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ABSTRACT 

Against the background of climate change, alpine permafrost active layers have shown a gradual thickening trend and the 
hydrothermal conditions have undergone significant changes in the Tianshan Mountains and the Qinghai-Tibet Plateau, 
China. At the ice-free cirque basins in the headwaters of the Urumqi River (hereafter referred to as the Ice-Free Cirque) in 
eastern Tianshan, China, the hydrological effects of the alpine permafrost active layers appear to have also exhibited sig-
nificant changes recently. The increasing trend of local precipitation is clear in May and June. The onset of winter and 
spring snowmelt runoff clearly lags behind increases of air temperature, and the runoff peak appears near the beginning of 
the melting season, which results in the spring runoff increasing. In summer, runoff decreases strongly and the maximum 
runoff occurs earlier. In our analysis of meteorological and hydrologic data from 1959 to 2010, the runoff and precipitation 
changes are significantly correlated. In the initial stage of runoff, the runoff-producing process is mainly under the control 
of the soil water content and soil temperature in the 0–30 cm active layers. Spring precipitation and snowmelt water are 
mainly involved in the processes of infiltration and evaporation while some melt water infiltrates into the seasonal thawed 
layer and stays above the frozen layers. During the strong ablation period in summer, the runoff-generating process is 
mainly controlled by soil water content in the active layers deeper than 60 cm. In the active layer, precipitation and sea-
sonal snowmelt water infiltrates, migrates, collects, and then forms runoff.  
Keywords: permafrost active layer; air temperature; precipitation; runoff; headwaters of the Urumqi River  

 

1  Introduction 
 
Changes in the cryosphere are impacting the global 

climate system, and much of the current interest in 
high-latitude hydrology has been fueled by concerns 
about climate change. There is sufficient evidence that 
the ongoing global warming has exerted significant 
impact on hydrologic cycles including precipitation 
and its distribution, snow accumulation or thawing, 

evapotranspiration, and surface or underground runoff 
(IPCC, 2001). Climate warming and associated pre-
cipitation changes are expected to lead to decreased 
winter snow accumulation and earlier snowmelt in 
many, although not all, regions that currently have 
seasonal snow cover (Adam et al., 2009). In certain 
Arctic environments, lakes are believed to be sensitive 
to changes in climate, with some lakes disappearing 
slowly and others in areas with ice-rich permafrost 
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becoming prone to rapid or catastrophic drainage 
(Marsh et al., 2009). Climate changes have led to 
changes in permafrost temperature and active layer 
thickness (Overduin and Kane, 2006), which has had 
profound change effects on the regional hydrologic 
processes and ecological environments. The main 
hydrologic processes in permafrost regions are infil-
tration, migration, and the phase change process of 
snowmelt water and rain into the active layer.  

Previous analyses showed an asymptotic curve 
between winter streamflow and both the thickness of 
the active layer and the winter temperature in the 
Tianshan Mountains and the Qinghai-Tibet Plateau, 
China (Liu et al., 2003, 2005; Gong et al., 2006). They 
imply that winter streamflow increases with a thick-
ening of the active layer and a decrease in the depth of 
seasonal frost penetration in winter. Other studies have 
shown that the interannual variability of the depth of 
the active layer will inevitably lead to a decline in 
groundwater levels, which will result in less water 
content in the active layer. This change affects not only 
the amount of runoff, but also (and mainly) the fragile 
ecological environments in permafrost regions (Yang 
et al., 2000). In addition, some studies have indicated 
that climate change and permafrost degradation can 
cause degradation of alpine meadows and a wide range 
of steppe vegetation, which in turn affects the status of 
water and heat in soil, and the change of hydrologic 
cycle in the active layer and permafrost will further 
accelerate the permafrost degradation (Wang et al., 
2001, 2012). 

Over the past two decades, based on records and 
observations of changes in glaciers, streamflows, me-
teorological parameters, and the permafrost active 
layer in the Urumqi River Basin, a significant increase 
in ice and snowmelt runoff has occurred. An increas-
ing trend in precipitation has been significant since 

1986 (Wang et al., 2005) and, particularly after 1995, 
there have been increases in both air temperature and 
precipitation at the headwaters of the Urumqi River (Li 
et al., 2003). Correspondingly, the soil temperature of 
the permafrost at the depth of 30–60 cm has slowly 
increased, and the active layer is getting thicker (Jin et 
al., 1998). Based on the significant impact of climate 
change on hydrologic processes, we here analyze the 
response of changes of runoff to the changes of air 
temperature, precipitation, and other parameters at the 
high-mountain headwaters of the Urumqi River. This 
has great significance in improving our understanding 
of the impact of climate change on cold and arid re-
gions runoff changes and the rational use of water 
resources. 

 
2  Study area 

 
The Ice-Free Cirque (43°04′N, 86°30′E; Figure 1), 

located at the headwaters of the Urumqi River in 
eastern Tianshan, is in close proximity to the Urumqi 
Glacier No. 1 (43°05'N, 86°48'E). In order to study the 
hydrologic processes of runoff that are from precipi-
tation, snow, and permafrost, a hydrological station 
(3,805 m a.s.l.) was built at the outlet of the Ice-Free 
Cirque, whose catchment area is 1.68 km2. Precipita-
tion and runoff from snow and permafrost have been 
observed there since 1982. In 2003 an observation 
system for temperature, humidity, precipitation, radi-
ation, etc., was built. During 2003–2010, the thawing 
runoff, meteorological elements, soil water content, 
and water movement in the active layer of alpine 
mountain permafrost were monitored at the gauging 
station; these data were used to analyze the change 
characteristics of runoff from permafrost in the basin 
and the hydrological effects of the thawing-freezing 
process. 

 

 
Figure 1  Map showing the hydrologic stations at the source of the Urumqi River 



TianDing Han et al., 2016 / Sciences in Cold and Arid Regions, 8(3): 0241–0249 
 

243

 
3  Data collection and methods 

 
Temperature and precipitation data recorded during 

1959–2010 are available at the Daxigou meteorological 
station (DXG) (elevation 3,539 m a.s.l.), which is lo-
cated 3 km downstream of the Urumqi Glacier No. 1. 
The Ice-Free Cirque hydrologic station has recorded the 
water level data during the snowmelt periods (May to 
September) from 1982 to 2010; the discharges were 
obtained by developing a stage–discharge relationship 
(rating curve) for each thawing season to convert water 
levels into discharges. The observations for discharge 
and air temperature were made every hour. The meas-
urements for soil temperature, soil water content, and 
heat flux were started since August 2003 when an active 
layer monitoring system was established. 

The linear regression analysis was carried out for 
the long-term observation data series, and the standard 
t-test was used to determine the statistical significance 
of the factors' changing trends. Furthermore, the rela-

tionships between temperature, precipitation, and 
runoff were analyzed to quantify the impact of climate 
change on the discharge variations. 

 
4  Results and analysis 
 
4.1  Interannual variations of temperature, precip-

itation, runoff, and their correlations 
 
The local air temperature appears to show an 

overall increasing trend, especially during the period 
of 1997–2010 (Figure 2). The annual average temper-
ature has increased about 1.1 °C (averaged by 
0.02 °C/a) from 1959 to 2010. Compared with the 
mean air temperature of −5.3 °C in 1959–1996, the 
mean air temperature of −4.0 °C in 1997–2010 indi-
cated an increase of 1.3 °C. 

The precipitation was fairly constant during the 
period of 1959–1985, but increased rapidly from 1986 
to 2010 (Figure 2).  

 

 
Figure 2  Variations of yearly air temperature and precipitation at the Daxigou meteorological station from 1959 to 2010 

 

The runoff from the Ice-Free Cirque has been ex-
hibiting a significantly increasing trend since the 
mid-1980s and especially since 1996, as it has been 
presenting a much higher level than the average value 
during the previous 10 years (Han et al., 2003).  

Preliminary analysis showed that the significant 
increase of runoff was related to significantly increased 
precipitation and generally upward-trending tempera-
ture at the Ice-Free Cirque since the 1980s. The runoff 
and precipitation changes were significantly correlat-
ed; however, there was a relatively weak positive 
correlation between runoff and temperature (Figure 3). 
Because of air temperature rise, the active layer of 
permafrost in the headwaters of the Urumqi River has 
been getting thicker. During the study period, the 

maximum thickness of the active layer reached 1.60 m 
in 2007. This was an increase of 0.35 m compared with 
1992 (Zhao et al., 2010). The thawing of underground 
ice in the active layer has certainly contributed to 
runoff. 

Moreover, related studies showed that the annual 
variation of precipitation during the period from May 
through June clearly increased in the high-mountain 
headwaters of the Urumqi River, and the onset of 
thawing and forming snowmelt runoff in spring were 
also obviously later than before (Han et al., 2004, 
2010). The result of the duplicate effects was that the 
thawing flood peak just happened after the onset of 
snowmelt runoff. Whereas, the runoff in summer 
decreased significantly, implying that the maximum 
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runoff peak occurred earlier than before in response 
to global warming (Shen et al., 2013). These change 
characteristics can be visualized by analyzing the 
monthly runoff variations in two typical years (Figure 
4). The air temperature, precipitation, and runoff 
during the snowmelt season and in April (before 
snowmelt) in these two years are listed in Table 1. 
More than 90% of the precipitation in the headwaters 

of the Urumqi River occurs from April to September, 
and more than 95% of the whole annual runoff at the 
station occurred during the May−September obser-
vation period; for the rest of the year, the streamflows 
are mostly frozen. In early snowmelt season (May), 
runoff has a relatively close relation with air tem-
perature; in the main snowmelt season, runoff is 
mainly from precipitation. 

 

 
Figure 3  Relationships between runoff and air temperature and precipitation in the Ice-Free Cirque  

 

 
Figure 4  Runoff changes in the Ice-Free Cirque hydrologic station at the source of the Urumqi River in 1993 and 2010  

 

Table 1  Runoff (Q), air temperature (T) and precipitation (P) in the Ice-Free Cirque in 1993 and 2010 

Year 

April  May May–August  June–August      

T 

 (°C) 

P 

 (mm) 

Q 

(m3/s)

 T  

(°C) 

P 

(mm)

Q 

 (m3/s)

T 

(°C)

P 

(mm)

Q 

 (m3/s)

 T 

(°C) 

P 

(mm)

Q  

(m3/s)

1993 −5.4 81.0 0.000  −2.4 68.3 0.024 2.0 401.8 0.069  4.4 333.3 0.100

2010 −5.0 22.8 0.000  −3.4 78.0 0.000 2.5 301.0 0.045  4.5 223.0 0.060
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4.2  Runoff seasonal variation  

 
The runoff process has a close relationship with the 

hydrothermal conditions in permafrost active layer, 
and is mainly controlled by the thawing depth of 
permafrost in different seasons. In spring, the thawing 
depth of the active layer in permafrost is so shallow 
that melt water infiltrates very weakly (Kane et al., 
1989). The water content in the top layer of permafrost 
is relatively larger because snowmelt water mainly 
contributes to evaporation of snow and top soil and 
some infiltration. Some of the melt water infiltrates 
into the seasonal active layer and is stopped by the 
frozen layer, forming suprapermafrost water. When the 
process is relatively stable, snowmelt water will sup-
ply rivers as type of shallow water. 

Actually, the hydrologic process in permafrost has 
a close relationship with the surface snow depth before 
thawing season, and the snowmelt duration and inten-
sity are also closely related to air temperature and soil 
temperature during the thawing period. The hydrologic 
processes in permafrost are also the comprehensive 
reflection of temperature and precipitation during the 
thawing period. In spring, day and night temperatures 
change so sharply that melt water in snow and the active 
layer refreezes in the nighttime, which keeps much melt 
water in the surface soil or fills depressions (Woo, 
1983). This is also the reason why the melt runoff is 
scant in the early spring (Yang, 1988). In late spring and 
early summer (May to June), air temperature rises over 
0 °C, snow melts strongly and yield snowmelt peak 
runoff in spring, which is often larger than the precipi-

tation peak runoff in summer (Figure 4) due to the wa-
terproofing function of permafrost (Yang, 1981). In 
summer, river runoff is mainly from precipitation. With 
soil temperature rising, the active layer in permafrost 
gets thicker. Precipitation or meltwater infiltrates into 
the active layer and makes the underground water level 
rise, and then the redundant water can supply runoff. In 
fall, runoff is orderly affected by soil temperature, soil 
water content, and air temperature. When the tempera-
ture drops below 0 °C, usually in September, the active 
layer is frozen until the next ablation period. 

Our observation in 2010 has demonstrated these 
significant seasonal changes of runoff in permafrost 
(Figure 5). The snow accumulation in May reached 
about 108 mm. From May 31 to June 4, the air tem-
perature was continuously higher than 0 °C, and on 
June 7 the first snowmelt runoff peak occurred. From 
June 10 onward, precipitation continuously increased 
and air temperature rose sharply, which led to a larger 
mixed peak runoff on June 25. The supply for runoff 
was from permafrost thawing and surface snow melt-
ing. In the beginning of runoff forming, the runoff 
process was influenced by the soil temperature at the 
10 cm depth; in spring, runoff was mainly correlated 
with the soil water content of the 10–20 cm deep active 
layer, and the runoff production was delayed by three 
to four days; in summer, the runoff process was mainly 
controlled by the soil water content in the active layer 
more than 60 cm. Besides, during the spring floods 
period, what played a leading role in runoff was soil 
water content and temperature in the active layer 
shallower than 65 cm (Li et al., 2009). 

 

 
Figure 5  Hydrometeorological data on May 1 to September 30, 2010 for daily precipitation (P), air temperature (T),                       

and runoff (Q) at the Ice-Free Cirque hydrologic station 
 

4.3  Runoff formation under different hydrothermal 
conditions 

 
4.3.1  Runoff process in clear weather days 
  

At the beginning of spring, runoff flow generation 

and concentration are mainly controlled by the snow 
accumulation in previous days, which melt and form 
runoff along with temperature gradually rising (Figure 
6). From May 28 to June 4 in 2010, when the air 
temperature fluctuated at 0 °C, weak runoff only ap-
peared at about 13:00. When the daily air temperature 
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rose and stayed above 0 °C, continuous runoff ap-
peared. It began on June 6 in 2010. The correlation 
between runoff and air temperature from June 4 to 
June 11 in 2010 in the Ice-Free Cirque was similar to 
that in the Glacier No. 1 on clear weather days (Han et 
al., 2010), but the time-lag of runoff behind air tem-
perature was more 4 hours later than that in Glacier 
No. 1. The maximum runoff often appeared at about 
20:00 in the Ice-Free Cirque (Figure 7). This could be 
attributed to the delaying characteristics of the runoff 
from the freeze-thaw process in the permafrost active 
layer. There was a correlation between the runoff (Q) 
and the air temperature four hours ago (t−4): 

 
40.178 20.054e 0.509tQ R−= =  

 
During the strong thawing stage in summer (from 

August 22 to August 27), when the average daily 
maximum air temperature occurred at about 14:00, the 
runoff process had no obvious diurnal variation and 
also had hardly any correlation with daily air temper-
ature variation (Figures 8, 9). The runoff change 
characteristics reflected the water and heat changes in 
the active layer.  

From the ground surface to the 60 cm depth, the 
daily soil temperature changes from fluctuant to rela-
tively even, and the changing phase was delayed 
downwards (Figure 8a). Reaching at the 30 cm depth, 
the maximum soil temperature happened with a delay 
to the next day when compared with the air tempera-
ture, and the temperature variation amplitude of the 
deeper soil was small due to the weak impact of the 
atmosphere. 

The soil water content in the active layer generally 
increased with the increase of active layer depth, and 
the minimum water content (about 13%) was at the 20 
cm deep active layer, the maximum water content 
(about 27%) was at the 60 cm deep active layer (Figure 
8b). The diurnal variations of soil water content at 
different depths in the active layer all were relatively 
stable, which reflected the commonly stable features 
of the active layer in permafrost during no precipita-
tion period, and had some relation with the permafrost 
profile property. With the time coursing of soil surface 
evaporation and transpiration, this stable soil water 
status would be disturbed, further bringing about the 
destruction of permafrost and the degradation of 
grassland.   

 

 
Figure 6  The relationship between runoff and precipitation from June 4 to June 11, 2010 

 

 
Figure 7  The relationship between runoff and temperature from June 4 to June 11, 2010 
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Figure 8  Daily variations of soil temperature (a) and soil water content (b) in active layer in clear weather days 

 

 
Figure 9  Curves of temperature and runoff for a sunshine period in the Ice-Free Cirque                                      

at the source of the Urumqi River 

 

4.3.2  Runoff process during a precipitation event 
 

In the alpine region of the Urumqi River, summer 
precipitation consists of rainfall and snow. Runoff 
processes are often the result of precipitation infiltra-
tion; when soil become saturated, runoff generating.  

Figure 10 shows the runoff process during a pre-
cipitation event. The precipitation started on July 12, 
2010, and the soil became wetted in the process. The 
ensuing concentrated precipitation that happened from 
16:00 on July 14 to 16:00 on July 15 had resulted in the 
first runoff peak. Along with the snow melting from 
three concentrated precipitation stages, the maximum 
runoff (0.28 m3/s) appeared at near 1:00 on July 20. 

The variations of soil hydrothermal regime in the 
runoff process during a precipitation event are con-
siderably different from those on clear weather days 
(Figure 11). The amplitude of soil temperature varia-
tion gradually decreased from the surface to the depth 
of 60 cm. On July 14, the air temperature dropped 

sharply when the weather was snowfall; snowfall 
stopped on July 15. Correspondingly, the soil temper-
ature decreased first then rose quickly again after July 
15, with some time lag against the air temperature 
change phase. This phenomenon was especially no-
ticeable in the 10–20 cm active layers (Figure 11a).  

The soil water change in the active layers from 0 to 
60 cm during the precipitation event was similar to that 
on clear weather days. The soil water content in the 
active layer generally increased from the surface to 
deeper soil. The maximum water content (about 29%) 
was relatively constant and appeared at the 60 cm 
depth in the active layer, and the minimum water 
content (about 15%) was at the depth of 20 cm (Figure 
11b). For temporal variation, the soil water content in 
each active layer, except for the 60 cm depth, changed 
markedly. The soil water content rose sharply one day 
after the precipitation, but only some hours later, it 
became steady with snowmelt forming ground runoff 
(Figure 11b). 
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Figure 10  The processes of runoff and precipitation during a precipitation event (July 13 to July 24, 2010) 

 

 
Figure 11  Daily variations of soil temperature (a) and soil water content (b) in active layer during a precipitation event 

 

5  Conclusions 
 

1) Runoff on the alpine permafrost in the Ice-Free 
Cirque at the headwaters of the Urumqi River changed 
significantly from the mid-1980s to the early 1990s. 
The runoff change has a statistically significantly 
positive correlation with the temperature and precipi-
tation. During the months from May to October, the ice 
in the active layer and even the fossil ice in earth thaw 
deeply, resulting in remarkably increased runoff.  

2) The onset of runoff is three to five days later 
than the beginning of thawing of 10–20 cm soil in 
permafrost. In the early runoff process, runoff has 
close relation with the soil hydrothermal regime of the 
surface layer less than 10 cm depth. In summer, it has 
close relation with the soil hydrothermal regime at the 
layer deeper than 60 cm, and precipitation was the 
major recharge source to rivers. 

3) In response to global warming, the maximum 
runoff peak in a year occurs earlier than before, and 
the onset of the winter–spring snowmelt runoff is 
clearly later than before, which are assumed as that the 
summer runoff decreases remarkably and the spring 
snow melt flood happens just after the onset of runoff.  

This study only involves issues on runoff process 
of alpine permafrost under global warming back-

ground and problems on how much water from the 
melting of permafrost are contributed to runoff need 
further studying.  
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