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Lake level and area variations are sensitive to regional climate changes and can be used to indirectly estimate water balances of
lakes. In this study, 10 of the largest lakes in China, ~1000 km? or larger, are examined to determine changes in lake level and
area derived respectively from ICESat and Landsat data recorded between 2003 and 2009. The time series of lake level and area
of Selin Co, Nam Co, and Qinghai Lake in the Tibetan Plateau (TP) and Xingkai Lake in northeastern China exhibit an increasing
trend, with Selin Co showing the fastest rise in lake level (0.69 m/a), area (32.59 km?*/a), and volume (1.25 km®/a) among the 10
examined lakes. Bosten and Hulun lakes in the arid and semiarid region of northern China show a decline in both lake level and
area, with Bosten Lake showing the largest decrease in lake level (—0.43 m/a) and Hulun Lake showing the largest area shrinkage
(—35.56 km*/a). However, Dongting, Poyang, Taihu, and Hongze lakes in the mid—lower reaches of the Yangtze River basin pre-
sent seasonal variability without any apparent tendencies. The lake level and area show strong correlations for Selin Co, Nam Co,
Qinghai, Poyang, Hulun, and Bosten lakes (R*>0.80) and for Taihu, Hongze, and Xingkai lakes (~0.70) and weak correlation for
East Dongting Lake (0.37). The lake level changes and water volume changes are in very good agreement for all lakes (R* > 0.98).
Water balances of the 10 lakes are derived on the basis of both lake level and area changes, with Selin Co, Nam Co, Qinghai, and
Xingkai lakes showing positive water budgets of 9.08, 4.07, 2.88, and 1.09 km®, respectively. Bosten and Hulun lakes show nega-
tive budgets of —3.01 and —4.73 km®, respectively, and the four lakes along the Yangtze River show no obvious variations. Possi-
ble explanations for the lake level and area changes in these four lakes are also discussed. This study suggests that satellite remote
sensing could serve as a fast and effective tool for estimating lake water balance.
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Lakes are not only water resources essential for life, but
also sensitive indicators of climate change. Thus, they are of
great importance for water assessment, climate modeling,
and environmental and biodiversity studies. A global data-
base of lakes and wetlands shows that the total lake area in
China of those larger than 1.0 km? is ~8x10* km? [1], which
accounts for ~0.8% of China’s land area. The Tibetan Plat-
eau (TP) has the largest number of lakes, with 1055 lakes of
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greater than 1.0 km?, accounting for 39% and 51% of the
total lake number and area in China [2], respectively, and is
known as the “water tower of Asia”.

The physical properties of China’s lakes have been
strongly affected by climate changes and human activities
during recent years. For example, shrinkage and vanishing
of lakes in North China such as those in Xinjiang and Inner
Mongolia occurred because of warming [3] and increased
agriculture irrigation [4]. The decrease in lake area in South
China is attributed to reclamation, lakeshore expansion, and
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enclosure associated with rapid economic growth [5]. A
recent study of 74 lakes (56 saltwater lakes) in the TP indi-
cated that the levels of 62 (84%) freshwater and 50 (89%)
saltwater lakes increased from 2003 to 2009 [6], which is
likely due to accelerated glacier melting and increased net
precipitation over the TP [6—9]. This result is also consistent
with the emergence of numerous new lakes and the increase
in the areas of lakes in the region [5,10,11]. The interrela-
tionship between the Yangtze River and Poyang Lake has
been altered by local and regional climate and human activ-
ities, thus affecting the ecological system, wetland cover
types, and economic benefits [12—14]. In particular, the
operation of the Three Gorges Dam since 2003 shows a
certain degree of influence on the hydrological process of
Poyang Lake basin [12].

Lake volume variations can be calculated through water
inputs such as precipitation over the lake, river inflow, and
groundwater recharge and outputs such as evaporation from
the lake, river outflow, and groundwater seepage. However,
direct measurement of these parameters at hydrological sta-
tions is usually difficult. Moreover, the remoteness and
harsh conditions of high-altitude lakes present further chal-
lenges. Remote sensing has proved to be a powerful and
efficient tool for monitoring these lakes [15]. Water mass
balance of a lake can be indirectly estimated by combining
lake level and area changes. Satellite radar/laser altimeters
such as TOPEX/POSEIDON, ENVISAT, JASON-1, and
ICESat/GLAS have been successfully launched to monitor
lake level changes [6,16—18]. Although ICESat/GLAS al-
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timetry shows high precision and accuracy [6,19-22], itis a
sparse sampling scheme outside the polar regions and often
excludes small lakes.

The 10 largest lakes in China, namely, Bosten, Selin Co,
Nam Co, Qinghai, Dongting, Poyang, Taihu, Hongze,
Hulun, and Xingkai (Figure 1), each with an area of >1000
km? and together covering an area of 22711.8 km? [2], pre-
sent a representative spatial pattern distribution. These lakes
are critical for China owing to the social, ecologic, and en-
vironmental benefits they provide to the country’s 1.3 bil-
lion residents. However, the temporal variations in lake lev-
el and area as well as the water balance of these lakes under
the conditions of rapid current climate changes and social
and economic development remain unknown. In this study,
we selected the 10 largest lakes in China and retrieved the
lake levels by using ICESat data and areas using the Land-
sat Thematic Mapper (TM) and Enhanced Thematic Mapper
(ETM+) data for the period 2003-2009. Finally, water
volume for each lake was calculated from the lake level and
area changes, and water balance was estimated.

1 Data and methodology

1.1 Characteristics of the 10 largest lakes

Figure 1 shows the spatial distribution of the 10 largest
lakes, along with the largest river networks, in China. The
physical characteristics of these lakes are summarized in
Table 1.
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Figure 1 Locations of the 10 largest lakes in China. The insets indicate ICESat tracks passing through the lake surfaces. A represents Bosten Lake; B, Selin
Co; C, Nam Co; D, Qinghai Lake; E, Dongting Lake; F, for Poyang Lake; G, Taihu Lake; H, for Hongze Lake; I, Hulun Lake; and J, Xingkai Lake.
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Table 1 Physical characteristics of the 10 largest lakes in China®
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Characteristics Selin Co Nam Co Qinghai Xingkai Bosten Hulun Poyang Taihu Dongting Hongze
Latitude 31°32.7'=  30°30.1'-  36°33.0'— 44°31.5'- 41°49.5'-  48°34.5'-  28°20.6'- 30°55.5'— 28°44.8'-  33°4.0'-
32°7.8' 30°55.8'  37°14.0°  45°20.6'  42°6.8' 49°19.6'  29°457'°  31°33.0'  29°32.7"  33°38.2
Longitude 88°31.7—  90°14.8'=  99°37.1'—= 131°58.7—- 86°43.7'- 116°58.5'= 115°47.6'= 119°53.5— 112°24.0— 118°12.6'-
89°21.7' 91°2.8'  100°44.9' 132°51.1'  87°26.1'  117°47.4' 116°454" 120°35.0' 113°9.6'  118°52.3'
Types of lake S S S F F S F F F F
Altitude (m) 4539 4723 3193 68 1045 540 ~12 ~1 ~24 ~12
Max length (km) 80 77 101 93 58 84 158 69 90 63
Max width (km) 66 47 76 70 32 59 94 66 73 60
Max depth (m) - 98 [25] 25.5 [20] 10 [29] 16 [23] 5[28]  21.71[31] 2.6(32] 30.8 5.0
Lake area (km?) 2178 2018 4165 4106 919 1811 3289 2314 2623 1514
Water volume (km”) - 84.2[25] 71.6[20] 17.5[29]  8.8[23]  13.1[30] 27.6[31] 4.4[33] 17.8 2.66

a) S, for salt lake; F, for fresh lake.

Bosten Lake (A) is located in the Xinjiang Uygur Autono-
mous Region, northwest China. The lake lies on the south-
ern slope of the Tianshan Mountains with a maximum water
depth of 16 m and water volume of 8.8 km® [23] (Table 1).
Selin Co (B), Nam Co (C), and Qinghai Lake (D) are the
three largest lakes in the TP, and all are enclosed salt lakes.
Selin Co and Nam Co in central TP are the highest lakes in
the world with altitudes >4000 m. The lake basin of Selin
Co has an area of 49895 km?, and the Zajia Zangbo River,
the longest river in Tibet, flowing into this lake [24]. The

maximum water depth of Nam Co is approximately 98 m,
and its multi-year mean water volume is 84.2 km?® [25]. The
Nam Co basin of 10857 km® is located in the northern
Nyaingentanglha Range with abundant glacier coverage
[24,26,27]. Qinghai Lake is the largest saltwater lake in
China with an area of more than 4000 km’ (Table 2). Its
drainage basin covers an area of approximately 29660 km®.
The combination of precipitation and glacier/snow melting in
the basin provides a major water source to Qinghai Lake [20].

Dongting (E), Poyang (F), Taihu (G), and Hongze (H)

Table 2 Lake levels derived from ICESat and area obtained from Landsat ETM+/TM data at coincident start and end dates; lake level (area, volume)

changes and lake water balance between 2003 and 2009 ©

Start elevation ~ Start area (km®)  End elevation  End area (km?) Lake level Lake areaz Watf r balance
Group Lake name (m) (date) (date) (m) (date) (date) changes (m), changes (km°), (km”), volume
rate (m/a) rate (km*/a) change rate (km*/a)
Lake level Selin Co 4539.43 1992.46 4543.79 2178.37 4.37,0.69 185.91, 32.59 9.08, 1.25
increase (2003-02-27)  (2003-02-02)  (2009-04-08)  (2009-04-23)
Nam Co 4723.39 1987.75 4725.42 2018.25 2.03,0.23 30.50, 2.89 4.07,0.33
(2003-02-23) (2003-01-10) (2009-10-09) (2009-10-01)
Qinghai 3193.32 4084.92 3194.02 4165.36 0.70, 0.11 80.44, 11.70 2.88,0.54
(2003-11-16) (2003-11-21) (2009-10-02) (2009-09-28)
Xingkai 68.76 4104.08 69.03 4106.69 0.27,0.07 2.16,2.17 1.09,0.32
(2003-10-19) (2003-10-17) (2009-10-07) (2009-09-30)
Lake level ~ Bosten 1048.00 995.20 1044.89 919.85 —3.11,-043 —7535,—1057  —3.01,—-041
decrease (2003-10-22) (2003-10-21) (2009-10-06) (2009-08-18)
Hulun 542.75 2027.09 540.34 1811.06 —2.42,-0.41 —216.03, —4.73,-0.75
(2003-03-17) (2003-04-30) (2009-04-03) (2009-04-14) —35.56
Lake level ~ Dongting 24.72 723.74 25.41 272.70 ~ ~ —0.25
no trend (2003-10-14) (2003-10-16) (2008-12-01) (2008-12-16)
Poyang 10.41 1517.35 10.53 1913.82 _ 3 —-0.90
(2003-11-15)  (2003-11-03)  (2009-04-07)  (2009-04-09)
Taihu 0.52 2294.19 0.92 2314.14 ~ ~ 0.13
(2004-11-04) (2004-11-23) (2009-04-09) (2009-04-11)
Hongze 12.69 1624.17 12.13 1514.53 —0.86

(2003-11-14) (2003-11-12)

(2009-03-16)

(2009-03-17)

a) All lakes are grouped into three subgroups of lake level increase, decrease, and no obvious trend.
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Lakes in the mid-lower reaches of the Yangtze River, orig-
inating from the TP, are located in the most populated re-
gion of southeastern China and are important sources of
regional water and ecosystems. Hulun Lake (I) is located in
a semiarid region of Inner Mongolia Autonomous Region,
China, under a continental monsoon climate with an area of
~2000 km” and maximum depth of 5 m. It is now a closed
lake with a pH of 9.2 and salinity of 2.5 g/L., as measured in
2009 [28]. A special lake in northeastern China, Xingkai
Lake (J), stretches across the border of China and Russia.

1.2 Hydrological and meteorological data

The Nam Co Station for Multisphere Observation and Re-
search (briefly, Nam Co Station), established in 2005 by the
Institute of Tibetan Plateau Research, Chinese Academy of
Sciences, provides hydrological and meteorological data.
The station is located in the southeast region of lake at
30°47'18.24"N/90°58'32.46"E [6]. The monthly tempera-
ture, precipitation, and pan evaporation (E,,,) data between
2003 and 2009 for the Hulun Lake basin were obtained
from the China Meteorological Data Sharing Service Sys-
tem at http://cdc.cma.gov.cn/. Pan evaporation describes
evaporation measured by open circular pans with a diameter
of 20 cm, which is more representative of surface evapora-
tion. The 84 meteorological stations from the Meteorologi-
cal Bureau of Jiangxi Province recorded monthly tempera-
ture, precipitation, and Ej,, of the Poyang Lake basin during
2003-2009. In addition, the daily water level measured at
Duchang Hydrological Station at Poyang Lake was collected.

1.3 ICESat data

The ICEsat mission, with the Geoscience Laser Altimeter
System (GLAS) instrument, was launched in January 2003.
The primary purpose of ICESat was to detect elevation
changes of ice sheets in Greenland and the Antarctic, in
addition to other scientific objectives such as global meas-
urements of cloud and aerosol heights, land topography, and
vegetation canopy heights [34,35]. The precision of ICESat
measurement is ~2 c¢cm with footprints 70 m in diameter
along 172-m interval tracks for monitoring polar ice sheets
and sea ice [35,36]. Moreover, ICESat/GLA14 shows high
accuracy for measuring inland lake levels and their changes
[6,20,37]. ICESat/GIAS Release-31, covering the 10 lakes
between 2003 and 2009, were acquired from the National
Snow and Ice Data Center (NSIDC). The elevation and re-
lated information were extracted through the Interactive
Data Language (IDL) code provided by NSIDC. The ICE-
Sat data is referenced to TOPEX/Poseidon (T/P) ellipsoid
and the Earth Gravitational Model 2008 (EGM2008) Geoid
in Release 531. The ICESat elevation was converted to the
orthometric height with the EGM2008 Geoid provided with
the original ICESat and WGS84 ellipsoid with an offset of
0.7 m relative to the T/P ellipsoid [20]. Studies have shown
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that the accuracy of ICESat may be better than 10 cm in
monitoring lake level changes [6,20,38].

For thousands of lakes, the ICESat footprints crossing the
lake surface are generally selected by the boundary derived
from MODIS data with a resolution of 250/500 m [6,19]. A
pixel size of 250 m is still excessively coarse, as compared
with the 70-m footprint of ICESat data. In this study, the
lake boundaries derived from Landsat images (30 m in pixel
size) are used to extract ICESat footprints. Therefore, a
more accurate boundary is provided to remove the outliers
from the water-land transition. In particular, this action is
necessary for seasonal lakes with variable lake extents. A
further step for removing outliers was also conducted in
data processing with ICESat parameters such as waveform
saturation, and instrument gain, and final standard deviation
of footprints [20].

1.4 Landsat data and lake boundary derivation

The Landsat TM/ETM+ archives were downloaded through
the United States Geological Survey (USGS) at http://glovis.
usgs.gov/. A total of 130 Landsat scenes during 2003—2009
for the 10 lakes was used in this study. The Landsat ETM+
has shown a data gap of a 22% data loss per scene due to
scan line corrector failure (SLC) since May 31, 2003. The
Landsat ETM+gaps are filled with a local linear histogram-
matching method developed by the USGS [39]. For some
lakes such as Nam Co and Selin Co, a clear lake boundary
can be identified from images and delineated with visual
interpretation. The lake area of Nam Co on April 16, 2009,
was determined in this study to be 2014.02 km2, which is
very close to 2014.66 km” on the same date, as reported by
Zhang et al. [25].

In other lakes, such as Poyang and Dongting, the water
inundation extent shows large variability owing to rainfall
and water exchange with the Yangtze River; therefore, a
Modified Normalized Difference Water Index (MNDWI)
(eq. (1)) was used to map these water bodies [40,41]. The
mean of MNDWI for water is much higher than that for
other land cover types such as bare land, residential areas,
vegetation, and clouds. Density slicing with a mean thresh-
old sampled from the lake surface was further performed to
derive water body information [42,43]. The range of
MNDWI threshold for the lakes in the Yangtze River basin
is 0.32-0.45:

MNDWI=[p, 55 = £,45] / [Poss + Pres] €Y

where p,,, and p,, are bands 2 (green band) and 5
(middle infrared band) for Land TM/ETM+, respectively.

1.5 Water-balance derivation

A method for computing the water volume of lakes was
proposed by Taube [44] as eq. (2). We used this formula to
examine the water volume changes in lake area and differ-
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ences in lake level:
1
AV=§(H2—H1)><(AI+A2+,IA1><A2), 2)

where AV denotes the lake volume change from lake lev-
el H, with an area of A, to H, with A,. The water volume
change is achieved with two consecutive elevation and area
values. The water balance can be estimated with total of all
step values between 2003 and 2009.

2 Results

2.1 Lake level and area changes

Figure 2 shows the lake level derived from ICESat, area
from Landsat TM/ETM+, and water volume changes during
2003-2009 for the 10 lakes. These lakes were grouped into
the following three subgroups according to their lake levels
and area changes, as shown in Table 2: lake level increase,
decrease, and no trend. Four lakes, namely, Selin Co, Nam
Co, and Qinghai Lake in the TP and Xingkai Lake in north-
eastern China, showed lake level and area increases. Selin
Co had the fastest lake level and area increase rates from
2003 to 2009, with respective values of 0.69 m/a (4.37 m)
and 32.59 km%a (185.91 km?) against 0.23 m/a (2.03 m)
and 2.89 km?a (30.50 km®) for Nam Co and 0.11 m/a (0.70
m) and 11.70 km?*a (80.44 km?) for Qinghai Lake. In addi-
tion, Selin Co had an area of 2178.37 km? in 2009 and is
currently the largest lake in Tibet; Nam Co, with an area of
2018.25 km?, previously held the title [45]. Detailed lake
level changes and related snow cover/glacier changes for
the three lakes were previously reported [6,20,24,46].
Xingkai Lake showed a slight increase in lake level and area
with respective values of 0.07 m/a and 2.17 km%a, or
amounts of 0.27 m and 2.16 km?* during 2003-20009.

Hulun and Bosten lakes showed both lake level and area
decreases. Bosten Lake had the faster lake level drop with a
rate (amount) of —0.43 m/a (-3.11 m) against —0.41 m/a
(-2.42 m) for Hulun Lake. Hulun Lake indicates a greater
area shrinkage with —35.56 km*/a (—216.03 km?) against
—10.57 km?/a (~75.35 km?) for Bosten Lake.

The four lakes, namely, Dongting, Poyang, Taihu, and
Hongze, located in the mid-lower reaches of the Yangtze
River basin, showed intraseasonal variability in lake level
and area and no trend at all. The area values were obtained
with available data for dates nearest those available for lake
level. For Dongting Lake. including east, south, and west
sections, ICESat tracks are mainly covered in the east sec-
tion, and only a few are available in the south section.
Therefore, only East Dongting Lake is examined for its el-
evation and area changes in this study. East Dongting Lake
is seasonal with mean and maximum elevations and areas of
24.67 m, 27.61 m, 447.76 km®, and 792.66 km?, respective-
ly. Poyang Lake has an inundated area of more than 3000
km” during rainy seasons and less than 1500 km? during dry
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seasons. Lake levels and area showed abrupt increases dur-
ing April-June of 2005 and 2006 and abrupt decreases that
remained low in 2007-2009. Taihu Lake showed the lowest
altitude, between 0.4 and 1.0 m, among the 10 lakes and an
area fluctuation of approximately 2300 km”. Hongze Lake
presented a mean elevation of ~12.5 m and a mean area of
~1550 km? with some variations.

Of the 10 lakes, Selin Co showed the most rapid lake
level and area increase between 2003 and 2009, while Bos-
ten Lake showed the fastest lake level decrease, and Hulun
Lake showed the greatest area shrinkage during this period.

2.2 Lake boundary changes

Figure 3 shows the boundary changes of the 10 lakes. An
insert presents enlarged views of lake bank changes. Selin
Co showed a sharp lake boundary extent between 2005 and
2006, which is consistent with lake level (1.69 m) and area
(99.12 km?) increases in the two years (Figure 2). Nam Co
had a greater expansion of shorelines toward west and east.
Rapid bank enlargements occurred in 2004, 2005, and 2008,
which correlates with lake level and area increases (Figure
2). Qinghai Lake showed greater shoreline enlargements in
the eastern portion of the lake in 2005 and 2009. The lake
level and area changes in the two years also presented high-
er peaks. The largest lake bank extent of Xingkai Lake ap-
peared in 2008, which is consistent with lake level and area
increases.

A retreating of shoreline of Hulun Lake mainly appeared
in its southern region. The lake boundary showed apparent
decreases in 2004, 2007, and 2009, which is consistent with
the three valleys of lake level and area changes in these
three years (Figure 2). Bosten Lake, with continuous de-
creases in lake level and area between 2003 and 2009,
showed obvious bank shrinkage.

Dongting, Poyang, Taihu, and Hongze lakes have sea-
sonal variability due to rich rainfall and water exchange
with the Yangtze River; thus, lake boundary changes can
occur rapidly and are usually marked by large inundations
in the wet season that decline significantly in the dry season.
For example, the extent of Dongting Lake was much larger
in October 2004 than in November 2005, indicating a con-
siderable decrease. Poyang Lake had a large area in June
2006, and a substantial decrease occurred during the dry
period of November 2007. The shoreline changes of Taihu
Lake occurred in its northeastern and southeastern regions
and were accompanied by rapid industrialization and ur-
banization. Hongze Lake indicated clear boundary shrink-
age in 2008—2009 around the lake, which is closely related
to human regulations such as increased irrigation, reclama-
tion of wetlands, and expansion of lakeside development.

2.3 Relationships between lake level, area, and volume

Figure 4 shows the correlation between corresponding (or
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Figure 2 ICESat-derived lake level time-series (blue lines), Landsat-derived lake area time-series (red lines), and water volume changes during 2003—

2009.

the closest available) lake area and levels for the 10 lakes.
The lakes located in arid-semiarid regions including Selin
Co, Nam Co, Qinghai, Hulun, and Bosten showed strong
correlations (R*= 0.83-0.96), except for Xingkai Lake with
a slightly smaller value of 0.76. The lakes in the mid-lower
Yangtze River basin showed weaker correlations including
0.37 for East Dongting Lake, 0.70 for Taihu Lake, 0.71 for
Hongze Lake, and 0.83 for Poyang Lake. The weaker rela-
tionship between lake level and area for these four lakes
could be partly due to sparse ICESat data coverage, while
frequent changes of water surface extent occur with weather
changes.

A third-grade polynomial regression shows a high corre-

lation (R*>0.98) between water level changes and water
volume changes for the 10 lakes (Figure 5).

2.4 Water balance estimation

Table 2 shows the water volume changes of the 10 lakes
and their water balances between 2003 and 2009. Results
show that the lakes in the TP (Selin Co, Nam Co, and
Qinghai Lake) and Xingkai Lake had a positive balance.
Selin Co showed a maximum volume increase of 9.08 km®
with a rate of 1.25 km?/a. Bosten and Hulun lakes showed
respective water volume decreases of —3.01 and —4.73 km’
and change rates of —0.41 and —0.75 km?/a. The lakes in the
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Figure 4 Scatter plots between lake level and lake area.

mid-lower reaches of the Yangtze River (Dongting, Poyang,
Taihu, and Hongze) presented slight volume fluctuations of
-0.25,-0.90, 0.13, and —0.86 km3, respectively.

3 Discussion

Lake level and area changes are closely related to precipita-
tion and evaporation over lake surfaces and water recharge

and discharge of the rivers within the lake basins. Three
representative lakes—Nam Co, with a lake level increase in
the TP, and Hulun and Poyang, with a water level decrease,
and no apparent trend, respectively, in the mid-lower reach-
es of the Yangtze River Basin—were selected to discuss the
possible causes of lake level and area changes by using
available meteorological data.

Figure 6 shows the daily precipitation and E,, measured
at Nam Co Station since 2006. The annual E,,, in 2008—
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2010 was 1645.85, 2051.74, and 2007.50 mm, respectively. an important role in the water budget for the basin. As illus-

Rainfall in the lake basin is usually from April through Oc- trated by recent studies, the rapid shrinking of glaciers in
tober. The annual precipitation in 2006—2008 showed an the Nyaingéntanglha Range play an important role in lake
increase, particularly in 2008, which is consistent with lake level and area changes of Nam Co [26,27,47,48]. Quantita-
level, area, and volume variations recorded in the three tive analyses of lake level changes and snow cover together
years. The year 2009 presents a small precipitation while with precipitation and E,,, for Nam Co and Selin Co have
similar or slightly greater Ej,,. But the lake level (area and also been reported [24,49].

volume) still increased. This suggests that in addition to Reasons for level and area changes of Hulun Lake were

precipitation and evaporation, snow cover and glaciers play examined by using the four nearest meteorology stations



3824 Zhang G Q, etal.  Chin Sci Bull

— Daily precipitation —+ Annual precipitation

Daily precipitation (mm)

2006 2007 2008

Year

Daily evaporation

November (2013) Vol.58 No.31

— 600 — 20

500 — 10

I
F-y
o
(=]
Annual precipitation (mm)
T
o
aily evaporation (mm)

200 —

2009 2010

Figure 6 Daily precipitation and E,,, observed at station Nam Co during 2006—-2010. The x-axis for each year is presented in the order of January, March,

May, July, September, and November.

| 1 1] Il L}

el ® Meteorological station E
49°N 4 H
48°N — —
30 60
—— kM
1 1 1 1 1
116°E 17°E 118°E 19°E 120°E
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and Duleng (DL).

Including Manzhouli (MZL), New Barag Youqi (NBY),
New Barag Zuoqi (NBZ), and Duleng (DL) (Figure 7). The
monthly and annual temperature, precipitation, and Ep,,
from 2003 to 2009 were used in this study. The monthly
temperature at stations MZL, NBY, and NBZ showed sea-
sonal variability and an overall increase in average annual
temperature (Figure 8). The precipitation data from the
three stations showed slight decreases in 2003—-2005 fol-
lowed by obvious increases in 2006-2009. Annual E,,, in-
dicated no obvious trend with several fluctuations. The dif-
ferences between average annual E,,, at station DL and pre-
cipitation from the three stations (E,,, minus precipitation)
during 2003-2007 showed increases with slight decreases
in 2006, which is consistent with general lake level, area,
and volume declines with slight increases in 2006—2007
(Figure 2). Although these differences show decreases in
2008 and 2009, lake level and area changes are not clear in
2009 due to limited ICESat data. Overall, the negative dif-
ference between precipitation and E,,, play a key role in
decreases of lake level, area, and volume. In addition, the
degradation of seasonally frozen soil with warmer tempera-

ture and river closure of two tributaries upstream of Hulun
Lake could partially contribute to the decrease in lake level
[50,51].

Poyang Lake, located in the northern Jiangxi Province
and south of the Yangtze River, is the largest freshwater
lake in China with an area of ~3000 km®. The lake drainage
area of 162000 km?, which occupies approximately 97% of
Jangxi Province, has been an important habitat for wildlife
and domestic water supply for more than 40 million popula-
tions [52]. Five major rivers including the Xiushui, Gang-
jiang, Fuhe, Xingjiang, and Raohe flow into Poyang Lake,
and six hydrologic stations are located in its basin (Figure 9).
Figure 10 shows the daily and mean annual lake levels de-
rived from gauge measurements at Duchang station and
available daily ICESat-derived water levels. Gauge meas-
urements show clear seasonal variations with water level
increases during March—August and decreases during Sep-
tember—February, in addition to overall decreases during
2003-2009. The ICESat water levels overlap with gauge-
measured water levels with R* = 0.86 between correspond-
ing gauge and ICESat measurements.

Figure 11 shows monthly and average annual tempera-
ture, precipitation, and E,, changes between 2002 and 2009
from 84 stations in the Poyang Lake basin, Jiangxi Province.
The difference of annual precipitation and E,,, (precipita-
tion minus Ey,,) showed a decrease, which could have con-
tributed to the overall decrease of the lake level shown in
Figure 10. However, differences were present the in-
tra-annual pattern, particularly in 2003 and 2006. The mean
lake level in 2003 was the highest, whereas the difference
between precipitation and E,, was low. These results are
due to the highest difference between precipitation and Ej,,
of the previous year (2002). The difference between precip-
itation and Ej,, in 2006 was high, while the mean lake level
was low. Most of area in the upper reaches of the Yangtze
River experienced extreme drought in the summer of 2006,
and the runoff of the Yangtze River reached the lowest level
among the last 50 years [53]. The extreme drought event has
resulted in early onset and long duration of the dry season
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Figure 8 Monthly temperature and precipitation observed at meteorological stations Manzhouli (MZL), New Barag Youqi (NBY), New Barag Zuoqi
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for Poyang Lake (Figure 10). In addition, the lower runoff
of the Yangtze River and impoundment of the Three Gorges
Dam increased replenishment from lake and tributaries
to the Yangtze River in 2006 [12,53]. These factors could
have resulted in the decrease of lake level, although the pre-
cipitation in the Poyang Lake basin showed no obvious
change.

The lakes in the mid—lower reaches of the Yangtze River
basin could have experienced more influence from human
activities than from climate effect. A stronger increase in
annual precipitation and weaker warming rate were reported
in the humid South China than those in the northeastern re-
gion [54, 55]. However, the number of vanished lakes in the
mid-lower reaches of the Yangtze River basin account for
approximately 40% of total loss of lakes in China. This result
is mainly attributed to human activities such as reclamation,
expansion of lakeside development, and enclosures [5].

4 Conclusions

In this study, we derived lake levels and area from ICESat

altimetry data and Landsat data, respectively. The water
balances of the 10 largest lakes in China during 2003-2009
were estimated, and the lakes were grouped into three sub-
groups according to the lake level and area trends.

Selin Co, Nam Co, and Qinghai Lakes in the TP showed
greater lake level and area increases. Selin Co showed the
most rapid lake level (0.69 m/a) and area (32.59 km*/a) in-
crease with a water balance of 9.08 km® and rate of 1.25
km’/a. The positive water balance of Nam Co and Qinghai
Lake was 4.07 and 2.88 km3, respectively. In addition,
Xingkai Lake, which crosses the border of China and Russia,
showed slight lake level (0.07 m/a) and area (2.17 kmz/a)
increases with a water balance of 1.09 km’. Bosten and
Hulun Lakes in arid and semiarid China showed substantial
lake level, area, and volume decreases with respective rates
of —0.43 m/a, —10.57 km*/a, and —0.41 km’/a and —0.41 m/a,
-35.56 kmz/a, and —0.75 km3/a; water balances were —3.01
and —4.73 km’, respectively. The area and water level
changes of Dongting, Poyang, Taihu, and Hongze lakes in
the mid-lower reaches of the Yangtze River basin showed
seasonal variability.

Three of the 10 lakes, one in each group, were selected to
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discuss the possible causes of lake level and area changes.
The increases in lake level and area in the TP are primarily
caused by increased precipitation in addition to accelerated
melting of snow cover and glaciers. The greater negative
balance between precipitation and evaporation triggered
lake level and area decreases in the arid and semiarid region
such as Bosten and Hulun lakes. The lake level and area in

the mid-lower reaches of the Yangtze River basin has
strong seasonal variations in wet and dry seasons. Poyang
Lake is examined within the entire basin with rich meteoro-
logical data. A slight decrease in lake level was affected by
regional climate changes coupled with anthropogenic activ-
ities. This study suggests that water balance of lakes can be
estimated by combining satellite-derived lake area and level
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Figure 10 Lake levels derived from ICESat data with standard deviation for daily and annual water levels observed at Duchang Hydrological Station at
Poyang Lake (top panel). The relationship between lake level changes derived from ICESat and gauges is also given (bottom panel).
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changes. This study also provides a method for validating
the estimation of water volume changes of lakes for hydro-
logical modeling.
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