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Abstract

:

The Tonle Sap Lake contains unique hydrological environments and ecosystems. Although water temperature is an important consideration in lake management, information on the water temperature of the lake is limited. Thus, we investigated the characteristics of the daytime water temperatures of the Tonle Sap Lake from 2000 to 2019 using MOD11A1, a Moderate Resolution Imaging Spectroradiometers (MODIS) product. Moreover, the relationship between water temperature fluctuations and hydrological–meteorological conditions was analyzed. The maximum and minimum daytime water temperatures were recorded in May (30.7 °C) and January (24.6 °C), respectively, each a month after the maximum and minimum air temperatures were recorded. The annual maximum, average, and minimum water levels showed a downward trend (−0.14, −0.08, and −0.01 m/y, respectively). The annual maximum water temperature increased at a rate of 0.17 °C/decade, whereas the annual minimum water temperature decreased at a rate of 0.91 °C/decade. The annual maximum daytime water temperature had a strong negative correlation with water level change (flood pulse) and a weaker correlation with air temperature. The annual minimum daytime water temperature presented the strongest positive correlation with water level change (flood pulse) in the previous year. However, there was no correlation between the annual minimum daytime water temperature and air temperature. These results indicate that water temperature in the Tonle Sap Lake is mainly affected by water level fluctuations, which are mainly driven by flood pulses.
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1. Introduction


The Tonle Sap Lake in Cambodia is the largest freshwater lake in Southeast Asia and is linked to the Mekong River by the Tonle Sap River (Figure 1). A well-known large flood pulse occurs annually in the region, with the water flow direction between the Tonle Sap Lake and the Mekong River changing between the dry and wet seasons. With this flood pulse, the depth of the lake fluctuates from 1.4 m (dry season) to 10 m (wet season), and the surface water area changes from approximately 2500 km2 (dry season) to approximately 16,000 km2 [1,2,3]. This unique hydrological environment maintains a high productivity and rich biodiversity [4,5,6,7], contributing a substantial proportion of Cambodia’s rice production and approximately 60% of its total fishery production [8]. Moreover, more than one million people living on and around the lake are greatly dependent on these ecosystem services [3,9].



Due to the significance of the Tonle Sap Lake, in terms of its high productivity and rich biodiversity, the conservation and management of it are a focus area for Cambodia, and it has received international attention [6]. For example, the United Nations Educational, Scientific, and Cultural Organization (UNESCO) declared the Tonle Sap Lake a part of the UNESCO World Network of Biosphere Reserves in 1997. The Cambodian Government established the Tonle Sap Authority (TSA) agency in 2007 to coordinate management, conservation, and development plans at the ministerial level [6]. Moreover, many international organizations such as the World Wildlife Fund (WWF), Japan International Cooperation Agency, and Asian Development Bank have participated in these management and conservation activities. For the effective implementation of these efforts, water quality monitoring is essential, but long-term and high-frequency observation data are currently lacking. One of the most important components of water quality data is water temperature. Although it is well known that water temperature has a significant effect on biogeochemical processes, ecosystems, and aquatic species [10,11], high-frequency regular ground-based monitoring of water temperature has not been conducted in this area.



Studies on lake water temperatures worldwide have shown that these temperatures are rising in most lakes [10,12]. O’Reilly et al. [10] collected ground-based and satellite-derived water temperature data and indicated that lake surface water temperatures rose rapidly between 1985 and 2009. Yang et al. [13] investigated the spatiotemporal variations in lake surface water temperature, and they concluded that the rate of warming is dependent on both air temperature and human activities and that this rate is faster than the air temperature warming rate. Zhang et al. [14] estimated the temperature changes of surface water in lakes on the Tibetan Plateau and showed that both warming and cooling were possibly the results of increased air temperature. However, there are only a few reports on the long-term trends of water quality and water temperature in the Tonle Sap Lake, although the effects of climate change and hydropower dam operation in the basin on flow regimes have been well documented [15,16,17,18].



Oyagi et al. [19] sampled the water of Tonle Sap Lake at various points and analyzed the water quality and water temperature. They revealed that the water temperature was nearly uniform from the surface to the bottom of the lake. However, in some cases, the water temperature changed substantially in the surface layers. Daly et al. [20] estimated the long-term water surface temperature trends in the lake using space-based remote sensing techniques and identified significant recent warming. They found that water temperature was considerably influenced by local air temperature conditions and the status of agricultural development and deforestation. Pan and Yang [21] also found that both annual mean water and air temperatures showed a significant warming trend. However, only a few studies have been conducted on water temperature and quality of the Tonle Sap Lake, compared to the number of case studies conducted on its water cycle. Therefore, it is necessary to clarify the relationship between the water temperature changes and water levels (flood pulses) of the Tonle Sap Lake for more appropriate conservation and management.



In this study, we investigated the long-term fluctuations in water temperature, including the annual maximum and minimum water temperatures, using remote sensing data. The relationship between these fluctuations and meteorological–hydrological conditions (air temperature and precipitation and water levels) were also analyzed.




2. Materials and Methods


2.1. Study Area


The Tonle Sap Lake is located on the floodplain of the Cambodian side of the Mekong River, which is the longest river in Southeast Asia. The Mekong River begins in the Tibetan Plateau and flows through southern Vietnam into the South China Sea. Its total length is approximately 4400 km and its basin area is approximately 790,000 km2. The southeastern end of the Tonle Sap Lake is linked to the mainstream of the Mekong River via the Tonle Sap River. The lake is oriented southeast to northwest. The narrowest part in the middle of the lake is approximately 10 km wide during the dry season, whereas the maximum widths in the north and south are approximately 35 and 30 km, respectively [22].



Water balance studies have shown that, of the total annual inflow to the lake (79 km3), 57% is transported from the Mekong River via the Tonle Sap River, 30% is from surrounding tributaries, and 13% is provided by precipitation, as a part of the seasonal southwest monsoon [16,23]. The flow direction of the Tonle Sap River changes in May when the water level in the lake is at its lowest and at the end of September when it is at its highest. The lake area also expands from approximately 2500 km2 in the dry season to approximately 16,000 km2 in the rainy season [1,24]. The water level of the lake varies seasonally from less than 1.4 to 6.8−10.3 m above mean sea level, depending on the year. The bottom of the lake is approximately 0.5−0.7 m above sea level [25]; thus, the depth of the lake varies from less than 1 to 6−9.5 m between the dry and wet seasons, respectively [26]. Moreover, this flood pulse is reportedly a key driver for the fisheries industry, as longer and more extensive flooding increases the availability of feeding and spawning habitats [27].



Field observations conducted by Oyagi et al. [19] have shown that water temperatures in the Tonle Sap Lake range from 22 °C to 30 °C throughout the year, and the difference in water temperature between the surface layer and the bottom of the lake is relatively small, indicating that water temperature stratification does not occur. Others have shown that, during the low-water period, the lake becomes eutrophic [28] and the chlorophyll-a and total phosphorus (TP) concentrations reach mesotrophic or eutrophic levels. During the high-water period, both chlorophyll-a and TP concentrations gradually decrease with increasing water level [28].



As mentioned above, the area of the lake’s water surface changes with the season. In addition, the area of the lake’s water surface varies substantially from year to year. Therefore, in this study, we only analyzed a part of the lake that is permanently underwater. For this purpose, we obtained water surface data from the Global Lakes and Wetlands Database [29], published by the WWF.




2.2. MODIS-Derived Water Temperature and In Situ Observations


We used the MOD11A1 (Version 6) Terra land surface temperature and emissivity daily global datasets to analyze the water temperature characteristics of the Tonle Sap Lake. These data are Moderate Resolution Imaging Spectroradiometer (MODIS) products. Thermal infrared bands were used to obtain the land surface temperature. The spatial resolution was approximately 1 km × 1 km, and 365/366 images were available every year. Although both day- and night-time surface temperature data were available, we selected only day-time temperature data as Pan and Yang [21] reported that there might be many missing pixels from the night-time surface temperature data. Several studies have validated the accuracy of MODIS-derived water temperatures in global lakes [14,30,31,32]. Xiao et al. [32] compared MODIS-derived water temperature (MOD11A1) data with in situ observation data; the resulting R-square value was 0.53 and the root mean square deviation (RMSD) was 1.46 °C. Zhang et al. [14] also compared MODIS-derived water temperature (MOD11A1) and in situ observations; the R-square value was 0.79 and the root mean square error (RMSE) was 4.53 °C. MOD11A1 data are available from the year 2000, and the study period was set as 20 years, from 2000 to 2019. We used Google Earth Engine in this study, which is a cloud-based platform for global-scale geospatial analysis that employs Google’s computational capabilities to generate data for various high-impact societal applications, including water resource management, climate monitoring, and environmental protection [33].



To calculate the 20-year mean monthly average temperature, the median data for each pixel were first calculated for every month; these data were then averaged within the lake boundary. For annual temperature calculations, the 95th percentile, median, and 5th percentile values were calculated for each pixel in each year. Thereafter, these data were averaged within the lake boundary to obtain the estimated annual maximum, mean, and minimum daytime water temperatures, respectively. Due to the inability of methods to remove clouds from the MODIS data, cloud-contaminated outliers persisted in the MODIS products [34]. Using the 95th percentile, median, and 5th percentile data instead of the maximum, mean, and minimum values minimized the effect of these outliers.



Siev et al. [24] collected surface and subsurface water samples and sediment samples at 39 sites in the Tonle Sap Lake every 3 months from September 2016 to July 2017. During these sampling periods, the water temperature was measured in situ with a YSI EXO Multiparameter Water Quality Sonde at each sampling site. Oyagi et al. [19] found that the surface water temperatures exhibited noticeably large temporal variability. Thus, we excluded the surface samples from this study because the time points of the MOD11A1 data and those of the water sampling data differed. In addition, when clouds were present in the MODIS images, we eliminated the corresponding in situ data. In total, 35 data points were used to validate the MODIS-derived water temperatures. Subsequently, we checked the correlation between the MOD11A1 water temperature data and in situ observation data.




2.3. Air Temperature, Precipitation, and Lake Water Level


Air temperature and precipitation data were used to analyze water temperature fluctuations. As uniform and long-term meteorological data are preferred, we selected ERA5-Land monthly averaged data [35], which is a reanalysis product of the European Centre for Medium-Range Weather Forecasts (ECMWF). Reanalysis combines model data with observation data from across the world to form a globally complete and consistent dataset using the laws of physics. Reanalysis produces data that cover time periods of several decades, thereby providing an accurate description of past climates [35]. The spatial resolution of the ERA5-Land dataset was 0.1°, and although data with a temporal resolution of 1 h were available, data with a monthly resolution were used here. Air temperature at 2 m above the land surface and total precipitation data were also extracted, though only for the area of the lake that is permanently underwater. ERA5-Land data from areas overlapping the lake were extracted to obtain the annual mean temperature, annual precipitation, monthly mean temperature, and monthly precipitation data. The analysis period was 20 years, from 2000 to 2019. We used Google Earth Engine to extract the ERA5-Land data.



The lake water level was observed by the TSA at Kompong Luong (Figure 1c). The data were obtained from the Mekong River Commission data portal. The time resolution was 1 day, and we calculated the annual maximum, mean, and minimum water levels from the original water level data. These indices were used to investigate the correlation between water temperature and water level. The analysis period was from 2000 to 2019, which was the same as for the other variables.




2.4. Trend and Correlation Analysis


We analyzed the trends in the annual air temperature and annual precipitation data retrieved from ERA5-Land; the annual maximum, mean, and minimum water levels were calculated using lake water level data, and the maximum, mean, and minimum daytime water temperatures were obtained from MOD11A1. We then calculated the 20-year trends for each variable to investigate their long-term characteristics. The trends were assessed using the Mann–Kendall test [36], which reliably identifies monotonic linear and non-linear trends in non-normal datasets with outliers. The slopes of these trends were determined using the method of Sen [37] as the medians of all possible pairwise slopes. These methods have been widely used in trend analysis of hydrological data [38,39,40]. The software R-free (package: “rkt”) was used for both trend and slope calculations.



Furthermore, factors that caused fluctuations in the maximum, mean, and minimum daytime water temperatures were identified by examining the correlations among air temperature, precipitation, and field-observed lake water levels. Hoshikawa et al. [22] analyzed the long-term changes in total suspended solid (TSS) concentration and showed that when water levels drop during the flood season, the TSS concentration increases during the dry season of the following year. Thus, the water quality (i.e., water temperature) of the lake in any year may be affected by the water level in the previous year. Therefore, we also included the maximum, mean, and minimum water levels in the previous year (PY) as variables while investigating the correlation between water temperature and water level. In other words, the variables we examined with respect to their relationship with water temperatures were the annual mean air temperature, annual precipitation, lake levels for the year (maximum, mean, and minimum), and lake levels of the PY (maximum, mean, and minimum).





3. Results


3.1. MODIS-Derived Water Temperature and In Situ Observations


Figure 2 shows a comparison of the daytime water temperatures extracted from MOD11A1 with those obtained via field survey. Although the slope of 0.42 is relatively flat, the correlation coefficient is 0.74 and RMSE is 2.41 °C, indicating a strong positive correlation. As our obtained correlation coefficient and RMSE are almost the same as those in other studies [14,32], we decided to use the raw MOD11A1 data without applying any corrections.




3.2. Seasonal Characteristics of Air Temperature, Precipitation, Water Level, and Water Temperature


The 20-year mean monthly average air temperature, precipitation, water level, and water temperature are shown in Figure 3. The monthly air temperature was the highest in April (29.9 °C) and lowest in December (26.5 °C). The monthly precipitation level was the highest in September (274 mm), low in February and December, and the lowest in January (17 mm). The water level began to rise in June, peaking at 8.5 m in October, and started to drop in November, reaching its lowest level of 1.5 m in May.



On the contrary, the maximum daytime water temperature was recorded in May (30.7 °C). While the air temperature was the highest in April, the water temperature was at the maximum 1 month later in May. The lowest daytime water level was also recorded in May. The water temperature began to decline in June and reached a minimum of 24.6 °C in January of the following year. In other words, while air temperature reached its minimum in December, water temperature reached its lowest point a month later in January.




3.3. Trends of Air Temperature, Precipitation, Water Level, and Water Temperature


The long-term variations in the annual air temperature and annual precipitation are shown in Figure 4a,b The annual air temperature exhibited an upward trend, with a slope of 0.029 °C/y and a p-value of 0.06. The hottest year during the study was 2019 (29 °C) and the coldest was 2011 (27.5 °C). The annual precipitation had a slope of −8.085 mm/y but a p-value of 0.50, which is not a statistically significant trend. The year with the highest precipitation was 2000 (1900 mm) and the year with the lowest precipitation was 2015 (1200 mm).



The long-term variations in the annual maximum, mean, and minimum water levels are shown in Figure 4c. The annual maximum water level showed a statistically significant downward trend, with a slope of −0.14 m/y and a p-value of 0.003. The highest water level was 10.5 m in 2011, and the lowest was 6.0 m in 2015, indicating a difference of approximately 4.5 m. The annual mean water level also showed a statistically significant downward trend, with a slope of −0.08 m/y and a p-value of 0.01. The highest annual mean water level was 5.9 m in 2000, and the lowest was 2.7 m in 2020, indicating a difference of approximately 3.2 m. The annual minimum water level had a slope of −0.01 m/y but a p-value of 0.15, which is not a statistically significant trend. The highest annual minimum water level was 1.7 m in 2000, and the lowest was 1.0 m in 2016, indicating a difference of approximately 0.7 m.



Figure 5 shows the long-term variations in the annual maximum, mean, and minimum daytime water temperatures. The annual maximum daytime water temperature increased by approximately 0.17 °C per decade, with a p-value of 0.38. The annual mean daytime water temperature decreased by approximately 0.18 °C per decade, with a p-value of 0.22. The annual minimum daytime water temperature exhibited a statistically significant downward trend, decreasing by approximately 0.91 °C per decade, with a p-value of 0.002, contrary to the temperature increases associated with recent climate change. The difference between the maximum and minimum annual water temperatures has increased since 2010, indicating that water temperature fluctuations have become more pronounced. The smallest annual difference was 6.9 °C (2002) and the largest was 11.0 °C (2016).




3.4. Correlation Analysis


To better understand why the annual maximum water temperature has been increasing while the minimum has been decreasing, we first examined the correlations between the annual maximum and minimum water temperatures and the annual meteorological–hydrological characteristics of the region (air temperature, precipitation, mean water level, maximum water level, minimum water level, mean water level of the PY, maximum water level of the PY, and minimum water level of the PY). Heat maps presenting the related correlation coefficients and p-values are shown in Figure 6a,b. In Figure 6a, numerical values indicate correlation coefficients, with red indicating a positive correlation and blue indicating a negative correlation. In Figure 6b, the numerical values are p-values, with dark red indicating a significant correlation. The annual maximum daytime water temperature was significantly and negatively correlated with the minimum, mean, and maximum water levels. Its correlation with the annual mean temperature was weaker than its correlation with the water level. The annual minimum daytime water temperature was also significantly and positively correlated with water levels (mean, maximum, and minimum) in the PY. However, there was no significant correlation between the annual minimum water temperature and air temperature, with a p-value of 0.66.



Figure 7a,b shows scatter plots of the annual maximum and minimum daytime water temperatures and representative variables. Here, the figure is divided into two time periods: 2000–2009 and 2010–2019. The maximum water temperature was higher (lower) when the annual air temperature was higher (lower) and when the minimum water level was lower (higher). The water temperatures in the first half of the year were distributed in the same area, whereas those in the second half of the year were more scattered across the study area. However, there was no correlation between the minimum water temperature and annual air temperature; furthermore, the minimum water temperature was lower (higher) when the mean water level was lower (higher), indicating that the minimum water temperature was determined by the lake water level (flood pulse). In addition, while the minimum water temperatures in the first half of the year were clustered in one area, the minimum water temperatures in the second half of the year were scattered across the study area.





4. Discussion


4.1. Changes in the Annual Maximum and Minimum Water Temperatures


The water temperature of Tonle Sap Lake was the highest in May when the water level was at its lowest, and the maximum water temperature lagged the maximum air temperature by approximately 1 month (Figure 3). The annual maximum daytime water temperature was also found to have a significant negative correlation with the minimum, mean, and maximum water levels (Figure 6). There was also a correlation with the annual mean air temperature, but the correlation with water level was stronger (Figure 7). Thus, our results show that although the Tonle Sap Lake is shallow with a depth of less than 10 m, the water level or the magnitude of a flood pulse will have a significant effect on its water temperature dynamics.



During the study, the annual minimum water level changed slightly, whereas the annual air temperature increased with a slope of 0.029 °C/y (Figure 4). This resulted in an increase in the maximum daytime water temperature, consistent with the findings of Pan and Yang [21]. However, the increase in the maximum water temperature was not significant in our study. The fluctuation in the maximum water temperature has increased since 2010 (Figure 5), and it may no longer be a significant trend due to this variability. On the other hand, Kishcha et al. [41] reported that the increase of water cooling, due to increasing evaporation, compensates for the increased heating of surface water by regional atmospheric warming, resulting in the lack of water temperature trends. It is possible that such a phenomenon is also occurring in the Tonle Sap Lake.



The minimum daytime water temperature in any year was most strongly correlated with the water level in the previous year (Figure 6). While the air temperature was the lowest in December, the water temperature was the lowest in January of the following year, a month later. The water level peaked in October and then gradually declined in November, December, and January of the following year. Thus, if there was a significant amount of flooding in the previous year, it would be harder for the water temperature to decrease in the following year. On the contrary, if there was only little flooding in the previous year, the water temperature decreased in the following year. In addition, the maximum and mean water levels showed a significant downward trend during the study period (Figure 4). Although the air temperature increased during this time, the effect of changing water level (flood pulse) superseded the effect of increasing air temperature, resulting in a decrease in the annual minimum daytime water temperature.



The increase in the annual maximum daytime water temperature and concurrent decrease in the annual minimum daytime water temperature are, to the best of our knowledge, highlighted for the first time in this study, and were likely caused by the change in water levels due to a large flood pulse. This phenomenon occurs because 57% of the total inflow to the lake is contributed by flood pulses, and this phenomenon is not expected to occur in ordinary lakes, where the water level fluctuations are not as large. Thus, this water temperature fluctuation is extremely unique to the Tonle Sap Lake.




4.2. Limitations and Future Research


Statistical analysis of long-term hydrological and meteorological data (including air temperature and water level) showed that the water temperature was mainly influenced by water level changes (flood pulse) in the Tonle Sap Lake, with an increase in the maximum daytime water temperature and a decrease in the minimum daytime water temperature. A possible reason for this is a decrease in the heat capacity of the lake with a decrease in water level (water volume), resulting in the lake becoming more sensitive to temperature changes. It is also possible that the relative increase in the total inflow from the lake’s watershed, due to the reduction in inflow brought by the flood pulse, is responsible for the change in water temperature. Confirming these mechanisms would require simulations that include water temperature calculations in addition to the water level (volume) and flow calculations currently used. These simulations would more quantitatively support the mechanism highlighted in this study. Furthermore, as the air temperature increases due to climate change (Figure 4), the minimum daytime water temperature may also begin to increase. Therefore, it is also important to carefully monitor the minimum water temperatures in the Tonle Sap Lake.



Studies have attributed the recent decrease in lake water volume to dams being constructed upstream along the Mekong River [42,43,44]. However, Wang et al. [45] pointed out that the turbidity of the lake is less affected by dams and more affected by precipitation in the Mekong River basin; therefore, it is necessary to monitor any changes in precipitation in the Mekong River basin. We did not examine the underlying reason for the downward trend in water level, which, in turn, affected water temperature. It would be interesting to investigate whether dams or precipitation have a greater effect on water temperature and their respective contributions. Changes in material cycles and ecosystems, caused by the water temperature changes revealed in this study, should be investigated; moreover, it is necessary to consider what measures can be taken to mitigate negative effects.





5. Conclusions


Although the Tonle Sap Lake in Cambodia is extremely important in terms of productivity and biodiversity, its water temperature data, one of the most important components for lake management, are currently lacking. Thus, we investigated the characteristics and trends related to the daytime water temperature of the Tonle Sap Lake from 2000 to 2019 using MOD11A1, a MODIS product. We also obtained meteorological data (ERA5-Land) using Google Earth Engine. Furthermore, we collected water level data for the Tonle Sap Lake and analyzed the factors causing water level fluctuations. The annual maximum daytime water temperature increased by approximately 0.17 °C per decade during the study period, whereas the annual minimum daytime water temperature decreased by approximately 0.91 °C per decade, contrary to the temperature increases associated with recent climate change. Statistical analysis of water temperature fluctuations and meteorological–hydrological data showed that the water temperature of the Tonle Sap Lake is mainly affected by water level fluctuations, and it also showed that flood pulses causing water level fluctuations are the key drivers of water temperature variations.



Regarding the effect of climate change and presence of upstream dams on the Tonle Sap Lake, most studies have focused on the effect on flow regimes and water level changes. However, according to our results, it is essential to note that the water temperature variations in the Tonle Sap Lake have begun to change. Moreover, compared with deep lakes or lakes in high-latitude or high-altitude regions, shallow lakes have received less attention [46]. In order to better understand future changes in the lake, hydrological and meteorological studies that integrate the effects of climate change and dams are needed.
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Figure 1. Maps of (a) the Mekong River basin, (b) Cambodia, and (c) the Tonle Sap River and Lake. 
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Figure 2. Comparison between the water temperatures extracted from MOD11A1 and in situ data. 
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Figure 3. The 20-year mean monthly (a) air temperature and water temperature; (b) precipitation and water level of the Tonle Sap Lake. The bars indicate standard deviation intervals. 
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Figure 4. Trends of (a) annual air temperature, (b) precipitation, and (c) water level. 
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Figure 5. Trends of daytime water temperatures in the Tonle Sap Lake. 
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Figure 6. Heatmaps of (a) correlation coefficients and (b) p-values between variables. In (a), red indicates a positive correlation while blue indicates a negative correlation. Abbreviations: maxWT: maximum water temperature, minWT: minimum water temperature, airTemp: air temperature, prec: precipitation, meanWL: mean water level, maxWL: maximum water level, minWL: minimum water level, meanWL (PY): mean water level in the previous year, maxWL (PY): maximum water level in the previous year, and minWL (PY): minimum water level in the previous year. 
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Figure 7. Scatter plots of the maximum and minimum temperatures in the Tonle Sap Lake. 
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