower elevation zone is also the

portion of the basin area where positive trends in snow

cover extent were strongest (s = ?0.26, P\ 0.05;

S = ?0.021 % year-1) and may therefore greatly influ-

ence the overall trends in basin snow cover. Moreover, the

high elevation zone of the Gilgit River basin is largely

covered by glaciers, particularly at elevations exceeding

5000 m ASL (Fig. 2; Table 2) and thus the detection of

changes in snow cover (especially wet snow) is difficult

owing to the similar spectral properties (Gupta et al. 2005).

In comparison, positive trends in snow cover extent

were found in the Astore River basin (Tahir et al. 2015)

and stable trends were found in the Hunza River basin
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(Tahir et al. 2011). In Astore, tau (s) coefficient values

were significant (P\ 0.05) with ?0.066, ?0.088 and

?0.058 for the zones A, B and C, respectively, and in the

Hunza River basin these values were non-significant with

?0.01, -0.01, ?0.03, respectively. In the mid-elevation

zone, trends were positive but non-significant for both the

Gilgit (s = ?0.124), and the Hunza (s = -0.01) River

basins (Fig. 5; Tahir et al. 2011). This value did not have a

significant effect on the overall trend in snow cover extent

in the Hunza River basin since nearly 75 % of the Hunza

catchment area was not within this elevation zone (Fig. 3;

Table 2). In contrast, for the Astore basin, the snow cover

trend was significant (s = ?0.088; S = ?0.270 % year-1)

in the mid-elevation zone. This zone contains almost 50 %

of the Astore catchment area and hence significantly

influences its overall snow cover extent. In the low ele-

vation zone, where a significant positive trend in the extent

of snow cover existed in the Gilgit and Astore River basins

but not in the Hunza River basin, the snow cover trend

effect would again be minor given that only 17 and 16 % of

the area of the Gilgit and Astore basins, respectively, is in

the lower elevation zone. The essentially constant snow

cover extent of the other Gilgit River basin zones was a key

factor in the overall unchanging or statistically non-sig-

nificant increasing snow covered area in the catchment.

While analyzing the basin-wide trends, snow cover

extent was stable in the Gilgit, Astore and Hunza River

basins: s = ?0.33, s = ?0.03 and s = ?0.02, respec-

tively (Table 3). Mean snow cover values referring to

snow accumulation (DJF) and snowmelt (JAS) seasons

were calculated for each year and the MK trend test was

applied to these annual mean values. In the Gilgit River

basin, a slightly increasing but non-significant trend in

snow cover extent was observed in both the snow accu-

mulation and the snowmelt periods (s = ?0.23, ?0.26,

respectively; Table 3), whereas for the Astore and Hunza

River basins, a significant increasing trend occurred dur-

ing the snow accumulation period (s = ?0.06 and

s = ?0.25, respectively). During the snow melt period,

only the Astore basin registered a significant increase in

snow cover (s = ?0.07) while the Hunza basin showed

almost constant snow cover extent (s = ?0.01). The

trend analysis of mean temperature and total precipitation

over the same period is presented in Fig. 5, and may help

determine the factors behind this consistent snow cover

trend. A Kendall tau coefficient value of s = ?0.15 for

precipitation and s = -0.21 for the mean temperature

trend was determined over the 13-year period

(2000–2012) (Fig. 5). This increasing trend of precipita-

tion and decreasing trend of mean temperatures over the

Fig. 4 Annual cycle in snow covered area as a percentage of total area estimated through the analysis of 600 MODIS snow images (scatter plot)

for 13 individual years (2000–2012) in the Gilgit River basin and average snow cover area curves for the Gilgit, Astore and Hunza basins
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same period (2000–2012) indicated the possible reasons

for the stable trend in snow cover. The increasing trends

of precipitation continued to feed the high altitudes and

the decreasing trend of mean temperature reduced the

snowmelt losses and resulted in stable or slightly

expanding snow cover, which was very similar to the

Astore and Hunza River basins.

Long term (1951–2012) seasonal trends in mean tem-

perature and total recorded precipitation (Fig. 6) might

help determine which climatic factors have led to the

stable or very slight, non-significant increasing snow cover

extent seen in these three river basins. For the Gilgit River

basin, over the 62-year period (1951–2012), trends in total

winter and summer recorded precipitation were positive

(s = ?0.10, ?0.07, respectively) but non-significant, as

was the downward trend in mean winter temperature

(s = ?0.123; Fig. 6). Only the downward trend in mean

summer temperature (s = -0.21) was significant (Fig. 6),

which provided a possible reason for the stable trend in

snow cover extent. In a manner similar to the Astore and

Hunza River basins (Tahir et al. 2011, 2015), decreasing

trends in mean summer temperature reduced snow losses

Fig. 5 Gilgit River basin:

Linear trend analysis of total

recorded precipitation and mean

temperature (average of Gupis

and Gilgit climate stations for

the period 2000–2012, top

panel). Trend of MODIS-data-

derived snow covered area

(seasonally adjusted time series)

in three altitudinal zones over

the same 13-year period

2000–2012 (bottom three

panels). Trend was analyzed

using the linear trend line

equation, Mann–Kendall’s trend

test ‘‘s’’ and Sen’s slope

estimator ‘‘S’’
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from high altitudes and resulted in stable or slightly but not

significantly expanding snow cover.

The current hypothesis for this phenomenon of stable or

slightly increasing snow cover is an increase in winter

precipitation (snow-depth) (though not significant in this

study) and a decrease in the mean summer temperature as

presented in Fig. 6 and explained by Hewitt (2005) and

Archer and Fowler (2004). This increased amount of snow

at lower altitudes might not have melted away by the end

of the spring season and hence caused the snow covered

area to increase at these lower altitudes (Fig. 5). Increasing

trends of annual and seasonal precipitation in the Asian

region were also confirmed by the IPCC’s 5th synthesis

report (Hartmann et al. 2013). Ridley et al. (2013) assessed

the changes in the severity and frequency of snowfall

events due to weather patterns, such as the Westerlies,

using a regional climate model and indicated an increase in

the frequency of occurrence up to the end of 21st century.

They explained that the Karakoram glaciers may continue

to grow, or decline at a slower rate, compared with those

across the rest of the Himalayas due to this increase in

snowfall events. Treydte et al. (2006) provided a millen-

nial-scale reconstruction of precipitation change through an

annually resolved oxygen isotope record from tree-rings in

the high mountains of northern Pakistan and an increase in

the precipitation during the late 19th and the 20th centuries

was found that yielded the wettest conditions of the past

1000 years. These climate change trends in the UIB play an

important role in stabilizing or minimally expanding snow

cover, especially in the North–West Hindukush, Central

Karakoram and Western Himalaya regions of Pakistan. A

constant or marginally increasing trend in snow cover

extent in the Gilgit, Astore and Hunza River basins, situ-

ated in different mountain ranges, indicated that the trend

may be similar in the rest of the Upper Indus River

catchment, but this needs to be verified.

Table 3 Analysis of spatiotemporal change (basin wide, BW) in snow covered area (SCA), hydrological regime (runoff Q) and climatic

parameters (precipitation P, mean temperature Tavg) for the Gilgit (current study), Astore and Hunza (previous studies) River basins

Gilgit River basin Astore River basin Hunza River basin

Basin wide SCA annual range (%) 12–85 7–95 30–80

BW SCA (monthly) trend

(2000–2012)

s = ?0.33 s = 10.03 s = 10.02

BW SCA DJF trend (2000–2012) s = ?0.23 s = 10.06 s = 10.25

BW SCA JAS trend (2000–2012) s = ?0.26 s = 10.07 s = ?0.01

Hydrological regime

Mean annual runoff 712-mm (data period,

1980–2008)

1084-mm (data period,

1974–2007)

759-mm (data period,

1966–2008)

Total annual recorded P 135-mm at Gilgit 501-mm at Astore 680-mm at Naltar

185-mm at Gupis 723-mm at Rattu 225-mm at Ziarat

310-mm at Ushkor 794-mm at Rama 170-mm at Khunjerab

313-mm at Yasin

Correlations (annual)

Q vs SCA change 20.86 20.56 20.89

Q vs Tavg 10.84 10.75 10.85

Q vs P 10.19 20.28 ?0.08

SCA change vs Tavg 20.87 20.89 20.80

Correlations (seasonal)

DJF P vs DJF SCA ?0.14 10.44 ?0.01

JAS Q vs DJF P ?0.48 10.76 ?0.1

JAS Q vs JAS Tavg 10.65 10.52 10.81

Annual Q vs JAS P -0.30 ?0.19 ?0.005

Trend analysis: runoff Q Increasing trend Increasing trend Decreasing trend

Seasonal P Increasing trend Increasing trend Increasing trend

JAS Tavg Decreasing trend Decreasing trend Constancy

SCA Constancy/slight increase Constancy/slight increase Constancy/slight increase

Trends are expressed using the Kendall’s tau coefficient and significant (P B 0.05) trends/correlations are indicated in bold

DJF December–January–February, JAS July–August–September
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4.2 Trend analysis of stream flow, winter

and summer total precipitation and mean

temperature in the Gilgit River basin compared

with the Astore and Hunza River basins

Trend analysis of the standardized values of annual runoff

measured at the Gilgit hydrometric station in the Gilgit

River basin is presented in Fig. 7. A non-significant trend

of increasing discharge was found for the Gilgit River over

29 years of flow records (1980–2008); s = ?0.207 and the

Sen’s slope value was ?3.3 mm year-1 (Fig. 7). Immer-

zeel et al. (2013) and Mukhopadhyay and Khan (2014b)

reported the same rising trend in runoff from the glacier-

ized river basins of Himalaya and Karakoram, respectively.

The flow trend for the Gilgit River basin was similar to the

Astore basin but contrasted with the flow trend for the Hunza

River where stream flow has been decreasing non-signifi-

cantly (Fig. 7), possibly as a result of cooling temperatures at

higher altitudes, which decelerate snow and glacier melt,

especially in summer. The snow cover in the Gilgit catch-

ment showed a stable or slightly rising trend (although not

significant at mid- and high altitude zones; Fig. 5), thus the

trend toward increasing but non-significant annual discharge

in the Gilgit River can be related to the trend of increasing

summer precipitation as analyzed in this study (Fig. 6) and

reported by the IPCC’s 5th synthesis report (Hartmann et al.

2013) and Archer and Fowler (2004).

Climate variables (seasonal precipitation and mean

temperature) that have an effect on Gilgit River discharge

and snow cover were analyzed to confirm the trends

reported by (1) Ridley et al. (2013) in the regional climate

modeling study, (2) Archer and Fowler (2004) in the pre-

cipitation study over the 1895–1999 period and (3) Archer

(2003) in the hydrological regime study over the

1900–1999 period, for the UIB, including the Gilgit cli-

mate station. An analysis of the (1) total recorded seasonal

Fig. 6 Trend analysis for

climate parameters monitored at

Gilgit and Gupis meteorological

stations a total summer (JAS)

and winter (DJF) recorded

precipitation and b mean

summer (JAS) and winter (DJF)

temperature, over the period

1951–2012
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precipitation (mean of Gilgit and Gupis climate stations) and

(2) mean seasonal temperature (mean of Gilgit and Gupis

climate stations) for a 62-year time series (1951–2012) was

performed for the winter (DJF) and summer (JAF) periods in

the Gilgit River basin (Fig. 6). Trends for the total recorded

seasonal (winter and summer) precipitation and the mean

winter temperature were not significant, even though they

presented a slight increase and decrease, respectively

(Fig. 6). A significant decreasing trend (s = -0.21,

S = -0.02 �C year-1) was found for the mean summer

temperature. An increase in total recorded precipitation was

found during summer and winter seasons with a Sen’s slope

value of ?0.17 and ?0.075 mm year-1 (s = ?0.10 and

?0.07; P[ 0.05), respectively. These results were in

accordance with the findings of Ridley et al. (2013), Archer

and Fowler (2004) and Archer (2003), who found a less

significant trend (lower s values at a 5 % significance level)

than in the present analysis. Mean winter temperature

showed a non-significant increasing trend (s = ?0.123)

with a Sen’s slope value of ?0.01 �C year-1. Even if this

trend was positive, the mean winter temperature still

remained negative in high-altitude zones of snow

accumulation. The effect of the positive trend can become

important if the temperature continues to rise at the same

rate over the next few years.

4.3 Correlation between snow cover, climate

variables and stream flow in the Gilgit River

basin (hydrological behavior) and comparison

to the Astore and Hunza basins

The relationships existing between standardized values of

precipitation, snow cover, mean temperature and discharge

of the Gilgit River basin are presented in Fig. 8. The snow

cover extent showed a significant inverse correlation with

the mean temperature and water discharge in the Gilgit

River basin. In fact, high temperatures increased snow melt

which in turn resulted in reduced snow cover and increased

river discharge. Conversely, low temperatures resulted in

longer snow cover duration and reduced river discharge.

The discharge reached its peak from July to September

(Fig. 8) in the Gilgit River as a result of increasing snow

and glacier melt. It is likely that the substantial snow cover

variability (difference between consecutive months) has a

Fig. 7 Trend in standardized values of annual flow in the Gilgit River

(monitored at the Gilgit hydrometric station), Astore River (moni-

tored at Doyian) and Hunza River (monitored at the Dainyor

hydrometric station), and total annual recorded precipitation (mean

of Gilgit and Gupis meteorological stations) over 29 years

(1980–2008)
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large impact on discharge because a larger snow covered

area may also result in greater snow depths (at least in low-

slope valley areas).

On an annual basis, we did not find a significant cor-

relation (r = ?0.14; P[ 0.05) between winter snow cover

extent and winter precipitation in the Gilgit River basin

(Table 3). A possible explaination of the non significant

correlation can be that the actual amount of winter pre-

cipitation was unknown due to previously explained

gauging errors and a lack of climate stations at high alti-

tudes. A positive correlation (though not significant) was

found between the winter precipitation and summer dis-

charge (r = ?0.48) (Table 3), which indicated that the

accumulation of snow during winter generates discharge

upon snow melting in the summer season. As expected, the

summer discharge was significantly correlated (r = ?0.65)

with the summer mean temperatures in the catchment area,

indicating that the seasonal discharge in the Gilgit River is

driven by temperature seasonality of flow arising from the

melting of the snow and glaciers of the Gilgit River basin.

A correlation between the monthly difference (dif-

ference between consecutive months) in discharge and in

the snow covered area for the Gilgit, Astore and Hunza

River basins is presented in Fig. 9. The two variables

were inversely and significantly correlated for these

three river catchments (Fig. 9), which indicated that the

change in river discharge is dependent largely on the

snow cover change in these catchment areas; a decrease

in snow cover generally corresponded to an increase in

the discharge and vice versa. For the Gilgit River basin,

the Pearson product moment correlation (Rodgers and

Nicewander 1988), Spearman rank order correlation

(Spearman 1904) and Kendall’s rank correlation (Ken-

dall 1975; Kendall and Gibbons 1990) values were

-0.57, -0.76, and -0.59, respectively. These values

were -0.73, -0.75 and -0.56, respectively, (Fig. 9) for

the Hunza River basin and the Astore basin had corre-

lation values of r = -0.39 (Pearson’s correlation coef-

ficient), r = -0.48 (Spearman’s rank correlation) and

r = -0.36 (Kendall’s rank correlation), which was much

lower in absolute value than those for the Gilgit and

Hunza River basins (Fig. 9) owing to its lower mean

elevation and the higher influence of summer precipita-

tion on discharge (Table 3).

Fig. 8 Gilgit River basin: correlations between standardized values of monthly precipitation, snow cover extent, mean temperature and

discharge. Significant (P B 0.05) correlations are indicated in bold
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5 Discussion and comparison of the physical
and hydrological characteristics of the Gilgit,
Astore and Hunza River basins

Table 3 presents a summary of the snow cover trends, the

hydrological regimes and the correlation between different

hydro-meteorological variables (stream flow, snow cover

extent, temperature and precipitation) in the three catch-

ment areas (Gilgit, Astore and Hunza). The Gilgit basin is a

mid-altitude (mean elevation &4250 m) snow- and gla-

cier-fed catchment (mean annual runoff &712 mm) situ-

ated in the Hindukush–Karakoram ranges, with a small

percentage of glacier cover (&8.37 %). The Hunza River

basin is a comparatively higher-altitude (mean elevation

Fig. 9 Correlation between monthly difference (difference between two consecutive months) in snow cover and monthly difference in discharge

in the a Gilgit, b Astore and c Hunza River basins. All correlation coefficients are significant (P B 0.05)
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&4650 m) snow- and glacier-fed catchment (mean annual

runoff &759 mm) situated in the Central Karakoram

region with a large concentration of glaciers (&25 %

glacier cover). Both catchments are dependent on temper-

ature seasonality for the generation of runoff in the spring

and summer seasons. The Astore River basin, on the other

hand, is a comparatively lower-altitude (mean eleva-

tion = 4100 m ASL) high-runoff (mean annual

runoff = 1084 mm) catchment situated in the Western

Himalayas in the south of Karakoram that had a good

correlation between the summer stream flow and the cur-

rent summer and preceding winter precipitation amounts.

5.1 Snow cover change

The Gilgit and Astore River basins had a greater annual

range of variability in snow cover (85–12 % and 95–7 %,

respectively; Fig. 4) than the Hunza River basin, which

may be attributed to differences in the mean elevation

(4250 and 4100 m ASL, respectively) and glacier cover

(&8.37 and &6 %, respectively) of the Gilgit and Astore

River basins compared to the Hunza River basin (mean

elevation = 4650 m ASL and glacier cover = *25 %).

The Gilgit and Astore River basins only have &5–7 % of

their area above 5000 m ASL (Fig. 3; Table 1), compared

to the Hunza River basin, which has &33 % of its area

above this altitude (Fig. 3; Tahir et al. 2011). An increase

in mean temperature in a small area at a lower altitude

(such as in the Astore River basin) results in more rapid

snow cover depletion than in a larger area at a higher

altitude (Tahir et al. 2015). Similarly, a snowfall event can

cover the smaller area more rapidly than a larger area

depending on the topographic characteristics (slope, veg-

etation and ground surface temperature, etc.) of the

catchment. The snow cover extent was almost stable or

increased slightly (Table 3) in all three catchments due to

an increase, although statistically non-significant, in winter

precipitation in the area. The slightly positive (statistically

non-significant) trend in snow cover might be the reason

for a positive mass balance of glaciers in the Central

Karakoram region (Hunza) as reported by a number of

investigators (Gardelle et al. 2012, 2013; Hewitt 2007;

Kääb et al. 2012; Paul 2015; Rankl et al. 2014; Scherler

et al. 2011). The increasing trend in snow cover (which was

significant in the low-altitude zone and non-significant in

the mid- and high-altitude zones) (Fig. 5; Table 3) in the

Gilgit River basin was somewhat surprising because many

studies (Berthier et al. 2007; Bolch et al. 2011; Gardelle

et al. 2013; Kääb et al. 2015; Sarikaya et al. 2011; Vaughan

et al. 2013) confirmed a negative mass balance in the

glaciers of the Hindukush. This may be associated with the

fact that the Gilgit River basin is situated in the extreme

northern Hindukush range, bordering the Karakoram, and it

therefore has a climate that draws more from the climate of

the Karakoram region (Hunza basin). Like the Karakoram

ranges, the Gilgit basin undergoes an intrusion of Wester-

lies, such that winter precipitation trends in the Gilgit basin

are similar to those of the Hunza basin (Fig. 1b). The

moisture of the Westerlies is predominantly drained in the

HKH region and little moisture is left in the far eastern and

southern regions of the Himalayas.

The stable or marginally increasing snow cover trend in

the Gilgit River basin was slightly stronger (s = ?0.33)

than in the Astore and Hunza River basins (Table 3) (at

least at lower-altitude zones; Fig. 5). This difference was

prominent in the snow accumulation (s = ?0.23) and

snowmelt (s = ?0.26) periods (not significant for Gilgit).

This might be associated with the declining trend in the

mean summer temperature in the Gilgit River basin, as

observed in Fig. 6, whereas the mean summer temperature

trend was constant in the Hunza basin, as analyzed by

Tahir et al. (2011). These results confirmed previous

studies that showed that many regions within the UIB are

undergoing glacier advance/stability, precipitation increase

and mean temperature decrease (Archer and Fowler 2004;

Bookhagen and Burbank 2010; Hewitt 1998, 2005, 2007;

Scherler et al. 2011; Tahir et al. 2011, 2015).

5.2 Hydrological regime

Mean annual runoff from the Gilgit catchment, &712 mm,

was lower or comparable with respect to the mean annual

runoff generated from the Astore and Hunza basins;

&1084 and &759 mm respectively (Table 3). This was

consistent with the observed total annual precipitation

values, which were lower in the Gilgit River basin than in

the Astore and Hunza River basins (Table 3). The main

source of runoff in all three river basins is winter snow-

pack, which starts melting in the spring season (Fig. 4) and

generates runoff.

The correlation results indicated that the annual dis-

charge of the Gilgit River is influenced by the mean annual

temperatures and the preceding winter precipitation as well

as by the annual and seasonal snowmelt (Table 3). The

correlation between summer discharge and summer mean

temperature (r = ?0.65) in the Gilgit River basin was

somewhat lower than in the Hunza basin (r = ?0.81) but

higher than in the Astore River basin (Table 3). Summer

stream flow in the Gilgit, Astore and Hunza basins was also

positively correlated (r = ?0.48, ?0.76 and ?0.10,

respectively; non-significant) to the preceding winter’s

precipitation (winter snowfall) (Table 3), which melts in

summer. A correlation analysis between the annual dis-

charge and current summer precipitation indicated a

weaker (non-significant) correlation in the Gilgit

(r = -0.3), Astore (r = ?0.19) and Hunza (r = ?0.005)
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River basins, which signified a minimal effect of summer

monsoon rain in the Hindukush, central Karakoram and

Western Himalaya regions. These differences might have

also stemmed from the scarcity of precipitation data at high

altitudes in these three sub-catchments of the UIB.

Overall, this study found significant correlation between

the annual discharge, temperature and snow covered area

change (Table 3) in the Gilgit, Astore and Hunza River

basins. This indicated that UIB flow depends mainly on the

snow melt, as reported by Mukhopadhyay and Khan

(2014a), and is overlapped by the glacier melt rate, as

indicated by Archer (2003) and Mukhopadhyay and Khan

(2014a), which increases with the region’s temperature

seasonality (increased temperatures in spring and summer).

This is in accordance with the results found by

Mukhopadhyay and Khan (2014a) and Bookhagen and

Burbank (2010), who showed that the total annual dis-

charge of the Western Himalayan catchments (e.g., the

Upper Indus Basin) are fed by snowmelt (up to &50 % of

total discharge) and glacial melt (up to 21 % of total annual

discharge).

6 Conclusions

A comparative assessment of the spatial extent of snow

cover and the hydrological regime of the Gilgit, Astore and

Hunza River basins (western, southern and northern parts

of the UIB, respectively) were analyzed using remote

sensing satellite data and ground station observations and

the following conclusions were drawn:

1. A stable or slightly increasing trend in snow cover was

found in the UIB in its western (Hindukush–Karako-

ram), southern (Western Himalaya) and northern

(Central Karakoram) portions, possibly due to the

offset effects of a positive (although statistically non-

significant) trend in winter precipitation and a negative

or constant summer temperature trend. This trend can

be illustrated more confidently by replicating the

analysis in the other sub-catchments of the UIB. A

limited amount of data (15 years to present) for the

MODIS time series is available, and longer records

would help to draw robust conclusions on snow cover

changes; nevertheless an important picture of the last

decades’ snow cover characteristics is provided by the

current analysis.

2. Trend analyses, calculated over 29- and 62-year

periods of hydrological and meteorological variables,

respectively, suggested a non-significant, increasing

trend in stream flow and seasonal (winter and summer)

precipitation and a significant, decreasing trend in the

summer mean temperature in the Gilgit River basin.

3. The discharge from the UIB depends much more on

snow and glacier melt than on the rainfall-runoff in the

western (Gilgit), southern (Astore) and northern por-

tions (Hunza) of the UIB.

A thorough understanding of the complicated hydrocli-

matic conditions within the UIB may be facilitated by

similar detailed studies of the other sub-catchments (e.g.,

Shigar, Shyok and Shingo River basins). A long time series

of climatic data from high altitudes[3000 m ASL would

be useful in detecting the hydroclimatic trends of the UIB

more precisely. This can ultimately facilitate the transition

to more effective and sustainable water resources man-

agement for the region (Halbe et al. 2013).

Acknowledgments The Higher Education Commission of Pakistan

financially supported this research work. This financial support is

gratefully acknowledged and appreciated. The authors extend their

thanks to the Water and Power Development Authority (WAPDA)

and the Pakistan Meteorological Department (PMD) for contributing

their hydrological and meteorological data, respectively. The authors

also wish to thank NASA and Japan’s Ministry of the Economy,

Trade and Industry (METI) for providing ASTER GDEM. Partial

funding for this research was provided by an NSERC Discovery

Grant, and a CFI grant, held by Jan Adamowski. The authors are

grateful to Yves Arnaud, IRD scientist at the LTHE, Grenoble,

France, for helping in the methodology of the MOD10A2 treatments.

Special thanks to Mr. Danial Hashmi of WAPDA for providing the

corrected coordinates of the high-altitude weather stations.

References

Akhtar M, Ahmad N, Booij MJ (2008) The impact of climate change

on the water resources of Hindukush–Karakorum–Himalaya

region under different glacier coverage scenarios. J Hydrol

355:148–163. doi:10.1016/j.jhydrol.2008.03.015

Araghi A, Adamowski J, Nalley D, Malard J (2015) Using wavelet

transforms to estimate surface temperature trends and dominant

periodicities in Iran based on gridded reanalysis data. J Atmos

Res 11:52–72

Arendt A et al (2015) Randolph glacier inventory—a dataset of global

glacier outlines: version 5.0. Global Land Ice Measurements

from Space, Boulder Colorado, USA. Digital Media

Archer D (2003) Contrasting hydrological regimes in the upper Indus

Basin. J Hydrol 274:198–210. doi:10.1016/S0022-

1694(02)00414-6

Archer D (2004) Hydrological implications of spatial and altitudinal

variation in temperature in the upper Indus basin. Nord Hydrol

35:209–222

Archer DR, Fowler HJ (2004) Spatial and temporal variations in

precipitation in the Upper Indus Basin, global teleconnections

and hydrological implications. Hydrol Earth Syst Sci 8:47–61.

doi:10.5194/hess-8-47-2004

Archer DR, Forsythe N, Fowler HJ, Shah SM (2010) Sustainability of

water resources management in the Indus Basin under changing

climatic and socio economic conditions. Hydrol Earth Syst Sci

HESS 14:1669–1680. doi:10.5194/hess-14-1669-2010

Berthier E, Arnaud Y, Kumar R, Ahmad S, Wagnon P, Chevallier P

(2007) Remote sensing estimates of glacier mass balances in the

Himachal Pradesh (Western Himalaya, India). Remote Sens

Environ 108:327–338. doi:10.1016/j.rse.2006.11.017

Comparative assessment of spatiotemporal snow cover changes and hydrological behavior of the… 809

123

http://dx.doi.org/10.1016/j.jhydrol.2008.03.015
http://dx.doi.org/10.1016/S0022-1694(02)00414-6
http://dx.doi.org/10.1016/S0022-1694(02)00414-6
http://dx.doi.org/10.5194/hess-8-47-2004
http://dx.doi.org/10.5194/hess-14-1669-2010
http://dx.doi.org/10.1016/j.rse.2006.11.017


Bolch T, Pieczonka T, Benn DI (2011) Multi-decadal mass loss of

glaciers in the Everest area (Nepal Himalaya) derived from

stereo imagery. Cryosphere 5:349–358. doi:10.5194/tc-5-349-

2011

Bookhagen B, Burbank DW (2006) Topography, relief, and TRMM-

derived rainfall variations along the Himalaya. Geophys Res Lett

33:L08405. doi:10.1029/2006GL026037

Bookhagen B, Burbank DW (2010) Toward a complete Himalayan

hydrological budget: spatiotemporal distribution of snowmelt

and rainfall and their impact on river discharge. J Geophys Res

115:F03019. doi:10.1029/2009JF001426

Dimri AP, Chevuturi A (2014) Model sensitivity analysis study for

western disturbances over the Himalayas. Meteorol Atmos Phys

123:155–180. doi:10.1007/s00703-013-0302-4

Dimri AP, Yasunari T, Wiltshire A, Kumar P, Mathison C, Ridley J,

Jacob D (2013) Application of regional climate models to the

Indian winter monsoon over the western Himalayas. Sci Total

Environ 468–469(Supplement):S36–S47. doi:10.1016/j.scito

tenv.2013.01.040

Førland EJ et al (1996) Manual for operational correction of Nordic

precipitation data. DNMI, Oslo

Forsythe N, Fowler H, Kilsby C, Archer D (2012a) Opportunities

from remote sensing for supporting water resources management

in village/valley scale catchments in the Upper Indus Basin.

Water Resour Manag 26:845–871. doi:10.1007/s11269-011-

9933-8

Forsythe N, Kilsby CG, Fowler HJ, Archer DR (2012b) Assessment

of runoff sensitivity in the Upper Indus Basin to interannual

climate variability and potential change using MODIS satellite

data products. Mt Res Dev 32:16–29

Fowler HJ, Archer DR (2005) Hydro-climatological variability in the

Upper Indus Basin and implications for water resources. In:

Regional hydrological impacts of climatic change—impact

assessment and decision making, Seventh IAHS Scientific

Assembly at Foz do Iguaçu, Brazil, pp 131–138
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