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Abstract

:

The Tonle Sap is the most fertile and diverse freshwater ecosystem in Southeast Asia, receiving nurturing water flows from the Mekong and its immediate basin. In addition to rapid development in the Tonle Sap basin, climate change may threaten natural flow patterns that sustain its diversity. The impacts of climate change on river flows in 11 sub-basins contributing to the Tonle Sap Lake were assessed using the Soil and Water Assessment Tool (SWAT) model to quantify the potential magnitude of future hydrological alterations. Projected river flows from three General Circulation Models (GFDL-CM3, GISS-E2-R-CC and IPSL-CM5A-MR) for three time horizons (2030s, 2060s and 2090s) indicate a likely decrease in both the wet and dry season flows. The mean annual projected flow reductions range from 9 to 29%, 10 to 35% and 7 to 41% for the 2030s, 2060s and 2090s projections, respectively. Moreover, a decrease in extreme river flows (Q5 and Q95) was also found, which implies there could be a decline in flood magnitudes and an increase in drought occurrences throughout the basin. The results of this study provide insight for water resources planning and adaptation strategies for the river ecosystems during the dry season, when water flows are projected to decrease.
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1. Introduction


Climate change is an important part of the challenges of sustainable development in developing countries. Climate change represents one of the greatest environmental, social and economic threats facing the world today [1]. Future changes in river flow and watershed hydrology that are caused by one of the drivers such as climate change, have become increasingly important topics for water resource management. Developing countries are faced with immediate concerns that relate to land degradation, freshwater shortages, food security, and air and water pollution. Climate change will exacerbate these concerns, leading to further water shortages, land degradation and desertification [1]. Across Southeast Asia, the mean annual temperature by the end of the 21st century is expected to rise from 0.8 °C in the lowest emissions scenario to 3.2 °C in the highest emissions scenario, while a moderate increase in precipitation is also projected for this region, from 1% to 8% by 2100 [2]. With rising temperatures and increasing rainfall, increased river discharge and flooding are predicted during the wet season, while extended droughts are likely to occur during the dry season. The study of the potential streamflow changes associated with future climate change scenarios is of practical significance for local socio-economic development and eco-environmental protection [3,4]. Since it is difficult to detect how hydrological regimes may actually be changing, Bates et al. [5] recommend that a scenario-based approach to water management should be adopted. A set of scenarios known as the Representative Concentration Pathways (RCPs), published in the Fifth Assessment Report of the Intergovernmental Panel on Climate Change (IPCC) [6], are suited to providing a wide range of possible emission scenarios. The RCPs incorporate various scenarios of policy-level interventions, adaptations and vulnerability mitigation practices [7]. These emission scenarios, together with a range of viable (GCM) models, allow for a comprehensive understanding of the impacts of climate change on water resources.



The effective planning of water resource use and protection under changing environmental conditions requires the use of hydrological models that can simulate flow regimes under different scenarios of change. Therefore, various hydrological models have been developed to provide a link between change scenarios and water yields, through the simulation of hydrologic processes within watersheds. Examples of these hydrological models are the Agricultural Non-Point Source (AGNPS) [8], Hydrological Simulation Program-FORTRAN (HSPF) [9], MIKE SHE [10], Soil and Water Assessment Tool (SWAT) [11] and Agricultural Policy/Environmental Extender (APEX) [12]. Among these models, the SWAT model is the most widely used model, and it has been applied in different regions to analyse a wide range of hydrological problems, including potential changes to the streamflow under future climate scenarios. More than 1000 peer-reviewed articles related to the use of the SWAT have been published, which include studies of hydrological responses to climate change [13]. In the Mekong basin, Piman et al. [14] applied the SWAT model for the management of hydropower under climate change in a key tributary of the Mekong, which showed that climate change can influence hydropower operations. Shrestha et al. [15] also assessed the uncertainty in flow and sediment projections, due to future climate scenarios, using SWAT for the 3S Rivers in the Mekong Basin. Oeurng et al. [16] also applied SWAT to evaluate the impact of climate changes in riverine nitrate in the Sesan, Srepok, and Sekong tributaries of the Lower Mekong River Basin. Moreover, the SWAT model was used to simulate the streamflow in the Indrawati River Basin, Nepal, and to analyse the hydrological response to climate change [17]. Another study of climate change impacts on the seasonality of water resource was conducted in the Ca river basin, a shared boundary river between Laos and Vietnam [18]. The SWAT model was also applied, to investigate the impacts of climate change on flow regimes in the Chao Phraya River Basin, Thailand [19], and integrated with a Statistical DownScaling Model (SDSM) for estimating river flow responses to climate change in the Lake Dianchi watershed, China [20].



Over the last few decades, water resources in the Tonle Sap basin have been affected by rapid population growth, urbanization, deforestation, agricultural expansion and hydropower demand. In addition, Cambodia is also expected to be seriously affected by the impacts of climate change, due to the high dependency of the economy on the agriculture sector, which sustains the livelihood of approximately 80% of the total population. The effects are likely to include an increased frequency of severe water scarcity and flooding, resulting in crop failures and food shortages [21].



To properly manage water resources in Cambodia, it is crucial to understand the current and future river flow characteristics of each sub-basin within the Tonle Sap Basin. So far, there has been limited monitoring and hydrological modelling of the potential climate change impacts on flows in tributaries to Tonle Sap Lake, due to limitations in the capacity and resources of national institutions. Most studies have focused on the Mekong mainstream and reverse flows to Tonle Sap Lake [22,23,24,25]. Kummu et al. [26] reported that the majority (53.5%) of the water originates from the Mekong mainstream, but the lake’s tributaries also play an important role, contributing 25–30% of the annual flow, while 12.5% is derived from precipitation. The sub-basins clearly play a prominent role in maintaining dry-season lake levels, but they have been poorly monitored and studied. There is thus a need to understand the effect of climate change, and the ongoing developments in the flow contributions from tributary basins to the Tonle Sap.



Therefore, the main objectives of this study were to: (1) simulate baseline river flows in all 11 Tonle Sap sub-basins, and (2) to assess the potential impacts of future climate change on river flows within each sub-basin, using a calibrated SWAT model with projected future climate change scenarios.




2. Materials and Methods


2.1. Study Area


The Tonle Sap Lake Basin consists of the Tonle Sap Lake and 11 major tributaries, with a total catchment area of 86,000 km2 (Figure 1a). Located in Kampong Thom Province, Stung Sen is the largest tributary, with an area of 16,341 km2, and contributes the highest flows. Detailed information on land use (2010), annual average river flow, and the catchment area of each sub-basin in the lake basin are presented in Table 1. The average annual rainfall varies from 1000 to 1500 mm. The majority of the basin consists of lowlands with elevations of less than 100 m above the mean sea level, and with gentle slopes (Figure 1b). Elevations increase in the southwest in the Cardamom Mountains, to over 1700 m. The steep escapement of the chain of the Dangrek Mountains reaches an average level of 500 m in the north (Figure 1b). There are 10 main soil types (Figure 1c) within the Tonle Sap Basin. The land cover is dominated by 55% forest land (of which 3% is flooded forest) and 45% agricultural land [27] (Figure 1d).



The Tonle Sap Lake (the “Great Lake”) flows into the Mekong River via the 120 km long Tonle Sap River. The Tonle Sap’s unique hydrology results from seasonally bi-directional flow: during the dry season, water flows from the Tonle Sap Lake to the Mekong River, and during the flood season (between June and October), the water level is higher on the Mekong River than in the lake, forcing the water to flow backward through the Tonle Sap River into to Tonle Sap Lake, inundating its floodplain and causing the surface area of the lake to swell from 2600 km2 to 12,000 km2 [26,28]. The water level of the Tonle Sap Lake varies from an average depth of less than 2 m in the dry season to over 10 m in the flood season. During the wet season, the surface area of the lake can expand to 3–4 times its dry season extent, resulting in the most productive ecosystem and fishery within the Mekong River Basin [28,29]. Around 34% of Tonle Sap Lake’s waters originate from the Tonle Sap drainage basin, while about 53.5% of the lake’s waters originate from the Mekong River, and 12.5% is derived from precipitation. [26]. This distribution, however, is highly seasonal, as the Tonle Sap system is fed exclusively by its 11 tributaries for approximately six months (November through May) every hydrological annual cycle.




2.2. River Flow Data


Water level data were collected by the Department of Hydrology and River Works, Ministry of Water Resources and Meteorology, Cambodia, at the river gauging stations in each tributary outlet (Appendix Table A1). For each tributary, the flows were calculated from the observed water levels using the rating curves developed for each station. The basic statistics of river flow in each river are presented in Table 2.




2.3. Modelling Approach


The SWAT model is a semi-physically based model that is designed to simulate the impact of land management practices on the environmental–hydrological system in a watershed over long periods (years to decades). The SWAT model allows for a number of different physical processes to be simulated in a watershed, including water movement, sediment movement, crop growth, and nutrient cycling [30]. SWAT can be used to analyse small or large catchments by discretising them into sub-basins, which are then further subdivided into hydrological response units (HRUs) with homogeneous land uses, soil types, and terrain slope class.



SWAT considers the watershed hydrology in two phases: the land phase and routing phase. The land phase is composed of the watershed land areas that simulate the water that is transported to the channels, together with sediment, nutrients and pesticides. The routing phase comprises of the behaviour of the water in the channels, from the tributaries to the watershed outlet. The hydrology cycle that is simulated by the SWAT model is based on the following water balance equation (Equation (1)):


SWt=SW0+∑it(Rday−Qsurf−Ea−Wseep−Qgw)



(1)




where, SWt is the final soil water content (mm H2O), SW0 is the initial soil water content on day i (mm H2O), t is the time (days), Rday is the amount of precipitation on day i (mm H2O), Qsurf is the amount of surface runoff on day i (mm H2O), Ea is the amount of evapotranspiration on day i (mm H2O), Wseep is the amount of water entering the vadose zone from the soil profile on day i (mm H2O) and Qgw is the amount of groundwater exfiltration on day i (mm H2O).



SWAT simulates runoff by using the SCS (Soil Conservation Service) curve number method and the Green–Ampt infiltration method. The peak runoff rate is estimated by using a modification of the Rational Method. Water is routed through the channel network by using the variable storage routing method, or the Muskingum routing method. The groundwater flow contribution to the total river flow is simulated by creating a shallow aquifer storage area [31], whereby percolation from the root zone is recharged to the shallow aquifer. Three methods for estimating potential evapotranspiration are used in SWAT: Priestley–Taylor [32], Penman–Monteith [33] and ET–Hargreaves [34]. A full explanation of the SWAT theories and structure are given in the SWAT theoretical documentation [30]. In this study, the SCS curve number and Muskingum routing methods were used for surface runoff and flow computations while the Penman method was used to estimate potential evapotranspiration.




2.4. SWAT Model Input


The following spatial data were used in this study:

	
A digital elevation model (DEM) with a 50 m horizontal resolution for the lower Mekong (Figure 1b). This DEM came from historical scanned map sheets, and the contours were selectively vectorised by the Mekong River Commission (MRC).



	
A soils map developed by the MRC from base maps at 1:250,000 scale, based on the FAO/UNESCO 1988 classification; up to three levels and 10 main soil types were included in the model.



	
A land-use/land-cover (LULC) map developed by the MRC, based on satellite imagery from 1993–1997. LULC was characterized, and it included eight major LULC classes (Figure 1d).








The daily time-series of the observed rainfall data from 1985 to 2015 was used to generate a daily time-series of average sub-basin rainfall, for each of the SWAT sub-basins, using the MQUAD method [35], by fitting a multi-quadratic surface to the daily rainfall data at all relevant locations in and around the study area, and then integrating this over each sub-basin area to obtain the average daily rainfall for the sub-basin. The process was repeated for each day of recording. At each time-step, the availability of weather data at each rainfall station was verified. If the data at an individual rainfall station was missing, it was excluded from the analysis for that time-step, and the multi-quadratic surface was only fitted to the available data. Climatological data (temperature, evaporation, humidity, wind speed and solar radiation) were obtained from observed stations within the basin.




2.5. Model Calibration and Validation


The SWAT model was calibrated and validated for river flow. The daily flows were calibrated (1997–2003) and validated (2004–2015) at 11 different river flow monitoring stations. The parameters for the flow simulations were fitted through an auto-calibration procedure, using SWAT-CUP for the 11 river flow stations. The daily flow calibration from 1997 to 2003 was also carried out using a sequential uncertainty fitting algorithm (SUFI-2) with SWAT-CUP [36]. The initial parameter ranges for optimization were based on the likely maximum range recommended for each parameter, by the SWAT and SWAT-CUP developers for the conditions in the basin (Appendix Table A2). The Nash–Sutcliffe model efficiency factor (NSE) was used as the objective function.




2.6. Model Performance Evaluation


The performance of the model in stream flow was evaluated graphically and by the Nash-Sutcliffe efficiency (NSE), the coefficient of determination (R2), the percent bias (PBIAS), and the root mean squared error observations standard deviation ratio (RSR):


NSE=1−∑i=1n(Oi−Si)2∑i=1n(Oi−O¯i)2



(2)






R2=∑i=1n(Oi−O¯i)(Si−S¯i)[∑i=1n(Oi−O¯i)2]0.5[∑i=1n(Si−S¯i)2]0.5



(3)






PBIAS=∑i=1n(Oi−Si)∑i=1nOi



(4)






RSR=∑i=1n(Oi−Si)2∑i=1n(Oi−O¯i)2



(5)




where Oi and Si are the observed and simulated values, n is the total number of paired values, O¯i is the mean observed value and S¯i is the mean simulated value. NSE is a normalized statistic that compares the residual variance with the observed data variance [37].



NSE ranges from negative infinity to 1, with 1 denoting perfect agreement between the simulated and observed values. High positive values of NSE indicate a better model simulation, while negative NSE indicates that the observed mean is a better predictor than the model being used. NSE shows how well the plot of the observed versus predicted data fits the 1:1 line. However, a shortcoming of the Nash–Sutcliffe statistic is that it does not perform well in periods of low flow, as the denominator of the equation tends to zero, and NSE approaches negative infinity with only minor simulation errors in the model.




2.7. Climate Scenarios and Downscaling


The development of climate change scenarios was based on multiple Global Circulation Models (GCMs), emission scenarios, time horizons and locations [38]. Uncertainty associated with the different GCMs has been previously identified as the most significant source of uncertainty in flow and sediment modelling [15]. Therefore, the GCM selection of the climate change scenario development procedure is the most important factor. Based on the study by MRC [38], three GCMs (GISS-E2-R-CC, IPSL-CM5-MR and GFDL-CM3) and the medium-emission scenarios of Representative Concentration Pathways (RCP6.0) were considered for the general impacts of climate change. Three time horizons (near-term future 2021–2040, medium-term future 2051–2070, long-term future 2081–2100) were considered in this study, as these time horizons are being used by the MRC in other planning contexts.



Downscaled climate change data sets (IPCC 5th Assessment Report) were obtained from the MRC Climate Change and Adaptation Initiative (CCAI). This dataset includes the SWAT model ready monthly ‘change factors’ for precipitation, temperature, solar radiation and relative humidity. MRC CCAI uses SIMCLIM software to downscale the climate. SimCLIM uses pattern scaling plus bilinear interpolation algorithm to downscale the GCM outputs. MRC CCAI uses change factors to quantify the projected alterations to climate, because the change factor approach represents the simplest and most practical way to produce scenarios based on multiple GCMs, emission scenarios, sensitivities, time horizons and locations [38].




2.8. Analysing River Flow Changes


Two techniques were employed to analyse different aspects of flow changes under GCMs for RCP6.0. The first technique was to analyse the changes in seasonal and annual variability of monthly flows. The average monthly flow and the percentage change of the annual flow were calculated and used to understand changes in the river’s flow regime. The second technique was to analyse the hydrological extremes. Daily Q5 and Q95 were calculated, to analyse changes in high-flow and low-flow conditions, respectively. A flow duration curve was developed to identify the Q5 and Q95. These results were analysed at the sub-basin scale for a period of 31 years (1985–2015).





3. Results and Analyses


3.1. Performance of the Hydrological Simulations


The model was calibrated for the 1997–2003 period, and validated with available data from 2004 up to 2015 for the 11 hydrological stations at the outlet of each sub-basin, and the Nash–Sutcliffe efficiency and R2 for both daily and monthly values were compared. Through the automatic calibration process (SUFI), 19 parameter values were fitted to the observed data (Appendix Table A2). Calibration and validation performances for monthly flows were satisfactory (NSE > 0.5) for most of the rivers, except for the Chikreng, Dauntri and Sangke Rivers (Table 3 and Table 4). In general, both the observed and predicted hydrographs had a similar seasonal and interannual pattern for all 11 sub-basins of the Tonle Sap; however, the SWAT model has been shown to overestimate peak flows (Figure 2). Scatter plots between the simulated and observed river flows for the calibration and validation periods for daily and monthly values showed similar patterns (Appendix Figure A1). The hydrological simulations did not perform well for basins such as Chikreng and Dauntri, because of data scarcity and inaccuracy in rainfall, and the estimated discharge in those basins. Given the budget constraints and the low investment in water infrastructure in those basins, the water resources ministry of Cambodia has not been able to invest in water resources and rainfall monitoring at those locations.



The mean annual river flow simulated in each sub-basin of Tonle Sap Basin for the baseline period is presented in Figure 3, with the Sen River showing the highest mean annual flows.




3.2. Changes in the Flow Regime


Future changes in river flow were analysed through the changes in rainfall as projected by the three GCMs and the medium-emissions scenarios RCP 6.0, by comparing the annual stream flow data between the baseline (1985–2005) and three future time horizons 2030s (2021–2040), 2060s (2051–2070), and 2090s (2081–2100) (Appendix Figure A2 and Figure A3). These projected hydrographs and percentage changes in the monthly flow showed a clear trend in changes. The magnitude of the changes varied, depending on the season, and most rivers showed flow reductions in the dry season for most GCMs and time horizons, with the exceptions being the Staung and Sreng Rivers. During the wet season (May–October), river flows were predicted to decrease for all time horizons, in particular, with the GISS-E2-R-CC model.



The potential effects of future climate change on 11 mean annual flows as generated by the outputs of the three GCMs (GFDL-CM3, GISS-E2-R-CC and IPSL-CM5A-MR) in three time-horizons, is shown as percentage changes (Table 5). The changes in the annual flow compared with the baseline annual flow for the baseline period (1985–2005) showed that the annual flows are projected to decline for most GCMs and time horizons. Among all of the rivers, Siem Reap faces significant flow reductions, ranging from 33% to 78%, while only the Chikreng indicated rising flows under the IPSL scenario for all time horizons (32% in 2030s, 12% in 2060s, and 51% in 2090s), and the Staung showed rising flows that varied from 2% to 53% for the GFDL and IPSL scenarios.



The projections for dry-season flows in the 2030s indicated significant flow declines in the Chinit, Sen, Sreng and Siem Reap rivers, varying from 61% to 97% for GISS-E2-R-CC, and flow decreases from 66% to 100% in the Sangke, Sreng, Chikreng and Baribo Rivers for IPSL-CM5A-MR. However, some rivers (Staung, Chikreng and Baribo) showed slight flow increases during the dry season, for GISS-E2-R-CC. In the wet season, in the 2030s, some rivers showed significant monthly flow declines, such as Sen (69%; GISS), Sreng (84%; IPSL-CM5A-MR), Siem Reap (−97%; GISS-E2-R-CC), Chikreng (87%; GISS) and Baribo (65%; IPSL-CM5A-MR), respectively. Some rivers showed monthly flow increases: Staung (39%; IPSL-CM5A-MR), Sreng (28%; IPSL-CM5A-MR), Dauntri (10%, IPSL-CM5A-MR), Chikreng (23%; GISS-E2-R-CC) and Baribo (7%; GISS-E2-R-CC).




3.3. Changes in Hydrological Extremes


Climate change has the potential to substantially alter river flow regimes, resulting in changes to extreme events, such as floods and droughts, especially Q5 (high flow) and Q95 (low flow). (Table 6 and Table 7, respectively). Both Q5 and Q95 were extracted from flow duration curves, which were derived from simulated daily flows for all climate models in all projected periods (Figure 4).



The Q5 values (high flows exceeded only 5% of the time) showed a decreasing trend for all rivers, and for most time horizons and GCMs (Table 6). During the 2030s time period, nine rivers (Chinit, Sen, Siem Reap, Mongkol Borey, Sangke, Dauntri, Pursat and Baribo) showed decreases in Q5 from 4% to 69%, while two rivers (Staung and Chikreng) indicated increases from 1% to 31%, respectively. A decreasing trend was also evident for the 2060s time horizon for the three GCMs, particularly with GISS-E2-R-CC resulting in a 60% difference for Siem Reap. However, Staung, Chikreng and Sreng showed increases of 26%, 23% and 23%, respectively, for IPSL-CM5A-MR, while Baribo, Pursat and Dautri show increases of 2%, 5% and 3%, respectively, for GFDL. In the 2090s time period, Q5 is predicted to increase only in the Chikreng River (for all GCMs), from 6% to 46%. The Sen River shows a reduction of 52% for GISS-E2-R-CC, while the Sambo, Chinit and Sreng Rivers show decreases of 51%, 46% and 45%, respectively. These results indicate that overall, future flood magnitudes would be reduced for all sub-basins under the GISS scenario over the majority of time horizons, and that reductions are also projected by the GFDL-CM3 and IPSL-CM5A-MR, for most sub-basins as well.



Q95 values (low flows or baseflows exceeding 95% of the time) decreased for all time periods under the GISS-E2-R-CC and IPSL-CM5A-MR climate models (Table 7). During the time period of the 2030s, baseflows were predicted to decrease in the Chinit, Siem Reap, Sangke, Baribo and Dautri Rivers by 65%, 90%, 58%, 58% and 47%, respectively under the GISS scenario; however, the Staung, Chirkeng and Sreng Rivers did not show any changes in baseflows. These decreases in baseflow (Q95) would have implications for sustaining natural ecosystems and biodiversity during the dry season.





4. Discussion


The river flow is a result of runoff from the catchment, which is affected by climate, as studied in this paper, but also other factors, such as land use. We expect that land-use changes will result in changes to the runoff regime. Land use has significantly changed in some sub-basins, notably in reduced forest cover. This study used a static 2003 land-use map for the whole simulation period, which would perforce a decrease in the accuracy of simulations, but they serve to isolate the differential effect of climate change on runoff. The relative paucity of the available ground truth data, and the rapid rate of land-use change makes it extremely difficult to forecast landuse with much certainty [39], but the potential effects of land-use change on runoff should be explored further. In addition, water withdrawals for irrigation and urban water supply were not included in the model, and these are increasing, so that they will likely have a much greater effect in the future. There are, of course, a number of other caveats with the analysis. The effects of hydrological model structure and parameter uncertainties were not considered. However, the effects of model parameter uncertainty have been shown [40] to be small, relative to the differences between climate scenarios. There are insufficient long-term rain gauges in the headwaters of the Tonle Sap tributaries, thus SWAT-assigned rainfall from the nearest stations, in some cases in Thailand. There is also considerable variability the between climate model scenarios, particularly at the regional scale.



The subsequent assessment of potential impacts of climate change on river flow in these 11 sub-basins was thus conducted by comparing climate change simulations to the baseline scenario. Three General Circulation Models (GFDL-CM3, GISS-E2-R-CC, IPSL-CM5A-MR) for a medium-emissions scenario (RCP 6.0) were employed to project the future climate of the basin. Additionally, three time horizons, consisting of the near-term period (2030s), medium-term period (2060s) and long-term period (2090s) were considered in the investigation the potential impacts of climate change on river flow. The results of the climate change simulations on river flows revealed that it will be more likely that most sub-basins will experience extreme droughts, rather than floods. These results also suggest an increased risk of drought during both the dry and wet season, which would consequently impact future freshwater availability by decreasing both the annual and seasonal flow. The contribution of river flows from all tributaries into the Tonle Sap Lake will be decreasing, due to flow reduction, according to the simulation from the three GCMs and time horizons. These decreases are likely to be attributed to a change in the seasonal distribution of the rainfall, with drier and longer dry seasons, and lower precipitation occurring in the Lower Mekong Basin in the future climate projections, as reported by other studies of climate change in the region [14,41]. The analyses performed in this study are perhaps still too uncertain for detailed water management purposes. However, this study gives insights into the sensitivity of this lake basin. In addition to the possible impacts of climate change, some basins such as Pursat, Sen and Sangke are faced with strong development pressures for hydropower and irrigation. Moreover, a decreasing trend of Q5 and Q95 was projected by most GCMs for most future time periods, indicating that both the low flows and high flows will be lower than their baseline values. These results were in agreement with studies of future climate-change-induced changes in drought frequency for the Mekong River Basin, such as Hirabayashi et al. [42], which have projected an increase in drought days by 2100, and MRC (2010), who predicted an increase in drought frequency.



However, uncertainties that are associated with this type of climate change impact study should not be neglected when planning and designing additional water management measures. For instance, many studies have been conducted to assess the uncertainty in river flow projection that are associated with various GCMs under different emission scenarios in the Mekong River Basin [15,43]. They noted that the projections of river flow change are highly dependent upon the GCM used, with respect to the direction and magnitude of projected changes in precipitation produced by different GCMs. Indeed, the predictions of future river flow used constant land use and soil property data, unchanged from the baseline period, which is clearly not the case. Moreover, the effects of water infrastructure development projects (e.g., hydropower dams, irrigation schemes) coupled with deforestation, could have greater impacts on the water availability in the near-future (the next 20 to 30 years) than the direct effects of climate change. Therefore, the combined impacts of climate and land use change could significantly reduce river flows within the basin. Further studies are needed in order to assess the potential impacts of climate change that are associated with the future land use changes on river flow in the Tonle Sap Basin. Exploring the implications of water level changes in Tonle Sap Lake is beyond the scope of this study, but we expect that lower water levels would result in reduced a extent of the flooded lake, and likely a reduction in the productivity of the fisheries that depend upon large areas of inundation.




5. Conclusions


Our assessment of climate change effects on hydrological regimes in 11 sub-basins of the Tonle Sap Lake Basin indicate that annual and monthly river flows are likely to decrease in both the wet and dry seasons, for all time horizons (2030s, 2060s and 2090s), and a potential decrease in extreme river flows (Q5 and Q95). These reduced flood peaks and reduced base flows could threaten not only river ecosystems, but also socio-economic development, particularly for the agriculture sector.



This study provides water resources managers and policy makers with a wide range of water flow projections within the Tonle Sap basin, in the context of plausible climate change scenarios, while recognizing the high uncertainty in projections. Future climate change will have an important influence on water resources in the basin. To mitigate anticipated adverse effects will require more efficient methods to manage water resources, such as land cover management, the adoption of best management practices, water storage options and efficient agricultural irrigation systems.
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Table A1. Rating curve developed to estimate river flows [26] for the monitored water levels at the outlets of the 11 Tonle Sap sub-basins.
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	Sub-Basin
	Rating Curve
	Observed Discharge





	ST. Chinit
	Q=15.49−36.8088×HKgThom+36.3032×HKgThom2−8.5957×HKgTmar3+0.7869×HKgTmar4
	1997–2015



	ST. Sen
	Q=0.000013×(HKgThom−1.21)6.8178×F0.72;where,F=HKgThom−HKgLuong
	1995–2015



	ST. Staung
	Q=0.8554×HKgChen2.7794×F0.5;where,F=HKgchen−HKgLuong+7.0
	1997–2015



	ST. Chikreng
	Q=0.1017×HKgKdey3.3034×F0.5;where,F=HKgchen−HKgKdey+7.0
	1997–2010



	ST. Siem Reap
	Q=4.1059×(HUntacBridge−0.0936)2
	1997–2010



	ST. Sreng
	Q=0.01299×HKralanh4.3665×F0.5;where,F=HKralanh−HBakPrea+4.0
	1997–2010



	ST. Mongol Borey
	Q=y×(f+6.09)0.69y=−0.5665+2.212×HMongolBorey−0.8243×HMongolBorey2  −0.1796×HMongolBorey3F=HMongolBorey−HBakPrea+6.0
	1997–2010



	ST. Sangke
	Q=y×(F+0.3)0.18y=−28.2541+33.8995×HBattambang−9.5551×HBattambang2−0.8092×HBattambang3F=HMongolBoery−HBakPrea
	1997–2015



	ST. Dauntri
	Q=12.4×(HMaungRussey−1.2439)2
	1997–2010



	ST. Pursat
	Q=25.5×(HBakTrakuon−0.0856)2
	1995–2015



	ST. Baribo
	Q=37.1593×HBaribor1.6195
	1997–2010
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Table A2. SWAT model-calibrated parameter values for all 11 river sub-basins of the Tonle Sap Lake.
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Parameters

	
Min Value

	
Max Value

	
Calibrated Value




	
Chinit

	
Sen

	
Pursat

	
Sangke

	
Staung

	
Sreng

	
Siem Reap

	
Mongkol Borey

	
Chikreng

	
Dauntri

	
Baribo






	
v_GW_DELAY.gw

	
0

	
500

	
68

	
24

	
80

	
1.5

	
35

	
42

	
8

	
55

	
35

	
16

	
25




	
v_ALPHA_BF.gw

	
0

	
1

	
0.13

	
0.2

	
0.4

	
0.7

	
0.5

	
0.4

	
0.04

	
0.6

	
0.5

	
0.16

	
0.1




	
v_GWQMN.gw

	
0

	
5000

	
0

	
500

	
1

	
500

	
500

	
398

	
500

	
5

	
500

	
0.01

	
1




	
v_GW_REVAP.gw

	
0.02

	
0.2

	
0.2

	
0.02

	
0.2

	
0.02

	
0.2

	
0.02

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
v_REVAPMN.gw

	
0

	
500

	
500

	
501

	
2

	
1500

	
475

	
501

	
501

	
6

	
475

	
0.02

	
2




	
v_RCHRG_DP.gw

	
0

	
1

	
0.4

	
0.4

	
0.2

	
0.0001

	
0.4

	
0.24

	
0.4

	
0.4

	
0.4

	
0

	
0.4




	
v_LT_TIME.hur

	
0

	
180

	
0.01

	
0.1

	
180

	
0.3

	
10

	
100

	
150

	
30

	
10

	
19.2

	
0.8




	
v_SLSOIL.hur

	
0

	
150

	
0.3

	
1

	
150

	
150

	
0.35

	
150

	
100

	
0.3

	
0.35

	
0.4

	
70




	
v_CANMX.hur

	
0

	
1

	
7

	
7

	
20

	
0

	
5

	
4.5

	
10.5

	
5

	
5

	
20

	
7




	
v_ESCO.hur

	
0

	
1

	
0.7

	
0.7

	
0.7

	
1

	
0.7

	
0.7

	
0.7

	
1

	
0.7

	
0.79

	
1




	
v_CH_N2.rte

	
0

	
0.3

	
0.2

	
0.18

	
0.2

	
0.03

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2

	
0.2




	
v_CH_K2.rte

	
0

	
500

	
10

	
2.5

	
10

	
9

	
10

	
10

	
-

	
-

	
-

	
-

	
-




	
v_ALPHA_BNK.rte

	
0

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
v_CH_N1.sub

	
0.01

	
30

	
0.12

	
0.02

	
0.2

	
0.001

	
0.2

	
0.2

	
0.02

	
0.2

	
0.2

	
0.2

	
0.2




	
v_CH_K1.sub

	
0

	
300

	
10

	
10

	
10

	
0.013

	
5

	
-

	
-

	
-

	
-

	
-

	
-




	
r_CN2.mgt

	
−25%

	
25%

	
-

	
0.05

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
r_SOL_AWC.sol

	
−25%

	
25%

	
-

	
−0.05

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
v_SOL_BD.sol

	
0.9

	
2.5

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
v_SOL_K.sol

	
0

	
2000

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-
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Figure A1. Scatter plots comparing between the observed and simulated river flows in selected sub-basins (ST. Sen, ST. Sangke, ST. Pursat) during calibration and validation. 
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Figure A2. Mean monthly baseline river flows and 2030s, 2060s, and 2090s climate change scenario flows. 
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Figure A3. Baseline monthly streamflows and percent changes in mean monthly river flows from baseline for the 2030s, 2060s and 2090s climate change scenarios. 
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Figure 1. (a) Study area with water level monitoring and rainfall stations, (b) digital elevation model, (c) soil type and (d) land use/land cover of Tonle Sap Lake Basin. 
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Figure 2. Comparison between daily observed and simulated river flows in 11 sub-basins of Tonle Sap Lake Basin. 
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Figure 3. Spatial distribution of the (mean annual) river flow in each sub-basin, simulated from the Soil and Water Assessment Tool (SWAT) model (1985–2015). 
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Figure 4. Flow duration curves of the baseline and for each GCM for three time horizons (2030s, 2060s, and 2090s). 
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Table 1. Sub-basin areas, land-use, and mean annual flows to the Tonle Sap.
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	N°
	Sub-basin
	Area (km2)
	Forest Land
	Agricultural Land
	Urban Land





	1
	ST. Chinit
	8235
	62.70%
	37.26%
	0.04%



	2
	ST. Sen
	16,341
	85.37%
	14.61%
	0.02%



	3
	ST. Staung
	4356
	75.03%
	24.97%
	0.00%



	4
	ST. Chikreng
	2713
	78.38%
	21.62%
	0.00%



	5
	ST. Siem Reap
	3618
	26.28%
	73.57%
	0.15%



	6
	ST. Sreng
	9930
	61.68%
	38.32%
	0.00%



	7
	ST. Mongkol Borey
	10,856
	14.67%
	85.14%
	0.19%



	8
	ST. Sangke
	6051
	53.76%
	46.09%
	0.14%



	9
	ST. Dauntri
	3695
	43.42%
	56.58%
	0.00%



	10
	ST. Pursat
	5963
	76.15%
	23.76%
	0.09%



	11
	ST. Baribo
	7152
	25.01%
	74.61%
	0.39%
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Table 2. Basic statistics of the river flow and annual rainfall of Tonle Sap River Basin.
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N°

	
River Name

	
Flows (m3/s)

	
Annual Rainfall (mm)




	
Min

	
Mean

	
Max

	
STDV

	
Min

	
Mean

	
Max

	
STDV






	
1

	
ST. Chinit

	
0.06

	
65

	
601

	
80

	
1058

	
1453

	
1839

	
181




	
2

	
ST. Sen

	
0.1

	
249

	
1476

	
320

	
1104

	
1385

	
1839

	
176




	
3

	
ST. Staung

	
0.01

	
28

	
277

	
51

	
1125

	
1470

	
1924

	
195




	
4

	
ST. Chikreng

	
0.01

	
11

	
395

	
38

	
964

	
1271

	
1646

	
150




	
5

	
ST. Siem Reap

	
0.04

	
6

	
132

	
10

	
1028

	
1286

	
1553

	
137




	
6

	
ST. Sreng

	
0.01

	
45

	
340

	
74

	
1138

	
1336

	
1560

	
125




	
7

	
ST. Mongkol Borey

	
0.3

	
18

	
303

	
35

	
1261

	
1487

	
1749

	
135




	
8

	
ST. Sangke

	
0.67

	
62

	
1020

	
98

	
1109

	
1390

	
1664

	
154




	
9

	
ST. Dauntri

	
0.05

	
4

	
260

	
12

	
832

	
1151

	
1652

	
197




	
10

	
ST. Pursat

	
0.01

	
83

	
1264

	
121

	
1103

	
1493

	
2031

	
209




	
11

	
ST. Baribo

	
0.02

	
27

	
287

	
30

	
1038

	
1303

	
1568

	
152
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Table 3. Calibration and validation performance for daily time-step simulations at all 11 rivers in Tonle Sap Lake Basin showing the Nash-Sutcliffe efficiency (NSE), percent bias (PBIAS), root mean squared error observations standard deviation ratio (RSR), and coefficient of determination (R2).
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	River
	Station Name
	Calibration Period
	NSE
	PBIAS
	RSR
	R2
	Validation Period
	NSE
	PBIAS
	RSR
	R2





	ST. Chinit
	Kampong Thmar
	1997–2003
	0.71
	−0.20
	0.54
	0.75
	2004–2015
	0.59
	0.01
	0.64
	0.59



	ST. Sen
	Kampong Thom
	1995–2003
	0.71
	−0.13
	0.54
	0.74
	2004–2015
	0.81
	0.03
	0.44
	0.81



	ST. Staung
	Kampong Chen
	1997–2003
	0.35
	−0.18
	0.81
	0.45
	2004–2015
	0.53
	−0.06
	0.69
	0.53



	ST. Chikreng
	Kampong Kdei
	1997–2003
	−1.61
	−1.95
	1.61
	0.29
	2004–2015
	0.08
	−0.90
	0.96
	0.30



	ST. Siem Reap
	Prasat Keo
	1999–2003
	0.35
	−0.17
	0.80
	0.41
	2004–2015
	0.31
	−0.02
	0.83
	0.37



	ST. Sreng
	Kralanh
	1997–2003
	0.60
	−0.21
	0.63
	0.70
	2004–2011
	0.65
	−0.27
	0.59
	0.74



	ST. Mongkol Borey
	Sisophon
	1997–2003
	0.38
	−0.22
	0.78
	0.44
	2004
	0.29
	−0.27
	0.84
	0.38



	ST. Sangke
	Battambang
	1997–2003
	0.02
	−0.30
	0.99
	0.26
	2004–2015
	0.09
	−0.62
	0.95
	0.38



	ST. Dauntri
	Prek Chik
	1997–2003
	−4.02
	−2.32
	2.24
	0.04
	2004, 2007–2008
	−1.55
	−1.30
	1.60
	0.06



	ST. Pursat
	Bac Trakuon
	1995–2003
	0.29
	−0.09
	0.84
	0.36
	2004–2015
	0.45
	0.01
	0.74
	0.45



	ST. Baribo
	Baribo
	1998–2003
	0.25
	0.02
	0.86
	0.33
	2004–2005
	0.27
	0.20
	0.85
	0.30
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Table 4. Calibration and validation performance (NSE, PBIAS, RSR, and R2) for monthly time step simulation at all 11 rivers in Tonle Sap Lake Basin.
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	River
	Station Name
	Calibration Period
	NSE
	PBIAS
	RSR
	R2
	Validation Period
	NSE
	PBIAS
	RSR
	R2





	ST. Chinit
	Kampong Thmar
	1997–2003
	0.74
	−0.20
	0.51
	0.78
	2004–2015
	0.61
	0.01
	0.62
	0.61



	ST. Sen
	Kampong Thom
	1995–2003
	0.80
	−0.13
	0.45
	0.82
	2004–2015
	0.87
	0.03
	0.37
	0.87



	ST. Staung
	Kampong Chen
	1997–2003
	0.64
	−0.18
	0.60
	0.70
	2004–2015
	0.68
	−0.06
	0.56
	0.68



	ST. Chikreng
	Kampong Kdei
	1997–2003
	−1.96
	−1.95
	1.72
	0.64
	2004–2015
	0.11
	−0.89
	0.94
	0.48



	ST. Siem Reap
	Prasat Keo
	1999–2003
	0.63
	−0.16
	0.61
	0.68
	2004–2015
	0.64
	−0.02
	0.60
	0.65



	ST. Sreng
	Kralanh
	1997–2003
	0.67
	−0.21
	0.58
	0.75
	2004–2011
	0.71
	−0.27
	0.54
	0.79



	ST. Mongkol Borey
	Sisophon
	1997–2003
	0.43
	−0.22
	0.75
	0.49
	2004
	0.37
	−0.27
	0.79
	0.41



	ST. Sangke
	Battambang
	1997–2003
	0.32
	−0.30
	0.82
	0.55
	2004–2015
	0.19
	−0.62
	0.90
	0.70



	ST. Dauntri
	Prek Chik
	1997–2003
	−1.87
	−2.26
	1.69
	0.35
	2004, 2007–2008
	−1.15
	−1.40
	1.47
	0.35



	ST. Pursat
	Bac Trakuon
	1995–2003
	0.71
	−0.09
	0.54
	0.71
	2004–2015
	0.65
	0.01
	0.59
	0.64



	ST. Baribo
	Baribo
	1998–2003
	0.63
	0.02
	0.61
	0.62
	2004–2005
	0.52
	0.20
	0.70
	0.55
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Table 5. Percentage changes in the mean annual flows for different climate scenarios, compared with baseline flows.






Table 5. Percentage changes in the mean annual flows for different climate scenarios, compared with baseline flows.





	
River Name

	
GCMs

	
2030s

	
2060s

	
2090s




	
(2021–2040)

	
(2051–2070)

	
(2081–2100)






	
ST. Chinit

	
GFDL-CM3

	
−26

	
−28

	
−29




	
GISS-E2-R-CC

	
−46

	
−50

	
−56




	
IPSL-CM5A-MR

	
−26

	
−27

	
−25




	
ST. Sen

	
GFDL-CM3

	
−16

	
−16

	
−33




	
GISS-E2-R-CC

	
−47

	
−40

	
−58




	
IPSL-CM5A-MR

	
−17

	
−8

	
−33




	
ST. Staung

	
GFDL-CM3

	
6

	
10

	
53




	
GISS-E2-R-CC

	
−27

	
−28

	
−13




	
IPSL-CM5A-MR

	
32

	
29

	
2




	
ST. Chikreng

	
GFDL-CM3

	
7

	
−14

	
62




	
GISS-E2-R-CC

	
−36

	
−42

	
4




	
IPSL-CM5A-MR

	
32

	
12

	
51




	
ST. Siem Reap

	
GFDL-CM3

	
−51

	
−48

	
−40




	
GISS-E2-R-CC

	
−78

	
−73

	
−68




	
IPSL-CM5A-MR

	
−49

	
−40

	
−33




	
ST. Sreng

	
GFDL-CM3

	
−6

	
−38

	
−23




	
GISS-E2-R-CC

	
−51

	
−56

	
−57




	
IPSL-CM5A-MR

	
11

	
8

	
−12




	
ST. Mongkol Borey

	
GFDL-CM3

	
−12

	
−11

	
−2




	
GISS-E2-R-CC

	
−22

	
−28

	
−34




	
IPSL-CM5A-MR

	
−16

	
−13

	
−14




	
ST. Sangke

	
GFDL-CM3

	
−20

	
−18

	
−15




	
GISS-E2-R-CC

	
−34

	
−37

	
−44




	
IPSL-CM5A-MR

	
−26

	
−28

	
−31




	
ST. Dauntri

	
GFDL-CM3

	
−9

	
3

	
−4




	
GISS-E2-R-CC

	
−25

	
−15

	
−28




	
IPSL-CM5A-MR

	
−9

	
−15

	
−18




	
ST. Pursat

	
GFDL-CM3

	
−10

	
3

	
−7




	
GISS-E2-R-CC

	
−23

	
−28

	
−38




	
IPSL-CM5A-MR

	
−12

	
−14

	
−13




	
ST. Baribo

	
GFDL-CM3

	
−3

	
−9

	
2




	
GISS-E2-R-CC

	
−17

	
−54

	
−66




	
IPSL-CM5A-MR

	
−29

	
−7

	
−31
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Table 6. Percentage changes in Q5 for the three GCMs in the three scenario periods.
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River Name

	
Time Horizon

	
Baseline

	
GFDL-CM3

	
GISS-E2-R-CC

	
IPSL-CM5A-MR




	
Stream-Flow a

	
Stream-Flow a

	
% Change

	
Stream-Flow a

	
% Change

	
Stream-Flow a

	
% Change






	
ST.Chinit

	
2030s

	
225.6

	
185.6

	
−18

	
137.7

	
−39

	
182.3

	
−19




	
2060s

	
225.6

	
177

	
−21

	
127.8

	
−43

	
189.9

	
−16




	
2090s

	
225.6

	
178.8

	
−21

	
120.6

	
−46

	
198.7

	
−12




	
ST.Sen

	
2030s

	
794.9

	
756

	
−5

	
519.2

	
−35

	
760.9

	
−4




	
2060s

	
794.9

	
697.9

	
−12

	
542.8

	
−32

	
830.6

	
4




	
2090s

	
794.9

	
628.4

	
−21

	
378.9

	
−52

	
662

	
−17




	
ST.Staung

	
2030s

	
96.2

	
105.9

	
10

	
72.1

	
−25

	
120.6

	
25




	
2060s

	
96.2

	
116.5

	
21

	
81.4

	
−15

	
121.4

	
26




	
2090s

	
96.2

	
134.4

	
40

	
82.6

	
−14

	
106.6

	
11




	
ST.Chikreng

	
2030s

	
136.7

	
155.2

	
13

	
102.2

	
−25

	
178.5

	
31




	
2060s

	
136.7

	
125.6

	
−8

	
98.4

	
−28

	
167.6

	
23




	
2090s

	
136.7

	
186.9

	
37

	
145.4

	
6

	
200.3

	
46




	
ST.Siem Reap

	
2030s

	
24.5

	
15.2

	
−38

	
7.5

	
−69

	
16.5

	
−33




	
2060s

	
24.5

	
15.7

	
−36

	
9.8

	
−60

	
20

	
−18




	
2090s

	
24.5

	
17.9

	
−27

	
15.5

	
−37

	
22.5

	
−8




	
ST.Sreng

	
2030s

	
216.9

	
219.8

	
1

	
131.8

	
−39

	
257.5

	
19




	
2060s

	
216.9

	
160.7

	
−26

	
125.1

	
−42

	
266.5

	
23




	
2090s

	
216.9

	
195.4

	
−10

	
118.3

	
−45

	
255.2

	
18




	
ST.Mongkol Borey

	
2030s

	
65.2

	
60.2

	
−8

	
54.9

	
−16

	
61

	
−6




	
2060s

	
65.2

	
58.6

	
−10

	
51

	
−22

	
62.8

	
−4




	
2090s

	
65.2

	
66.1

	
1

	
49

	
−25

	
64.5

	
−1




	
ST.Sangke

	
2030s

	
289.4

	
261.8

	
−9

	
217.5

	
−25

	
249.8

	
−14




	
2060s

	
289.4

	
264.9

	
−8

	
210

	
−27

	
250.5

	
−13




	
2090s

	
289.4

	
279.9

	
−3

	
196.1

	
−32

	
248.5

	
−14




	
ST.Dauntri

	
2030s

	
39.9

	
37.2

	
−7

	
30.6

	
−23

	
37.1

	
−7




	
2060s

	
39.9

	
41.1

	
3

	
33.1

	
−17

	
35.4

	
−11




	
2090s

	
39.9

	
39.1

	
−2

	
28.6

	
−28

	
34.7

	
−13




	
ST.Pursat

	
2030s

	
252.9

	
238.4

	
−6

	
203.7

	
−19

	
234.1

	
−7




	
2060s

	
252.9

	
264.6

	
5

	
192.8

	
−24

	
230.8

	
−9




	
2090s

	
252.9

	
248.9

	
−2

	
170.4

	
−33

	
234

	
−7




	
ST.Baribo

	
2030s

	
46.7

	
47.8

	
2

	
43

	
−8

	
40.5

	
−13




	
2060s

	
46.7

	
47.8

	
2

	
43

	
−8

	
40.5

	
−13




	
2090s

	
46.7

	
49.6

	
6

	
22.8

	
−51

	
40.5

	
−13








a The streamflow unit is in cubic meters per second (m3/s).


media/file13.jpg
Ry

PPP RS P PR S






media/file4.png
Simulated flow (m3/s)

2000

1600 |

1200

800 |

400

Calibration (1995-2003)

)
oo ’
o ’
° ’
® s
o ' 4
4
° 8 ’
%o
o s NSE =071
o ’
B2 ’, R*=0.74
7
400 800 1200 1600 2000

Observed flow (m3/s)

Sunulated flow (m3/s)

1600

1200

ST. Sen sub-basin

‘alidation (2004-2015)

1200 1600
Observed flow (m3/s)

2000

Simulated flow (m3/s)

2000

1600

800

400

Calibration (1995-2003)

Monthly

7/
7/
7’
7/
4
NSE =0.80
R?*=10.82 /s
4
7/
7
o /
fe) 4
)
D 7/
/ o
o 9, °
% 0001003 %
9o o
o /QD
(e
«°
o
400 800 1200 1600 2000

Observed flow (m3/s)

Simulated flow (m3/s)

Validation (2004-2015)

2000
/7
7/
1600 ~
4
NSE =0.87 7
R2=0.87 d
1200 S
o 7/
o N
/O
o|l,6 " °
800 o0
O moo
o 364’
oo % / 8
400 0P
0% o0 "
R o
o2&
F
0
0 400 800 1200 1600

Observed flow (m3/s)

2000





media/file30.png
Flows [m'/s]in loganithmic scale

Flows [m'/s]in logarithmic scale

Flows [m'/s]in logarithmic scale Flows [m'/s]in loganthmic scale

Flows [m*/s]in loganthmic scale

1000 1 2030s =
3 2
100 i\ L 2
10 s-----%--~- | %
1 4 S e = k)
0.1 §7--, — J i}
0.01 -y
0.001 %
0% 25% 50% 75% 100%
Exceedance Probability
------- Baseline
1000 ’ 203Qs E =
. \\ | E
f (N | ‘f_’
0.1 x N g
| 1 | =
' | .
] »
0.001 - = - 1 =
0.00001 g
0% 25%  50% 75%  100% -
Exceedance Probability
------- Baseline

Flows [m'/s]in loganthmic scale

0.1
0% 25% 50% 5% 100%
Exceedance Probability
------- Baseline
10000 20395 e
100 - E
E
1 Ey
| =
0.01 =
ry
0.0001 g
0% 25% 0%  75%  100%
Exceedance Probability
------- Baseline
10000 20395 2
2
2
100 %
)
0
2
1 - | —_— a
0.01 %
0% 25% 50% 75% 100%
Exceedance Probability

ST.Siem Reap

1000 2060s i
100 -
lo B - ..--‘95...‘ |
--%-~.
11 < —=
0.1 - | - —
} | A
0.01 !
0.001 ‘ 5
0% 25% 50% 75% 100%
Exceedance Probability
GFDL-CMNS GISS-E2-R-CC
ST.Sreng
1000 2060s
10 -
0.1 -
0.001 - ,{
0.00001
0% 25% 50% 75% 100%
Exceedance Probability
GFDL-CM3 GISS-E2-R-CC
ST .Mongkol Borey
1000 20§05

l e
0.1
0% 25% 50% 75% 100%
Exceedance Probability
GFDL-CNG GISS-E2-R-CC
ST.Sangke
10000 20005
100 -
1 1
0.01 1
0.0001
0% 25% 50% 5% 100%
Exceedance Probability
GFDL-CNG GISS-E2-R-CC
ST.Dauntri
10000 2060s

0% 25% 50% 5% 100%
Exceedance Probability
GFDL-CMS GISS-E2-R-CC

Flows [m'/s]in logarithmic scale

Flows [m'/s]in loganthmic scale

Flows [m'/s]in logarithmic scale Flows [m'/s]in loganthmic scale

Flows [m'/s]in logarithmic scale

1000 E 209?5 ;
100 k !
T S —
l i 955--‘.~“-
i e { 3
0.01
0.001
0% 25% 50% 75% 100%
Exceedance Probability
IPSL-CMSA-MR
1000
10 -
0.1 1
0.001
0.00001
0% 25% 50% 5% 100%
Exceedance Probability
IPSL-CM5A-MR
1000 209(?5

0.1
0% 25% 50% 75% 100%
Exceedance Probability
IPSL-CM5A-MR

0.0001 ‘
0% 25% 50% 75% 100%
Exceedance Probability
IPSL-CM5A-MR
10000 —
0.01
0% 25% 50% 5% 100%
Exceedance Probability
IPSL-CM5A-MR





media/file26.jpg





media/file8.jpg
ST. Baribo

0005

20605

@
a

s o






media/file21.jpg





media/file31.png
ST.Pursat
2060s

E 3 10000 3 10000
2 g 2 100
2 1 2 1 2 1
& 0% 25% 50% 75%  100% - 0% 25% 50% 75% 100% 0% 25% 50% 75%  100%
Exceedance Probability Exceedance Probability Exceedance Probability
------- Baseline ~———— GFDL-CM3 GISS-E2-R-CC ———— IPSL-CM5A-MR
ST Baribo
. 2030s o -
2 10000 , £ 10000 2060s = 10000
2 100 - 2 100 - 2 100 -
= = =
§D 1 - A E §D 11
S k) o
£ 0011 £ 001 £ 001 1
E 00001 - x | = 0.0001 - E 00001 4
2 0.000001 20.000001 20.000001

- - 1

0% 25% 50% 5% 100% 0% 25% 50% 75% 100% 0% 25% 0% 5% 100%

Exceedance Probability Exceedance Probability Exceedance Probability
------- Baseline = —— GFDL-CM3 GISS-E2-R-CC ——— IPSL-CM5A-MR

F
F
F





media/file27.jpg





media/file12.jpg
ST S

PO EP P FASE S

R

g
H
H
i

PEP P P IASSF






media/file3.jpg
‘ST. Sangke sub-busin






media/file18.jpg
@

©





media/file9.png
ST. Chinit

290

- 39
L AON AON
L 100 10
L dog dog
L 3ny sny
L 1n [nf
4 Iy z 2 2 = n
2 DU z 2 2 unf
o B %ﬁz (@\| o @\ Q\ %ﬁz
1dy 1dy
IeN TeIN
994 qo4d
uef —t— " " & Uef “ “ “ o UE[ uef
S o O 9o 9© O o - - - S ©o o o o n O N O n O
= &) oplueshs (s/.U1) MOpwRANg (s/gu) mopuEang (/W) mopyureang
.- 4 roN - AON 7 AON
% 1100 - 190 « 7 PO
1 dog L dog 'Y dog
1 sny - Sny o0 o0 o T Sny
NN O = AN O — O = S~
» 3mm L - [0f o 2 3mm o - 0L m 2 3mm O 2 3mm nm 2| 295 . g
- v ® . < < ¥ v AN
|, 254 runp 0,24 Ut 5 2 .3af % Bl|.8a% c S|:.041% uny
Q|ETH B QlESH D IS 2 QlEAHS c QlEa¥ 9 QESH D £
3824 BN T 3B g W Tgaan SN EEEE 2 522z N
s 00 & dy 850 dy 5 2E G E : S50 N 850 idy
' ' @) ! = ' * '
“ Te]N “ Te]N _ N ! ~ _ TN
] 1 N
? wv .A. .A. Q.1 1 Q.1 t ¢ ¢ Qo
Ll L el uey Ll uep L ——— ue[ A S R . e
S o O o o O S o o o o O - - o - S o o o noO N O N O
=N S5 2§ 8 z & @ S 2 2 @ O e
N (§lw)y mopmeen —  (S/-W) MO[Jued) S/.U) MOJUIRI) (S/.W) MO[JUIRONS (S/,UT) MO[JUIRINS
/¢ I S /¢ ¥ S /¢ ¥ S £
80— 29(]
. -+ >OZ s
‘\\\ 4 HOO A\\
\ “\
. + das ..
4 Sny
%) )y T MSH %) %) %) %)
S . - - S -
N + unf N N N cn
= = - S =
A L KeIq I 'S A 'S
L 1dy
BN
go4
1 1 1 1 \ QNH 1 1 1 QNH 1 1 1 1 1 Lal
S O o o o
22 R8R° 2 2 2 8 8 ° S 2 8 B R8N0 ew e
o Am\/ME ) MO[JWRAIIS = (S/¢ (S/cU0 ) MO[JUIBONS (s/¢W ) AMofJureans (S/cW ) MOJUWIRANS





media/file22.png
Streamflow (m?3/s) Streamflow (m3/s) Streamflow (m3/s)

Streamflow (m3/s)

ST. Chinit

800
Simulated =~ - observed
600
400 L
o | L]
200 | ( J F
I L AT { |
! 5; P t i \ i l ‘5 b p i i A
0 T E— T
1997 2002 2007 2012
ST. Staung
500
400 —— Simulated =~ - observed
300
200 g i
5 1 i ‘- "I » . E
o L J. TieE 8RN |
1997 2002 2007 2012
ST. Siem Reap
300
Simulated =~ - observed

2004

ST. Mongkol Borey

Simulated

observed

Streamflow (m3/s)

Streamflow (m3/s)

Streamflow (m3/s)

Streamflow (m?3/s)

2400

1800

1200

600

1500

1200

900

600

ST. Sen

observed

Simulated

ST. Chikreng

observed

Simulated

ST. Sreng

observed

Simulated

ST. Sangke
1500
Simulated = observed
1000 {
500 5 i
o L\ %\lm TLA UM MR ‘?A ‘lﬁ 1.8
1997 2002 2007 2012





media/file14.jpg
150% 50

= ST. Baribo
S 2
Z 100% T
H H
£ ]
S 50% 2
£ ’ £
£ g
£ =
5 ™% 2
] E
S -50% g
. 2
E £
£ £
;3) -100% E
-150%

s R
TIPS Pt IS

= Bascline ——6— GFDL-CM3 (2030)  —4— GISS-E2-R-CC (2030)

~—@— IPSL-cm3a-mr (2030) ——#—— GFDL-CM3 (2060) ~ ——#&— GISS-E2-R-CC (2060)

—&— IPSL-cmSa-mr (2060) —@— GFDL-CM3 (2090)  —f@— GISS-E2-R-CC (2090)
—@— IPSL-cmSa-mr (2090)






media/file20.jpg
uuuuuuuu






media/file7.jpg
£335835550 RE3RgEANREGE

ST.Mangho Borey

REIITEI)
.5






media/file23.png
Streamflow (m3/s)

800

(o))
o]
o

N
o]
o

[\
(o]
o

ST. Dauntri

Simulated

observed

ST. Pursat
2000
Simulated — ———r- observed

2 1500
£
B
é 1000
g
<
L
»n o 500

ST. Baribo

400

300

Streamflow (m3/s)

Simulated

observed






media/file10.png
ST. Sreng

2090s

29
AON
PO
dag
3ny
g
ung
AN
1dy
TN
g9
4 Ue[

-
-
(o)

2060s

----®---- Baseline

6 GFDL-CM3

1 1

T 1
o -
S

S
(s \mmu MO[FUIBONS

-

29

IPSL-cm5a-mr

———— GISS-E2-R-CC

4

AON

300

2030s

l
1
-
-

00

(/1) moguTeong

300

1 1

T T
o -
S

S
(s \m:mév MO[WBINS

ST. Mongkol Borey

2090s

-
o0

2060s

----®---- Baseline

0 GFDL-CM3

60 +——se— GISS-E2-R-CC

o <o 2
© T A
(s/.ur) mopjuredns

——— [PSL-cm5a-mr

80

2030s

40 1
20

(s/ mav mopjureans

80

Q2 D
O A
(S/,W ) MOTJuIRANS

ST. Sangke

2090s

-
-
(o]

2060s

----®---- Baseline

0 GFDL-CM3

2030s

300

1
1
-]

s 08
(s \m@ Boﬁﬂﬂwobm

20
+ AON

1100

p--0 7

"
hES
~

IPSL-cm5a-mr

——%—— GISS-E2-R-CC

——

1
T T
) -
o -

(s \mﬂm/w Boﬁﬂﬂwobm

o
S
(s \m&/_v MopguuRang

l
1
-
-

00

ST. Dauntri

2090s

2060s

----®---- Baseline

0 GFDL-CM3

30 —s— GISS-E2-R-CC

2030s

(s \mav mopjureans

——t—— [PSL-cm5a-mr

40

1

1
-
—

20 +

(S/,ur) mopueons

29

L AON
- 190

Am AL v mopureans

ST. Pursat

29

2090s

L AON
L 100

2060s

----@---- Baseline

2030s

——3—— [PSL-cm5a-mr

0 GFDL-CM3
[ %—— GISS-E2-R-CC

250

00
150
100 T+

)
g
z
o
=
S
o
7

20
L AON
L 100






media/file5.png
Simulated flow (m3/s)

Calibration (1997-2003)

4
rd
rd
7/
4
1000 NSE = 0.02 ,
R2=10.26
800 ‘
rd
a rd
o rd
7
600 2
[o] 4
(o] Vi o
AT L
0 (@0 B & =
®,” d
o [e] o
@ [o]
200 g o b °
“o 00J8 0 -
o) e
o @ %3 o
0 O P ® o
0 200 400 600 800 1000 1200
Observed flow (m3/s)
Calibration (1995-2003)
2000
4
s
[e] g
7/
4
1600 ;
9 >
—_ o ’
;;" /
£ 1200 71~ NSE =029
z ° 4
2 o 7’ R*=10.36
T ’
= e ° ° 99
z 800 555
g o 8 Q 49
W le) el
o]
D
° lo
0 400 800 1200 1600 2000

Observed flow (m3/s)

Simulated flow (mn3/s)

Simulated flow (m3/s)

1000

2000

1600

1200

800

400

ST. Sangke sub-basin

Validation (2004-2015)

NSE =0.09 4
2=0.38 D o

1000

Observed flow (m3/s)

500

400

Simulated flow (m3/s)

Calibration (1997-2003)

(=]
=
(o]
® X

ST. Pursat sub-basin

Validation (2004-2015)

’
’
’
’
’
’
’
’
’
I —_—
4 NSE = 0.45
o ’
y 22045
° o R2=0.4:
’
O
) ’
o % 4 ’ o
S8 | ,®
o O® 0/ 6: o o
S 00, 8
o6
*
& %
400 800 1200 1600 2000

Observed flow (m3/s)

600

Simulated flow (m3/s)
@ ;
(=]

’
’
’
P
’
’
o Vg
’ NSE =0.32
’ —
e 2=(55
o ’8 R*=0.55
° /s
o rd
(o] o0 © P,
o|© o] p o
o o o; 4 ° °
o P ® 9
o O oy 00
o, 4 o
%, . °
&
o
100 200 300 400 500
Observed flow (m3/s)
Calibration (1997-2003)
’
Vs
s
’
NSE =0.73 e
R2=0.7] °
o ’
’
’
V
,
’
o a 4
o e o
o L O rd
[¢]
& o
08§, ° °
o] < o
o S8 K
O%ﬁ o &
fe]
"
0 100 200 300 400 500 600
Observed flow (m3/s)

)

00

(]

00

Simulated flow (m3/s)

600

/s)
=
g

-
3/s

)
f=
(=]

Simulated flow (m

2
=
(=}

Valid

ation (2004-2015)

8%’ @ © 00

AN

200 300
Observed flow (m3/s)

Validation (2004-2015)

400

500

R2=0.64

NSE = 0.65

200

300
Observed flow (m3/s)

400

500

600





media/file15.png
20% — 250
_ ST. Chinit
S 2
2 0% +—+— —t—t—t+—+—84+—1 200E
E ol 2
5 I8 € =
5 220% - N a B L 1505
= - - —‘ B : 2
S =S - B 2 )
5 -40% - a - 100¢
G = S
L& =
& ' &
£ -60% - | 50 S
o 0 )
I
A
-80% |—| [ |_| 0

FEF PP TP R I

=3 Baseline
©®— [PSL-cm5a-mr (2030)
A— [PSL-cm5a-mr (2060)
@— [PSL-cm3a-mr (2090)

1
'Y
o

GFDL-CM3 (2030)
GFDL-CM3 (2060)
GFDL-CM3 (2090)

—o— GISS-E2-R-CC (2030)
—a— GISS-E2-R-CC (2060)
—@— GISS-E2-R-CC (2090)

1000% 100
~ g ST. Staung

< Q
; 800% 1 _ Wk
E :
5 600% - _ E
Z s 60 5
= 400% £
) 0 T wn
=y >
) L
5 200% ] o _I :
& - ] La| .. 2
3 1T | <
> M
[l

200% = [ ml |

FEF WG PP R P

=1 Basecline
©— [PSL-cm5a-mr (2030)
A— [PSL-cm5a-mr (2060)
— [PSL-cm3a-mr (2090)

14
A
o

GFDL-CM3 (2030)
GFDL-CM3 (2060)
GFDL-CM3 (2090)

—— GISS-E2-R-CC (2030)
—aA— GISS-E2-R-CC (2060)
—@— GISS-E2-R-CC (2090)

40% 700
~ A ST. Sen A _
o\ A [ | wn
< 20% {4~ l: A s
z A—A4 °
= g 2L2 |9 ° =z
E 0% gt i:i'K;A;_g__SOOé
2 9 A1 o—=8 =
A 20% - o <>| o L 400 §
K= A"\ =
5]

O A
D _40% - '<.\*\\ N L 3002
E - s
O \ g =
o -60% - o L 200 5
3 2
5 o
S -80% - - 100 8
O o
ol

100% = e = [ 0

S .0 & & O > NoA 0
A QO @‘b Y”Q @‘bﬁ A A quo %Q'JQ 0° %o Q@

== Bascline ©0— GFDL-CM3 (2030) ~—— GISS-E2-R-CC (2030)

©— IPSL-cm3a-mr (2030) —#&—— GFDL-CM3 (2060)  —&— GISS-E2-R-CC (2060)

A— IPSL-cm3a-mr (2060) —@— GFDL-CM3 (2090)  —f— GISS-E2-R-CC (2090)

@— [PSL-cm5a-mr (2090)

1400%

120

a
1200% -

A
1000% { /3
800% @
600% - 1

400%
200%
0%

Pecentage change in streamflow (%)

ST. Chikreng

|

1
—_—
-]
)

T
o0
S

T
&)
-

N
()

|\
-

Baseline montly streamflow (m3/s)

-200%

N
\‘59 Qéo @‘bﬁ’ Y’Q&’ @‘bﬁ /\Q'Q N\ quo %@Q OC))\‘ %64 Q@O
GFDL-CM3 (2030)

GFDL-CM3 (2060)
GFDL-CM3 (2090)

=/ Baseline
©— [PSL-cm5a-mr (2030)
A— [PSL-cm5a-mr (2060)
@— [PSL-cm5a-mr (2090)

©
A
a

—0— GISS-E2-R-CC (2030)
—aA— GISS-E2-R-CC (2060)
—@— GISS-E2-R-CC (2090)





media/file19.png
103°0'0"E
1

1