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Abstract

Due to climate change, the world average surface temperature has increased 0.3-0.6ºC over the past 
100 years. The northern belt of Pakistan holds the largest storage of freshwater (ice and snow) after 
the polar region, and provides water to the downstream population for agriculture plus domestic and 
hydropower resources. This study focuses on a possible explanation for the seemingly declining behavior 
of Darkut Glacier using evidence from ground observation and climate station data in Yasin and Gupis 
valleys in northern Pakistan. We analyzed data obtained from two stations includes the Water and Power 
Development Authority of Pakistan (WAPDA, 1995-2010) and the Pakistan Meteorology Department 
(PMD, 1986-2015). Results of both climate station data depicted an increase in total precipitation and 
a decrease in winter and spring seasons. The study also highlighted an increase in mean minimum and 
maximum temperatures, particularly in winter and spring. Similarly, the trend of solar radiation also has 
decreased. Therefore, enhanced snout fluctuation and the melting rate of Darkut occurred during the study 
period. All of these changes have had a negative impact on the snout of the glacier, which has retreated  
6 m during 2013 and 2016, and a lake has formed behind the terminal moraine. 
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Introduction

Earth’s climate has been evolving over millennia, but 
in the last two centuries the change in climate has been 
unique due to the development of Greenhouse gases [1]. 
Global climate change indicates that our planet’s climate 
has changed as a whole through shifts of average weather 
patterns over a period of 30 years or so [2]. According 
to the Intergovernmental Panel on Climate Change, Fifth 
Assessment Report (IPCC-AR5), the global average 
temperature has increased by 0.85ºC (0.65-1.06ºC) over 
the period of 1800-2012, relative to 1961-1990 (IPCC, 
2013), and 0.74-18ºC has been detected during the last 100 
years (1906-2005) [3].

The Hindukush-Karakorum-Himalaya (HKH) is an 
ensemble of mountain ranges stretching east to west over 
2,000 km, containing around 60,000 km2 of glaciers and 
perennial surface ice in varying climatic regimes [4]. 
The high mountains of South Asia covering the (HKH) 
belt have been described as the “Water Tower of Asia” 
due to their significant role in feeding the major rivers 
of southern Asia [5]. Most of the glaciers in the HKH 
region have been diminishing and losing their mass 
since 1950, but the observed variations are not regionally 
consistent [6-8]. According to Rasul and Chaudhry 
[9], on the whole, HKH mountain terrain ice and snow 
coverage is now declining must faster than ever. In the 
mountain areas global warming effect on the cryosphere 
is clear in a reduced snow cover period and declines or 
contracts mountain glaciers [10]. The temperature of the 
HKH region has warmed by approximately 1.5ºC, which 
is almost twice the amount in other parts of Pakistan 
(0.76ºC) in the last 30 years [11]. A significant increase in 
the temperature of the HKH region is expected to impact 
snow cover dynamics, which in turn will affect seasonal 
flow variations [12].

Solar radiation drives many surface processes, 
including snow, glacier melt, and evaporation [13], that have 

consequences in near-surface air temperature changes. 
The diurnal temperature range (DTR), which is described 
as the variation between daily minimum and maximum 
temperatures, is useful for studying the counteracting 
effects of shortwave and long wave radioactive forcing 
because the diurnal minimum temperature is closely 
linked to long-wave radiation, whereas the diurnal 
maximum temperature is predominantly determined by 
shortwave radiation [14].

The climate and topography of the mountainous area 
have caused strong variations in glacier behaviour, and it 
has become too complex to understand the climate change 
impacts in the HKH region [15], where there is also the 
problem of scarcity of meteorological, hydrological, and 
glaciological data due to difficult terrain [16]. At present, 
limited work has been conducted to account for glacier 
fluctuations in response to changing climate, and few 
studies are available in the HKH region. The Gilgit 
sub-basin of UIB (between 35.8-37-E and 72.5-74.4-N) 
includes the eastern part of the Hindu Kush Range and 
drains south eastward into the Indus River. The drainage 
area of the basin corresponds to more than 12,000 km2 
with an elevation range of 1481-7134 m (a. s. l). The 
Gilgit basin receives its precipitation from both summer 
monsoon system and westerly disturbances [17]. The 
Gilgit basin was selected as the study area within the 
Upper Indus Basin (UIB). No detailed study has been 
conducted so far in Darkut Glacier, Yasin Valley Gilgit-
Baltistan.

It is important to know about glacier behavior 
in the study area under the climate change scenario 
because glaciers are important sources of fresh water 
for the inhabitants of the mountainous region and also 
to downstream populations for multiple purposes, 
including domestic, agricultural, and hydroelectric power 
production. Therefore, the present research focused on 
evaluating the impact of climate change – especially on 
low-lying glaciers – and their impact in downstream areas 

Fig. 1. Behavior of Darkut Glacier in the study area. 
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in the eastern Hindu Kush that may help to explain the 
present status and future trends of glaciers.

Material and Methods

Darkut glacier is situated in Yasin Valley in northern 
Pakistan (36.64382°N and 73°40027E) (Fig. 1a).The field 
survey was carried out between 2013 and 2016 and the 
topography of Darkut glacier was studied. During field 
work we used GPS to find the coordinates of the snout 
and a digital camera to take on-site glacier pictures. We 
obtained daily climate data (temperature, precipitation, 
and solar radiation) from WAPDA (1995-2010) and PMD 
(1986-2015; because the WAPDA station was installed at 
Yasin in 1995, past climate data are not available). The 
study area covers two climate stations – one automatic 
weather climate station of WAPDA at Yasin at 3,150 m 
a.s.l., while the PMD climate station was at Gupis Valley. 
Climate data for the last 16 years were analyzed to find 
trends of maximum temperature, minimum temperature, 
precipitation, and incidence of solar radiation along the 
study area. A regression equation was applied to find the 
trend of each parameter. Temperature data of each month 
were classified for annual and seasonal bases, while 
precipitation data were analyze taking as monthly and 
total annual precipitation and the solar radiation on the 
basis of highest, lowest, and average for each month.

Climate data for the last 30 years was analyzed to find 
trends of maximum temperature, minimum temperature, 
and precipitation along the study area. Regression equation 
and Kendall’s tau-b test were applied to find the climate 
change variability trend for each parameter. Temperature 

Fig. 2. Trend of mean maximum and minimum temperatures of 
WAPDA station.

Fig. 3. Trend of mean maximum seasonal temperatures of 
WAPDA station.
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data of each month were classified (maximum, minimum) 
for annual and total precipitation data, which were 
analyzed on an annual basis.

Results and Discussion

Fig. 2a) depicted the mean minimum temperature 
as having an increasing trend of 0.02ºC per year, and 
a total rise of 0.32ºC during the study period. The 

highest minimum temperature of 1.2ºC was recorded in 
2001 and the lowest – -0.3ºC – during 1995 and 2009.  
Fig. 2b) revealed that the mean maximum temperature 
has decreased at a rate of 0.02ºC per year and during  
the whole study period it has decreased 0.34ºC. The  
highest maximum temperature has been recorded 
simultaneously during 2001, 1998, and 2006, while the 
lowest maximum temperature was in 2009. We concluded 
that overall maximum temperature has a decreasing 
trend. Fig. 3 shows that the mean maximum temperature 
on a seasonal base is increasing in spring, while in 

Fig. 4. Trend of mean minimum seasonal temperatures of 
WAPDA station.

Fig. 5. Trend of annual and monthly precipitation of WAPDA 
station.

Mean 
maximum 

temperature

Mean 
minimum 

temperature

Total 
precipitation

Season 1995-2010 1995-2010 1995-2010

Annual (J-D) 0.529 0.566 0.01

Winter (DJF) 0.25 0.168

Spring (MAM) 0.293 0.319

Summer (JJA) -0.176 -0.160

Autumn (SON) -0.237 -0.120

Trend is significant at 0.01 levels.

Table 1. Trend of annual seasonal mean maximum and minimum 
temperatures (ºC) and precipitation (mm) of WAPDA climatic 
station using Kendall’s tau-b methods.
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summer, autumn, and winter it is more or less constant. 
Fig. 4 demonstrated mean minimum temperature on 
a seasonal basis, which increased in winter and spring, 
while in autumn it slightly decreased, and in summer is 
more or less constant. Fig. 5a) showed that the total annual 
precipitation during the study period has increased at a 
rate of 10.50 mm. Minimum precipitation of 200 mm was 
recorded in 2001, while that of maximum precipitation 
of 700 mm was recorded in 2010. It is also depicted that 
with the passage of time the total annual precipitation 
has increased. Fig. 5b) showed the utmost monthly 
precipitation occurring in spring, summer, and autumn, 
respectively, while less precipitation in winter season is 
recorded in Kendall’s tau-b trend to illustrate small but 
significant variations between annual temperature and 
different seasons. For maximum temperature, spring has 
a higher positive correlation than winter, and autumn has 
a higher negative correlation than summer. Minimum 
temperatures show that spring has a higher positive 
correlation than winter, and summer has a higher negative 
correlation than autumn.  

Similarly, the correlation in total precipitation is 
also significant (Table 1). Fig. 6 illustrates the highest, 
lowest, and average annual incidences of solar radiation. 
The highest, lowest, and mean solar incidence has a 
decreasing trend during the study period, and both have 
their lowest values in 2008. Highest and lowest solar 
incidents simultaneously have highest values in 1996 
and 2003. Trend analysis of solar radiation showed that 
there is a negative significant change in average, highest, 

and lowest solar radiations at the annual base (Table 2). 
Fig. 7a) revealed that the mean maximum temperature 
has increased, while Fig. 7b) depicts how the minimum 
temperature has increased during the study period. Both 
minimum and maximum temperatures have increased 
with the passage of time over the period 1985-2015.  
Fig. 8 presents how total annual precipitation during the 
study period has increased, with minimum precipitation 
of 82.2 mm being recorded in 2006 while that of maximum 
precipitation of 675.6 mm was recorded in1999. It is also 
illustrated that with the passage of time the total annual 
precipitation has increased. Trend analysis of mean, 
maximum, and minimum temperatures revealed that 
there is positive moderate correlation between years and 
temperature and also precipitation (Table 3). 

The HKH region is undergoing changes in the 
cryosphere as a result of climate change. Rising 

Fig. 8. Trend of annual precipitation of PMD station.

Fig. 6. Trend of annual highest, average, and lowest solar 
radiation.

Fig. 7. Trend of annual mean maximum and minimum 
temperatures of PMD station.

Highest 
solar 

radiation

Average 
Solar 

radiation

Lowest solar 
radiation

Season 1995-2010 1995-2010 1995-2010

Annual (J-D) -0.133 -0.283 -0.350

Trend is significant at 0.01 levels.

Table 2. Trend of annual average, highest, and lowest solar 
radiation (w/m2) of WAPDA climatic station using Kendall’s 
tau-b methods.
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temperatures and changing precipitation patterns across 
the HKH region resulting from climate change have an 
influence on water resource availability and food security 
for the downstream population. Predicted increases in 
temperature will drive increased shrinkage of glaciers 
[18]. While in the eastern HKH region glaciers are 
retreating at smaller rates than previously estimated [19], 
and there is still uncertainty in estimating glacial retreat. 
The rates of retreat in the HKH region are not implicit 
because of a lack of field data [20], making it complex to 
understand the impact of regional climate change [21]. A 
number of recent studies have demonstrated that HKH 
glaciers have experienced negative mass balance overall 
in the last decade [22]. A study by Fujita and Nuimura 
[23] looking at three benchmark glaciers found evidence 
of rapid glacier wastage since the 1970s. Especially lower 
glaciers have a more negative mass balance than the arid 
high-elevation benchmark glacier, implying that the 
lower glaciers are more sensitive to change. Black carbon 
deposition in Tibetan glaciers may have contributed to 
their fast retreat [24]. Most of the glaciers in the HKH 
region have been retreating and losing mass since the 
mid-19th century [25]. 

Glacier mass balances are declining significantly 
in the Hindu Kush and Spiti-Lahaul regions to positive 
values in the Pamir-Karakoram-western-Kunlun-Shan 
region. This proposes the so-called Karakoram glacier 
mass-balance anomaly, or Pamir-Karakoram anomaly 
[26]. A study using satellite altimetry data disclosed a 
complex pattern in mass balance with the Karakoram 
glaciers thinning by only a few centimeters a year with 
greater rates of loss in the Hindu Kush and the central 
and eastern Himalayas [26]. Potential consequences of 
glacier changes would mean unsustainable water supplies 
from major rivers, which might threaten the livelihoods 
and well being of those in the downstream regions [27-
30]. Due to a general increase in warming, stored water 
has started melting at an accelerating rate due to the rising 
formation of new glacial lakes, and local floods are due 
to glacial lake outburst floods [31]. The melting rates of 
low-elevation glaciers are faster due to the increasing 
trend of temperature from lower elevations to higher 
ones, consequently accelerating the melting rates of 
glaciers and causing the formation of visible supra- and 
sub-glacial lakes in the Hindu Kush, Karakorum, and 
Himalaya glaciers, which also revealed a snowline shift 

about 1 km higher than its location 25 years ago [9]. A 
current assessment of HKH glaciers using a combination 
of remote sensing and in situ data found diverse patterns 
of glacial retreat within the region [32]. The concentration 
of greenhouse gases (GHGs) has considerably increased 
throughout the last few decades because of anthropogenic 
activities such as burning of fossil fuels and biomass, rapid 
industrialization, land use changes, and deforestation. 
This increased GHG concentration has a consequence 
in global warming and a global energy imbalance [33-
34]. In the present investigation a detailed questionnaire 
study was carried out in July 2016 to record the ground 
observations of climate variability along Darkut Valley. 
According to the local inhabitants, Darkut Glacier has 
significantly shrunken in last 2-3 decades. Before the 
said period, the area received 1-3 m of snowfall, but 
today the amount hardly reaches 1 m. The study also 
reported that a varied rain pattern has been observed with 
a significant increase of summer rain. Besides, a glacial 
lake has formed behind the terminal moraine (Fig. 1c). 
As confirmed by the local inhabitants, that lake formed 
20 to 30 years ago and changes are also experienced in 
Darkut Glacier by repeating coordinate measurements of 
the snout carried out between 2013 and 2016 (Fig. 1b).

HKH climate is heavily controlled by three circulation 
systems that are largely responsible for the patterns of 
seasonal precipitation in the region [35]. The western 
disturbances bring snowfall during the winter and pre-
Indian Summer Monsoon months [36-37]. Although there 
is less of a gradient in total snowfall along the HKH arc, 
there is a difference in the seasonal timing of snowfall 
[38]. Local climate determines the rate at which seasonal 
snow varies to glacier ice [39]. The western disturbances 
intermittently bring moisture over the UIB, mainly 
in solid form throughout the year, though their main 
input comes during winter and spring [40-42]. Glaciers 
controlled by the summer monsoon (i.e., east of the Spiti-
Lahaul) illustrated thickness losses, meaning summer 
accumulation-type glaciers [43-44]. Glaciers with 
considerable winter accumulation are under the influence 
of the westernlies, establishing a more mixed picture 
with stable or growing thicknesses in the Karakoram and 
western Kunlun Shan, but thickness losses – for instance 
in the Hindu Kush. Maximum precipitation occurs in the 
Upper Indus Basin during the winter and spring seasons 
due to the westernlies [45-46]. Fluctuations in the Upper 
Indus Basin Glacier are most probably due to precipitation 
rather than thermal anomalies [47]. The variability of 
snowfall rate and intensity during spring/summer has a 
significant impact on glacial mass balance. The timing 
and amount of snowfall in the early ablation (mass loss) 
season is a key process for the surface energy balance 
of glaciers and irregular events effects that can continue 
during the entire ablation season [48-50]. Similarly, in our 
study it is demonstrated that the variabilities occurred 
in seasonal precipitation as less precipitation occurred 
in winter and spring, and more precipitation occurred in 
summer and autumn in the eastern Hindu Kush, which 
have negative repercussions on Darkut Glacier.

Mean 
Maximum 

Temperature

Mean 
Minimum 

Temperature

Total 
Precipitation

Season 1986-2015 1986-2015 1986-2015

Annual (J-D) 0.394 0.072 0.071

Trend is significant at 0.01 levels.

Table 3. Trend of annual seasonal mean maximum and minimum 
temperatures (ºC) and precipitation (mm) of PMD climatic 
station using Kendall’s tau-b methods.
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In the past 30 years temperature have increased in 
mountainous regions of Pakistan as a result of increasing 
melting rates for snow and glaciers [51]. The winter 
warming and summer cooling trends are less common than 
previously thought [52-53]. By analyzing temperature, 
Río et al. [54] also described dominant warming during 
March and the pre-monsoonal period instead of the winter 
season. The analysis from the above-mentioned studies 
are mostly based on low-altitude stations of PMD [55]. 
Contrary to these low-altitude stations, high altitudes 
in South Asia mainly feature opposite signs of climatic 
change and extremes, possibly controlled by local factors 
[56]. While long-term warming at minimum temperature 
is restricted during February-May and in November, which 
dominates during March and February and is prominent 
at higher altitude stations than low altitude [57]. A 
decrease of solid precipitation due to higher temperatures 
in winter is expected to have an effect only on lower 
reaches of glaciers, while the impact of summer cooling 
is widespread at all elevations and the winter warming 
effect is restricted to lower elevations only [58].The rate 
of warming in annual mean surface air temperature in 
China was 0.25-1ºC (10 yr) through 1951-2004, when 
most significant warming happened in spring and in 
winter in northern China and over the Qinghai-Tibetan 
Plateau [59]. The trend analysis under the RCP emission 
scenarios demonstrated that the temperature in the Gilgit 
catchment will raise significantly (approximately 3-10ºC) 
due to the excessive increase in the concentrations of 
greenhouse gases in the atmosphere by the end of the 21st 
century [60]. The annual mean temperature will increase 
by approximately 3ºC in 90 years, from 2011 to 2100, in 
the Gilgit catchment, while summer temperatures will 
decrease at the Gilgit, Yasin, Gupis, and Ushkore stations, 
respectively, from 2011 to 2100 [61]. We found a contrast 
between summer and winter temperatures with significant 
increases in winter mean and maximum temperatures, 
and a constant decline in summer mean and minimum 
temperatures from 1961 to 2000 in sub-catchments of 
UIB [61]. The annual and seasonal minimum, maximum, 
and mean temperatures have increased significantly since 
1986 in the Gilgit catchment. The increase in spring flows 
was high compared with the annual and other seasonal 
flows due to significant increases in spring temperature 
[62]. In our study low elevation PMD station (2,155 m) 
data (1986-2015) shows that annual mean maximum and 
minimum temperatures increased and high elevation 
(3,150 m) WAPDA station data (1995-2010) depicted that 
annual mean maximum temperature is in slight decline 
and minimum temperature increased, while seasonal data 
shows an increase in spring temperature while winter is 
slightly increased or more or less constant, and autumn is 
in slight decline, while summer is more or less constant.

Thermal radiation and surface solar radiation (SSR) 
have diverse effects on temperature, and are slightly 
decreased in the annual mean maximum temperature 
during 1961-89, which was consistent with the decrease in 

SSR as recorded [63]. While the minimum temperature, 
which was little influenced by total SSR, was increasing 
during this period, suggesting that the greenhouse effect 
was enhanced [64]. The SSR also had influences on the 
surface temperature in China while the greenhouse effect 
was still the major driver of surface temperature rises. 
The correlation coefficient between SSR and DTR was the 
highest in winter, which indicates that total SSR had the 
largest influence on DTR in winter, showing that the solar 
radiation effect on DTR was the largest in this season [64]. 
Similar results are also observed in our study, including a 
decreasing trend in total annual solar radiations as a result 
of decreasing mean maximum temperature, while mean 
minimum temperature is increased because surface solar 
radiation has little influence on minimum temperature, 
which has negative repercussions on the study area 
glacier.

Conclusions

Mean maximum temperature was more or less 
in decline in 1995-2010 as annual mean minimum 
temperature increased, while data for the period 1986-
2015 shows an increasing trend of both mean maximum 
and minimum temperatures. Seasonal mean maximum 
and minimum temperatures increased and temperatures 
in autumn and summer remained slightly constant. 
However, in the same period precipitation data shows 
that most precipitation occurred in late spring, summer, 
and autumn, and less in winter, but overall precipitation 
trend increased in the study period. Solar radiation has 
greatly influenced mean minimum temperature and 
also winter and spring. In addition to greenhouse gases, 
anthropogenic activities and fossil fuel aerosols deriving 
surface temperature may also be affected. Nevertheless, 
both stations have similar results except for the high 
elevation WAPDA station, which observed a slight decline 
in maximum temperature. The increasing temperature 
trend in winter and spring and decreasing precipitation 
in winter and early spring caused earlier and faster snow 
melt. As a result of the enhanced melting rate of Darkut 
Glacier and the glacier lake formation behind the terminal 
moraine, the glacier retreated 6 m during 2013 and 
2016. So, further detailed investigation is necessary for 
understanding the behavior of glaciers under the climate 
change scenario in the future. 
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