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Abstract

:

In this study, we estimate monthly variations of surface-water storage (SWS) and subsurface water storage (SSWS, including groundwater and soil moisture) within the Lower Mekong Basin located in Vietnam and Cambodia during the 2003–2009 period. The approach is based on the combination of multisatellite observations using surface-water extent from MODIS atmospherically corrected land-surface imagery, and water-level variations from 45 virtual stations (VS) derived from ENVISAT altimetry measurements. Surface-water extent ranges from ∼6500 to ∼40,000 km2 during low and high water stages, respectively. Across the study area, seasonal variations of water stages range from 8 m in the upstream parts to 1 m in the downstream regions. Annual variation of SWS is ∼40 km3 for the 2003–2009 period that contributes to 40–45% of total water-storage (TWS) variations derived from Gravity Recovery And Climate Experiment (GRACE) data. By removing the variations of SWS from GRACE-derived TWS, we can isolate the monthly variations of SSWS, and estimate its mean annual variations of ∼50 km3 (55–60% of the TWS). This study highlights the ability to combine multisatellite observations to monitor land-water storage and the variations of its different components at regional scale. The results of this study represent important information to improve the overall quality of regional hydrological models and to assess the impacts of human activities on the hydrological cycles.
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1. Introduction


The Mekong River is one of the largest river systems in the world, covering ∼4300 km in length and a drainage area of more than 800,000 km2 [1]. The source of the Mekong River originates in the Himalayas before flowing through six countries (China, Myanmar, Laos, Thailand, Cambodia, and Vietnam), and entering the Eastern Sea in one of the largest worldwide deltas [1]. The Mekong Basin is commonly divided into two major parts: the Upper Mekong Basin (UMB), mostly located in China, and the Lower Mekong Basin (LMB), located in the other countries [1]. The overall map of the Mekong River basin (with upper and lower basin boundaries and river network) and our study area in the LMB (black rectangle) are shown in Figure 1-left. The LMB, which is the main focus of the study, is home to more than 60 million people (∼35% of the total population of Laos, Thailand, Cambodia, and Vietnam [1]), and is one of the most important regions of Southeast Asia, economically and environmentally [2]. The LMB region includes the Tonle Sap Lake (also called the Great Lake) in Cambodia, the largest freshwater lake in Southeast Asia, and the Mekong Delta in Vietnam, a vast triangular plain of approximately 55,000 km2, mainly located few meters above the sea. They are both very important for ecosystems (the lake is home to nearly 150 fish species, reptiles, and birds) and for local human activities and resources. For instance, the Mekong Delta region, which covers only 12% of Vietnam, produces 50% of annual rice and hosts 50% of fisheries and 70% of fruit production [3]. These regions are now seriously affected by climate change, sea-level rise, and anthropological pressure on water resources [4,5,6], exacerbated by fast annual growing populations (1–2%/year in Thailand and Vietnam, and 2–3%/year in Cambodia and Laos). For instance, the construction of dams for electricity production in the upper part of the Mekong basin in Laos and China has also caused large impacts on the LMB, such as recent changes in the magnitude and seasonality of water flows that impact the flood pulse of the Tonle Sap Lake and the Vietnamese Mekong Delta (VMD) [7]. The region is also vulnerable to extreme events, and the frequency of tropical storms has increased in La Nina years causing deadly and costly floods, while in El Nino years, such as 2014–2016, droughts lasted longer than usual, with serious consequences on the environment and the economy [8].



Similar to many of the world’s major deltas, the Mekong has experienced significant anthropogenic changes during the past decades, including land-use change [9], mainly to develop agriculture dominated by rice paddies [10]. This resulted in widespread overexploitation of freshwater resources [11], with excessive groundwater usage during the last decades resulting in various problems, such as the rapid falling of groundwater levels [12]. In such areas, overabstraction of groundwater resources can amplify natural subsidence processes [13]). In the VMD, new evidence of widespread absolute subsidence was revealed by Interferometric Synthetic Aperture Radar (InSAR) [14,15,16], which demonstrated that a steady increase of groundwater use and excessive pumping over the past decades has dramatically accelerated subsidence in this area. In this context, monitoring the variations of the different components of the hydrological cycle in the region, including surface-water extent, water level, and water storage (both surface and subsurface), is extremely important. In general, however, in situ observations in the LMB are very sparse and not available to the scientific community. With the development of satellite observations, many satellite-based products are now available over the LMB that allow us to widen our current knowledge on the variation of the water-cycle component of the region. However, our knowledge of the distribution and variations of water storage, especially groundwater storage in the LMB, is incomplete.



Since 2002, the Gravity Recovery And Climate Experiment (GRACE) provides, for the first time, precise measurements of spatiotemporal variations in the total terrestrial water storage or TWS (the sum of groundwater, soil water, surface water, and snow pack) [17] at seasonal and basin scales. Several studies have estimated subsurface water storage change (SSWS) from GRACE-derived TWS estimates [18,19,20,21] after deducting the contribution of changes in the other water-storage compartment, in particular, surface-water storage (SWS; see Reference [22] for a review). Recently, some authors have combined different multisatellite observations to quantify the variation of the surface-water extent and storage of several worldwide lakes, reservoirs, and basins [23,24,25]. Papa et al. (2015) [26] combined surface-water extent at 25 km spatial resolution from the Global Inundation Extent from Multisatellite (GIEMS [27,28,29]) and water-level height variations derived from ENVISAT altimetry data for the entire Ganges–Brahmaputra basin over the 2003–2007 period. This technique was first introduced in the Amazon and the Ob basins [18,30,31,32], proving that the approach combining satellite-based surface-water extent maps and altimetry data is powerful to monitor surface freshwater-storage changes at basin scale. Over LMB, monthly variation of the surface-water volume for the 1998–2003 period were estimated by combining surface-water extent maps derived from the Normalized Difference Vegetation Index (NDVI) of the SPOT-4 Vegetation instrument and ERS-2/ENVISAT altimetry data [33]. However, since GRACE data were not available for that period, it was impossible to estimate the variation of the subsurface-water storage over the LMB.



In the present study, our goal is to apply this multisatellite technique over the LMB located in Vietnam and Cambodia, to quantify the variations of the SWS and SSWS in the hydrological cycle, and estimate their contribution to TWS. To this end, surface-water extent maps derived from MODIS imagery at 500 m spatial resolution are combined with surface-water level variations maps estimated using ENVISAT altimetry data, similar to what was recently proposed by Frappart et al. (2018) [34] and Normandin et al. (2018) [35]. The study area was limited to latitude lower than the 13.5° (black rectangle in Figure 1–left) where ENVISAT altimetry data were good enough for extraction of surface-water height. At higher latitudes, the Mekong River is too steep and narrow, causing the loss of many data, as the altimeter tracking loop remained locked on the top of the hills (see Reference [36] for a detailed explanation). As a consequence, ENVISAT altimetry does not perform well over the river, with very noisy estimates, and it is impossible to properly extract the variations of water level of the Mekong River. The period 2003–2009 was chosen as it covers the years for which all datasets used in this study are overlapping in time.



Details of satellite and ancillary datasets used in this study are described in Section 2. In Section 3, the methodology to estimate the monthly variations of SWS and SSWS, including groundwater and soil moisture, for the 2003–2009 period, is presented. Results, comparisons, and discussions are presented in Section 4. Finally, conclusions and perspectives are drawn in Section 5.




2. Datasets


2.1. Satellite Datasets


2.1.1. Moderate Resolution Imaging Spectroradiometer (MODIS) Land-Surface Reflectance Satellite Observations


The MODIS instrument is one of the key instruments onboard the Terra satellite (launched on 18 December 1999), and the Aqua satellite (launched on 4 May 2002) from NASA. The two satellites are sun-synchronous, near-polar, and are orbiting at an altitude of ∼705 km. The satellites were designed so that the Terra satellite passes the equator from north to south at 10.30 a.m. (local time), and the Aqua satellite passes the equator from south to north at 1.30 p.m. (local time). They can cover Earth’s entire surface every 1–2 days. In this study, atmospherically corrected land surface reflectance 8-Day Level 3 Global 500 m products from MODIS/Terra (MOD09A1) are used to create monthly surface water extent maps of the LMB at 500 m spatial resolution, for the 2003–2009 period. Each MOD09A1 image was created by selecting the best Level-2 gridded (L2G) observation during an eight-day period on the basis of high observation coverage, low view angle, absence of clouds or cloud shadow, and aerosol loading [37]. MODIS/Terra satellite observations are free to download from NASA’s EarthData Hub (https://search.earthdata.nasa.gov/search).




2.1.2. ENVISAT Satellite Altimetry Data


The ENVISAT mission was launched on 1 March 2002 by the European Space Agency (ESA). It carried 10 instruments, including the advanced radar altimeter (RA-2). It was based on the heritage of the sensor on-board the ERS-1 and 2 satellites. It orbited at an average altitude of 790 km, with an inclination of 98.54°, on a sun-synchronous orbit with a 35-day repeat cycle. They provided observations of the Earth surface (ocean, land, and ice caps) from 82.4° latitude north to 82.4° latitude south. This orbit was formerly used by the ERS-1 and 2 missions, with an equatorial ground-track spacing of about 85 km. RA-2 was a nadir-looking pulse-limited radar altimeter operating at two frequencies at Ku- (13.575 GHz), as ERS-1 and 2, and S- (3.2 GHz) bands [38]. ENVISAT tracks over the LMB are shown in Figure 1-right, along with locations of 45 virtual stations (VS) used in this study for monitoring of the surface water height. A virtual station is defined as the intersection between the satellite ground tracks and a water surface [39]. ENVISAT remained on its nominal orbit until October 2010 and its mission ended on 8 April 2012, following the unexpected loss of contact with the satellite. RA-2 stopped operating correctly at the S-band in January 2008. Altimetry data used in this study were processed, validated, and distributed by the Center of Topography of Oceans and the Hydrosphere (CTOH) in the Laboratoire d’Études en Géophysique et Océanographie Spatiales (LEGOS), France (http://ctoh.legos.obs-mop.fr/).





2.2. Other Datasets


2.2.1. Total Water Storage from GRACE Data


GRACE data are used to estimate the total land surface-water storage, with an accuracy of ∼1.5 cm of equivalent water thickness [40,41]. GRACE spatial resolution is ∼300 km, but the product we downloaded is distributed on a 1° × 1° pixel-size grid. Calculation is based on measurements of the spatial–temporal change in the gravity field of Earth that results mainly from the redistribution of water mass in surface-fluid envelops [42]. Since its launch in March 2002, monthly GRACE gravity-solutions data are provided by three different processing centers: the GeoforschungsZentrum Potsdam (GFZ), the Center for Space Research at University of Texas, Austin (CSR), and the Jet Propulsion Laboratory (JPL). To reduce noise in the gravity-field solutions, the average of the three products is used in this study as suggested by Sakumura et al. (2014) [43]. Then, the average product was multiplied with the provided GRACE scaling factor to increase the accuracy of the GRACE total water-storage estimates, as suggested in [44]. Monthly GRACE Level-3 (Release 05) Land-Mass Grids products and its scaling factor are available at https://grace.jpl.nasa.gov/data/get-data/monthly-mass-grids-land/.




2.2.2. Surface Water Storage from the WaterGap Global Hydrology Model


The WaterGAP Global Hydrology Model (WGHM) is a submodel of global water use that computes groundwater storage, total water storage, baseflow, groundwater recharge (diffuse and below surface water bodies at a spatial resolution of 0.5° [45,46]. WGHM is based on the best global datasets currently available. For comparison with our multisatellite-based results, outputs from the WaterGap 2.2a model are used to compute monthly variation of the land surface- and subsurface-water storage within the LMB (area shown in Figure 1-right). WGHM model outputs are available at https://www.uni-frankfurt.de/49903932/7_GWdepletion.




2.2.3. In Situ Water Level and Discharge Data


In situ water level and discharge information of the Mekong River at the Tan Chau (10.48° N, 105.13° E) and Chau Doc (10.42° N, 105.06° E) stations are collected for validation of our results. The sum of discharge at the two stations is almost equal to the total discharge of the Mekong River when it flows from Cambodia to Vietnam. In situ discharge data are provided by the Vietnam Southern Regional Hydrometeorological Center (VSRHC; http://www.kttv-nb.org.vn/).






3. Methodology


3.1. Land Surface-Water Extent Mapping


Monthly surface-water extent maps at 500 m spatial resolution of the study area can be constructed based on a methodology introduced by Sakamoto et al. (2007) [47] that was specifically designed and developed for tropical regions like the Mekong basin [3]. This methodology uses low values of water indices as main indicators for surface-water presence, and it has been used in previous studies over the LMB [3,5]. Here, we present a quick summary of the methodology. First, the Enhanced Vegetation Index (EVI), the Land Surface-Water Index (LSWI), and the Different Value between EVI and LSWI (DVEL) are calculated at pixel level, from the original atmospherically corrected surface reflectance data derived from the MOD09A1 eight-day composite products. The EVI and the LSWI are obtained using Equations (1) and (2), while the DVEL is calculated by Equation (3):


EVI=2.5∗NIR−REDNIR+6∗RED−7.5∗BLUE+1



(1)






LSWI=NIR−MIRNIR+MIR



(2)






DVEL=EVI−LSWI



(3)




where RED, NIR, BLUE, and MIR are the surface-reflectance values of Visible Band 1 (red; 620–670 nm), NIR Band 2 (841–876 nm), Visible Band 3 (blue; 459–479 nm), and MIR Band 6 (1628–1652 nm), respectively. Next, a linear interpolation is used to deal with missing data such as cloud-covered pixels (where surface-reflectance values of the blue band >= 0.2), then a simple weight-smoothing function is applied to smooth the indices [3]. For classification, all pixels with smoothed EVI values >= 0.3 are classified as nonflooded pixels. Water-related pixels are marked when the smoothed DVEL values <= 0.05 and the smoothed EVI values <= 0.3. If a pixel has its smoothed EVI value <= 0.05 and its smoothed LSWI value <= 0, it is also marked as a water-related pixel. At the final step, a threshold on the smoothed EVI values is used to distinguish between mixed pixels and fully inundated pixels from water-related pixels. Mixed pixels are defined as pixels that are partly inundated. The smoothed EVI values in open-water bodies, such as lakes or the ocean, are normally low; therefore, if smoothed EVI values <= 0.1, these water-related pixels are set as the fully inundated pixels. If the smoothed EVI values > 0.1 and <= 0.3, then these water-related pixels are marked as the mixed pixels. The accuracy of the MODIS-derived surface water extent maps was estimated in Reference [47] by comparison with inundated maps provided by the Mekong River Commission (MRC) and with Landsat-derived inundated maps at the 10 km grid level (derived from the Normalized Difference Water Index (NDWI) with a threshold of 0.8). Results showed good agreement between three different inundation products. However, the MODIS-derived inundated area tends to be overestimated compared to results derived from MRC products, but inundated areas in flooded forests/marsh regions were considerably underestimated between August and September. This is related to the inability of optical sensors to look through vegetation canopy. In addition, MODIS-derived products showed an overestimation of surface-water extent in grids where Landsat-derived inundated area is >50 km2. In contrast, MODIS-derived products showed an underestimation of surface water extent in grids where the Landsat-derived inundated area is <50 km2. This problem is related to the difficulty to detect small water bodies from moderate resolution MODIS sensors. Based on these comparisons, it is concluded that there is a fundamental overestimation of MODIS-derived inundation products, but it can be used to roughly estimate the inundated areas at the scale of the LMB. The best feature of the MODIS products is their ability to provide continuously observations at both regional and global scales at high temporal resolution. This is very important to monitoring applications using satellite remote-sensing data.




3.2. Surface-Water Level Mapping


3.2.1. Construction of the Network of Altimetry Virtual Stations


Radar altimetry data are now commonly used for land hydrology (see Reference [48] for a recent review on the use of radar altimetry for hydrological applications). In the LMB in Vietnam and Cambodia, 45 virtual stations (VSs) were defined at the cross-section of ENVISAT altimetry ground tracks and inland water bodies (see Figure 1–right for their locations). The time series of water levels based on the ICE-1 retracked ranges [49] which provide accurate estimate of the height of the water bodies (e.g., Reference [50]), were derived using the Multimission Altimetry Processing Software (MAPS; see Reference [51] for details on the processing of the altimetry data) that is commonly used for this purpose (e.g., References [36,52,53,54]). Since the revisiting time of the ENVISAT is 35 days, there are only 11 values in one year at each VS. Although altimetry data provide instantaneous measurements over the area, we assume that water dynamics for such a big river basin is quite smooth, and results derived from instantaneous measurements are not far from the monthly mean values. Then, missing values are filled using the simple weight-smoothing function to build the monthly time series of surface-water level for the 2003–2009 period.




3.2.2. Interpolated Surface-Water Level Maps


Monthly maps of surface-water level of the study area can be estimated by combining monthly satellite altimetry data at all 45 ENVISAT VSs and MODIS-derived inundated maps. At a given month, satellite altimetry data at the VSs are linearly interpolated over the inundated areas (from the corresponding MODIS-derived surface water extent map described in Section 3.1) to estimate the surface-water level at each grid point of 500 m spatial resolution following the approach developed by Frappart et al. (2006) [33], and applied to MODIS-based inundation products [34,35]. Monthly maps of surface-water level of the study area at 500 m spatial resolution can be constructed for the 2003–2009 period.





3.3. Water-Volume Variations


3.3.1. Surface-Water Volume Variations


The variation of surface-water volume in the study area corresponds to the difference of surface-water levels integrated over the monthly MODIS-derived inundated areas. In References [18,30,40], the variation δV(ti,ti−1), between two consecutive months numbered i and i −1, over floodplain S, are the sum of the products of the difference of surface-water levels δhj(i, i−1) with j = 1, 2, …inside S, by the elementary surfaces Re2sin(θj) δθδλ and the percentage of inundation Pj:


δV(i,i−1)=Re2δλδθΣj∈SPjδhj(θ,λ,i,i−1)sin(θj)



(4)




where δλ and δθ are the sampling grid steps along longitude λ and latitude θ (0.0045°), respectively, and Re is the mean radius of the Earth (6378 km). Surface-water volume variations are expressed in km3/month. For the percentage of inundation Pj, we take 100% for water pixels, and 25% for mixed pixels.




3.3.2. Subsurface-Water Volume Variations


By definition, the time variations of total water storage (TWS) are the sum of the contribution of SWS, the soil moisture and the groundwater (see Equation (5)). Therefore, the variations of soil moisture and groundwater (called SSWS) can be estimated by calculating the difference between the TWS and the SWS:


ΔTWS=ΔSWS+ΔSSWS



(5)




where the spatial–temporal variation of the TWS is measured using GRACE data, and the variation of the SWS is estimated using Equation (4) [18,26]. Similar to SWS, TWS and SSWS are generally expressed in km3/month.






4. Results and Discussion


4.1. Monthly MODIS-Derived Land Surface-Water Extent Maps


Examples of monthly MODIS-derived land surface-water extent maps at 500 m spatial resolution within the study area (in January, April, July, and October 2003) are shown in Figure 2. Large water bodies (lakes and rivers) are clearly detected using MODIS imagery. In dry seasons, inundated areas are limited, and the surface-water extent reduces to its minimum stage, normally between March and April. Surface water starts to increase its extent when rainy seasons come in July and August, and reach maximum stage in October.



All available MOD09A1 observations over the 2003–2009 period are processed to obtain monthly time series of the surface-water extent within the study area during seven years, as shown in Figure 3 (blue curve). The variation of surface-water extent remains stable during the study period and ranges from ∼6500 km2 (low water stage) to ∼40,000 km2 (high water stage), without the occurrence of any large extreme hydrological event during 2003–2009. The maximum water extent in rainy seasons was observed in 2006 and 2007, while the minimum water extent was observed in 2003. One can note however that, during low water stages, the extent during 2006–2009 was slightly larger that during 2003–2005 (∼15%) The variation of the surface-water extent is in good agreement with the variation of the in situ water level at the Tan Chau station (red curve), for a five-year period from 2003 to 2007, with a linear temporal correlation of 96%. This high correlation value confirms that MODIS-derived surface-water extent restitutes well the seasonal cycle of surface hydrology in this region.




4.2. ENVISAT Altimetry and Surface Water Level Maps


4.2.1. ENVISAT Satellite-Based Surface Water Level


A representative selection (16 over 45) of the time series of surface-water levels at ENVISAT VSs are presented in Figure 4 (see locations of these 16 VSs in Figure 1-right). These VSs were selected so that their locations were representative of different parts of the study area. VSs 1–6 are located in the VMD, at the two main branches of the Mekong River in Vietnam. VSs 7–9 are located in the floodplains in between Vietnam and Cambodia, where the water-level variations are quite flat. VS 10 is located on the main stream of the river, showing a higher amplitude of the water level. VSs 11–16 are located in the upper part, on the Tonle Sap Lake where the seasonality is strong, with a mean annual amplitude of water level in the range of 5–7 m.



For validation, the variation of the satellite-based water level at VS 14, located in the middle of the Tonle Sap Lake (12.40° N, 104.20° E), was compared to the variation of the in situ water level at the Tan Chau station for the 2003–2007 period (Figure 4-top panel). As expected, a high linear correlation of 92% was found between the two independent datasets. Comparisons between the same satellite-based water level and in situ water level (provided by the MRC) at other VSs in the LMB for the 2008–2016 period can be found in Reference [3], where they showed very good agreements between the two datasets. In addition, a high linear correlation of 92% was also found when comparing time series of the MODIS-derived surface-water extent (Figure 3) and time series of surface-water level at VS 14 (Figure 4) over the common period (2003–2009). This high correlation confirms the consistency between these two highly related components. MODIS-derived surface water extent normally reaches its maximum levels at the same time as the maximum surface-water level of the Tonle Sap Lake, but its minimum levels occur before that of the surface-water level of the Lake. This is consistent with the fact that, during rainy seasons (June–October), the floodwater of the LMB flows directly into the Tonle Sap Lake through the Tonle Sap River; then, the Tonle Sap Lake stores and slowly releases water back to the VMD during dry seasons (November–May) [55].




4.2.2. Surface-Water Level Maps


As described in Section 3.2.2, maps of surface-water level are produced by applying linear interpolation on satellite-derived water level data. Examples of surface water level maps in the study area using water levels at 45 ENVISAT VSs are shown in Figure 5. The seasonal evolution for the period January to October 2003, covering a full rainy season period, exhibits very realistic spatial patterns with increasing water levels in July (up to 4–5 m) to reach their maximum values in October in the lower part of the delta, similar to what is observed in the in situ gauge records. From October (not shown), water levels start to decline, responding to the end of the rainy season.





4.3. Surface and Subsurface Water Volume Variations


Monthly variation of SWS within the study area for the 2003–2009 period is shown in Figure 6. A strong seasonal cycle is evident with a mean annual amplitude of SWS of ∼39 km3 (Figure 6). SWS gradually builds from January, with a larger increase from June to reach a maximum value observed in August–September. SWS starts to decrease from September to reach its minimum value in December. Given the absence of other independent, large-scale, multiyear SWS estimates over the LMB basin, the variability of our results over 2003–2009 is evaluated by comparison to the Mekong River discharge at the Tan Chau (10.48° N, 105.13° E) and Chau Doc (10.42° N, 105.06° E) stations. The sum of discharge at the two stations (Figure 6) is almost equal to the total discharge of the Mekong River when it flows from Cambodia to Vietnam. A very high linear temporal correlation is observed (96%) when comparing these two datasets during a seven-year period, as expected. Low and high peaks of these two components agree very well for all the study period. The mean annual amplitude of SWS in the study area amounts to ∼21% of the total volume of water that flows out of the Mekong River annually. Disaggregation of GRACE-derived TWS into satellite-derived SSWS variations is then carried out following Equation (5) and using the new SWS estimates. Monthly estimates of water storage in the three different hydrological reservoirs are computed for the entire period and are shown in Figure 7. Firstly, it compares monthly variation of SWS to the variations of TWS derived from GRACE data. A linear temporal correlation of 95% is observed that concludes to a similar dynamics and seasonal variations from peak to peak between the two parameters during the 2003–2009 period, with positive variations observed from May to October and negative variations between November and April. A one-month lag between SWS and TWS annual peak is evidenced (Figure 7), and this delay could be due to the exchange of water from the surface reservoir to the subsurface/groundwater reservoir and by the slower subsurface/groundwater flow in comparison to the surface water movement. Figure 7 also displays for the first time the estimations of monthly variation of SSWS within the LMB located in Vietnam and Cambodia. In agreement with the results of TWS and SWS changes, SSWS also shows a strong seasonal cycle, and its annual variation is ∼50 km3, that corresponds to 55–60% of the total variation of the TWS, with a peak value also observed in September. SWS and SSWS outputs from the WGHM model (black and red, respectively) are also compared with our results. From the WGHM model, it is estimated that contribution of SWS and SSWS to the TWS over the study area is almost equal. Although good linear temporal correlations (>85%) are observed, the amplitudes of the SWS and SSWS from the WGHM are much smaller than our estimates (annual variation of ∼10 km3 as compared to ∼40 km3). This difference highlights the fact that large-scale hydrological modeling does not usually represent surface-water reservoirs (floodplains, reservoirs, delta) well enough, limiting the accurate estimates of SWS variations at regional to basin scale. Our results can help for future improvements of LMB modeling outputs, which are important for hydrological studies and water-resource management.



Individual contribution of annual SWS and SSWS variations to TWS changes for the 2003–2009 period is shown in Figure 8-top. It shows that, for most of the years, variation of SWS is usually slightly lower than that of SSWS, except for 2006 and 2008, when SWS contribution dominates TWS variations. On the other hand, 2007 displays the largest difference between variations of SWS and SSWS, with SSWS contribution being ∼20% higher than SWS variations. Figure 8-bottom compares annual amplitude of TWS to annual cumulative precipitation of the Mekong basin derived from the gauge-calibrated Tropical Rainfall Measuring Mission Multisatellite Precipitation Analysis (TRMM/TMPA, 3B42 V7). Although rainfall in the Mekong basin was stable during the 2003–2009 period, TWS amplitude showed more variations, especially in 2007 and 2008, when it showed a negative anomaly compared to other years. This suggests that rainfall is not the only factor that drives the variations of water storage within the LMB and that other contributors, such as evapotranspiration and the impacts of human activities (water usage, dams, agriculture) might be at play. This needs more investigations in the future. This year-to-year variability highlights the importance to better understand the individual contribution of each of those reservoirs, and calls for future studies to investigate how they interact with each other and how they respond to climate variability, which still remain poorly known at a large scale. In particular, extracting the variation of the SSWS within the LMB is very important, as regular monitoring of groundwater has many potential applications. Knowing the variation of groundwater in the LMB is necessary because groundwater is the main source of drinking water in rural regions in Thailand, and especially in Cambodia, where >50% of the total drinking water comes from groundwater during the dry season [56,57]. It is predicted that the demand for freshwater will steadily increase in coming years due to the ongoing economic growth of countries in the LMB [16]. As surface water is often polluted or saline, using groundwater is still the main solution to satisfy this increasing freshwater demand [11]. Groundwater is also important for industrial and agricultural activities in the LMB, such as coffee plantations in the highlands of eastern Cambodia and mountainous regions of Laos, and rice and other crops production in the VMD where the delta provides food security for over 200 million people [7,16]. Groundwater, among other factors, is one of the key parameters to understand the impact of dam construction along the Mekong River to the water storage, agriculture, fisheries, biodiversity, and the ecosystem of the LMB [7,58,59]. For this purpose, our SWS and SSWS time series need to be extended for a longer period. As the VMD and its megacities (Ho Chi Minh City, for example) are facing high subsidence rates (current average subsidence rates are estimated at 1.1 cm year−1, with areas over 2.5 cm year−1 [16]), regularly monitoring groundwater in the region is very important: groundwater overextraction in the VMD has been suggested as the main driver causing subsidence of the delta [14,15], as indicated by both the 3D hydrological model and InSAR-measured subsidence [16]. With extended time series of SWS and SSWS, we expect to obtain tools to investigate important socioeconomic and water-management political issues.





5. Conclusions and Perspectives


In this study, monthly variation of SWS within the LMB (located in Cambodia and Vietnam) was estimated for the first time during the 2003–2009 period by combining MODIS imagery and ENVISAT altimetry data. MODIS atmospherically corrected land-surface reflectance eight-day Level 3 products (MOD09A1) were used to create monthly surface-water extent maps at 500 m spatial resolution in the study area, mainly based on the methodology introduced in Reference [47]. ENVISAT altimetry data at 45 satellite VSs were used to estimate monthly variation of the surface-water height at these locations. Then, linear interpolation was applied to estimate monthly surface-water height maps at similar spatial and temporal resolution as MODIS-derived surface-water extent maps. Finally, monthly variation of the SWS in the region was estimated as the product of the variations of the surface-water extent and surface-water height, following the approach described in References [18,30,35,40]. The variation of the SWS was validated by comparing with the variation of in situ discharge of the Mekong River and the variation of the TWS derived from GRACE data, showing very high linear temporal correlation of 96%, and 95%, respectively. Monthly variation of the SSWS of the region was also estimated for the first time by removing the variation of the SWS from the variation of the of TWS. Results showed that the variation of the SSWS corresponds to 55–60% of the variation of the TWS of the LMB located in Vietnam and Cambodia. Results from this study could also be used to improve hydrological models (e.g., the WGHM) at a regional scale. Extension of this product from 1995 until the present time requires to use longer time series of inundation maps, water level, and TWS. Long-term inundation maps can be obtained, for instance, from GIEMS [28,29] or GIEMS-D3 [60] datasets from multisource observations, or from the Landsat instrument [61]. Water levels can be obtained from other altimetry missions, e.g., European Remote-Sensing Satellite-2 (ERS-2, 1995–2003), SARAL (2013–2016), and Sentinel-3A and -3B (in operation since 2016 and 2018). Since GRACE mission data are only available from 2003, an attempt could be done to estimate the TWS from indirect measurements. Such an approach was used, for instance, in Reference [62] to extend back in time the GRACE data over the Mississippi basin using: (1) terrestrial water-cycle budget closure, and (2) precipitation, evapotranspiration, and runoff measurements. This approach can be extended to the global scale [63], and current efforts are focusing on the Asian region. Other GRACE solutions (like the global mascons solutions from JPL, GSFC, or CSR) could be evaluated to investigate the sensibility of our results to these different solutions. With the successful launch of the GRACE-FO, the successor of GRACE, on 22 May 2018, monthly variation of TWS will be provided again soon. From these three longer time series, we should improve our understanding of climate variability and anthropogenic influences on SWS.
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Figure 1. (Left) Upper and lower Mekong basins (yellow and red, respectively), and the Mekong River network (blue). The black rectangle shows our study area (Lower Mekong Basin located in Vietnam and Cambodia). (Right) Detailed map of the study area, where the yellow lines represent the ENVISAT satellite tracks, red triangles represent locations of ENVISAT virtual stations, and blue stars represent locations of the Tan Chau (TC) and Chau Doc (CD) gauge stations. The normal extent of the Tonle Sap Lake at a low water stage (blue) is also presented. 
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Figure 2. Examples of monthly MODIS-derived surface-water extent maps at 500 m spatial resolution within the study area in January, April, July, and October 2003, respectively, after applying the classification described in Reference [47]. For definition: Water pixels are totally inundated, while mixed pixels are partly inundated, and the inundation ratio is unknown. We assumed that 25% area of mixed pixels was inundated. 
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Figure 3. Blue: monthly time series of the surface-water extent of the study area (area shown in Figure 2), for the 2003–2009 period, after applying the classification described in Reference [47]. Red: monthly time series of water level at the Tan Chau station for the 2003–2007 period. 
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Figure 4. (Top) Monthly time series of surface-water level derived from ENVISAT altimetry data at VSs 11–16 located in the Tonle Sap Lake for the 2003–2009 period (black), and monthly time series of in situ water level at Tan Chau gauge station for the 2003–2007 period (red). (Bottom) Monthly time series of surface-water level derived from ENVISAT altimetry data at VSs 1–10 for the 2003–2009 period. Locations of these 16 VSs are shown in Figure 1-right. 
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Figure 5. Altimetry-based surface water level maps (in m) within the study area in January, April, July, and October 2003, respectively. Linear interpolation based on ENVISAT altimetry data at 45 VSs is applied to produce monthly maps of surface water level at 500 m spatial resolution. 
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Figure 6. Monthly variation of the surface-water volume within the study area from our estimation (blue) for the 2003–2009 period. Monthly variations of the river discharge at Tan Chau and Chau Doc stations at the same period (red) are plotted for comparison. 
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Figure 7. Comparison between the variations of SWS (blue) and SSWS (green) from our estimation with that derived from the WGHM model (black and red, respectively), and with variations of the total land surface-water storage derived from GRACE data (pink) for the 2003–2009 period. 
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Figure 8. Top: Annual contribution (in %) of SWS and SSWS to TWS variation over the study area for the 2003–2009 period. Bottom: Annual amplitude of TWS of the study area, and annual cumulative rainfall of the Mekong basin for the 2003–2009 period. 
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