
Introduction

Lakes have important ecological and economic 
values. Lake water temperature (LWT) is a critical 
physical property of a lake, which has great significance 

for other researches, such as lake water quality, energy 
cycle, aquatic ecosystem [1]. Lake surface water 
temperature (LSWT) refers to the temperature of a very 
thin layer (from 0 m to 1 m) on the lake surface [2]. It 
can directly reflect the process of material and energy 
exchange between the lake and the atmosphere, as well 
as between the lake and the surrounding surface, and 
is an important indicator of aquatic ecosystem [3, 4]. 
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Abstract

Lake surface water temperature (LSWT) has a significant impact on aquatic ecosystem. This study 
aimed to reveal the variations and driving factors of LSWT in Tonle Sap Lake, the largest freshwater 
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2) LSA showed a slightly decreasing tendency and had an obvious negative correlation with LSWT-day, 
which was an important factor affecting LSWT. 3) WLUCC had undergone drastic changes and its 
influence on LSWT could not be ignored. In summary, this paper fills the gap of the long-term series of 
LSWT research in Tonle Sap Lake and enhances the understanding of LSWT changing mechanism for 
similar lakes.
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Over the past few decades, the LSWT of most of the 
world's lakes has been warming rapidly, which causes 
dynamic and complicated effects on the physical, 
biological and chemical processes of aquatic ecosystem 
[5-8]. Accordingly, it is significant to study the variation 
characteristics and driving factors of LSWT for 
protecting the water environment.

Nowadays, remote sensing images are used to 
extract the long time series of LSWT and monitor 
its variation characteristics. Schaeffer et al. [9] used 
Landsat images to extract the LSWT of 35 lakes and 
reservoirs in America. Results showed that, the average 
absolute error of pixels larger than 180m from the lake 
edge was 1.34ºC. Based on AVHRR images, Schneider 
et al. [10] extracted the LSWT-night of 167 large 
inland lakes from 1985 to 2009.  The deviation was 
0.15ºC. Recently, more and more scholars use Moderate 
Resolution Imaging Spectroradiometer (MODIS) Land 
Surface Temperature (LST) data (MOD11A2) to extract 
LSWT. The validations of MOD11A2 image have been 
conducted and showed good performances for Lake 
Tahoe in North America [11], lakes Vänern in Sweden 
[12], lakes in the Tibetan Plateau [13-15], lakes in 
Yunnan‐Guizhou Plateau [16]. MODIS LST products 
are more suitable for large-scale, high frequency and 
long-term LSWT research.

Previous studies show that there are many driving 
factors for LSWT changes, such as climate change 
(atmospheric temperature, AT), human activities (land 
use type around lakes), watershed geomorphology, lake 
morphology, hydrological characteristics, water quality 
and so on. Among them, the impacts of climate change 
on LSWT have been widely studied. Livingstone et al. 
[17] found that the AT was significantly correlated with 
LSWT of eight lakes in northern Austria. Xiao et al. 
[18] found that AT warming was the main reason for 
LSWT changes in lakes of the Qinghai Tibet Plateau. 
At the same time, the topography of the lake basin and 
the distribution of drainage determined the temporal-
spatial patterns of LSWT. Sharma et al. [19] indicated 
maximum near-surface temperatures for Canadian lakes 
appeared to be dominated by large-scale climatic and 
geographic patterns, rather than lake-specific variables, 
such as lake morphology and water chemistry. Yang et 
al. [20] indicated LSWT have also risen in areas where 
water quality has deteriorated. Woolway et al. [21] 
indicated that the decreasing lake area can increase the 
near-surface diel temperature range. Yang et al. [22] 
found that human activities had a significant impact on 
LSWT of urban lake in 11 lakes of Yunnan-Guizhou 
plateau. It can be seen the driving factors of LSWT are 
discrepant in different lakes.

Tonle Sap Lake is the largest freshwater lake in 
South Asia, and a world-famous producing area of 
freshwater fish. Its biodiversity importance is reflected 
in its international protection status [23]. Tonle Sap 
lake is also famous for the unique flood-pulse. There 
is a huge difference in water volume between the 
dry season (about 2500 km2) and rainy season (about 

16,000 km2). During the rainy season, water flows from 
the surging Mekong River to Tonle Sap Lake through 
the Tonle Sap River, while during the dry season, the 
flow is reversed [24]. Due to this natural phenomenon, 
Tonle Sap Lake is of great significance to flood control, 
economic development, and the ecological value of 
Cambodia. At present, the researches of Tonle Sap Lake 
mainly focus on biodiversity [25-27], water quality 
[28-30], hydrological characteristics [31-33], social and 
economic conditions [34, 35]. 

To sum up, the variation characteristics and 
driving factors of Tonle Sap Lake’s LSWT are rarely 
studied. There are also few reports on the influence 
of unique flood-pulse on LSWT. It is of great practical 
significance to explore the change mechanism of Tonle 
Sap Lake’s LSWT for the protection of lake ecosystem. 
Therefore, this study aimed to: 1) analyze the temporal 
and spatial variation characteristics of Tonle Sap Lake’s 
LSWT from January 2001 to December 2018 in detail, 
2) quantitatively reveal the relationships between LSWT 
and AT, lake surface area (LSA), watershed land use 
and cover change (WLUCC). This paper fills the gap 
of the long-term series of LSWT research in Tonle Sap 
Lake, and provides methodological reference for the 
analysis on the change mechanism of LSWT in similar 
lakes.

Material and Methods 

Study Area

Tonle Sap Lake is located at 11°53′-14°08′N 
and 102°30′-105°29′E, in northwest of Cambodia. 
It comprises a permanent lake area and floodplains  
(Fig. 1). The climate of the study area is characterized 
by a long southwest monsoon rainy season, from May 
to October, and a dry northeast monsoon season from 
November to April. The annual mean precipitation is 
between 1300 and 1500 mm. Tonle Sap Lake’s flood 
pulse provides high fishery yield and good irrigation 
conditions for thousands of farmland in the surrounding 
plain area [36]. In 2014, the population of the lake 
area was 7.443 million and the GDP was about 7.44 
billion dollars, accounting for about 50% and 44% 
of the country, respectively. The lake is critically 
important in economic development for Cambodia and 
the lower Mekong River Basin. In addition, Tonle Sap 
Lake is important in protecting biodiversity and water 
ecological functions, and is very sensitive to global 
changes.  Because of its importance, Tonle Sap Lake 
has always been a research hotspot for scholars. 

Data Sources

In this study, the research data mainly includes 
LSWT, AT, LSA and WLUCC from January 2001 to 
December 2018. Other auxiliary data includes lake 
(permanent lake) boundary (LB), floodplain boundary 
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(FB), river, watershed boundary (WB), country 
boundary (CB) and province boundary (PB). As shown 
in Table 1, over 1900 images were obtained from 
various websites.

Among them, LSWT is extracted by MOD11A2 
(Path28, Row07) Level-3 MODIS LST and Emissivity 
(LST/E) 8-day products. There are 46 images every 
year. AT is obtained from NOAA’s 2015 Global 
Historical Climatology Network and the Climate 
Anomaly Monitoring System (GHCM_CAMS) monthly 
mean temperature data set at 2m above the ground. 
There are 12 images every year. LSA is extracted by 
MOD09A1 (Path28, Row07) images, which provide 
surface spectral reflectance estimation of Terra MODIS 
band 1-7 at 500 m resolution. There are 46 images for 
Tonle Sap Lake every year. WLUCC is extracted by 
MCD12Q1 (h27v07, h28v07) products, which provide 
global land cover types at yearly intervals by using 
supervised classification based on MODIS Terra and 

Aqua reflectance data. There are 2 images for Tonle Sap 
Lake watershed every year. LB and FB are extracted by 
Landsat-8 OLI images (Path126, Row51 and Path127, 
Row51). There are 4 images for this study. WB and 
river are derived from SRTM 90m DEM using ArcGIS 
hydrologic analysis tool. The boundaries of country and 
province are derived from GADM DATA (version 3.6, 
released on 6 May 2018).

Methods

The strategy for analyzing the various characteristics 
and driving factors of Tonle Sap Lake’s LSWT from 
2001 to 2018 was shown in Fig. 2.

LB and FB Extraction

Due to the extreme seasonal changes in the water 
area of Tonle Sap Lake, through the comparative analysis 

Fig. 1. Location of Tonle Sap Lake. The boundaries of Tonle Sap Lake (permanent lake area) and floodplain are obtained by the visual 
interpretation of Landsat8 OLI images. The watershed and river derived from SRTM 90m DEM using ArcGIS hydrologic analysis tool. 
The boundaries of Country and Province derived from GADM DATA.

Table 1. Data sources of Tonle Sap Lake.

Dataset Resolution Amount Source URL

MOD11A2 1000m 8-day 46*18 NASA https://ladsweb.modaps.eosdis.nasa.gov/

GHCM_CAMS 0.5 ° monthly 12*18 NOAA https://www.esrl.noaa.gov/

MOD09A1 500m 8-day 46*18 GEE https://code.earthengine.google.com

MCD12Q1 500m yearly 2*18 NASA https://ladsweb.modaps.eosdis.nasa.gov/

Landsat-8 OLI 30m 16-day 4 USGS https://earthexplorer.usgs.gov/

SRTM/DEM 90m 1 GDC http://www.gscloud.cn/

CB, PB GADM https://gadm.org/
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of multiple Landsat satellite images, LB was extracted 
based on Landsat8 OLI images in the dry season on 
March 22 (Path126, Row51) and March 29 (Path127, 
Row51), 2016. FB was extracted based on Landsat8 OLI 
images in the flood season on November 10 (Path126, 
Row51) and November 17 (Path127, Row51), 2019. With 
the support of ArcGIS 10.5 software, LB and FB were 
accurately obtained by mosaic and visual interpretation. 

LSWT Extraction

First, MOD11A2 images were re-projected 
and converted to a GeoTIFF format by MODIS 
Reprojection Tool (MRT, https://lpdaac.usgs.gov/tools/
modis_reprojection_tool). Four layers including LST_
Day_1km, LST_Night_1km, QC_day and QC_night 
were exported from the MOD11A2 products. Second, 
considering annual water level inconsistency and 
subpixel effect along the shoreline, this study excluded 
pixels of four layers within a 2-km buffer area of the 
LB.

Due to the influence of clouds, it is necessary to filter 
unreliable LST pixels. Based on collection-5 MODIS 
LST Products Users’ Guide, this study followed four 
steps to remove questionable pixels in the LST images 
over the lake. First, those pixels outside the LST valid 
range (7500-65535) were replaced with null values. 
Second, with the reference of QC layers, all pixels with 
good quality in the first labels, or the pixels with LST 
error less than or equal to 1K and the pixels with good 
quality in the second labels, or the pixels with LST error 
less than or equal to 2k and emissivity error less than 
0.02 in the third labels were retained, and pixels with 

other QC labels were removed. Third, we masked the 
LST file with QC result file to get a valid temperature 
data, and then converted units to Celsius (ºC). Finally, 
we filled the missing value of pixels by Focal Statistics. 
The specific method of focal statistics is: calculate the 
mean value of 5×5 pixels around the missing pixels, 
and then fill it to the new value. Because there were too 
many missing pixels from night-time LST images, this 
study only analyzed the change of daytime temperature 
(LSWT-day). The above steps were completed with the 
support of ArcPy software.

LSA Extraction

According to the previous papers, MNDWI index 
using equation (1) has a good performance for water 
extraction [37]. The Google Earth Engine (GEE) 
platform integrates massive satellite images, and 
provides basic computing functions and APIs. First, 
MNDWI was calculated and obtained on GEE platform 
based on MOD09A1 images. Second, Landsat8 OLI 
images in the dry season on March 22 (Path126, 
Row51) and March 29 (Path127, Row51), 2016 and in 
the flood season on November 10 (Path126, Row51) and 
November 17 (Path127, Row51), 2019 were obtained. 
Mosaic and visual interpretation were performed, and 
the results were used as a benchmark. Third, with the 
support of ENVI software, through multiple comparison 
and adjustments, the optimal threshold of MNDWI 
(-0.1) was obtained to water extraction. Then, the 
threshold was applied to all images with the support of 
ArcPy software. Finally, the Tonle Sap Lake water body 
images were extracted through masking all images by 

Fig. 2. Strategy for analyzing the variation characteristics and driving factors of Tonle Sap Lake’s LSWT from 2001 to 2018.



Analysis of Variation Characteristics... 2713

FB data. LSA was calculated based on ArcGIS 10.5 
software. 

The MNDWI is defined as follows:

             (1)

In this formula, ρGreen and ρSWIR represent the Green 
and SWIR bands reflectance, respectively.

WLUCC Extraction

MCD12Q1 V6 products map global land cover  
for six different classification schemes. This study  
used International Geosphere-Biosphere Programme 
(IGBP) classification scheme to analyze the land 
use status of Tonle Sap lake watershed. The IGBP 
classification scheme includes 17 land use subclasses. 
Based on the characteristics of land cover in study 
area, 17 subclasses were merged into 9 land-use  
types, as shown in Table 2. Finally, MCD12Q1 images 
were mosaiced (h27v07, h28v07) and masked by  
WB data. WLUCC images were obtained from 2001 to 
2018.

Trend Analysis

Linear regression is a statistical analysis method to 
determine the interdependent quantitative relationship 
between two or more variables. In this study, the change 
rates of LSWT, AT, LSA and WLUCC were estimated 
using Equation (2).

                       (2)

In this formula, y is LSWT or AT or LSA or 
WLUCC. x is the time series. e, a and b represent the 
residuals, intercept, and change rate, respectively. a and 
b are determined by least squares fitting.

Z-score Standardization

Due to the different dimensions and orders of 
magnitude of LSWT, AT, LSA and WLUCC, in the 
comprehensive analysis, it is necessary to treat them 
as dimensionless standardized data. The Z-score is a 
standardized form for converting common variables to 
standard scores. It is defined as:

                      (3)

x– j and σj are the sample mean and standard deviation of 
the jth attribute, respectively. xij is the value of the jth 
variable in year i. x'ij represents the normalized value.

Correlation Analysis

In this paper, the correlations between LSWT 
and AT, LSA, WLUCC were analyzed by Pearson 
correlation coefficient. The expression is Equation (4).

               (4)

In this formula, r represents the Pearson correlation 
coefficient. xi represents LSWT. yi represents AT or 
LSA or WLUCC. x–  and y–  represent the average value.

Regression Analysis

In order to quantitatively analyze the relationships 
between the LSWT and AT, LSA, WLUCC, the 
polynomial regression model was used. The suitability 
of the model was assessed by goodness of fit (R2). The 
expression is defined as:

                    (5)

...where y is LSWT, x is AT or LSA or WLUCC. a, b and 
c are the model coefficients determined by least squares 
fitting.

New classification scheme IGBP classification scheme

Code Name Code Name

1 Forest

1 Evergreen Needleleaf 
Forests

2 Evergreen Broadleaf 
Forests

3 Deciduous Needleleaf 
Forests

4 Deciduous Broadleaf 
Forests

5 Mixed Forests

8 Woody Savannas

2 Shrubland
6 Closed Shrublands

7 Open Shrublands

3 Grassland
9 Savannas

10 Grasslands

4 Wetland 11 Permanent Wetlands

5 Cropland
12 Croplands

14 Cropland/Natural Veg-
etation Mosaics

6 Impervious surface 13 Urban and Built-up 
Lands

7 Snow/Ice 15 Permanent Snow and Ice

8 Bare land 16 Barren

9 Water 17 Water Bodies

Table 2. New classification system of WLUCC.
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Results and Discussion

Variation Characteristics of Tonle Sap Lake’s 
LSWT-day 

Temporal Variation Characteristics

Through the trend analysis, the annual maximum 
and annual average LSWT-day of Tonle Sap Lake 
showed upward trends (about 0.3ºC per decade), and 
the annual minimum LSWT-day had a downward 
trend (about 0.2ºC per decade) from 2001 to 2018  
(Fig. 3a). Among them, the lowest annual average 
LSWT-day occurred in 2001 (Tmin = 26.07ºC), and 
the highest values occurred in 2015 (Tmax = 27.46ºC). 
The annual minimum LSWT-day values varied from 
20.86ºC to 23.74ºC. The annual maximum LSWT-day 
values varied from 29.50ºC to 31.67ºC. In general, 

the changes of Tonle Sap Lake’s LSWT-day were 
characterized by large intra-annual variation and small 
inter-annual variation.

Fig. 3b) revealed the season-scale variations. The 
average LSWT-day of Tonle Sap Lake in spring (from 
March to May) showed a significant upward trend, 
with a rate of 0.06ºC/year. It was significantly higher 
than that in other seasons. In contrast, LSWT-day in 
summer and autumn had a downward trend. The rate of 
decline was 0.02ºC/year and 0.03ºC/year, respectively. 
The warming rate in winter was 0.015ºC/year. Overall, 
the Tonle Sap Lake’s LSWT-day fluctuated greatly in 
spring and summer, and was relatively stable in autumn 
and winter.

The month-scale analysis of LSWT-day was 
shown in Fig. 3c). The period from January to April 
(dry season) represented the increasing stage. In 
particular, the highest warming trend occurred in 

Fig. 3. Temporal variation of Tonle Sap Lake’s LSWT-day from 2001 to 2018. a) the annual change; b) the seasonal change; c) the 
monthly change.
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April, with a warming rate of 0.08ºC/year. The warmest 
month was May during which the monthly average  
LSWT-day reached 30.04ºC. In May, ten annual 
maximum values of daily LSWT-day occurred 
during these 18 years. During the period from May 
to September (rainy season), the monthly average  
LSWT-day indicated the opposite change trends. The 
maximum decline rate was 0.12ºC/year, it occurred in 
September. It can be seen the LSWT-day in the rainy 
season was significantly lower than that in the dry 
season.

Spatial Variation Characteristics

From 2001 to 2018, the spatial distribution 
characteristics of annual average LSWT-day in Tonle 
Sap Lake were similar (Fig. 4a). The south, east and 
the northeast parts of the lake mostly had higher annual 
average LSWT-day. Generally, the highest LSWT-day 
for different years were found in the southern part of 
the lake. During the study period, LSWT-day in 2015 
was significantly higher than that in other years, while 
LSWT in 2001 had the lowest annual average value. 
Tonle Sap Lake’s LSWT showed a fluctuating rise.

Fig. 4. Spatial patterns of LSWT-day from 2001 to 2018. a) the annual average LSWT-day spatial distribution; b) the seasonal average 
LSWT-day spatial distribution; c) the monthly average LSWT-day spatial distribution. 
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The spatial patterns of the seasonal average 
LSWT-day were spatially coincident with the annual 
average LSWT-day (Fig. 4b). The highest LSWT-day 
for different season was still found in the south and 
northeast of the lake. Spring was the season with the 
highest LSWT-day, while winter was the season with 
the lowest values. The temperature difference between 
spring and winter ranged from 3 to 4.88ºC. The highest 
temperature difference occurred in the central parts of 
the lake.

The spatial patterns of the monthly average  
LSWT-day from 2001 to 2018 were revealed in  
Fig. 4c). The monthly average LSWT-day became 
gradually higher from the west shores to the east shores 
of the lake, and showed obvious change characteristics. 
From January to May, the LSWT-day warmed regularly, 
and the LSWT-day dropped gradually from June to 
December.  The monthly mean LSWT-day of the whole 
lake reached its peak in May. 

In summary, this study obtained the long-term 
series variation characteristics of Tonle Sap Lake's 
LSWT. From 2001 to 2018, the annual average  
LSWT-day of Tonle Sap Lake showed an obvious 
warming trend and spatial heterogeneity, with a 

warming rate of 0.3ºC per decade. The warming trend 
is consistent with most lakes around the world (global 
mean = 0.34ºC per decade) [3].

Driving Factors Analysis of Tonle Sap Lake’s 
LSWT-day Warming

Variation Analysis of AT, LSA and WLUCC

Under the pressure of global warming, the annual 
mean, maximum and minimum AT over Tonle Sap 
Lake increased significantly from 2001 to 2018, with 
the average warming rates were 0.37ºC per decade 
(Fig. 5). This warming trend is consistent with the AT 
(0.036±0.027ºC/year) of 52 lakes in the Tibetan Plateau 
[13], and the near-surface AT (0.39ºC per decade) of 
11 lakes in Yunnan Guizhou plateau [22]. The annual 
average AT varied from 27.30ºC to 28.56ºC. The 
lowest AT occurred in 2008 (27.17ºC), and the highest 
AT occurred in 2016 (28.74ºC). Based on the monthly 
change analysis, the month with the highest temperature 
was April and the lowest temperature was January. AT 
was on the rise from January to April, and dropped 
slowly since May. According to the seasonal analysis, 

Fig. 5. Variation analysis of AT over Tonle Sap Lake from 2001 to 2018. a) the annual change; b) the monthly change; c) the seasonal 
change. 
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spring was the season with the highest AT, and with a 
warming rate of 0.03ºC/year. The temperature difference 
of other seasons was small. This phenomenon is highly 
consistent with variation characteristics of LSWT-day. 

The LSA of Tonle Sap Lake (2001-2018) displayed 
a slightly decreasing tendency (Fig. 6). The inter-
annual variations of LSA from 2001 to 2009 remained 
relatively stable. On the contrary, the annual average 
LSA fluctuations were more obvious from 2009 to 
2018. The minimum and maximum annual average 
LSA occurred in 2015 (3540.67 km2) and 2011 
(6023.48 km2), respectively. Intra-annual variations of 
LSA were significant and with common characteristics. 
During the dry season (November to April next year), 
the LSA significantly decreased. Correspondently, the 
LSA significantly increased in the rainy season (from 
May to October). The maximum monthly average LSA 

mainly occurred in September, and the minimum value 
mainly occurred in May. During the study period, the 
maximum monthly mean LSA appeared in October 
2011, with a value of 12794.75 km2, and the minimum 
value (2573.5 km2) appeared in April 2016. The huge 
difference in LSA between the dry and rainy seasons 
form the unique hydrological characteristics of Tonle 
Sap Lake. In the past 20 years, the development of 
the Lancang river hydropower stations has influenced 
significantly the flow of the Mekong River. Major 
hydropower stations along the main stream of Lancang 
river include Manwan (1996), Dachaoshan (2001), 
Jinghong (2008), Xiaowan (2009), Gongguoqiao (2011), 
and Nuozhadu (2012) hydropower stations. The potential 
impacts of hydropower station construction on the area 
of Tonle Sap lake have been widely concerned [38]. In 
this study, the LSA was about 6150 km2 on average 

Fig. 6. Variation analysis of LSA from 2001 to 2018. The red dots represent the months with the maximum monthly average LSA and the 
orange dots represent the months with the minimum monthly average LSA each year. The black dots represent the annual average LSA.

Fig. 7. Variation analysis of WLUCC from 2001 to 2018.



Pan M., Yang K. 2718

during the flood season and 3845 km2 on average 
during the dry season from 2001 to 2007. From 2008 
to 2018, the average LSA during the flood season and 
dry season was 5956 km2 and 3868 km2, respectively. It 
can be seen the development of hydropower stations can 
store flood water and relieve drought. This conclusion is 
consistent with Ji’s research [39].

As shown in Fig. 7, the main land cover types 
in Tonle Sap Lake watershed were forest, grassland, 
cropland, water, wetland, and impervious surface. 
From 2001 to 2018, forest gradually was transferred 
to grassland, and a part of the grassland further was 
transferred to cropland. The forest area had decreased 
significantly, with an annual decrease of -1,155.4 km2. 
Grassland had the fastest growing rate, with a change 
rate of 793.72 km2/year. The second was cropland, 
with a growth rate of 362.85km2 /year. In addition, the 
impervious surface also showed an increasing trend 
(1.7343 km2/year). It can be seen WLUCC was greatly 
affected by human activities. The significant increase 
in cropland indicated that agriculture was still the 
first pillar industry of the region's national economy. 
Due to its superior natural conditions, this region is 
an important agricultural and rice producing area in 
Cambodia [35]. In contrast, impervious surface covered 
a small proportion of watershed area and the low growth 
rate showed the urbanization process of Tonle Sap Lake 
watershed was slow.

To comprehensively compare the variation 
characteristics of LSWT-day, AT, LSA and WLUCC, 
the experiment of Z-score standardization analysis 
was added. Through Z-score algorithm, LSWT-day, 
AT, LSA and WLUCC with multi dimensions and 
multi orders of magnitude were standardized. The 
standardized data shows which direction each attribute 
value is far away from the attribute mean and the 
distance from the attribute mean. As shown in Fig. 8, 
Z-score standardization values visually showed the 
change of variables from year to year. Using trend 
analysis method, the change rates of the standardized 
data from 2001 to 2018 were calculated. Under the 
influence of human activities, WLUCC changed 
dramatically (Cropland, grassland and impervious 
surface showed a fast growth; Forests and water had 
been drastically reduced). In addition, AT and LSWT-
day were also on the rise. 

Relationship Analysis between LSWT-day 
and AT, LSA, WLUCC

Pearson correlation coefficients (r) were used to 
analyze the correlations between LSWT-day and AT, 
LSA, WLUCC for different time scales (Fig. 9). For 
monthly time scale, the LSWT-day was obviously 
correlated with AT (r = 0.69) and LSA (r = -0.45). 
According to the seasonal mean correlation analysis, 
in spring, the LSWT-day was influenced by both 
AT (r = 0.82) and LSA (r = -0.52). In summer, LSA  
(r = -0.61) was the main driving factor for the variations 
of LSWT-day. By contrast, the effects of AT and LSA 
on LSWT-day were weak in autumn. In winter, LSWT-
day was mainly affected by AT (r = 0.80). In addition, 
the effects of AT and LSA on LSWT-day during the 
dry and rainy seasons were discussed. During the rainy 
season, LSA was an important factor affecting LSWT-
day (r = -0.58). During the dry season, both AT and 
LSA affected LSWT-day, with a correlation coefficient 
of 0.86 and -0.58, respectively. For annual time scale, 
the results showed that LSWT-day significantly 
correlated with AT (r = 0.78) and LSA (r = -0.71), 
and moderately correlated with the area of cropland  
(r = 0.52), impervious surface (r = 0.49), water  
(r = -0.58) and forest (r = -0.44), and weakly correlated 
with the area of grassland (r = 0.39) and bare land  
(r = 0.33). Overall, the AT and the area of impervious 
surface, cropland, grassland, and bare land had a 
positive correlation on LSWT-day of Tonle Sap Lake. 
LSA and the area of forest had a negative correlation on 
LSWT-day. Moreover, through the comparative analysis 
of 18 years' data, the spatial heterogeneity of LSWT-day 
was shaped by the distribution pattern of AT, LSA and 
WLUCC. High LSWT-day occurred in areas with high 
AT, low LSA and drastic changes in land cover along 
the lake.

As shown in Fig. 10, the regression models 
quantitatively described the degree of influence of AT, 
LSA and WLUCC on LSWT-day for annual time scale. 
The goodness-of-fit of regression model showed that 
there were effective fitting models between LSWT-
day and AT (R2 = 0.64), LSA (R2 = 0.58). In addition, 
WLUCC also had an impact on LSWT-day. Among 
them, the effects of cropland, water, forest, impervious 
surface and grassland on LSWT-day were obvious.

Fig. 8. Variation analysis of LSWT-day, AT, LSA and WLUCC based on Z-Score standardization values. 
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To sum up, under the stress of climate change, AT 
was still the most important factor affecting LSWT. 
The strong relationship between LSWT and AT have 
been acknowledged [40]. Rising AT leads to rising 
LSWT. Moreover, LSA was another important factor 
affecting LSWT. The Tonle Sap Lake's unique flood 
pulse caused dramatic changes in the LSA, which drove 
changes in LSWT. The relationship between LSA and 
LSWT was more obvious during the rainy season. This 

result is consistent with most researches. Woolway et al. 
[21] indicated that increasing LSA would significantly 
decrease the diel surface temperature range. Kettle et al. 
[41] found the LSA and maximum depth were considered 
important predictors of LSWT. Large, deep lakes tend 
to be colder than small, shallow ones. Furthermore, due 
to the interference of human activities, WLUCC had 
undergone drastic changes. Forest land and water body 
were decreasing, while cropland, impervious surface, 

Fig. 9. Pearson correlation coefficients between LSWT-day and AT, LSA, WLUCC for different time scales.

Fig. 10. Relationships between LSWT-day and AT, LSA, WLUCC for annual time scale.
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grassland and bare land were increasing, which would 
accelerate the rise of LSWT. Yang’s studies had shown 
that large areas of impervious surface are increased, 
which causes the increase of runoff temperature  
and further warming of LSWT [22]. This study 
confirmed that changes in other land use types also 
affect LSWT.  

In addition, as shown in Fig. 9, AT also had obvious 
correlation on LSA (r = -0.65) and WLUCC. AT, 
LSA, WLUCC and LSWT interacted with each other. 
Regional WLUCC changes the local AT. The increase of 
AT will accelerate evaporation, decrease precipitation, 
and reduce LSA. It will further lead to the warming 
of LSWT. LSWT can respond quickly and directly to 
long-term climate change. Meanwhile, large lake can 
regulate the climate of the surrounding areas.

Previous studies show lake temperature is also 
influenced by geographic, physical habitat and water 
chemistry [19]. This may be further explained to the 
weak correlations between Tonle Sap Lake’s LSWT-day 
and AT, LSA in autumn. However, further research is 
needed to confirm this.

Conclusions

This research explored a set of technical methods 
and strategies for Tonle Sap Lake’s LSWT variation 
characteristics and driving factors. Firstly, based 
on MODIS products (MOD11A2, MOD09A1 and 
MCD12Q1) and AT images, a long-time series of 
LSWT, LSA, AT and WLUCC data were obtained by 
remote sensing technology. Secondly, through GIS 
geospatial analysis technology, trend analysis and 
Z-score standardization methods, the temporal-spatial 
variations of LSWT-day, AT, LSA and WLUCC were 
analyzed in detail from different time scales. Thirdly, 
the correlation analysis and regression analysis were 
used to quantitatively reveal the relationships between 
LSWT-day and AT, LSA, WLUCC. 

The results indicated: 1) the LSWT-day of Tonle Sap 
Lake showed an obvious upward trend and clear spatial 
heterogeneity. The average warming rate was 0.3ºC per 
decade and its spatial heterogeneity was shaped by the 
distribution pattern of AT, LSA and WLUCC. 2) Under 
the global climate warming, AT over the Tonle Sap 
Lake also showed a warming trend (0.37ºC per decade). 
There was a significant positive correlation between 
AT and LSWT-day at different time scales. AT was 
a main driving factor affecting LSWT. 3) the LSA of 
Tonle Sap Lake showed a slightly decreasing tendency  
(2.5km2/year). Tonle Sap Lake’s unique flood pulse 
caused dramatic changes in the LSA. There was an 
obvious negative correlation between LSA and LSWT-
day. LSA was an important factor affecting LSWT.   
4) due to the interference of human activities, land use 
types around Tonle Sap Lake had undergone drastic 
changes. WLUCC was another important driving factor 
for LSWT warming. The area changes of cropland, 

water, forest, impervious surface, and grassland in 
Tonle Sap Lake watershed had obvious effects on 
LSWT-day. 

In summary, LSWT is affected by both climate 
change and human activity. This paper enhances the 
understanding of LSWT changing mechanism for 
similar lakes, and provides decision supports for the 
environmental protection and management of the lake.
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