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ABSTRACT:

Nam-Co Lake is the largest saltwater lake in Tibet and less influenced by human activity. In order to study the change of water level
of Nam-Co Lake over the past decades and the impacts of climate change on the region, this paper combined height measurements of
ERS-1, ERS-2, ENVISAT, ICESat-2 and CryoSat-2. We found that the water level of Nam Co Lake experienced three periods of
change, namely, slightly decreasing period (1992-1993), significantly increasing period (1995-2005), and stable period (2006-2015).
The change is consistent with the change of meteorological factors in the Nam-Co Basin. The increase of glacier melt water and
precipitation in the basin is considered to be the cause of the overall trend of water level.

1. INTRODUCTION

Lakes are sensitive regions to global environmental change, and
the Tibetan Plateau is a typical area of global environmental
change. Lakes located in the Tibetan Plateau are mainly in the
natural state, with very little impact from human activity.
Nam-Co Lake is Tibet's largest saltwater lake which can reflect
the climatic conditions well and is an ideal place for study of
climate change and its impact on Tibetan Plateau. Therefore, the
inland lakes in the Tibetan Plateau are sensitive indicators of
climate change. It is of great significance to study the lake
changes of typical lake Nam-Co Lake which can contribute to
the study of global climate change and sustainable
development.

The traditional way of obtaining water level information by
continuous observation of water level stations takes a lot of
human resources, material resources and financial resources.
Due to the harsh conditions, many lakes and rivers have
difficulties in setting up observation sites around them. In recent
years, satellite remote sensing and altimetry technology has
been improving. Altimeter and other instruments on the satellite
can provide data such as distance, wind velocity and backscatter
coefficient of satellite to sea surface which provides
possibilities for monitoring inland lakes (Zhai et al., 2002). For
example, Phan et al. (2012) used the ICESat-2 satellite altimetry
data to monitor the water level changes of 154 lakes in the
Qinghai Tibet Plateau during 2003~2009, analyzed the annual
water level trend, and calculated the annual volume change.
Villadsen et al. (2015) used Cryosat-2 and ENVISAT satellite
altimeter data in Ganges River and the Brahmaputra River to
study water level changes and captured the maximum of runoff
in the late summer maximum, and found out the monsoon
precipitation and Himalaya mountain glaciers melting were the

main reason.

Many scholars have carried out a lot of research about rivers
and lakes by the use of the satellite altimetry data, but for the
typical lake Nam-Co Lake in the Tibetan Plateau, there are only
very few researches for long time series water level study based
on satellite altimetry data. For example, Song et al. (2016) only
used ICESat-2/ CryoSat-2 altimeter data of Nam-Co Lake to
study level changes from 2003 to 2013. In order to make up for
this deficiency, this paper extracted water boundaries of
Nam-Co Lake based on the optical data of Landsat satellites and
analyzed changes of water level based on satellite altimetry data
of ERS-1, ERS-2, ENVISAT, ICESat-2 and CryoSat-2.

2. RESEARCH AREAS AND DATA
2.1 Study Area

The research area is Nam-Co Lake, a typical lake located in the
southeastern Tibetan Plateau, the north of Nyaingentanglha
Mountains(3030™-3055N, 9016 ~-91<V3E). The lake surface
elevation is 4,718 m; the total area is 1,982 square kilometers.
Nam-Co Lake is the largest saltwater lake in Tibet, the second
largest saltwater lake in China and the world's highest Lake
(YYou et al., 2007). Nam-Co Lake is located in semi humid and
semi-arid transition zone where rain and drought season is clear,
from June to October for the rainy season with the average
annual rainfall of 410 mm and from November to May next
year for the dry season. Nam-Co Lake is a closed lake with
small lake precipitation, strong sunshine, the only outlet for
water by 2 billion 304 million cubic meters of water annual
evaporation and approach to water supply by natural rainfall
and glacier melting. Many modern glaciers develop in
Nyaingentanglha Mountains and glaciers are braided into the
lake. The location of Nam-Co Lake is shown in Figure 1.
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Figure 1. Location of the study area: (a)China map; (b)map of Tibetan Plateau; and (c)map of Nam-Co Lake

2.2 Landsat Remotely Sensed Data

The remote sensing image data used in this paper are
Landsat4-5 TM and Landsat7 ETM+ data, and the details are
shown in Table 1. These data are downloaded from
https://earthexplorer.usgs.gov/, and the path of images is 138,
row is 39. It is well known that the Landsat-7 ETM+ airborne
scan line corrector (SLC) failed in May 31, 2003, resulting in
the loss of data bands in the image acquired thereafter. For the
missing image data, this study uses the simple strip removal
plug-in tool (landsat_gapfill.sav) provided by ENVI software
for gap filling.

Years Satellite | Sensor | Resolution(m)
1992-2000 | Landsat4-5 | TM 30
2000-2015 | Landsat7 | ETM+ 30

Table 1. Summary of remotely sensed data used in this study

2.3 Multi-mission Radar Altimetry Data

2.3.1 ERS-1. ERS-2 and ENVISAT: ERS-1, ERS-2 and
ENVISAT are the earth remote sensing satellite developed and
launched by the European Space Agency (ESA) with high
inversion precision in large water level monitoring. For
example, in the Amazon basin, the accuracy of ENVISAT is 30
cm (Silva et al., 2010); in Ganges River, the standard error of
ENVISAT inversion is 26 cm (Papa et al., 2010). Because they
are belonged to ESA, the three satellites share the same ground
track and repeat cycles.

The footprint sizes of ERS-1, ERS-2 and ENVISAT are 1.7 km

in diameter and 350 m in resolution along track. In this paper,
GDR (Geophysical, Data Records) data of ESA L2 Ku
frequency band (frequency 13.575 Hz, 2.3 cm) is used, and the
sampling frequency is 20 Hz.

2.3.2 ICESat-2: ICESat-2 is a satellite in the NASA earth
observing system. The satellite Geoscience Laser Altimeter
System (GLAS) equipped on the ICESat-2 is the first laser
altimeter sensor equipped on satellite for earth observation
satellite in space and has high resolution which can monitor the
water level of small water better, detecting the changes of 3 cm
(Abshire et al., 2005).

ICESat-2 data from level O to level 2 has a total 15 product
types. This paper uses GLA14 level 2 altimeter data.

233 CryoSat-2: CryoSat-2 is a high precision radar
altimeter satellite launched by ESA in 2010 that can accurately
measure the ice thickness and extent changes of the polar sea
ice and replace ENVISAT, Jason-1/2, ICESat-2 and other
satellite altimetry, continuing to be used for inland water body
water dynamic monitoring (Kleinherenbrink et al., 2014).
Compared to previously launched observation satellites,
CryoSat-2 achieved higher observation precision in complex
terrain, such as in Yarlung Zangbo River, the average error of
the water level data measured by CryoSat-2 and in-situ data is
about 10 cm; in Ganges River, the error of water level
observation is about 2 cm (Villadsen et al., 2015).

CryoSat-2 has three modes of work, as follows: LRM, SAR,
SARIN. This paper uses CryoSat-2 data for the level 2 level
product, the C version, and the SARIn schema data. The other
two modes have no data on the Tibetan Plateau. Altimeter
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satellite parameters are shown in Table 2.

Satellite Track height/km | Orbit inclination /< | Resolution | Repeat cycle/day | Type Operation years
ERS-1 785 98.5 1.7 km 35 Microwave | 1991-1996
ERS-2 785 98.5 1.7 km 35 Microwave | 1995-2001
ENVISAT 800 98.55 1.7 km 35 Microwave | 2002-2012
ICESat-2/GLAS | 600 94 60-70 m 183 Laser 2003-2008
CryoSat-2 720 92 0.3*1.5 km | 369 Microwave | 2010-2016

Table 2. Parameters of altimetry satellite

3. METHODOLOGY

Figure 2 shows the flovy chart of this paper.
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Figure 2. Framework for estimating the lake level variations by
the use of multi-source imagery and multi-mission altimetry
data

3.1 Water Boundary Extraction

Based on the Landsat4-5 TM and Landsat7 ETM+ remote
sensing imagery data, Modified Normalized Difference Water
Index (MNDWI) (Xu, 2005) is adopted to extract the lake
boundaries in the ENVI software. The MNDW!I formula is
defined as follows:

MNDWI = (Green-MIR)/(Green+MIR) (1)

where MNDW!I = Modified Normalized Difference Water Index
Green = green band, such as ETM+'s 2 band;
MIR = short wave infrared band, such as ETM+'s 5
Band.

The MNDWI value of the water features is positive, because of
higher reflection in the green band than in the short wave
infrared band. The MNDWI value of non-water features (soil
and vegetation) is negative, because of its lower reflection in
short wave infrared band than in green band. Set a threshold
(generally 0) to distinguish water features and non-water
features and edit artificially in ArcGIS to perfect the boundaries
of lakes and reduce the false extraction of water boundaries. In
this way, the efficiency of MNDW!I method and the accuracy of
manual editing are combined.

3.2 Lake Surface Height Calculation

321 ERS1. ERS2 and ENVISAT: Data preprocessing
includes the conversion of data format, the selection of valid
data based on the quality label, the rejection of abnormal data
and the evaluation and correction of data quality. Based on
original data of ERS-1, ERS-2, ENVISAT provided by ESA,
we can read N1 data in MATLAB by the use of the MATLAB
function package in BRAT software provided by ESA and
analysis data we need according to the different geographic
data labels. The GDR data doesn’t provide elevation records of
observation footprints but the height of satellite relative to the
reference ellipsoid WGS84, distance from the ground to
satellite and the corresponding geophysical corrections so we
need to calculate corrections to correct Measured_Range and
convert to height, the formula is defined as follows:

Height=Altitude-Measured_Range- Corrections (2)

Where Height = lake surface height above reference ellipsoid
Altitude = distance of satellite and reference ellipsoid
Measured_Range = distance of satellite and ground
Corrections = the correction of satellite altimetry data

Compared with the open ocean, rivers and lakes with relatively
small area is less influenced by tide and inverse pressure, so we
cannot consider the sea state bias correction, the tidal correction
(Guo, 2013). Therefore, the dry troposphere correction, wet
troposphere correction, ionospheric correction, polar tide
correction and earth tide correction have been carried out in this
paper. The total correction term of satellite altimetry
observation data can be summarized as follows:

Corrections=d+w+i+s+p 3)

Where d = the dry troposphere correction;
w= the wet tropospheric correction;
i= ionospheric corrections;
s= the earth tide correction;

p = polar tide correction.

The data quality labels are as follows: label for good quality of
data conformity (quality_flag=0), label for good quality of
waveform (wvfrom_fault_id_flags=0), label for good quality of
waveform retracking algorithm (ku_ice2_retrk_qua_flags=0).

It is worth noting that, in 1994, 2005, 2006, Nam-Co Lake is
located in ESA’s instrument calibration range, so ERS-1 data in
1994, ENVISAT data in 2005 and 2006 is missing.

3.2.2 ICESat-2: By the use of the IDL program provided by
NASA, the binary data are converted into an identifiable ASCII
code form, and the valid observation data is obtained by
reading the data quality labels in MATLAB.

Data that meet the quality labels are extracted. Since the
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elevation of the ICESat-2 observation points is set relative to
the TOPEX ellipsoid, the data are further converted from the
TOPEX ellipsoid to the WGS_84 ellipsoid and projected onto
the UTM projection.

3.23 CryoSat-2: We fist convert binary file format to
decimal file format by the use of MATLAB released by ESA
and filter data according to the data quality labels.

Because of the different satellites with different satellite orbit
and revisit period, there will be different values for the altimeter
observation system errors. Therefore, in order to get 1992-2015
long time observation of water level, bias correction by overlap
analysis is needed. Setting ENVISAT as the reference, the water
level observation data of ERS-1, ERS-2, ICESat-2 and
CryoSat-2 need to be compensated by constant. Constant
compensation is obtained by averaging overlap interpolation
between the altimeter data to be compensated and the reference
altimeter data.

The following is the detailed steps of constructing long time
series of water level: first, calculate the height of water level,
then the satellite altimetry data is converted to shapefile file
format based on latitude and longitude attribute information and
edit the coordinate system information, including the
geographic coordinate system for WGS_84 and projection
system WGS_84 UTM_zone_46N. Finally, a buffer zone is
constructed according to the size of ground footprints of
different altimetry satellites to intersect with the lake

boundaries of corresponding time to select height measurement
in water boundaries. Finally, we adopt three times median error
method to remove outliers, and the water level is further
averaged monthly to construct the long time series of Nam-Co
Lake from 1992 to 2015.

4. RESULTS

Because of the different satellite parameters, lake levels derived
from different altimetry satellites usually have systematic
deviation. This paper takes ENVISAT as the reference to
calculate the difference between overlapping data of the other
satellite altimetry and ENVISAT data and average them to each
satellite altimetry values. In addition, ERS-1 and ENVISAT
have no overlap, so we use corrected ERS-2 as the reference to
correct ERS-1. Table 3 gives the bias correction of the
systematic deviation of each satellite. From the comparison of
Figure 3 and Figure 4, we can find that the altimetry data of
different altimetry satellites are the same at the same time after
the systematic bias correction.

Satellite | Bias(m)
ERS-1 -0.510
ERS-2 -0.733

ICESat-2 1.154

CryoSat-2 | 61.205

Table 3. Bias correction during the overlap period of altimetry
satellite system
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Figure 3. Multi-mission radar altimetry results before eliminating the systematic bias
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Figure 4. Multi-mission radar altimetry results after eliminating the systematic bias
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Figure 5. Intra-annual analysis of lake height from 1992 to 2015
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Figure 6. Monthly distribution of maximum and minimum water level from 1992 to 2015

5. CONCLUSIONS

Figure 5 shows that water level is relatively stable from January
to March. From March, affected by the spring thaw caused by
the melting of snow and glacier, the water level begins to rise,
achieves its peak in September due to the increasing summer
precipitation and gradually decreases after September to the
lowest level in winter.

The water level of Nam-Co Lake has significant fluctuation
from 1992 to 2015: the slightly decreasing period from 1991 to
1993, the significantly increasing period from 1995 to 2005,
and the relatively stable period from 2006 to 2015.

Satellite data products can be used for inland water monitoring,
despise the inability of monitoring the change of water level in
real time, it has the advantages of all-weather monitoring, high
precision and large scale. Combined with the analysis of
long-term monitoring of multiple satellite altimetry data can go
deep into the study of climate and water level changes.

The change of water level of Nam-Co Lake in 1992-2015 is
studied in this paper by the use of ERS-1, ERS-2, ENVISAT,
ICESat-2 and CryoSat-2 altimeter data. Meanwhile, Landsat4-5
TM andLandsat7 ETM+ data of the corresponding time are
used to construct series of water boundaries and filter altimeter
data out of the lake boundary. The integration of multi-source
remote sensing observations and the construction of long time

series are the major contribution in this paper. Previous studies
usually used only a single remote sensing data source and the
series is short time. For example, Song et al. (2016) only used
ICESat-2/CryoSat2 altimeter data of Nam-Co Lake to study
2003-2013 annual water level changes. This paper found that
the water level of Nam-Co Lake is generally on the rise,
consistent with Song’s conclusion. The increasing tendency of
the water level is consistent with meteorological changes, such
as increasing meltwater caused by the increase of temperature
and precipitation growth (Zhu et al., 2010).
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