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Abstract: The lake hydrological and meteorological data of the Tibetan Plateau are not rich. 
This research reports the observed climatic data and measured water levels of saline lakes 
from the local meteorological stations in the Zabuye salt lake, the Dangqiong Co salt lake and 
the Bankog Co salt lake in recent two decades. Combining with satellite remote sensing maps, 
we have analyzed the changes of the water level of these three lakes in recent years and 
discussed the origins of the changes induced by the meteorological factors. The results show 
that the annual mean temperature and the water level reflect a general ascending trend in 
these three lakes during the observation period. The rising rates of the annual mean tem-
perature were 0.08℃/yr during 1991–2014 and 0.07℃/yr during 2004–2014, and of the water 
level, were 0.032 m/yr and 0.24 m/yr, respectively. Analysis of changes of the meteorological 
factors shows the main cause for the increase of lake water quantity are the reduced lake 
evaporation and the increased precipitation in the lake basins by the rise of average tem-
perature. Seasonal variation of lake water level is powered largely by the supply of lake water 
types and the seasonal change of regional climate. 
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1  Introduction 
With the development of the global warming, the research of environmental changes taking 
place in the Tibetan Plateau has become the focus of global concern. As a special body of 
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water, the salt lake is closely related to the factors of atmosphere, soil and biology, and has 
obviously sensitive responses to the change of climate and environment system (Zheng et al., 
2000, 2004; Liu et al., 2009; Kang et al., 2010; Song et al., 2014a). The alpine lakes which 
are in the natural state are less affected by human activities and can reflect the climate con-
dition realistically. The Tibetan Plateau is a multi-lake distribution area in China. As the 
highest plateau and with the most abundant resources on earth, there are many saline lakes 
and salt water lake groups (Chang, 1987; Zheng, 2014). The research on plateau lakes is 
helpful to reveal the environmental evolution characteristics of the Tibetan Plateau and even 
the whole country. 

Recent studies show that the water level of most of the lakes in Tibet region has risen (Qi 
and Zheng, 2006a; Bianduo et al., 2009; Lei et al., 2013; Yan and Zheng, 2015a; Ma et al., 
2016). The main reasons for this are the increase of annual precipitation, the amount of gla-
cier melting and the melting of the frozen soil due to the increase of the annual mean tem-
perature (Yao et al., 2007; Ye et al., 2008; Zhu et al., 2010; Wang et al., 2013; Ma et al., 
2016). However, direct meteorological or hydrological observation data in the target saline 
lake are extremely scarce. The above research results are based on the interpretation of re-
mote sensing images and the data from the weather station of administrative region where 
saline lake is located (Jiang et al., 2017; Song et al., 2014b; Zhu et al., 2010). In fact, the 
northern Tibetan Plateau is vast in territory and complicated in topography. The impact of 
seasonal variation of climate in the saline lake area is also very significant. In order to get a 
thorough knowledge about the climate environment of the lake basin and the reasons for the 
change of the lake area, the climate change characteristics and the response of the water 
level and the lake area to meteorological factors in the central-south of the Qiangtang 
(Changtang) Plateau are analyzed in this paper. And datasets for the study on regional re-
sponse of global change are provided. 

2  Study area and data 

2.1  Study area 

The study area is located in central and western lake basin of northern Tibetan Plateau, in-
cluding Zabuye, Dangqiong Co and Bankog Co (Figure 1). Zabuye salt lake (3114 
3133N, 83528423E) and Dangqiong Co (31303140N, 86388649E) lie on the 
western Tibetan Plateau, which belong to semi-arid climate zone of the Qiangtang Plateau. 
In the region, the climate shows strong radiation, low temperature, less precipitation and 
large evaporation. And the supply of the lake mainly depends on the precipitation and snow 
melt water. Zabuye Basin is a typical inland basin, and salt lake is the lowest point of con-
fluence. It is divided into two lakes, north lake and south lake. The water area is 235 km2. 
The Lunggar glacier sits close to the west of Zabuye. Water system in Zabuye area devel-
oped well, such as Luobujuqu, Jiaobuqu, Langmengaqu and Quanshui River and so on. The 
Luobujuqu is a perennial river, and the others are the stream rivers in rainy seasons and 
subsurface-flow in dry seasons. In addition, there is a lot of spring water around the lake. 
Zabuye Spring and Qiukuang Spring are two of them which have the maximum water inflow. 
The flow rate was not influenced by the season, having no direct relation with the rainy sea-
son precipitations. The area of Dangqiong Co is 56 km2, its basin is high in southeast and 
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low in northwest. The southern mountains are covered with snow all the year round. 
Geqianqiong, Qurebaima and Miangkangluoma are perennial rivers in Dangqiong Co basin. 
Bankog Co (31°42–31°45N, 89°29–89°5E) lies on the central Tibetan Plateau, and the 
supply mainly depends on surface rainfall and surface runoff. Bankog Co, Zabuye and 
Dangqiong Co are all carbonate type saline lakes. The latter two are rich in Li, K, B, Rb and 
Cs (Zheng et al., 2000, 2004; Zheng, 2014). They serve as important liquid mineral re-
sources with great values of exploitation.  

 

 
 

Figure 1  Geographic sketch map of Zabuye, Dangqiong Co and Bankog Co salt lakes 
 

2.2  Data acquisition and preprocessing 

Chinese Academy of Geological Sciences established three long-term saline lake meteoro-
logical observation stations in the above three saline lake districts in 1990, 2001 and 2004 
respectively(Qi et al., 2006a). During the observation period, TRM-ZS2 high precision 
automatic meteorological station and LS206B propeller-type velocity meter were used. A 
large number of meteorological, hydrological and hydrochemical data were obtained for the 
first time in these districts. Although the running times of the three stations were different, 
the available measured data can reflect the change of lake area since the 1990s in general. It 
has scientific and practical significance for the study on dynamic change of lakes in the hin-
terland of the Tibetan Plateau and comprehensive utilization of lithium and potassium re-
sources.  

Water level observation points were located at the north and south sides of the three lakes. 
In general, water level was recorded once a week before 1998 and twice a month after 1998. 
In this paper we use the average monthly value to indicate water level. From January 1991 
to December 2013, the number of missing data in the Zabuye salt lake was 33 and accounted 
for 14.1% of all data. From May 2004 to December 2013, the number for Dangqiong Co salt 
lake was 4 months and accounted for 5.6% of all data. And the data in Bankog Co salt lake 
was complete from May 2001 to October 2003. The velocities of rivers and springs around 
the salt lake were determined by velocity meter at fixed point. The flow rate was approxi-
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mately equal to velocity multiplied by sectional area of riverbed. According to incomplete 
survey, the average annual runoff in Zabuye basin was 6.672× 107 m3/yr during the period 
from 2001–2010. In Dangqiong Co basin, the average annual runoff was 3.6×106 m3/yr dur-
ing the period 2004–2010. The main recharge source of Bankog Co is Kawazangbu River, 
and the supply failed to be counted because Bankog Co connects its adjacent mother lake. 

In this paper, we used 120 Landsat MSS/TM/ETM images covering the study area to re-
trieve data on the saline lake surface extent for 1990–2013. The spatial resolution of images 
is 30 m. All of the images selected are cloud free or have only slight cloud cover (less than 
5%). 

3  Results 

3.1  Annual mean temperature variation 

The study shows that the change of annual mean air temperature is helpful to understand the 
characteristics of climate change and predict climate disasters, which has great significance 
to disaster prevention and reduction. The average value is used to analyze and discuss the 
meteorological elements in this section because it can better reflect the change of climate 
characteristics. 

Several researchers argue that the general characteristics of climate change in the Tibetan 
Plateau are temperature rise, precipitation increase, potential evapotranspiration decrease 
and the trend from dry to humid status in most areas (Wu et al., 2005; Du, 2001; You et al., 
2010). According to statistics, the annual mean temperature of the Zabuye salt lake began to 
rise gradually from 1991 and reached a high value in 1998, although there was a significant 
drop in 1997 (Figure 2). The mean temperature change was smaller from 1998 to 2008, but 
it had a significant increase during the period 2009–2013. In the above three periods, the 
mean temperature of the Zabuye salt lake was 2.23, 2.71 and 3.67℃respectively. The rise 
rate of annual mean temperature was 0.08℃/yr from 1991 to 2013. Similar changes have 
taken place in the Dangqiong Co salt lake. The mean temperature raised from 3.2℃ in 2004 
to 4.6℃ in 2014. The rise rate of annual mean temperature in the lake was 0.07℃/yr. Based 
on the meteorological data of Bankog Co from June 2001 to October 2002, the mean tem-
perature was 0.1℃ and higher than the value provided by predecessors. The latter was 1 to 

 

 
Figure 2  The mean temperature of Zabuye and Dangqiong Co salt lakes 
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2℃. Meanwhile, the upward trend from 2000 to 2011 was more obvious (Zhao et al., 2004; 
Du et al., 2014). Generally, the highest temperature was usually observed in June and July, 
the lowest in December and January of the following year. 

Previous studies (Niu et al., 2004; Lu et al., 2005; Yao et al., 2006; Zheng et al., 2002) 
also showed that the 1960s was a relatively low temperature period in the Tibetan Plateau; 
the temperature began to rise in the 1970s, then came another relatively high temperature 
period in the mid-1980s, and the heating up was more obvious in the 1990s. In recent 50 
years, the temperature has been increasing in fluctuation in the Tibetan Plateau, and the an-
nual mean temperature in most areas rose and peaked in 1998 (Ma et al., 2003). 

3.2  Annual evaporation, precipitation, and sunshine hours 

3.2.1  Annual evaporation, precipitation 

Lake evaporation is one of the main factors affecting the water level of saline lakes. Ac-
cording to statistics, the average annual evaporation of Zabuye salt lake was 2491.54 mm 
from 1991 to 2013. Dangqiong Co salt lake was 2361.19 mm from 2004 to 2013 (Figure 3). 
And Bankog Co was 1978.1 mm from 2001 to 2002 (Zhao et al., 2004). 
 

 
 

Figure 3  Annual evaporation and precipitation of Zabuye and Dangqiong Co salt lakes 
 

From April to September, evaporation kept a high value and relatively low in the whole 
ice-free period. Similar to temperature, the maximum evaporation emerged in June and July, 
the minimum emerged in December and January of the following year. The difference be-
tween the maximum and minimum evaporation of the two lakes varied from 300.6 to 420.7 
mm and 187.6 to 486.4 mm respectively. The value of other months gradually changed from 
low to high or high to low. During the rainy season, evaporation was reduced because the air 
humidity was high. In addition, there was a certain relationship between evaporation and 
wind strength. In general, the evaporation can be increased with the wind getting strong.  

According to the observation data in the last 19 years, the precipitation of Zabuye salt 
lake was more concentrated from the beginning of late July to the end of September. Rainfall 
predominated in the rainy season was more than 90% of the total annual rainfall. The annual 
mean precipitation was 170.2 mm, in which the rainfall was dominant and the amount of 
snow (hail) was relatively small. Similarly, the rainfall of Dangqiong Co salt lake was more 
concentrated in the third quarter, accounting for more than 80% of the total annual rainfall. 
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The mean annual precipitation was 238.38 mm between 2004 and 2013 (Figure 3). The 
rainfall of Bankog Co was 263.9 mm between 2002 and 2002. Overall, there was little preci-
pitation in winter in the three lakes. 

3.2.2  Annual sunshine hours 

Those three salt lakes are very rich in solar energy, with the weather being mainly sunny or 
cloudy, rarely overcast and of thunderstorm. The results showed there was a significant de-
cline before 2008 and then increased again in Zabuye salt lake area. The annual mean sun-
shine duration was 2883.0 hours (Figure 4). There were 280 days of more than 7.2 hours 
sunshine duration, making up 76.7% of the annual sunshine amount. The mean annual sun-
shine hours of Bankog Co and Dangqiong Co were 2447.6 and 2158.2 hours (Figure 4), and 
there were fewer days with more than 7.2 hours sunshine duration than in Zabuye salt lake. 
The distinction in sunshine duration between Zabuye and Dangqiong Co reflected in their 
salinity. Brine salinity of Zabuye salt lake was 30% and far more than Dangqiong Co. This 
illustrated that more sunshine was conducive to the enrichment of saline lake brine. 
 

 
Figure 4  The sunshine duration of Zabuye and Dangqiong Co salt lakes 

4  Discussion 

4.1  Response of saline lake changes to climate fluctuation 

As typical lake with glacial supplies in the central hinterland of the Tibetan Plateau, it is 
very important to study the law between the fluctuation of water level and climate change in 
Zabuye and Dangqiong Co. 

The change of water level and its composition are highly sensitive and dependent on 
natural factors, and researchers can estimate the changes of climate according to the changes 
of the lake environment. For example, the water level in Qinghai Lake in recent years has 
dropped due to long-term climate changes and short-term fluctuations (Zhou et al., 1992; 
Shi et al., 2005), and the lake level of Ebinur (Aibi) and Aydingkol (Aiding) lakes in Xinji-
ang has been raised because of the increase of glacier melting and precipitation in the lake 
districts (Shi et al., 2007). 

4.1.1  Dangqiong Co salt lake 

Based on historical data of the Dangqiong Co over years, the change of water level was ob-
viously influenced by temperature and precipitation. Because there was little precipitation in 
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winter, water level dropped to the lowest point in January and February. As the day warmed 
up, the secondary peak was shown with the glaciers melted. After the maximum precipita-
tion in June and July, the water level emerged the highest point in August and September. 
During the period from 2004 to 2014, the water level ascended to 2.2 m and the increase rate 
was 0.24 m/yr (Figure 5). The water level increased in two periods, 2004–2007 and 
2010–2012. The increase rates were 0.144 m/yr and 0.247 m/yr respectively. It is worth 
noting that the mean temperature value of 2008 was the lowest during the period, and the 
water level reached the highest value in the rainy season with the highest-ever precipitation. 
Again the similar case occurred in 2010 and 2012. 
 

 
 

Figure 5  Water level fluctuating recorded in Dangqiong Co salt lake during 2004–2014 
 

 
 

Figure 6  Remote sensing images of Dangqiong Co salt lake 
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According to the result of remote sensing image interpretation, Dangqiong Co salt lake 
has a trend for expanding in both depth and extent from 2004 to 2014 (Figure 6). Based on 
the meteorological data of Shenzha county, the nearest county to Dangqiong Co salt lake, the 
mean temperature in the period from 2001 to 2010 rose by 1.38℃ compared with the period 
from 1961 to 1970. The average growth rates of temperature and precipitation were 
0.314℃/10yr and 19.13 mm/10yr respectively, while the evaporation decreased based on 
the results of previous studies (Yan and Zheng, 2015a, 2015b; Ma et al., 2016). The tem-
perature rise made the ice on the mountains of the south area melt, increasing the amount of 
water in rivers that drain into the lake. According to statistics, the area of glaciers has been 
reduced by about 24.35 km2 from November 1990 to November 1999. The descending value 
was increased to 77.90 km2 from November 1999 to November 2009 and the area of the lake 
increased by 12.55 km2. 

The enlargement in snow melt and rainfall has increased the supply of lake water. With 
the decrease of evaporation, lake area was larger. Dangqiong Co increased from 56.49 km2 
to 64.61 km2 during the observation period from November 2001 to November 2013 (Figure 
6). It rose by 14.37% in the 12 years. This was consistent with the trend of global warming 
and gradual decrease of glaciers. Meanwhile, the evaporation on the surface of lakes was 
aggravated. The main reason for the large reduction in glacier area in 2009 was: the winter 
temperature has been second high in the Tibet region since 1971, leading to a large reduction 
in glaciers. 

4.1.2  Zabuye salt lake 

Based on historical data of the Zabuye salt lake over years, the lowest point of water level in 
south lake appeared in July and August, and the highest point, in December or January of 
next year. The water level change of north lake is different from that of south lake. Before 
1996, the lowest point of water level appeared in November and December, and the highest 
point in April. While after 1998, the lowest point of water level appeared in June and July, 
and the highest point in August and September (Qi et al., 2006a, 2006b), rising in a fluctu-
ating way within this period. And the second peaks appeared in May and June. 

The change characteristics in south and north lakes of Zabuye were different due to the 
supply types. The underground springs were the main supply of water in south lake and the 
precipitation in the catchment basin was the less prominent part. The main factors that de-
termine the water level of saline lakes were air temperature and evaporation because the 
groundwater flow was relatively stable. It can be concluded from water level change curve 
that there was negative correlation between the water level of the south lake and the air 
temperature, and evaporation. Both the air temperature rising and the evaporation increasing 
caused a drop in the water level and vice versa.  

Compared with south lake, there is positive correlation between water level of the north 
lake and the air temperature. Both the air temperature rising and the evaporation increasing 
caused a rise in the water level and vice versa. Geographically, the Lunggar glacier sits close 
to the west of Zabuye and its meltwater flows into the north lake. Based on the field obser-
vation results and previous studies (Yao et al., 2007; Ye et al., 2008), we believe glaciers 
meltwater was the main contribution factor besides atmospheric precipitation. 

The average water level of the south lake dropped by 11 cm from 1991 to 2001, and for 
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the north lake, by 9.7 cm from 1991 to 1996. The water level of the south and north lakes 
decreased because the mean temperature and evaporation of the saline lake basin increased 
continuously and rainfall decreased. It is a sign of regional arid climate in Zabuye saline 
lake basin. Before 1998, the water level of the south lake was higher than that of the north 
lake. The water level of the north lake jumped and exceeded that of the south lake in 1999. 
From 2002 to 2009, the water level of the south lake ascended by 48.5 cm, and for the north 
lake, by 69.8 cm from 1997 to 2009 (Figure 7). Particularly, since 2009 the north lake has 
double peak which usually occurs in April and August. By comparison, the peak value of 
August is higher than that of April. The results also show that the precipitation in the rainy 
season has a faster and more obvious effect on supplying lake water, but only has a marginal 
effect on the general trend of Zabuye salt lake. After 2010, the water level of the north lake 
was higher than that of the south lake and both have a little change with seasons. 

 

 
 

Figure 7  Water level fluctuating recorded in Zabuye salt lake during 1991–2014 
 
Based on the result of remote sensing image interpretation, the area of Lunggar snow 

mountains which lie on the northwest side of Zabuye salt lake decreased by nearly 30 km2 
from 1976 to 2014, and the area of Zabuye salt lake in the same period increased from 137 
km2 to 235.97 km2 (Figure 8). The increasing extents of the south lake and the north lake 
were different because of the difference in the lake basin depth. The area of the north lake 
increased by 17.24 km2, and for the south lake, by 81.74 km2. The area of Zabuye salt lake 
increased by 72.25% over the past 23 years. 

4.1.3  Bankog Co salt lake 

Because of the periodic decline of the Siling Co surface, sand spits extended to the lake from 
both sides of the north and south connected at the final phase of the late Pleistocene. Bankog 
Co has been isolated and located in the east of the Siling Co. According to research, from 
1959 to 2003, the lake surface of the Bankog Co was overall rising, reaching up to 1.75 m, 
although from 1959 to 1973 or a little later, there occurred a process of first falling, then 
rising and again slight falling, with a fall of 0.25 m, and an accompanied contraction of the 
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lake area (Zhao et al., 2011). During the observation period from 2001 to 2003, annual 
variations of water level were 0.2 m to 0.47 m (Figure 9). In August 2001, it reached the 
maximum value, 4522.11 m. During this period, the decline of water level in rainy season 
and dry season was 0.1 and 0.38 cm respectively (Zhao et al., 2006). 
 

 
 

Figure 8  Remote sensing images of Zabuye salt lake 
 

 
 

Figure 9  Water level fluctuating recorded in Bankog Co salt lake during 2001–2003 
 

Based on previous studies and the result of remote sensing image interpretation, the area 
of Bankog Co has a trend of expansion from 1977 to 2010. The overall trend of mean tem-
perature was increasing in Baingoin county after 1973. Mean temperature between 2001 and 
2010 was 2.18℃ higher than the value between 1961 and 1970, and average speed of 
growth was 0.545℃/10yr. Meanwhile, evaporation tended to decrease (Yan and Zheng, 
2015a, 2015b; Ma et al., 2016). The enlargement in snow melt and rainfall has increased the 
supply of the basin. With the decrease of evaporation, lake area was bigger. The lake area 
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increased from 41.4 km2 in February 1977 to 131.82 km2 in August 2010 (Figure 10). The 
increased water volume in saline lake has led to lower salinity and ion concentration of lake 
water. The salinity of Bankog III dropped from 221.90 g/L in 1976 to 46.72 g/L in 2010 
(Zheng et al., 2002; 2010). Siling Co located in the same basin became the largest lake in 
Tibet, the area has more than doubled and reached 2349.46 km2. The area of the Galadan-
dong snow mountain dropped from 666.43 km2 to 619.25 km2, a reduction of 24.48 km2. 

 

 
 

Figure 10  Remote sensing images of Bankog Co salt lake 
 

As a whole the water level of the three lakes shows an upward trend. Due to the regional 
differences, the changing characteristics of the three lakes were different. Due to the large 
catchment area and shallow water, the influence of temperature on water level in Zabuye 
was stronger than that of precipitation. The peak caused by melt-water emerged in the May 
and June, and the secondary peak emerged with the rainfall in August and September. For 
Dangqiong Co, the influence of precipitation was more obvious, the peak emerged in rainy 
season and secondary peak emerged in June and July. 

5  Conclusions 
In this paper, climate change characteristics of Zabuye (1991–2014), Dangqiong Co 
(2004–2014) and Bankog Co (2001–2003) have been analyzed. The representativeness of 
weather parameters such as temperature, sunshine, evaporation and precipitation have been 
proved, considering the long-term meteorological data of field observational stations in Za-
buye and Dangqiong Co salt lakes. Based on the analytical results, the climatic factors in the 
salt lake basin, especially the temperature, sunshine, evaporation, precipitation and wind 
determine the water level variation. 

The following preliminary conclusions are obtained through analysis of the climate char-
acteristics and dynamic changes of the water level in the salt lake basins. 

(1) The annual mean temperature and precipitation in Zabuye, Dangqiong Co and Bankog 
Co basins increased gradually, but sunshine and evaporation decreased. Their water level 
ascended higher and higher, especially in the post-2000 period. Based on the relationship 
between the water changes and meteorological elements, analysis shows that water level had 
a positive correlation with air temperature and precipitation, and obviously a negative corre-
lation with sunshine and evaporation. 

(2) According to the analysis of climatic elements in salt lake regions and referring to the 
background of the climate change over the Tibetan Plateau, we can reasonably conclude that 
the climate in the observation area is changing to warming-wetting type and it is a partial 
consequence of water cycle increase by global warming. Water level rise has mainly been 
caused by increased precipitation, decreased evaporation and the increased meltwater of 
glacier retreating and permafrost degradation with the climate warming. 
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(3) Seasonal variation of water level is powered largely by the supply of lake water types 
and the seasonal change of regional climate. The key feature is the two-level surge in the 
water level within one year, particularly in shallow lakes. 

(4) In the absence of continuous hydrological observation data, quantitative studies about 
glacial runoff and meltwater of frozen soil have not been carried on. The influence of the 
regional climate variations on the changes of salt lakes is shown in this paper. It is necessary 
to study on hydrological monitoring in the future, which will help to understand water cycle 
process in the high altitude inland river basins of the Tibetan Plateau. 
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