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Abstract: Changes in the status of freshwater resources are a topic of major global, regional and 
local concern. This is especially so in the arid and semi-arid regions of China, where shortage of 
water resources plays a crucial role in limiting sustainable socioeconomic development, as well as 
in sustaining natural ecosystems. Recent climate change, as well as the effects of localized human 
activity, such as the use of water for irrigation agriculture, may have significant effects on the status 
of the water resources in the region. Here, we report the results of a study of changes in the areas 
of lakes in Gonghe Basin, northeastern Tibetan Plateau of China, over the last 60 years. The data 
were acquired from optical satellite images and demonstrate that the total water area of lakes in 
Gonghe Basin decreased significantly from the 1950s to 1980s. The cause is ascribed mainly to 
human activity including exploitation of farmland, against a background of increasing population; in 
addition, climatic data for the region demonstrate a minor drying trend during this period as the 
temperature increased slightly. After the construction of several reservoirs, significant amounts of 
water were redistributed to promote irrigation agriculture and we conclude that this caused a 
significant shrinkage of the natural lakes. However, both the area of farmland and the population 
size remained approximately constant after 1990. We conclude that the variation of the total area of 
lakes during the second period was mainly controlled by climatic factors (precipitation and 
temperature). As the regional temperature reached a new high, the area of some of the lakes 
decreased sharply before finally maintaining a relatively steady state. We emphasize that 
anthropogenic climate change and human activity have both significantly influenced the status of 
water resources in the arid and semi-arid regions of China. 
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Freshwater resources are fundamental for sustainable socioeconomic development. It is likely that 
ongoing and future climate change will have a significant impact on terrestrial water resources on 
a global scale (Oki and Kanae, 2006), especially since the reality of anthropogenic climate change 
can no longer be doubted (IPCC, 2013). In particular, the arid and semi-arid regions of China will 
almost certainly become progressively drier in the future (Sherwood and Fu, 2014), thus reducing 
the availability of water to sustain economic activity. In addition, changes in land use can also 
affect the distribution and status of water resources and several studies have demonstrated that 
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even the alpine hydrologic environment in the Tibetan Plateau has been disturbed by human 
activities, including agricultural irrigation and settlement (Song et al., 2014a). Therefore, 
assessing the impact of natural and anthropogenic changes in the status of water resources in the 
region is critical for their effective administration and usage in the future. 

Lakes are the primary terrestrial water reservoirs and monitoring changes in their status is 
essential for managing water resources and related ecosystem services (Wang et al., 2013). There 
is a rapidly growing literature focusing on changes in alpine lake on the Tibetan Plateau and their 
response to climate change (Phan et al., 2012; Song et al., 2013, 2014a, b, c; Zhang et al., 2013a, 
2014; Lei et al., 2014; Yang et al., 2014). The Tibetan Plateau is the major source of several large 
rivers in Asia (Ma et al., 2011) and changes in its water resources will have a potentially critical 
impact on the livelihood of a large population in Asia (Immerzeel et al., 2010). With the use of 
optical satellite images, Ice, Cloud, and Land Elevation Satellite (ICESat) data, changes in water 
resources on the Tibetan Plateau can be assessed accurately. Most studies have focused on 
changes in the status of typical lakes: for example, they have documented the fact that while the 
level of Lake Qinghai decreased from the 1970s to the early 2000s, it began to increase after 2005 
(Shen and Kuang, 2003; Li et al., 2011; Zhang et al., 2011a; Liu et al., 2013). Lakes Nam Co and 
Siling Co have also been studied from the perspective of the possible relationship between lake 
expansion and glacier melting in central Tibet (Zhou et al., 2013; Song et al., 2014a, b). In 
addition, there are ongoing investigations of lake level variations at the regional or whole plateau 
scales and the results demonstrate that lakes in different geographical and climatic sub-regions 
exhibit contrasting patterns of spatial and temporal variability (Zhang et al., 2011b, 2013b, 2014; 
Phan et al., 2012; Lei et al., 2013, 2014; Wang et al., 2013; Song et al., 2014b). 

Relatively less attention has been paid to changes in the status of water resources in Gonghe 
Basin, located in the northeastern Tibetan Plateau which is a potential source area for global dust 
(Qiu et al., 2001; Chen et al., 2007; Pullen et al., 2011) and is also sensitive to climate change 
since it is situated closed to the modern monsoon limits (Chen et al., 2008). In the present paper, 
we use optical satellite images to estimate the area of lakes in Gonghe Basin during different 
periods and compare the results with various socioeconomic and climate data. The main aim is to 
attempt to reveal the main causes of changes in lake area during the past 60 years and therefore to 
aid in the establishment of appropriate management strategies for water resources against the 
background and challenges of ongoing climate change. 

1  Study area 

Gonghe Basin, located in the northeastern Tibetan Plateau, is situated south of Lake Qinghai and 
is separated from it by Qinghai Nanshan Mountain (Figs. 1a and b). The mean altitude of the 
basin is about 3,000 m asl. The mean annual precipitation was 315 mm from 1953–2013, based 
on instrumental records from Gonghe meteorological station, Qinghai province. The annual mean 
temperature and mean annual potential evaporation during this interval were 4°C and 1,717 mm, 
respectively. More than 80% of the rainfall occurs from May to September, consistent with the 
high temperature and evapotranspiration (Fig. 1c). Shazhuyu River is the major interior river in 
Gonghe Basin, with a catchment area of about 8,000 km2. The relatively flat piedmont areas are 
highly suitable for farming and the basin has experienced an intensive phase of agricultural 
exploitation during the last few decades. Thus, several reservoirs have been built along the 
Shazhuyu River and its tributaries and large quantities of water have been diverted shortly after 
flowing from the mountains and have been used to irrigate farmland. 

Previously, there were a series of lakes situated along the Shazhuyu River valley, most of 
which are dry at present. Currently these lakes are mainly supplied by precipitation runoff, as well 
as ground water, and water is lost through evaporation and seepage. Lake Dalianhai (‘two lakes 
connected together’ in Chinese) is the terminal lake of the Shazhuyu drainage basin. It is now a 
dry lake with a flat lake bed and gently sloping margins. Much work has been done to reconstruct 
the late Quaternary paleoclimatic history of the area, based on analysis of the lacustrine sediment 
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record (Cheng et al., 2013; Sun and Colin, 2014). In addition, the history of lake level changes 
during the late Quaternary has been reconstructed and this work indicates that the lowest lake 
shore terrace was formed 1,500–2,000 years ago during the process of lake regression (Chen et al., 
2012). The basin of Lake Yingdehai contains numerous small lakes, and immediately adjacent to 
the lake is the largest area of farmland in Gonghe Basin (area D in Fig. 1a). Lake Xinhu is 
situated alongside the Shazhuyu River and is fed by water derived mainly from Qinghai Nanshan 
Mountain. Lake Genggahai, whose maximum water depth is 1.8 m, is fed mainly by groundwater 
(Qiang et al., 2013). All of these lakes are small and shallow and their areas are potentially highly 
sensitive to changes in water volume. 

 
 

Fig. 1  (a) The catchment of the Shazhuyu River in Gonghe Basin and locations of reservoirs and farmland 
(A–H) and lakes (1–4); (b) Location of the study area (green dashed line indicates the modern monsoon limits 
(Chen et al., 2008) and blue dots (5–9) represent lakes mentioned in the text); (c) Instrumental climate data of 
monthly mean precipitation and temperature spanning 1953–2013 from Gonghe meteorological station, Qinghai 
province, China. 1, Lake Dalianhai; 2, Lake Genggahai; 3, Lake Xinhu; 4, Lake Yingdehai; 5, Lake Tuosu; 6, 
Lake Aydingkol; 7, Lake Bosten; 8, Lake Manas; 9, Lake Sayram. 

2  Materials and methods 

2.1  Meteorological data 

Instrumental climatic data from Gonghe meteorological station were downloaded from the 
Climatic Data Center of the Chinese Meteorological Administration. The meteorological station 
provides high quality daily observations of air temperature and precipitation. Based on these daily 
data, we calculated monthly and annual precipitation and mean temperature spanning the interval 
1953–2013. 

2.2  Optical satellite images 

We used one scene of the Landsat MSS/TM/ETM images covering the study area to retrieve data 
on lake surface extent at different dates from the late 1970s to 2014. Most of the data has a spatial 
resolution of 30 m. Detailed information on the acquisition dates is provided in Table 1. For 
reducing the influence of seasonal variations when comparing inter-annual changes in lake 
surface extent, most of the images used in this research were limited to those acquired between 
August and October of each year. The lakes reach their highest level during this interval after 
receiving most of their precipitation during summer. All of the data were provided by the 
Geospatial Data Cloud, Computer Network Information Center, Chinese Academy of Sciences 
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(http://www.gscloud.cn). 
Lake boundaries were extracted in the single band image with manual delineation using 

ArcGIS 9.2 software. All map and image data were projected into the UTM coordinate system 
Zone 45 using the WGS-84 geodetic datum. The accuracy of manual digitization was controlled 
within one pixel. The lake areas in all of these images are cloud-free or only slightly 
cloud-covered (less than 10%). The same method was also used to extract the area of farmland. 

Table 1  Details of the satellite images used in this study 

Time series Satellite/sensors 
Acquisition time 

(dd/mm/yy) 
Resolution (m) Image scenes 

1976 Landsat 1–3 MSS 22/04/1976 80 1 

1980s Landsat 4–5 TM 15/08/1987, 01/02/1989 30 2 

1990s Landsat 4–5 TM, Landsat 7 ETM SLC-on 
28/08/1992, 27/05/1993, 
21/10/1994, 05/08/1995, 
24/09/1996, 27/10/1999

30 6 

2000s Landsat 4–5 TM, Landsat 7 ETM SLC-off

04/07/2001, 23/07/2002, 
31/01/2003, 22/09/2004, 
03/08/2006, 22/08/2007, 
16/08/2008, 11/08/2009

30 8 

2010s 
Landsat 4–5 TM, Landsat 7 ETM SLC-on, 
Landsat 8 OLI_TIRS 

14/08/2010, 16/07/2011, 
28/09/2012, 23/09/2013, 
06/06/2014 

30 5 

 

2.3  Historical documents 

Data on population and the area of farmland were obtained from historical documents (Zhang, 
1991; Editorial Committee of Overview of Hainan Tibetan Autonomous Prefecture, 2009; Bureau 
of Statistics of Qinghai, 2014). The Bureau of Statistics of Qinghai maintains detailed records of 
the population and farmland area of Gonghe county, and the Annals of Gonghe county contain 
information about the date of construction and volume of reservoirs. Editorial Committee of 
Overview of Hainan Tibetan Autonomous Prefecture (2009) analyzed the factors responsible for 
influencing population variations in the region in the recent past and cited the importance of 
central government policies. In addition, lake area during the 1950s and the 1960s were cited 
from data acquired from air photographs (Shi et al., 1990; Zhao and Geng, 2004). 

3  Results and discussion 

3.1  Changes in lake area  

The changes in the lake area are illustrated in Fig. 2 and listed in Table 2. Typical satellite images 
of different periods are also illustrated in Fig. 3. The total area of water in the Lake Dalianhai 
basin was around 3 km2 during the interval from the 1950s to the 1960s (Shi et al., 1990; Zhao 
and Geng, 2004), before beginning a decreasing trend until 1987. The rate of decrease of lake area 
was somewhat reduced from 1987 to 1993; however, an abrupt decrease occurred in 1994 and the 
lake had dried up completely by 1995.  

It can be seen in Fig. 2b that the area of Lake Genggahai exhibited a decreasing trend from the 
1950s until the late 1980s. The area of the lake was 7.6 km2 during the 1950s (Shi et al., 1990) 
and 4.8 km2 in 1987. The area increased from about 4.8 km2 in 1989 to almost 6 km2 in 1993, but 
after 1993 the area commenced a sharply decreasing trend with yearly fluctuations superimposed. 
From 2002 onwards, the area remained small, except for an increase in 2009–2011. 

In the case of Lake Xinhu (Fig. 2c), it occurred around 1992 and it exhibited a fluctuating area 
during the last 20 years, with a mean of 1.24 km2. 

Prior to the 1990s, the area of Lake Yingdehai (Fig. 2d) exhibited a similar trend to that of 
Lake Dalianhai and Lake Genggahai, a decrease from around 2.1 km2 during the 1950s to 0.5 km2 
in 1987 (Shi et al., 1990). After 1990, the lake area fluctuated with a similar pattern of annual 
variations as Lake Genggahai. 
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Fig. 2  Variation of the total area of lakes in Gonghe Basin during the past 60 years. Vertical dashed lines show 
boundaries between the main stages of lake evolution. 

Table 2  Lake area data for four lakes from the 1950s to 2014 

Period 
Lake Dalianhai Lake Genggahai Lake Xinhu Lake Yingdehai 

Area (km2) 

1950s 3.00 7.59 – 2.10 

1960s 2.90 – – 1.30 

1976 2.04 6.56 0.00 0.80 

1987 1.15 5.17 0.00 0.52 

1989 1.16 4.81 0.00 0.00 

1992 0.90 5.61 1.04 0.56 

1993 0.91 5.78 1.11 0.64 

1994 0.38 5.08 1.41 0.00 

1995 0.00 4.66 1.13 0.00 

1996 0.00 4.06 1.31 0.00 

1999 0.00 4.18 0.75 0.05 

2001 0.00 2.61 0.83 0.10 

2002 0.00 3.32 1.28 0.14 

2003 0.00 1.45 1.06 0.00 

2004 0.00 1.47 1.26 0.00 

2006 0.00 1.67 0.83 0.10 

2007 0.00 1.53 1.27 0.05 

2008 0.00 1.54 1.19 0.00 

2009 0.00 1.63 1.51 0.07 

2010 0.00 2.02 1.53 0.42 

2011 0.00 2.96 1.51 0.26 

2012 0.00 3.55 1.60 0.00 

2013 0.00 1.56 1.56 0.00 

2014 0.00 1.42 1.30 0.00 
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Fig. 3  Optical satellite images from different periods to illustrate variations in the water area of lakes in Gonghe 
Basin. (a), Lake Dalianhai; (b), Lake Genggahai; (c), Lake Xinhu; (d), Lake Yingdehai. 

3.2  Forcing mechanisms of lake area variation 

The volume of water in a lake varies according to changes in the hydrological budget. Lakes 
exhibit seasonal changes in surface area and level due to changes in precipitation and evaporation, 
and thus changes in lake water balance may be useful for providing improved information on 
regional and global climate changes and for the quantifying the human pressures on water 
resources (Cretaux et al., 2013). According to the variations of lake water area in Gonghe Basin 
and other climatic and economic data (Zhang, 1991; Bureau of Statistics of Qinghai, 2014), we 
divided the period 1950s–2014 into two intervals, as is shown in Fig. 4. 
3.2.1  1950s–1980s: lake regression caused by human activity 
From the 1950s to the 1980s, the areas of three lakes exhibited an overall decreasing trend (Fig. 
4f) which may have been the result of both climate change and human activity. Unfortunately, 
however, seasonal changes in lake area could not be captured because of the limited temporal 
resolution of the lake level data. 

During this interval, the annual mean temperature varied from 2.5°C–4.5°C with a slightly 
increasing trend and with significant annual variations superimposed (Fig. 4d). The mean annual 
precipitation fluctuated on an annual basis between 150 and 550 mm with no clear long-term 
trend (Fig. 4e). Therefore, the trend of increasing temperature, rather than any change is 
precipitation, may have led to dry conditions in the basin and been partly responsible for the 
decreasing lake area. Lake Qinghai is located close to Gonghe Basin and its history of water level 
change could provide a valuable reference for understanding the variation of lake area in Gonghe 
Basin. As shown in Fig. 4g, the level of Lake Qinghai decreased during the period from the 1950s 
to the early 2000s, but it began to rise from 2004 onwards (Shen and Kuang, 2003; Li et al., 2011; 
Zhang et al., 2011a; Liu et al., 2013). This overall decreasing trend of lake level, at least until 
2004, is accompanied by a trend of increasing temperature (Zhang et al., 2011a). Other studies 
also indicate that relatively warm and dry climatic conditions were responsible for the decline in 
the level of Lake Qinghai, and that the effect of human activity was limited (Qu et al., 1994; Li et 
al., 2011). In summary, the trend of increasing temperature from the 1950s onwards is clearly one 
of the main causes of the shrinkage of lakes in the northeastern Tibetan Plateau. 

It is should be noted, however, that Gonghe Basin differs from the Lake Qinghai drainage basin 
in that it has experienced an intensive phase of human exploitation during the past few decades. 
Historical documentary data indicate that the population in Gonghe county increased almost on a 
yearly basis from the 1950s to 1980s. To meet the food requirements of the increasing population, 
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Fig. 4  Various parameters illustrating the relationship between the variation of lake area, climatic parameters 
and human activity during 1950–2013. (a) Number of reservoirs in Gonghe Basin at different intervals; (b) area of 
farmland in Gonghe Basin (squares represent data from historical documents and triangles represent data acquired 
from optical satellite images); (c) historical population of Gonghe county; (d) annual mean temperature; (e) mean 
annual precipitation; (f) change in lake area (triangles represent Lake Genggahai, dots represent Lake Dalianhai, 
squares represent Lake Yindehai and stars represent Lake Xinhu); (g) variation of the water level of Lake Qinghai 
and Lake Bosten water level (triangles represent Lake Qinghai and dots represent Lake Bosten). 
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a large area of flat land was converted to arable land during this period (Zhang, 1991). 
Documentary data indicate that the area of farmland increased yearly, especially from around 
1960 when the whole of China experienced the “great leap forward” (a political movement 
aiming at harnessing the natural environment) which formed rural people’s communes. Gonghe 
county has belonged to the Hainan Tibetan autonomous prefecture since 1953. Soon after the 
establishment of the prefecture, thousands of immigrants, mainly from Gansu, Henan, Hebei, 
Tianjin and Shanghai arrived in the region. In particular, about twenty thousand people moved to 
occupy farmland in Gonghe county during the period from 1959 to 1960. Shortly afterwards, 
thousands of people emigrated from the region in order to escape the harsh living conditions and a 
significant amount of farmland was left unused from 1961 to 1962 (Editorial Committee of 
Overview of Hainan Tibetan Autonomous Prefecture, 2009), as shown in Fig. 4b. 

In addition, several dams were constructed to irrigate farmland, since in arid and semi-arid 
regions of China the limited water resources are a major challenge for arable agriculture. Most of 
the dams were built during the 1960s and 1970s and this development of irrigation agriculture 
would inevitably have resulted in a reduction in the volume of stream flow and surface runoff to 
the lakes which would have had significant implications for lake levels. This situation is 
exemplified in the case of Lake Yingdehai. In the absence of human activity, surface runoff and 
stream flow would have been able to enter the lake through natural stream and river channels. 
Given the effects of human activities, it is highly probable that the development of arable 
agriculture, with the construction of a reservoir and associated irrigation channels, significantly 
affected the level of Lake Yingdehai which in fact dried up completely in the late 1980s. 

 
Fig. 5  Land use change resulting from the regression of Lake Dalianhai. The red line is an estimate of shoreline 
during the 1950s based on documentary evidence. 

Thus it is clear that human activity can have a significant influence on the status of lakes, 
especially in semi-arid and arid regions. The level of Lake Bosten in Xinjiang exhibited a 
decreasing trend prior to 1987, and an increasing trend from 1987 to 2002 (Shi et al., 2007); 
however, the lake level decreased again after 2002 (Zhou et al., 2014). Zhou et al. (2014) 
analyzed lake level, temperature, precipitation and agricultural irrigation area data using the 
Mann-Kendall-Sneyers non-parametric statistical test and demonstrated that the water volume of 
Lake Bosten was mainly controlled by temperature and human activity before 1993 and by 
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temperature afterwards. In addition, a study of Lake Tuosu in Qaidam Basin, west of Gonghe 
Basin, indicated that its water level variation was controlled by both evaporation and water usage 
for agricultural irrigation (Liu et al., 2014). 

There is no doubt that in the recent past, human activity has played a more important role in 
controlling the variation of lake area in Gonghe Basin than climate change. Previous work has 
shown that against a background of a constant climate, lake catchments will eventually attain a 
balance between input and output of water and the lake areas will maintain a relatively steady 
state (Mason et al., 1994). Therefore, a relatively stable climate state cannot explain the decrease 
of lake area in Gonghe Basin during the study period and therefore human activity is likely to 
have been responsible for the observed changes. 

As discussed above, human activity, including exploiting farmland and building dams, can 
significantly impact lake water resources and usually results in the decrease of lake levels. Clearly, 
a dry lake bed can also be exploited as new farmland. For example, the shoreline areas of Lake 
Dalianhai have been used as farmland since the area of the lake has decreased. It can be seen in 
Fig. 5 that most of the land in the Lake Dalianhai basin was under water during the 1950s, and 
even during the 1970s; however, the modern lake basin is now occupied by farmland and sand 
dunes. 
3.2.2  1990s–2014: the role of anthropogenic climate change in reducing lake area 
The human population of Gonghe Basin was relatively stable during this period. Unfortunately, 
changes in the area of farmland were not well-documented from the mid-1980s to the early 2000s 
and therefore we calculated the area of farmland boundaries (Fig. 1(A–H)) from optical satellite 
images. The results indicate that the area of farmland remained relatively stable during this period. 
The number of reservoirs also remained constant. The most significant environmental factor to 
change during this period was the annual mean temperature, which varied from about 4°C–6°C 
with a mean of 5°C. The mean annual precipitation also decreased slightly, with a pattern of 
annual fluctuations of lower amplitude than occurred previously. In terms of changes in lake area, 
Lake Dalianhai decreased sharply and it eventually dried up completely. The area of Lake 
Genggahai also decreased significantly, highlighting the drying process during this period. Lake 
Xinhu persisted, although its area fluctuated considerably. Lake Yingdehai fluctuated on a yearly 
basis, reappearing in years with higher precipitation. 

Careful assessment of the annual variations in lake area and comparison with climatic records 
indicates that climate change was the dominant factor controlling the variation of lake area during 
this period. As shown in Fig. 6, when precipitation increases and temperature decreases 
respectively, lake area usually increases. Therefore lakes will expand over time with increased 
precipitation and decreased temperature. For example, the reappearance of Lake Xinhu and the 
transgression of Lake Genggahai and Lake Yingdehai, together with the reduction in the rate of 
decrease of Lake Dalianhai area in 1992, were mainly caused by increased precipitation and 
decreased temperature. The same conclusion can be drawn for the intervals 2001–2003, 2004, 
2007 and 2009–2012. 

The study of Shi et al. (2007) showed that in 1987 the climate changed from warm and dry to 
warm and wet in northwest China, most notably in the Xinjiang area. Therefore precipitation 
would have increased more than evaporation, and runoff would have increased and lake water 
levels risen. For example, as mentioned above, the level of Lake Bosten increased after the late 
1980s. In addition, most of the lakes in Xinjiang, including Lake Aydingkol, Lake Sayram and 
Lake Manas, also expanded after the late 1980s (Ding et al., 2006). In addition, as suggested by 
Shi et al. (2007), the climate in regions such as the Tarim Basin, eastern Xinjiang and the 
northeastern edge of Qinghai province, including the catchments of Lake Qinghai and Gonghe 
Basin, changed slightly. However, the data presented here highlight the fact that the climate 
became warmer and dryer since the early 1990s in the northeastern Tibetan Plateau. In the case of 
Lake Qinghai, the longest interval of lake level increase since 2004 could be due to increasing 
precipitation and accelerated glacier/perennial snow cover melt in the region during recent 
decades (Li et al., 2011; Zhang et al., 2011a). 
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Fig. 6  Variation of climatic factors and the area of selected lakes in Gonghe Basin from 1989 to 2014. (a) Mean 
annual temperature; (b) mean annual precipitation; (c) area of Lake Dalianhai; (d) area of Lake Genggahai; (e) 
area of Lake Xinhu; (f) area of Lake Yingdehai. 

3.3  Comparison with other lakes on the Tibetan Plateau 

Remote sensing techniques have the advantages of relatively high spatio-temporal resolution, 
broad coverage and low cost, and they have already been used effectively to monitor changes in 
the area of lakes on the Tibetan Plateau and in the surrounding areas. A series of lake area data 
were derived from Landsat MSS/TM/ETM+ imagery and the ICESat/GLAS altimetry data for the 
past four decades (Phan et al., 2012; Song et al., 2013, 2014a, b; Zhang et al., 2013b, 2014; Lei et 
al., 2014). 

Song et al. (2013) combined satellite altimetry data and optical remote sensing images to 
enable the comprehensive investigation of three-dimensional geometric changes in lake water 
storage using statistical models. The results show that the number and total area of lakes over 10 
km2 in size in the Tibetan Plateau area increased gradually from the early 1970s to 2011; in 
addition the total lake area and total lake water storage also increased during this period. Lei et al. 
(2014) also showed that closed lakes on the Tibetan Plateau interior varied significantly during 
1976–1999; however they expanded coherently and significantly in both area and water depth 
from 1999 to 2010. In addition, the results acquired from ICESat altimetry data indicate that over 
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70% of the lakes on the Tibetan Plateau showed an increase in water level between 2003 and 
2009 (Zhang et al., 2011b, 2013a, Phan et al., 2012). Therefore, over the past forty years, the 
alpine lakes on the Tibetan Plateau have exhibited an overall expanding trend. However, the 
variations in individual lakes are dependent on the specific and potentially complex hydrological 
and climatic characteristics of their lake basins (Song et al., 2013). 

Lu et al. (2005) compared three different groups of lakes: in the Nam Co basin, the Siling Co 
basin (both groups being supplied by both precipitation and glacial meltwater) and in the Yellow 
River source (supplied mainly by precipitation). They found that the first two groups expanded 
rapidly while the third group decreased by 3.77% between the late 1970s and the early 2000s. Lei 
et al. (2013) showed that six closed lakes (Siling Co, Nam Co, Bam Co, Pung Co, Darab Co and 
Zigetang Co) expanded between 1976 and 2010, with a remarkable acceleration after 1999. Other 
lakes in the inner plateau, such as Zhari Nam Co, Tangra Yum Co, Lake UlanUla, Duoersuodong 
Co, decreased significantly in area from the early 1970s to the late 1990s, but expanded rapidly in 
the 2000s (Song et al., 2014b). However, lakes located on the southern fringe of the Tibetan 
Plateau, such as Peiku Co and Mapang Yum Co, exhibited a consistently decreasing lake level 
trend from 1972 to 2012 (Zhang et al., 2014). 

In summary, the water level changes of different lakes over the plateau are spatially 
heterogeneous. In accordance with the results of the previous studies reviewed above, most of the 
lakes in the southern Tibetan plateau region and along the Himalayas, exhibit a trend of falling 
water level, while most of the lakes in the inner plateau exhibit a rising tendency (Song et al., 
2014b). 

The water balance of lakes in the region has undoubtedly been affected by climatic changes. 
Yang et al. (2014) showed that reductions in wind velocity on the Tibetan Plateau over the past 30 
years may have weakened water vapor exchange between the Asian monsoon region and the 
plateau, leading to lower precipitation in the monsoon-impacted southern and eastern plateau. In 
contrast, they emphasized that increased convective precipitation over the central plateau was 
generated by the warmer and moister conditions, yielding more runoff; and at the same time, solar 
dimming reduced the rates of evaporation. These two factors, together with enhanced glacier 
melting, have contributed to the expansion of lakes in the central Tibetan Plateau. However, the 
contribution of glacial melt water to lake level change may be not obvious on a large spatial scale, 
since Phan et al. (2013) reported that more than half of the watersheds of Tibetan lakes are not 
linked to glaciers. In addition, Song et al. (2014d) also demonstrated that the expansion of lakes 
on the Tibetan Plateau in the 2000s was driven primarily by changes in precipitation and 
evapotranspiration and not solely by the effect of glacier melting. Therefore, the relationship 
between lake level variations and climatic forcing remains unclear (Song et al., 2014b). 

4  Conclusions 

Optical satellite images were used to estimate variation in the water areas of lakes in Gonghe 
Basin from the 1950s to 2013, and a comparison of the results with socio-economic and climatic 
data elucidates the main cause of the changes in lake area change during the study period. The 
changes in the status of lakes can be summarized as follows: (1) During the 1950s to the 1980s, 
the water area of Lake Dalianhai, Lake Genggahai and Lake Yindehai in Gonghe Basin decreased 
significantly. This was caused mainly by the exploitation of farmland against the background of 
an increasing population. Several reservoirs were constructed at the same time, and therefore a 
significant part of the runoff was redistributed to irrigate farmland, thus leading to lake shrinkage. 
(2) After 1990, the area of farmland and the population size remained roughly constant. The 
variation of lake area during this interval was controlled mainly by precipitation and temperature. 
Lake expansion occurred in years when precipitation was relatively high and temperature was 
relatively low. However, against the background of overall high temperatures during the study 
period, the water area of several lakes decreased sharply before reaching a relatively steady state 
thereafter. 
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