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ABSTRACT

Lakes in permafrost regions are highly sensitive to changes in air temperature, snowmelt, and soil frost. In particular, the
Qinghai-Tibetan Plateau (QTP) is one of the most sensitive regions in the world influenced by global climate change. In this
study, we use retracked Enivsat radar altimeter measurements to generate water level change time series over Lake Qinghai
and Lake Ngoring in the northeastern QTP and examine their relationships with precipitation and temperature changes. The
response of water levels in Lake Qinghai and Lake Ngoring is positive with regards to precipitation amount. There is a nega-
tive relationship between water level and temperature change. These findings further the idea that the arid and high-elevation
lakes in the northeastern QTP are highly sensitive to climate variations. Water level increases in Lake Qinghai in winter may
indicate inputs of subsurface water associated with freeze-thaw cycles in the seasonally frozen ground and the active layer.
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1. INTRODUCTION

The Qinghai-Tibetan Plateau (hereafter, QTP), the
highest plateau in the world, has an average elevation of
more than 4000 m above sea level, and the permafrost over
the QTP occupies about 1.5 x 10° km?, or approximately
70% of the permafrost regions in China (Oelke and Zhang
2007). It has been known that lakes in permafrost regions
are highly sensitive to changes in air temperature, snow-
melt, and soil frost (Gibson et al. 2006; Liu et al. 2009).
There have been several studies concerning the interaction
between the lake and climate variation in QTP (e.g., Liu et
al. 2009; Yu and Shen 2010). In particular, the northeast-
ern QTP has been of interest because it is one of the most
sensitive regions to global climate changes, influenced by
different monsoon systems (the East Asian summer mon-
soon, Indian summer monsoon, East Asian winter moon,
and westerly jet streams) (Xu et al. 2007).

Satellite radar altimetry has been used to study water
elevation changes over lakes (Morris and Gill 1994; Birkett
1995; Lee et al. 2010), rivers (Birkett 1998; Birkett et al.
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2002; Kouraev et al. 2004; Berry et al. 2005), and wetlands
(Kim et al. 2009; Lee et al. 2009). Hwang et al. (2005) gen-
erated decadal water level time series using TOPEX/Posei-
don (T/P) altimeter data over six inland lakes in China and
investigated their links to precipitation and El Nifio South-
ern Oscillation (ENSO).

In this study, we use retracked Environmental Satellite
(Envisat) altimeter measurements to generate water level
change time series over Lake Qinghai and Lake Ngoring in
the northeastern QTP (Fig. 1) and examine their relation-
ships with regard to precipitation and temperature observed
by satellites. We do not use T/P data because there is no
T/P pass over Lake Qinghai. Lake Qinghai is the largest
closed-basin lake in China located in the arid-semiarid area
of 3194 m above sea level. It has an average depth of 21 m
and a lake area of 4260 km?®. There are more than 40 rivers
flowing into Lake Qinghai, and the total water input is ap-
proximately 46% surface runoff, 42% direct precipitation,
and 12% local inflow (Yu and Shen 2010). Lake Ngoring
is located at the upper reaches of the Yellow River. The
lake has an elevation of 4272 m above sea level, an area of
610 km? and an average depth of 17.6 m.
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2. DATA AND METHODS

In this study, we use retracked Envisat 18-Hz data
(~350 m along-track sampling), which spans September
2002 to April 2009 (cycles 10 - 77), from the Geophysi-
cal Data Record (GDR) to measure water height changes
over the lakes defined by water masks. The water masks we
used are from the Shuttle Radar Topography Mission Wa-
ter Body Dataset (SWBD, http://www?2.jpl.nasa.gov/srtm/
index.html) which is a by-product of the data editing to
produce the finished SRTM Digital Terrain Elevation Data
(DTED) Level 2.

We carefully select 18-Hz measurements obtained
from the lake surface after considering the size of the radar
footprint and other criteria [for details, see Lee et al. (2010)].
Along each Envisat 18-Hz ground track location, we inter-
sect a circle with an area equivalent to the nominal Envisat
footprint size (~2.5 km in diameter) with the lake mask to
choose each 18-Hz Envisat measurement that is entirely
over water (Fig. 2). Water height at a given time is obtained
from an average of Envisat measurements for a given pass
that fall within the lake. It should be noted that the presence
of snow and ice on the lake surface, which may persist for a
significant fraction of the year, perturbs the altimeter mea-
surements by volume scattering of the media and two-way
attenuation of the radar signal (Papa et al. 2002; Kouraev et
al. 2004). The Envisat GDRs contain retracked range mea-
surements using four different retracking algorithms. They
are Ocean (Brown 1977), ICE-1 (Bamber 1994), ICE-2
(Legresy et al. 2005), and SEAICE (Laxon 1994).

Due to the lack of or inaccessibility to in situ gauge
data over the Lake Qinghai and Lake Ngoring, we perform
indirect verification by comparing the Envisat-derived
lake levels and in situ gauge records for Lake Athabasca
in Canada to choose the best retracker for the lake surface
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covered by ice and snow. Figure 3 shows the comparison
of Envisat-derived lake levels from four different retrack-
ers and in situ gauge measurements in Lake Athabasca near
Crackingstone Point (http://scitech.pyr.ec.gc.ca/waterweb/
formnav.asp). Obvious differences among the retrackers can
be observed from the lake levels during winter seasons.
Table 1, which summarizes correlation coefficients and
root-mean-squared (RMS) differences between the Envisat-
derived and in situ water level anomalies, shows that the
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Fig. 1. Locations of Lake Qinghai (1) and Lake Ngoring (2) over the
northeastern QTP. Yellow lines are Envisat ground tracks. Back-
ground is 30-arcsec resolution GTOPO30 global Digital Elevation
Model (DEM).
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Fig. 2. Envisat ground tracks over Lake Qinghai (a) and Lake Ngoring (b) with color-coded circles representing ellipsoidal height from cycle 41. The
water height anomaly is calculated by subtracting the mean value. The size of the circles corresponds to the size of the Envisat nominal footprint.

The lake boundary is from SWBD.
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Fig. 3. Comparison of Envisat water level changes from pass 140 (blue) using (a) OCEAN, (b) ICE-1, (c) ICE-2, (d) SEAICE retrackers and in situ

gauge records (red) over Lake Athabasca in Canada.

Table 1. Correlation coefficients (CC) and RMS differences between
the Envisat-derived (using pass 140) and in situ lake level records over
Lake Athabasca in Canada.

CC RMS Difference (cm)
OCEAN 0.89 24.37
ICE-1 0.95 11.84
ICE-2 0.89 30.74
SEAICE 0.88 18.61

ICE-1 retracker, a 25% threshold retracker (Davis 1997)
using the mean power of the waveform calculated using
Offset Center of Gravity (OCOG) (Bamber 1994) retrack-
ing algorithm (Frappart et al. 2006), is the optimal one for
the seasonally frozen lake surface among the four retrack-
ers used in Envisat GDR. Because the lengths of intersec-
tion between the altimeter track and the lake are comparable

among these lakes, our result should be independent on the
lake size.

In addition, media corrections [dry troposphere correc-
tion, wet troposphere correction calculated by the French
Meteorological Office (FMO) from the European Centre for
Medium-Range Weather Forecasts (ECMWF) model, and
the ionosphere correction based on Global Ionosphere Maps
(GIM)] and geophysical corrections (solid Earth and pole
tides) have been applied to the Envisat measurements. The
5.6 m level Ultra Stable Oscillator (USO) anomalies for En-
visat cycles 44 - 77 are corrected using the European Space
Agency’s (ESA) correction tables (J. Benveniste 2007, per-
sonal communications).

For precipitation, we use Tropical Rainfall Measuring
Mission (TRMM) 3B43 monthly product which has 0.25°
resolution. To generate rainfall anomalies, we cumulatively
sum the TRMM rainfall values and subtract a best-fit linear
trend from the integrated sum. For temperature, we use the
Moderate Resolution Imaging Spectroradiometer (MODIS)
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8-day land surface temperature product (MOD11C2) which
has 0.05° resolution.

3. RESULTS

Figure 4 shows the time series of water level varia-
tion over Lake Qinghai and Lake Ngoring along with the
rainfall time series. Seasonal water level increases are all
associated with the increase of precipitation which peaks
around August-September over the two lakes. Despite of
sporadic data gaps, Lake Ngoring water level time series
shows that there are smaller secondary peaks around April,
which could be due to seasonal snow/glacier melt in spring.
In Lake Qinghai, there are counterintuitive seasonal water
level increases around November/December and water level
decreases around March/April. This cannot be the altimeter
range measurement error because the pattern is not observed
over Lake Ngoring, which has similar water depth and much
smaller water body than Lake Qinghai. If the level increase
in winter is due to the lake recharge by subsurface water,
it should be associated with the freeze-thaw cycles of sea-
sonally frozen ground and the active layer (the layer which

freezes and thaws every year) (Liu et al. 2009). It is worth
noting that the water level in winter has a similar pattern
of slope reversing from negative to positive in year 2006.
Therefore, although it is unclear at this stage how exactly
the freeze-thaw cycles can lead to the water level increase
in winter, it can be conjectured that the water being evacu-
ated into the groundwater system during the thawing cycle
(Smith et al. 2005) is blocked during the freezing cycle and
thus induces a water level increase. This can also explain
the abrupt decrease of the water level in spring when the
thawing cycle begins.

It has been known that Lake Qinghai has experienced
a severe decline in its water level in recent decades. There
was a 3.35 m decline in water level with an average de-
creasing rate of 8.0 cm yr' between years 1959 and 2000
(Li et al. 2007). However, our results indicate that the lake
levels decreased until 2004 and then increased steadily with
an abrupt jump in year 2005 over both Lake Qinghai and
Lake Ngoring. Li et al. (2007) showed that water consump-
tion by human activities had little effect on water level de-
cline. Therefore, the water level increase after 2005 should
be related to the climate variation. We further examine the
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Fig. 4. Lake level anomaly time series (left y-axis) along with TRMM rainfall anomaly time series (right y-axis, blue) over (a) Lake Qinghai (red:
Envisat pass 479, black: Envisat pass 552) and (b) Lake Ngoring (red: Envisat pass 180). A close agreement between the time series generated from

passes 479 and 552 over Lake Qinghai validates the Envisat measurements.
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precipitation data from TRMM by creating a precipitation
anomaly map of September 2005 when the water level and
the rainfall reached their peaks in 2005. Figure 5 confirms
that there was an excessive positive rainfall anomaly near
the lakes, and this should be related to the water increase
in 2005 as the precipitation is the major hydrologic input to
the basin (along with surface runoff). We also examine the
land surface temperature variation from MODIS. Figure 6
shows the time series of temperature variations over Lake
Qinghai and Lake Ngoring. It is apparent that the tempera-
ture changes with altitude in regions like QTP, and the mean
temperature difference between the two lakes is approxi-
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mately 3.8°C. It can also be seen that the summer season
(June - August) temperatures are gradually decreasing with
rates of -0.12 and -0.31°C yr! over Lake Qinghai and Lake
Ngoring, respectively. It has been known that evaporation
is primarily driven by temperature in Lake Qinghai region
(Qin and Huang 1998; Li et al. 2007). Hence, the decreas-
ing summer temperature is related to decreasing evapora-
tion, and therefore causing an increase of lake level. This
result agrees qualitatively with the simulation study by Yu
and Shen (2010) as they predicted that the water level will
increase with the increase of precipitation and will decrease
with the increase of temperature over Lake Qinghai.
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Fig. 5. Precipitation anomaly map for September 2005 with respect to the mean precipitation calculated from each September of 2002, 2003, 2004,
2006, 2007, and 2008. The dashed line shows the approximate boundary of QTP, and the locations of Lake Qinghai and Lake Ngoring are indicated
by numbers 1 and 2, respectively. The excessive positive anomaly, indicated with a circle, can be observed near the lakes.
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Fig. 6. Land surface temperature time series over Lake Qinghai and Lake Ngoring using MODIS 8-day temporal 0.05° spatial resolution product

(MOD11C2).
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4. CONCLUSION

Lake Qinghai and Lake Ngoring, which are approxi-
mately 300 km apart, show similar response to the forcing
of two climate variables: precipitation and temperature. Wa-
ter level increases in the lakes are all associated with the
increase of precipitation during August-September and the
decrease of temperature. Whether the positive precipitation
anomaly is related to abnormal East Asian summer monsoon
or Indian summer monsoon is uncertain, and warrants fur-
ther study. Water level increases in Lake Qinghai in winter
should be caused by the subsurface water input which could
be related to the freeze-thaw cycles of the active layer below
the lake. This is not observed over Lake Ngoring which is
located at higher altitude and has lower surface temperature.
Future study is needed to examine and validate the subsur-
face hydrologic cycle using, for example, the Variable Infil-
tration Capacity (VIC) model which is able to simulate the
permafrost process (Cherkauer et al. 2003).

The response of water levels in Lake Qinghai and Lake
Ngoring is positive with regards to precipitation amount and
negative to temperature change. These findings suggest that
the arid and high-elevation lakes in the northeastern QTP
are highly sensitive to variations in climate.
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