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I. EXECUTIVE SUMMARY 
1. The Royal Kingdom of Cambodia is located in South-East Asia and covers a land surface of about 
180,000 km2 with a population of about 16.51 million in 2019 increasing at a rate of about 1.6% annually. 
About 87% of Cambodia surface is part of the Mekong river system. The main hydrological system in 
Cambodia is the Tonle Sap/Mekong System and it plays an important role in maintaining the natural 
ecosystems (lakes, wetlands and flooded forests) while providing resources for the national development. 
The Tonle Sap Basin has a surface area of approximately 86,127 km2 (11% of the total area of the Mekong 
Basin) and it is located in Cambodia except for a small upstream area that is located in Thailand. The Tonle 
Sap Basin is hydrologically connected to the Mekong river in the Cambodian capital Phnom Penh where the 
Bassac (outlet of the Tonle Sap Basin) and the Mekong main river connect. The Bassac has a very unique flow 
dynamic as twice a year its flow changes direction. When the water level in the Mekong is high (generally 
between June/July and September/October) water flows upstream filling the Tonle Sap Lake and flooding 
the floodplains surrounding the lake. Because of the monsoon climate, irrigation is very important during the 
dry months (December to April).  

2. This study supports the ADB funded Irrigated Agriculture Improvement Project (CAM 51159-002), 
proposed by the Ministry of Water Resources and Meteorology (MOWRAM) of the Royal Government of 
Cambodia (RGC). The project targets the improvement of four irrigations schemes in the Mekong river basin, 
one of the schemes (Kamping Puoy Irrigation System (KPIS)), located in the Battambang Province, abstracting 
water from two tributaries in the Tonle Sap sub-basin. The other three schemes abstract water from the 
main Mekong river. The focus of the analyses is on (1) updating the water accounts (WA+) of the Tonle Sap 
Basin, (2) provide a comparative analysis of the Tonle Sap sub-basins, (3) a detailed assessment of water 
availability and supply from the two tributaries supplying the Kamping Puoy reservoir and KPIS. 

3. The water accounts to analyse the water resources conditions of 11 sub-basins of the Tonle Sap Basin 
(Figure 1) were assessed using the Water Accounting Plus (WA+) framework developed by IHE Delft and its 
partners, FAO and IWMI. The analysed period is 2014-2019 and results are provided as spatial monthly and 
yearly maps, water accounting sheets and indicators (monthly and yearly scale). Inputs for the study are 
Remote Sensing (RS) global open-access datasets and in-situ measurement provided by MOWRAM and MAFF 
for validation purposes (obtained during the Cambodia WA study phase 1).  

                                                           
 

1 WB, https://data.worldbank.org/indicator/SP.POP.TOTL?locations=KH 
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Figure 1: Main sub-basins of the Tonle Sap Basin, Cambodia. 

4. A cross validation of different RS datasets showed that the best results were obtained using the 
CHIRPS and SSEBop for Precipitation (P) and Evapotranspiration (ET) respectively. The basin analysis for the 
Tonle Sap Basin showed that there is an overall surplus of water, however there is a distinct seasonal pattern, 
with little water available during the dry months (December to April). The detailed analysis for the land use 
classes shows that Wetlands consume the highest amount of blue water resources followed by natural water 
bodies. ETblue ranges from 1-42 mm/yr over forested areas, and 170-360 mm/yr on other natural areas, 
rainfed and irrigated areas, to 1,000-1,250 mm/yr on water bodies and protected wetlands. The results do 
not show a clear distinction between blue water consumption in irrigated and rainfed areas on a yearly scale 
as we would expect.  

5. The sub-basin comparison shows that there is a large variability of water availability and level of 
modification (presented in the managed fraction). The three basins receiving the highest average 
precipitation are the Pursat, Chinit, and Sen sub-basins (2,157, 2,002 and 1,972 mm/yr respectively). These 
basins also are the largest contributors in terms of volumetric water yield. Because of its size (17,342 km2), 
the Sen sub-basin has by far the highest volumetric water yield which in average is 14,546 Mm3/yr or 25.4% 
of the total volumetric water yield in the Tonle Sap Basin. In Pursat sub-basin 1,460 Mm3/yr or 20% of the 
total water consumption is currently non-manageable as about 18% of its surface belong to the protected 
land use group. Sen sub-basin has the lowest managed fraction (0.14) meaning that the majority of ET in Sen 
sub-basin could potentially be managed in the future. Mongkol Borey sub-basin is, on the contrary, already 
heavily modified by human activities and the managed fraction reaches 0.75. 

6. The analyses for the KPIS focussed on the water yield from the two catchments feeding the Kamping 
Puoy reservoir and the consumption (ET) of the irrigation scheme. The analyses show that the water yields 
of the Sangker sub-basin and the Mongkol Borey sub-basin are 234 and 1,757 Mm3/yr, respectively. 
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Theoretically the water generated in Sangker sub-basin would be in average years sufficient to fill the KPIS 
reservoir within a year (136 Mm3) if we do not consider the downstream needs. This conclusion is not true 
during dry years such as 2015 where the total flow is estimated at 123 Mm3/yr, this is supplied by the canal 
from the Mongkol Borey river which has sufficient water available. Considering the live reservoir capacity is 
fully used during the cropping season (December to April), the total amount of water supplied to the 
command area would be equal to 101 Mm3/season. Using the remote sensing-based water consumption we 
can estimate the ratio between ET and diverted water and the irrigation efficiency expressed as the 
difference between ET and P divided by the diverted water. The irrigation efficiency of the KPIS irrigation 
system varies between 0.53 and 0.60 according to SEBAL data, and 0.21-0.25 according to SSEBop global ET 
data. More detailed information on this irrigation system is available in the complementary water 
productivity analysis performed by IWMI in this same project (Matheswaran and Rebelo, 2020). 
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II. PROJECT BACKGROUND 
7. The ADB is committed under its Water Operational Plan 2011-2020 to undertake expanded and 
enhanced analytical work to enable its developing member countries to secure deeper and sharper 
understanding of water issues and solutions. IHE Delft, in collaboration with IWMI and FAO, will support ADB 
in achieving this objective. 

8. The activities proposed for the current project build on the work previously undertaken by IHE Delft 
in cooperation with the Asian Development Bank (ADB) to assess crop water productivity and the water 
resource status in Asia. Through the current project, IHE Delft and IWMI create (i) comprehensive, (ii) 
comprehensible and (iii) accessible information on available water resources and their current uses in major 
river basins.  

9. Water accounting is the process of communicating water resources related information and the 
services generated from consumptive use (e.g. evapotranspiration) in a geographical domain, such as a river 
basin or a land use class, to users such as policy makers, water authorities, and scheme managers. WA+ is a 
specific water accounting framework, designed to provide easily understandable and coherent water 
resources related information across different river basins for policy makers, water authorities or water 
managers. The water accounting methodology is detailed described in the “Water Productivity and Water 
Accounting: Methodology Manual” report submitted to ADB in the frame of this project (Mul et al., 2020).  

10. The current study provides assistance to Projects in 6 countries, including Cambodia, India, 
Kazakhstan, Mongolia, Philippines, and Sri Lanka. In Cambodia both a water accounting assessment and a 
water productivity study have been carried out to support the ADB funded Irrigated Agriculture 
Improvement Project (RRP CAM 51159-002), proposed by the Ministry of Water Resources and Meteorology 
(MOWRAM) of the Royal Government of Cambodia (RGC). The spatial information generated by this study is 
made available through an online platform developed by FAO (https://data.apps.fao.org/aquamaps/). 

A. TRAINING on WATER ACCOUNTING 

11. Because of the global pandemic of COVID-19 all international travel has been put to a stop. We 
therefore provided online capacity building on WA+ concepts and interpretation in form of a webinar which 
was held on Thursday 19th November 2020. The webinar was jointly organized by IHE Delft, IWMI and the 
ADB Water Sector Group. The webinar described the main concepts and methodology of WA+ together with 
examples of application. The webinar is part of a blended online approach, which also includes different 
knowledge products (such as reports, data, videos, etc.) that will be made available online through the ADB 
Knowledge Events website, IHE Delft YouTube channel, and wateraccounting.org. A discussion with direct 
engagement with the local stakeholders (MOWRAM, Cambodia) is planned in the second half of December 
2020.  
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III. WATER ACCOUNTING 
A. Study area description 

12. The Royal Kingdom of Cambodia is located in South-East Asia and covers a land surface of about 
180,000 km2 with a population of about 16.52 million in 2019 increasing at a rate of about 1.6% annually. 
About 87% of Cambodia surface is part of the Mekong river system (Figure 2). Mekong is tenth-largest river 
in the world with a drainage area of 795,000 km2 and a total length of about 4,900 km. Cambodia, situated 
close to the Mekong’s outlet, shares the Mekong’s water resources with five countries: China, Laos, 
Myanmar, Thailand and Vietnam. The main hydrological system in Cambodia is the Tonle Sap/Mekong 
System and it plays an important role in maintaining the natural ecosystems (lakes, wetlands and flooded 
forests) while providing resources for the national development (Ministry of Water Resources and 
Meterorology, 2004). 

 
Figure 2: Location of the Mekong river system and its drainage network in Cambodia (sources: (Lehner, 2019) and (DIVA-GIS, n.d.)). 

13. The Tonle Sap Basin has a surface area of approximately 86,127 km2 (11% of the total area of the 
Mekong) and it is located in Cambodia except for a small upstream area that is located in Thailand (Figure 
3). The boundaries used for downloading Remote Sensing data therefore extends to these small areas in 
Thailand belonging to the Tonle Sap Basin. The Tonle Sap River is hydrologically connected to the Mekong 
river at Bassac station (outlet of the Tonle Sap Basin), located in the Cambodian capital Phnom Penh. The 
Tonle Sap River has a very unique flow dynamic as twice a year its flow changes direction. When the water 
level in the Mekong is high (generally between Jun/July and September/October) water flows upstream filling 
the Tonle Sap Lake and flooding the floodplains surrounding the lake (FAO, 2011). The Tonle Sap Lake is the 
largest freshwater body in Southeast Asia and it has a highly productive ecosystem rich in biodiversity 
(Kummu et al., 2014). Water levels in the lake fluctuate from about 1.4 m during the driest periods up to 
more than 9 m in wet months. Because of these fluctuations the lake area varies between 2,400 km2 and 
10,800 km2 (Kummu & Sakkula, 2008). 

                                                           
 

2 WB, https://data.worldbank.org/indicator/SP.POP.TOTL?locations=KH 
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Figure 3: The location of the main hydrological systems in Cambodia: the Tonle Sap/ Mekong system. 

14. The study area has a tropical monsoon climate with two distinct seasons (Figure 4): a dry season 
from November to April (northeast monsoon) and a wet season from May to October (southwest monsoon).  
The southwest monsoon provides 87% of the yearly rainfall whose average is about 2,000 mm/yr in the 
period 1981-2019. The total yearly rainfall varies between 1,650 mm/yr (2019) and 2,370 mm/yr (2000) as 
displayed in Figure 5.  

 
Figure 4: Monthly average precipitation in the period 1981-2019 in the study area (CHIRPS data (Funk et al., 2015)). 
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Figure 5: Yearly average precipitation in the period 1981-2019 in the study area (CHIRPS data (Funk, et al., 2015)). 

15. In 2009, according to FAO, only 22% of Cambodia’s surface is cultivated area (arable land and area 
under permanent crops) which is about 4 million ha with the majority of the cultivated area being rainfed. 
According to the same report, around 4.9 million people were economically active in agriculture (FAO, 2011). 
The dominant crop (68% in 2013) cultivated in Cambodia is paddy rice (self-sufficiency with surplus for 
export); other crops are maize, cassava, mangoes and rubber (EuroCham Cambodia, 2018). The majority of 
Cambodia’s surface is covered by forest, estimated at 56%, while shrubland, grassland, and water bodies 
cover about 10, 6, and 3% of the area respectively (Mekong River Commission, 2016). 

16. Cambodia is generally considered to have abundant water resources, at least on a yearly scale. 
Damaging floods however occur in the wet season while shortages of fresh water are frequent during the 
dry months. Irrigation infrastructure is often lacking, in need of modernization or poorly maintained. Driven 
by the expected population growth and the necessary economic development, the demand of fresh water 
resources is increasing (Ministry of Water Resources and Meterorology, 2004). Despite the self-sufficiency in 
rice production and the ability to export, Cambodia’s food security is still a main concern (FAO, 2011). Natural 
ecosystems are precious and threatened resources in Cambodia. Several protected areas exist in the country 
including freshwater ecosystems, wetlands, forest, and bird sanctuaries. Natural areas, especially forests are 
under pressure because of the economic development. Land concession is increasing and land is converted 
to forest plantation, industrial crop production or exploited for mining, leading to loss of precious ecosystems 
and degradation of natural forests (Mekong River Commission, 2016). Finally, climate change and the 
economic development of the Mekong riparian states (new dams being build and dams’ operation) will 
certainly impact Cambodia that is highly dependent on inflows from upstream.   

17. In this study we use remote sensing and water accounting at four different scales: (1) National level 
also defined as “Study area” because it includes a small region in Thailand; (2) Basin scale focusing on the on 
the Tonle Sap Basin; (3) Sub-basin scale were we analyse 11 Tonle Sap sub-basins (Figure 6); and (4) Irrigation 
scheme level were we analyse the Kamping Puoy Irrigation System (KPIS).   

18. Tonle Sap Basin has 11 main sub-basins: St. Sen, St. Mongkol Borey, St. Sreng, St. Chinit, St. Baribo, 
St. Sangker, St. Pursat, St. Dauntri, St. Siem Reap, St. Staung, and St. Chikreng. Area, elevation and average 
precipitation of each sub-basin is presented in Table 1. The KPIS irrigation scheme is located in St. Sangker 
sub-basin and receives water from both St. Sangker and St. Mongkol Borey sub basins (through a canal). 
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These two sub-basins are indicated with orange colour in Figure 6 The location of KPIS, including the 
command area, the reservoir and the canal, is presented in Figure 7. The area in St. Sangker potentially 
contributing to filling the Kamping Puoy reservoir has a surface of 373 km2, while the area in St. Mongkol 
Borey upstream the abstraction point has a surface of 2,587 km2 (Figure 8). 

 
Figure 6: Overview of the Tonle Sap Basin and sub-basins. The KPIS is located and receive water from the two sub-basins 

displayed in orange. 

Table 1: Area and elevation of the 11 sub-basins of Tonle Sap. 
Sub-basin Area (km2) Average elevation (m) Min elevation (m) Max elevation (m) 
St. Baribo 7,063 90 -6 1,796 
St. Chikreng 2,820 63 0 499 
St. Chinit 7,556 64 -7 608 
St. Dauntri 5,711 61 -14 1,330 
St. Mongkol Borey 12,710 94 -1 1,623 
St. Pursat 5,920 274 0 1,741 
St. Sangker 6,710 116 -2 1,380 
St. Sen 17,342 79 -10 757 
St. Siem Reap 4,045 50 -6 475 
St. Sreng 9,743 68 -4 675 
St. Staung 3,914 59 -3 562 

 

 
 

 
Figure 7: Location of the KPIS including the Kamping Puoy reservoir, the command area and the canal. 



9 
 

 
Figure 8: Location of the areas potentially contributing to filling the Kamping Puoy reservoir (part of the KPIS). 

19. The average elevation in Cambodia is relatively low (125 m) however it varies greatly across the 
country from -24 m in the flat zones in Tonle Sap Basin and reaches 1,807 m in the mountainous areas in the 
Southwest and at the border with Vietnam in the Northeast (Figure 9). The Tonle Sap Basin has a lower 
average elevation (90 m) and lower extremes (-14 to 1,796 m). The Tonle Sap sub-basins are quite diverse in 
terms of total area and average elevation: the largest sub-basin is St. Mongkol Borey (12,710 km2) and the 
smallest the Chikreng with only 2,820 km2; the sub-basin with the lowest elevation is St. Siem Reap (50 m) 
and the one with the highest elevation is St. Pursat (274). The details of each sub-basins are presented in 
Table 1.  

20. The areas with the highest elevation are also the regions that experience the highest rainfall rates, 
reaching more than 4,000 mm/yr in the coastal areas. The flat areas in Tonle Sap Basin and the downstream 
section of the Mekong river in Cambodia only receive up to 1,000-1,500 mm/yr (Figure 10). Additional plots 
showing the spatial variability of monthly precipitation in the study area are presented in Annex 1.  

 
Figure 9: Elevation map of the study area, values are expressed in m a.s.l (source: HydroSHED (Lehner et al., 2008)). 
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Figure 10: Spatial variability of average annual precipitation in the study area for the period 2007-2019 (source: CHIRPS (Funk et al., 
2015)). 

21. Recent land use maps of the study area were not available, for this study we have therefore updated 
the land use map that was developed for phase 1 WA in Cambodia (Salvadore, et al., 2017). The latter map 
is based on a land cover map provided by the Ministry of Agriculture, Forestry and Fishery (MAFF) referring 
to the year 2010. The other input layers used for upgrading the first map are: protected areas3 (IUCN 
categories Ia, Ib, and II), IWMI irrigated and rainfed areas, the 2019 Copernicus land cover map (used for the 
areas outside Cambodia, (Buchhorn, et al., 2020)). In Figure 11 we present the resulting map that has been 
used in the current study (resolution of 0.0025 degrees which is about 270 m). No field survey was 
implemented, independent validation was therefore not performed.  

22. Natural forests are the dominant land use class with a total surface of about 95,740 km2 (52%), 
protected areas represent 9.4% of the study area (protected forests, shrublands, wetlands and water bodies). 
Wetlands and natural water bodies (lakes and rivers) cover a surface of 12,927 km2 and 6,371 km2 
respectively. Agriculture is mostly rainfed (27.2%) as irrigated areas only cover 8.5% (Table 2). Only 
information concerning dominant crop type was available in this study, we are therefore able to differentiate 
only between Cereals – rice (9,771 km2 rainfed and 15,735 km2 irrigated), Fruits and Nuts – mango (99 km2 
rainfed and 112 km2 irrigated), and the remaining agricultural area has been classified as rainfed mixed 
species agro-forestry (40,629 km2). Managed water bodies (reservoirs) cover a relatively small area (221 km2 
or 0.1%) and their main purpose is water supply in agriculture and water supply for the capital of Cambodia, 
Phnom Penh. 

                                                           
 

3 https://www.iucn.org/theme/protected-areas/about/protected-area-categories 

https://www.iucn.org/theme/protected-areas/about/protected-area-categories


11 
 

 
Figure 11: Land Use Land Cover map developed for WA+ analysis for the year 2010. The map was developed without field survey 
and therefore without independent validation. 

Table 2: LULC classes and their surface area in the study area for the year 2010. 

LULC category LULC class Area (km2) Area (%) 

PLU: Protected 
Land Use 

Protected Forests 15,757 8.5 
Protected Shrubland 491 0.3 
Protected Natural Water Bodies 205 0.1 
Protected Wetlands 389 0.2 
Protected Other 652 0.4 

ULU: Utilized 
Land Use 

Closed Deciduous Forest 12,326 6.6 
Open Deciduous Forest 11,824 6.4 
Closed Evergreen Forest 34,733 18.7 
Open Evergreen Forest 21,100 11.4 
Shrubland 322 0.2 
Herbaceous Cover 8 0.0 
Rocks & Grave & Stones 3 0.0 
Rivers 2,167 1.2 
Natural Lakes 4,204 2.3 
Bare Soil 1 0.0 
Wetlands 12,927 7.0 

MLU: Managed 
Land Use 

Rainfed Crops – Cereals 9,771 5.3 
Rainfed Crops – Fruits and Nuts 99 0.1 
Mixed Species Agro-forestry 40,629 21.9 
Rainfed homesteads and gardens 9 0.0 

MWU: Manged 
Water Use 

Irrigated Crops – Cereals 15,735 8.5 
Irrigated Crops – Fruits and Nuts 112 0.1 
Managed Water Bodies 221 0.1 
Aquaculture 19 0.0 
Urban Paved Surfaces 2,018 1.1 

 Total 185,722  
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23. In water accounting methodology used in this study (WA+), the land use map is used for dividing the 
basin landscape into the four main categories (PLU, ULU, MLU, MWU). Four main categories of land and 
water uses are distinguished: 

• Protected Land Use (PLU); areas that have a special nature status and are protected by National 
Governments or Internationals NGO’s 

• Utilized Land Use (ULU); areas that have a light utilization with a minimum anthropogenic influence. 
The water flow is essentially natural 

• Modified Land Use (MLU); areas where the land use has been modified. Water is not diverted but 
land use affects all unsaturated zone physical process such as infiltration, storage, percolation and 
water uptake by roots; this affects the vertical soil water balance 

• Managed Water Use (MWU); areas where water flows are regulated by humans via irrigation canals, 
pumps, hydraulic structures, utilities, drainage systems, ponds etc. 

24. Each land use type is therefore assigned to one of the four categories according to Table 2 first 
column. The results of the water accounting study are presented at the level of land use type and land use 
category. The underlying reason for framing these four land use categories is that their management options 
widely differ from keeping them pristine to planning hourly water flows. PLU, ULU, MLU and MWU 
distribution in Cambodia and Tonle Sap Basin is presented in Figure 12 and in the Tonle Sap sub-basins in 
Figure 13 and Table 3. Tonle Sap Basin has proportionally less protected areas (2.2%) and natural areas 
(2.2+55.1 = 57.3%) than the study area where the protected areas and natural areas cover 9.4% and 63% 
(9.4+53.6) of total area. The distribution of the four LULC categories great varies among the Tonle Sap sub-
basins. The most natural sub-basins are St. Sen, St. Staung and St. Chikreng with natural areas (PLU + ULU) 
covering 83.9%, 76.1% and 75.4% respectively. St. Mongkol Borey and St. Baribo are highly modified by 
human activity, in these two sub-basins the natural areas only cover 20.9% and 27.4% respectively while 
majority of the surface is categorized as Managed Land Use (59% and 53.9% respectively). 

 

 

PLU 2.2% 

 

Figure 12: LULC categories distribution in the (a) study area and (b) Tonle Sap Basin. ULU = Utilized Land Use, MLU = Managed Land 
Use, MWU = Managed Water Use 
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Table 3: LULC categories areas and distribution in the 11 Tonle Sap sub-basins. ULU = Utilized Land Use, MLU = Managed Land Use, 
MWU = Managed Water Use 

 
 

Sub-basin Total area LULC category Area km2 Area %
St. Sen 17,342 PLU 63 0.4

ULU 14,472 83.5
MLU 1,982 11.4
MWU 813 4.7

St. Mongokol Borey 12,710 PLU 0 0
ULU 2,655 20.9
MLU 7,491 59
MWU 2,557 20.1

St. Sreng 9,743 PLU 13 0.1
ULU 5,654 58
MLU 2,260 23.2
MWU 1,816 18.6

St. Chinit 7,556 PLU 2 0
ULU 5,172 68.4
MLU 1,430 18.9
MWU 954 12.6

St. Baribo 7,063 PLU 0 0
ULU 1,936 27.4
MLU 3,808 53.9
MWU 1,318 18.7

St. Sangker 6,710 PLU 192 2.9
ULU 2,479 36.9
MLU 3,386 50.5
MWU 653 9.7

St. Pursat 5,920 PLU 1,060 17.9
ULU 3,211 54.2
MLU 1,429 24.1
MWU 219 3.7

St. Dauntri 5,711 PLU 22 0.4
ULU 2,605 45.6
MLU 1,828 32
MWU 1,256 22

St. Siem Reap 4,045 PLU 305 7.5
ULU 1,736 42.9
MLU 1,199 29.6
MWU 807 19.9

St. Staung 3,914 PLU 145 3.7
ULU 2,835 72.4
MLU 642 16.4
MWU 293 7.5

St. Chikreng 2,820 PLU 61 2.1
ULU 2,067 73.3
MLU 427 15.1
MWU 265 9.4
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Figure 13: LULC categories distribution in the 11 Tonle Sap sub-basins. ULU = Utilized Land Use, MLU = Managed Land Use, MWU = 
Managed Water Use 

 
B. Summary of the approach 

25. Water Accounting is often defined as the systematic acquisition, analysis and communication of data 
and information related to water resources condition within a geographical domain such as an irrigation 
system or a river basin (FAO, 2012; Batchelor et al., 2016). In generic terms, the process of water accounting 
can be summarized by three steps: (1) Data collection, (2) Data analysis, (3) Communication (Figure 14). 
Water Accounting + is a water accounting system that analyses and reports information at the river basin 
scale using mainly remote sensing and other open access data (Karimi, et al., 2013; Mul et al., 2020). 

 
Figure 14: The process of water accounting consists of three main steps: Data collection, data analysis and communication 

26. The water accounting analysis of the Tonle Sap Basin is performed for historical years in the period 
2014-2019. Time series analysis of input data, such as rainfall and actual evapotranspiration, is however 
performed using a larger observation period (1981-2019) and validation using available in-situ data. Water 
accounts are produced at monthly time scale and 250 m spatial resolution. The main steps of the 
methodology are described in Table 4 and in Mul et al. (2020). 

Table 4: The water accounting study of the three selected sub-basins is performed following these main steps 
STEP Description 
1 Data Collection 1a: RS data period 2014-2019 

Rainfall, actual evapotranspiration, vegetation parameters, biomass, DEM, soil moisture, gravity 
anomaly 
1b:in-situ and/or local data (from phase 1 study) 
Land use map, rainfall, river flow 
1c: ancillary data 
Protected areas, population data, statistical records of crop production, irrigated and rainfed 
areas, global land use map 

2 Data quality control 2a: Evaluation/validation of RS data with in-situ records (update of phase 1 analysis) 
2b: Yearly water balance assessment 
2c: Bias and other statistical corrections of historical RS data (if necessary) 
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3 Development of land 
use map 

3a: reclassification initial land use land cover map according to WA+ standards 
3b: analysis and evaluation of the developed land use map 

4a Computations 
Scale: country 
Objective: water 
resources assessment 

4a1: land use analysis at country scale 
4a2: trend analysis of precipitation and evapotranspiration. Breakdown per land use. 

4b Computations 
Scale: Tonle Sap Basin 
Objective: update 
accounting in Tonle Sap 

4b1: yearly water balance assessment 
4b2: run vertical water balance model at monthly scale in the period 2014-2019 and analysis of 
major fluxes 
4b2: update WA+ sheet 1 and analysis results 

4c Computations 
Scale: Tonle Sap sub-
basins 
Objective: comparative 
analysis 

4c1: compare land use proportions between Tonle Sap sub-basins 
4c2: compare precipitation, evapotranspiration and major water fluxes between Tonle Sap sub-
basins 
4c3: analysis of WA+ indicators per sub-basin (e.g. managed fraction, total water availability, …) 

4d Computations 
Scale: Kamping Puoy 
reservoir and KPIS 
Objective: estimation of 
availability and supply 

4d1: identification of the drainage areas as digital data is not available 
4d2: computation of water yield in the command area and in the upstream drainage area 
4d3: computation of green and blue ET in the command area 
4d4: computation of water supply based on the results of the vertical water balance at monthly 
scale 
4d5: Water balance assessment of the reservoir 

5 Results evaluation 5a: critical review of the WA+ results 
5b: comparison of simulated discharge with flow measurements 
5c: analysis of major water fluxes 

6 Reporting 6a: inception report 
6b: mid-term report 
6c: final report 

 

1. Data 

27. The open access remote sensing data and other datasets downloaded for this study are summarized 
in Table 5, the full list of references is available in Annex 2. Not all the data listed has been used for this study, 
data has been analysed and the most suitable datasets have been selected. The description of this process 
is available in the next sections. 

Table 5: Overview of the (remote sensing) open access data which have been downloaded for the WA+ study, the last column 
highlight which data set has been selected for the study. 

Dataset Start 

20
07

 

20
08

 

20
09

 

20
10

 

20
11

 

20
12

 

20
13

 

20
14

 

20
15

 

20
16

 

20
17

 

20
18

 

20
19

 Temporal 
resolution 

Used 

Precipitation 
CHIRPS 1981              monthly X 
CHIRPS 2014              daily X 
GPM v6 2007              monthly  
TRMM 1998              monthly  

Evapotranspiration 
SSEBop 2003              monthly X 
ALEXI 2003              monthly  
CMRSET 2003              monthly  
MOD16 2003              monthly  
SEBS 2003              monthly  

Other data 
LAI (MOD15) 2010              8-daily X 
GPP 2010              8-daily  
NPP 2010              yearly  
DMP 2014                
ET potential 2003              daily  

Tonle Sap Basin only 
ET reference 2014              monthly X 
ET reference 2014              daily  
GRACE 2002              monthly X 
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A. Rainfall data 

28. Three remote sensing (RS) precipitation datasets are available and are compared in this study 
(CHIRPS, GPM, and TRMM). GPM v6 is the newest mission, a follow-on to TRMM mission and it was launched 
in 2014, it replaces GPM v5 and estimates P values before the launch of the satellites in 2014 using the 
Tropical Rainfall Measurements Mission (TRMM) data. The instruments on TRMM (Liu, et al., 2017) stopped 
operating in 2015 even if composite data is available up to present day. TRMM has the lowest resolution 
(0.25 degrees which is roughly 28 km), while GPM (Global Precipitation Measurement, (Huffman et al., 2014)) 
and CHIRPS (Climate Hazard Group InfraRed Precipitation with Station data, (Funk et al., 2015)) have 0.1 
degrees (11 km) and 0.05 degrees (5 km) resolution respectively. CHIRPS uses TRMM data (more recently 
GPM data) in combination with station data. 

29. Data selection has been performed by comparing the different datasets among each other, by 
comparison with in-situ observations (93 stations with rainfall data in the period 1985-2011) and by water 
balance considerations (see section C where the yearly water balance of the Tonle Sap Basin is described). 
Finally the selection takes into account the availability of data in recent years.  

30. The comparison of the yearly totals estimated by the three datasets is presented in Figure 15 for 
each analysed sub-basin. It can be observed that the three RS products show similar temporal variability but 
differences in the absolute values exists. CHIRPS annual totals are generally higher than the TRMM and GPM 
estimates. No clear temporal trends are visible from the remote sensing observations. 

 
Figure 15: Comparison of three RS precipitation datasets (total yearly rainfall in mm/yr) in the study area. 

31. The spatial distribution of average yearly rainfall provided by the three products is similar. All 
products show higher rainfall rates in the coastal areas reaching more than 4,000 mm/yr (Figure 16). Over 
the Tonle Sap Lake and in the flat valley areas precipitation is low (500-1,000 mm/yr). After visual 
comparison, the three RS dataset were compared to measured values. 
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Figure 16: Spatial distribution of yearly total rainfall in 2019 as estimated by three different RS products (TRMM, GPM and CHIRPS) 

32. In-situ rainfall data for this study was provided by MOWRAM. In Figure 17 the location of the 
measurements stations is presented. Python scripts were developed for pre-processing of in-situ data and 
for computing basic statistical indicators of fit (Nash-Sutcliffe Coefficient (NS), Pearson Coefficient, Relative 
Bias, and Root Mean Square Error (RMSE)) between on-the-ground observations and satellite observations 
(three datasets: CHIRPS, TRMM and GPM). The Nash-Sutcliffe Coefficient is often used to assess the 
predictive value of hydrological models (fit between simulated and measured outflow); NS=1 indicated a 
perfect simulation, NS=0 indicates that that the model has the same predictive skill as the average of the 
observations. The Pearson Coefficient measures the linear correlation between the simulated and observed 
values; it varies between -1 and +1 with +1 indicating positive correlation, 0 no correlation and -1 negative 
correlation. Relative bias is computed as the ratio between the average of the observation and the average 
of the simulated values; a value of 1 indicates there is no bias, values lower than 1 indicate that the simulation 
overestimate the true values, while the opposite is true with a value higher than 1. Finally, the Root Mean 
Square Error is “the standard deviation of the residuals (prediction errors) […], it tells how close the data is 
to the line of best fit”4; RMSE is always non-negative and a value of 0 would indicate a perfect match. 

                                                           
 

4 Stephanie Glen. "RMSE: Root Mean Square Error" From StatisticsHowTo.com: Elementary Statistics for the rest of 
us! https://www.statisticshowto.com/probability-and-statistics/regression-analysis/rmse-root-mean-square-error/ 
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Dataset Average 
NS 

Average 
Pearson 
Coefficient 

Average 
Relative 
Bias 

Average 
RMSE 

Tot n. 
samples 

 

CHIRPS 0.44 0.76 0.85 83 30,800  
TRMM 0.53 0.79 0.82 79 15,262  
GPM 0.50 0.79 0.76 86 5,004  
Ideal value 1.0 1.0 1.0 0.0   

Figure 17: Location of in-situ rainfall measurement stations available for validation of RS-based rainfall data and results of the 
comparison between RS-data and in-situ measurements 

33. TRMM dataset outperforms the other two datasets in the Nash-Sutcliffe coefficient, Pearson 
coefficient and RMSE, and it ranks second in relative bias. CHIRPS performs better in terms of relative bias 
while GPM in RMSE. It should be noted that, since CHIRPS provides estimates of rainfall since 1981, the 
number of data points used for estimating the statistics of CHIRPS are double the one available for TRMM 
and six times the ones for GPM (last column in table presented in Figure 17). GPM is the newest dataset 
(most recent satellite mission replacing TRMM). The disadvantage of GPM is the lower spatial resolution 
when compared with CHIRPS, 0.1 degree versus 0.05 degrees. CHIRPS performs sensibly better in terms of 
yearly water balance when used in combination with RS evapotranspiration data (this evaluation is explained 
in Section C: Yearly Water Balance and Annex 4), for these reasons, water accounts are created using CHIRPS 
data. As an example, in Figure 18, we present the comparison of the two best-matching station and the two 
stations with the worst match in terms of RMSE.   

Sisophon station (RMSE = 52.32) 
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Angkor Chum station (RMSE = 56.36) 

 
 

 Sianouk Ville station (RMSE = 211.13) 

 
 

Koh Kong station (RMSE =194.86) 

 
Figure 18: Scatter plots of in-situ rainfall measurements versus RS-based RS estimate in four locations across the study area. 

B. Evapotranspiration data 

34. No in-situ data of actual ET is available for this study. Five different RS-based ET products have been 
collected covering the study area in the period 2003-2019. A comparison on the yearly total actual 
evapotranspiration data is presented in Figure 19. CMRSET and SSEBop generally estimate higher ET than 
other products (100-200 mm/yr higher ET), MOD16 and SEBS have the lowest estimates. SSEBop and MOD16 



20 
 

are the only RS products providing data for recent years and both have high spatial resolution (about 500 
and 1,000 m or 0.0039 and 0.0097 degrees respectively). MOD16 does not provide ET estimates over water 
bodies, we have therefore used potential evapotranspiration in those areas derived from FEWS-NET5 (based 
on the Global Data Assimilation System (GDAS) data6 and the Penman-Monteith equation). 

 
Figure 19: Time series of total yearly actual evapotranspiration. Values are expressed in mm/yr and we compare five different ET 

products: ALEXI, CMRSET, MOD16, SEBS and SSEBop 

35. RS-ET data shows a less pronounced month-to-month and seasonal variability than precipitation. In 
particular, CMRSET data is in the range 85-112 mm/month in the study area. SSEBop and ALEXI show a 
stronger monthly variability with higher ET values in the monsoon season and lower in the winter months 
(Figure 20) which is linked to the higher amount of water available for evapotranspiration. 

 
Figure 20: Comparison of monthly ET estimates from five RS evapotranspiration products (ALEXI, CMRSET, ETens v1, SEBS, SSEBop). 
Values are monthly averages in the period 2003-2019 and are expressed in mm/month. 

                                                           
 

5 https://earlywarning.usgs.gov/fews/product/460 
6 https://www.ncdc.noaa.gov/data-access/model-data/model-datasets/global-data-assimilation-system-gdas 
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36. The spatial distribution of yearly ET, presented in Figure 21 (SSEBop), shows that the areas with the 
highest total ET (up to 1,600 mm/yr) are the same as the areas with the highest yearly precipitation  
(coastal areas and Northeast border with Vietnam). The Tonle Sap flood plain, the wetlands and the 
downstream section of the Mekong also show high values of actual ET. The ET values over the Tonle Sap 
Basin seems low reaching only 1,300 mm/yr while the reference ET reaches nearly 2,000 mm/yr. The lowest 
values of ET are around 600-800 mm/yr which is reasonable for this climatic zone. The values presented in 
Figure 21 are in line with literature values (between 1,000 and 2,300 mm/yr in FAO (2011) and 1,600 mm/yr 
in Kummu et al. (2014)). 

 
Figure 21: Average annual actual evapotranspiration (period: 2003-2019, SSEBop product). Values are expressed in mm/yr 

37. We performed a qualitative analysis of spatial patters of ET by comparing SSEBop estimates with the 
KPIS command area and Kamping Puoy reservoir (Figure 22). SSEBop estimates high values of ET over the 
reservoir (in average 1,342 mm/yr). Average ET over the command area, 1,068 mm/yr is higher than the 
surrounding (non-irrigated) areas. MOD16 data is not able to capture this spatial pattern. Maps showing the 
monthly spatial variability are included in Annex 1. 

 
Figure 22: Comparison of annual average ET (SSEBop 2003-2019) with command areas. ET inside the command areas (green/blue 
colour) is higher that outside (orange/red). 
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38. RS data of actual evapotranspiration cannot be validated with in-situ measurements, in the next 
sections we analyze the combination of CHIRPS/GPM with SSEBop/MOD16 data by: (a) by estimating the 
yearly water balance using remote sensing data in the Tonle Sap Basin and comparing the results with 
outflow measured at the outlet (Bassac Chaktomouk station), and (b) computing the spatial water yield and 
relation of water yield with land use. 

C. Yearly Water Balance of the Tonle Sap Basin 

39. The yearly water balance (hydrological year) was computed to check the consistency of the 
combination of P (GPM v6 and CHIRPS) and ET (SSEBop and MOD 16). The yearly outflow computed using 
remote sensing data was compared with in-situ records at eight stations. The simplified balance is described 
by: 

∆𝑆𝑆
∆𝑡𝑡

= 𝑃𝑃 − 𝐸𝐸𝐸𝐸 − 𝑄𝑄𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑄𝑄𝑖𝑖𝑖𝑖 Eq.1 

40. Where  

∆𝑆𝑆
∆𝑜𝑜

  is the total change is storage in the hydrological system (Mm3/yr) 

P  is the rainfall (Mm3/yr) 

ET is the actual Evapotranspiration (Mm3/yr) 

Qout is the river discharge at the outlet (Mm3/yr) 

Oin in the inflow into the basin (Mm3/yr)  

41. This approximated water balance is used to evaluate the consistency of the various RS products 
before preparing water accounts. We initially neglect groundwater flow but we take into account the 
groundwater storage change by using GRACE data. GRACE (Gravity Recovery and Climate Experiment) and 
its Follow On (GRACE-FO) provides estimates of the total water storage anomalies (TWSA) which also 
includes groundwater storage change (see e.g. (Ramillien et al., 2008)). There are several GRACE solutions 
for TWSA estimation, which cover the globe from 2002 till present time: produced by JPL, CSR, and GFZ. In 
this study we use the ensemble mean to reduce the noise in the gravity field solutions as recommended by 
(Sakumura et al., 2014). Since GRACE solution provides mean monthly TWSA not the exact TWSA of the first 
and last day of the month, change of storage in a time period was approximated using a second order central 
difference as proposed by Biancamaria et al. (2019).  

42. Qin is not considered in our computations even if the Tonle Sap Basin receives water from the 
Mekong river in the period July-October as data was not available at this stage. Our computations will 
therefore likely overestimate the outflow on a yearly scale in the Tonle Sap. The in-situ measurements of 
Qout are available up to 2011 at Bassac Chaktomouk station (obtained from MOWRAM during Phase 1).  
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Figure 23: Location of the in-situ river flow measurement used for comparison with the RS datasets. 

43. The Tonle Sap Basin covers a total surface of 86,127 km2. The longer-term trend in storage change 
(ΔS) is negative for the period 2002-2019 as observed by the three analysed GRACE solutions (Figure 24). The 
trend of total water storage in equivalent water height for a number of GRACE solution grids, or mass 
concentration (also called mascons), that cover the Tonle Sap Basin in the period 2002-2019 is about -0.601 
mm/month, which translates into about 620 Mm3/yr. A negative trend in surface water storage (expressed 
as water level decline in the Tonle Sap) is observed in altimetry data (Figure 25). During the accounting period 
(2014-2019) both independent datasets show an opposite trend where the total storage and the surface 
water storage grow. Figure 26 shows the plot of the cumulative storage in the Tonle Sap Basin based on 
GRACE data (ensemble mean) compared with CHIRPS – SSEBop, GPM – SSEBop, CHIRPS – MOD16, GPM – 
MOD16. GPM data significantly overestimate the yearly storage change for all combinations of ET products 
(stronger discrepancies with MOD16 data) especially from 2011-2012 to 2019. CHIRPS data does not show 
such overestimation but presents larger P-ET variations within one year that GRACE estimates. 

 
Figure 24: Longer term trend of water storage change in the Tonle Sap Basin provided by GRACE gravity measurements (source: 
https://ccar.colorado.edu/grace/gsfc.html) 
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Figure 25: Water Level fluctuations in the Tonle Sap Basin based on altimetry data7 in the period 2002-2019. 

 

(a)  

(b)  
Figure 26: Cumulative monthly difference of P-ET (blue line: based on CHIRPS data and SSEBop data (a) or CHIRPS data and MOD16 
data (b), yellow line: based on GPM data and SSEBop data (a) or GPM data and MOD16 data (a) and cumulative GRACE TWSA 
(ensemble mean) for the Tonle Sap Basin. 

                                                           
 

7 https://dahiti.dgfi.tum.de/en/ 
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44. All four combinations of RS products overestimate the measured outflow in the period 2003-2011 
(Figure 27). A better fit is obtained when using SSEBop actual evapotranspiration. GPM and CHIRPS perform 
equally good as the total observed flow is 15% lower than the flow estimated using these two RS datasets 
(Table 6). Please note that GPM data is not available before 2007 and that the satellite was launched in 2014 
(data between 2007 and 2014 are obtained from TRMM); the comparison is done in the period 2007-2011 
for GPM data and in the period 2003-2011 for CHIRPS data. The Water Accounting analysis, presented in 
Chapter IV, includes the monthly vertical water balance and the creation of accounting sheets and indicators, 
which was performed in more recent years (2014-2019). 

45. SSEBop has been selected for the WA+ analysis of Tonle Sap Basin and its sub-basins backed by 
qualitative analysis:  (a) it is the only available open access ET dataset for analysing recent years (up to 2019) 
that does not have gaps (i.e. MOD16), (b) it has a high spatial resolution (0.0097 degrees), and (c) it has a 
plausible spatial distribution with high ET values (1,400 to more than 1,600 mm/yr) over areas with high 
rainfall values, wetlands and flooding areas, and water bodies. Based on our experience SSEBop has proven 
to be a superior product providing more accurate spatial distributions and yearly totals. Additionally, recent 
literature also suggests that SSEBop is among the RS-based products that can best capture the magnitude of 
ET, low biases and a good spatial distribution of ET patterns (Weerasinghe et al., 2020) and (FAO & IHE Delft, 
2019). 

 

 
Figure 27: Total discharge measured at outlet of Tonle Sap Basin compared with P-ET-

∆𝑆𝑆

∆𝑡𝑡
 (green bars: GPM data, grey bars: CHIRPS 

data). 
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Table 6: The average P-ET-ΔS (using CHIRPS, GPM, SSEBop and MOD16 data) of the Tonle Sap Basin compared with the measured 
outflow (unit: Mm3/yr). 

 In-situ SSEBop GRACE GPM - SSEBop CHIRPS - SSEBop 
Year Q ET ∆𝑺𝑺

∆𝒕𝒕  P P-ET-∆𝑺𝑺
∆𝒕𝒕

 Diff % Diff P P-ET- ∆𝑺𝑺
∆𝒕𝒕

 Diff % Diff 

2003 37,869 101,615 -4,800     136,282 39,467 1,599 4 
2004 44,281 97,137 -7,121     139,296 49,279 4,999 11 
2005 50,833 96,476 2,606     142,240 43,158 -7,675 -15 
2006 50,436 103,445 -1,070     155,719 53,344 2,908 6 
2007 44,903 100,048 587 157,265 56,630 11,728 26 162,495 61,860 16,957 38 
2008 52,505 100,574 449 164,967 63,944 11,439 22 155,676 54,653 2,148 4 
2009 48,944 103,515 -499 160,304 57,288 8,345 17 173,668 70,653 21,709 44 
2010 31,308 98,312 -1,635 127,323 30,646 -662 -2 143,788 47,111 15,802 50 
2011 63,078 101,036 3,059 173,352 69,256 6,178 10 172,234 68,138 5,060 8 
Average 47,128 100,240 -936 156,642 55,553 7,406 15 153,489 54,185 7,056 15 

 

 In-situ MOD16 GRACE GPM - SSEBop CHIRPS - SSEBop 
Year Q ET ∆𝑺𝑺

∆𝒕𝒕  P P-ET-∆𝑺𝑺
∆𝒕𝒕

 Diff % Diff P P-ET- ∆𝑺𝑺
∆𝒕𝒕

 Diff % Diff 

2003 37,869 82,553 -4,800     136,282 58,529 20,660 55 
2004 44,281 76,116 -7,121     139,296 70,301 26,020 59 
2005 50,833 72,927 2,606     142,240 66,707 15,874 31 
2006 50,436 81,869 -1,070     155,719 74,920 24,484 49 
2007 44,903 77,289 587 157,265 79,389 34,486 77 162,495 84,618 39,716 88 
2008 52,505 77,856 449 164,967 86,661 34,156 65 155,676 77,370 24,865 47 
2009 48,944 80,467 -499 160,304 80,337 31,393 64 173,668 93,701 44,757 91 
2010 31,308 74,570 -1,635 127,323 54,388 23,080 74 143,788 70,853 39,544 126 
2011 63,078 77,117 3,059 173,352 93,176 30,098 48 172,234 92,058 28,980 46 
Average 47,128 77,863 -936 156,642 78,790 30,643 64 153,489 76,562 29,433 64 
 

D. Water yield and water consumption per land use 

46. We used CHIRPS precipitation data in combination with SSEBop actual evapotranspiration and the 
land use map of the Tonle Sap Basin to identify rainfall excess (water yield) and net water consumption per 
land use type. Pixels where P > ET are locations where runoff is generated and those with ET > P are net 
consumers of water resources (Bastiaanssen, et al., 2014). Figure 28 shows the water yield and water 
consumption in the analysed sub-basins. The upstream mountainous areas in the South generate most of 
the runoff (more than 1,500 mm/yr) while the wetlands and the agricultural areas around the Tonle Sap Lake 
are net consumer (up to -300 mm/yr). On a monthly scale the variations in water yield are more pronounced, 
as an example of wet and dry month we present the spatial variation of August and January in Figure 29 and 
the average values are available in Table 7. The yearly P - ET average values in the period 2007-2019 are 
presented in Table 8, while the monthly spatial variation is presented in Annex 3. The long-term average 
water yield (P-ET) is positive in the Tonle Sap Basin with 57,341 Mm3/yr of rainfall excess. The Tonle Sap Basin 
is therefore generating more water than it consumes on a yearly scale. During particularly dry years, such as 
2015 and 2019, the water yield reduces to 32,000-35,000 Mm3/yr but remains positive. 
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Figure 28: Annual average water yield (P-ET) computed as the difference between yearly average CHIRPS data and SSEBop data in 
the period 2007-2019. 

 

Wet month: August  

 

Dry month: January 

 
Figure 29: Monthly spatial variation of the water yield (P-ET) computed as the difference between the monthly average CHIRPS data 
and SSEBop data in the period 2007-2019. Values are expressed in mm/month and scales differ between the two panels. 

Table 7: Monthly average of Precipitation, Evapotranspiration and Water Yield estimated by CHIRPS and SSEBop datasets. Values 
are expressed in mm/month and Mm3/month. 

Month P ET P-ET P ET P-ET 
 mm/yr mm/yr mm/yr Mm3/yr Mm3/yr Mm3/yr 
January 8 68 -60 722 5865 -5,143 
February 17 62 -45 1,442 5,312 -3,869 
March 52 82 -30 4,470 7,076 -2,606 
April 102 97 4 8,768 8,386 382 
May 208 108 99 17,902 9,338 8,563 
June 219 107 111 18,842 9,241 9,601 
July 289 110 179 24,886 9,442 15,444 
August 275 107 168 23,717 9,249 14,468 
September 334 103 231 28,755 8,836 19,919 
October 210 111 100 18,126 9,538 8,588 
November 80 101 -21 6,894 8,737 -1,843 
December 13 85 -72 1,155 7,318 -6,164 
Total 1,807 1,141 664 155,679 98,338 57,340 
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Table 8: Yearly average of Precipitation, Evapotranspiration and Water Yield estimated by CHIRPS and SSEBop datasets. Values are 
expressed in mm/yr and Mm3/yr. 

Year P ET P-ET P ET P-ET 
 mm/yr mm/yr mm/yr Mm3/yr Mm3/yr Mm3/yr 

2007 1,887 1,162 725 162,495 100,048 62,447 
2008 1,808 1,168 640 155,676 100,574 55,102 
2009 2,016 1,202 815 173,668 103,515 70,153 
2010 1,669 1,141 528 143,788 98,312 45,476 
2011 2,000 1,173 827 172,234 101,036 71,198 
2012 1,851 1,185 665 159,385 102,097 57,287 
2013 2,093 1,161 932 180,226 99,966 80,260 
2014 1,806 1,169 638 155,557 100,643 54,914 
2015 1,447 1,070 376 124,585 92,179 32,405 
2016 1,937 1,085 853 166,840 93,408 73,432 
2017 1,911 1,145 766 164,606 98,630 65,977 
2018 1,620 1,132 488 139,503 97,472 42,031 
2019 1,455 1,051 403 125,277 90,528 34,749 

Average 1,808 1,142 666 155,680 98,339 57,341 

47. Similar analysis was done to compute water production and consumption per land use type (Table 
9). Forest (protected and non-protected) and mix species agroforestry are contributing the most to runoff 
generation (between 8,000 and 18,000 Mm3/yr). The only land use classes where the ET is higher than P on 
a yearly scale are protected wetlands and protected water bodies. 

Table 9: Contribution of each land use class to annual precipitation (P), evapotranspiration (ET) and water yield (P-ET) of the Tonle 
Sap Basin as average of the years 2007-2019. 

 Area P ET P-ET P ET P-ET 
Land use type km2 mm/yr mm/yr mm/yr Mm3/yr Mm3/yr Mm3/yr 
Protected Forests 1,435 2,615 1,392 1,223 3,753 1,998 1,756 
Protected Shrubland 1 2,598 1,298 1,300 3 1 1 
Protected Natural Water Bodies 61 1,453 1,459 -6 89 89 0 
Protected Wetlands 361 1,487 1,622 -136 537 586 -49 
Protected Other 4 3,075 1,357 1,718 12 5 6 
Closed Deciduous Forest 3,833 2,088 1,148 940 8,003 4,401 3,602 
Open Deciduous Forest 5,087 2,014 1,073 941 10,244 5,458 4,787 
Closed Evergreen Forest 15,471 2,277 1,367 910 35,236 21,144 14,092 
Open Evergreen Forest 9,849 2,137 1,260 877 21,054 12,411 8,644 
Shrubland 35 1,975 1,200 775 68 41 27 
Herbaceous Cover 5 1,452 996 455 7 5 2 
Rocks & Grave & Stones 1 1,986 1,275 711 2 1 1 
Rivers 287 1,733 1,441 292 497 413 84 
Natural Lakes 3,412 1,480 1,315 165 5,050 4,488 562 
Bare Soil 1 1,454 1,178 277 1 1 0 
Wetlands 9,436 1,588 1,324 265 14,987 12,489 2,498 
Rainfed Crops – Cereals 1,101 1,686 1,008 679 1,856 1,109 747 
Rainfed Crops – Fruits and Nuts 94 1,749 1,137 612 165 107 58 
Mixed Species Agro-forestry 24,689 1,752 1,000 752 43,266 24,685 18,580 
Rainfed homesteads and gardens 5 1,785 1,228 557 9 6 3 
Irrigated Crops – Cereals 9,808 1,609 958 651 15,784 9,397 6,387 
Irrigated Crops – Fruits and Nuts 109 1,688 1,074 614 184 117 67 
Managed Water Bodies 183 1,588 1,291 298 290 236 54 
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2. Methodology 

48. The longer-term planning process of water and environmental resources in river basins requires a 
measurement – reporting – monitoring system in place. The Water Accounting Plus (WA+) framework is 
based on the early WA work of Molden focusing on agriculture and irrigation systems (Molden, 1997). WA+ 
was further developed for river basin analyses and incorporating of all water use sectors (Karimi et al., 2013). 
Further developments include more hydrological and water management processes and focus on specific 
land uses. The water accounting group at IHE Delft has applied WA+ in over 40 river basins, while 
continuously refining the methodology. The most recent application of the WA+ methodology was 
implemented in three sub-basins in Krishna, Karnataka, India (Salvadore et al., 2020). This study uses the 
same methodology. Figure 30 provide a schematisation of the main computational steps in the water 
accounting process, inputs and type of data used in this study. 

 
Figure 30: Water Accounting Plus flow chart 

49. A key element of WA+ is that it includes the hydrology of natural watersheds that provide the main 
source of water in streams and aquifers, as well as the quantification of water consumption. WA+ separates 
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ET into green ET (ETgreen) and blue ET (ETblue), thereby clearly identifying managed water flows when blue ET 
is estimated in agricultural areas, for example.   

50. The water accounting framework distinguishes between a vertical and horizontal water balance. A 
vertical water balance is made for the unsaturated root zone of every pixel and describes the exchanges 
between land and atmosphere (i.e. precipitation and evapotranspiration) as well as the partitioning into 
infiltration and surface runoff. Percolation and water supply are also computed for every pixel, to facilitate 
attributing water supply and consumption to each land use class.  

51. The vertical water balance model used calculates the vertical soil water balance for each pixel (See 
Figure 31 and described below). ETgreen and ETblue are separated by keeping track of the soil moisture balance 
and determining whether ET can be satisfied through direct precipitation and precipitation stored as soil 
moisture alone or if an additional water source (supply) is required. Each parameter is calculated on a 
monthly time-step and at the spatial resolution of 250 m. The list of inputs, outputs and parameters of the 
vertical water balance model can be found in Annex 6. For more details concerning the equations 
implemented in the vertical soil water balance model, the reader is referred to Salvadore et al. (2020). 

 
Figure 31: Schematization of the main flows and fluxes in the Pixel Water Balance model 

 

3. SHEET 1: Resource base 

52. The first WA+ sheet provides an overview of the state of water resources in a river basin. The 
underlying analyses are based on the water balance at the basin scale (Figure 32). Sheet 1 or Resource Base 
Sheet gives a general overview of over-exploitation, unmanageable, manageable, exploitable, reserved, 
utilized and utilizable flows (Figure 33). In this sheet we can discern between ETgreen and ETblue. It can also be 
used to understand water scarcity during dry years. 
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Figure 32: Schematic representation of the water balance concepts described in WA+ Sheet 1. 

 

 
Figure 33: Example of WA+ Sheet 1 

53. Table 10 provides description of the fluxes, the data sources and the calculation method used to 
produce sheet 1, the resource base. 
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Table 10: Data and calculation approach used for fluxes in WA+ Sheet 1. N/A stands for Not Available 
WA+ Sheet 1 
Flux 

Description Data used Calculation approach 

P Precipitation CHIRPS  
Monthly and aggregate 
by hydrological year 

Qdesal The inflow from desalinated water N/A - 

Qswin 
The inflow from surface water (i.e. interbasin 
surface water inflow) 

N/A - 

Qgwin 
The inflow from groundwater (i.e. interbasin 
groundwater inflow) 

N/A - 

Gross Inflow Total inflow from all sources - 
Padvection + Qdesal + Qswin + 
Qgwin 

Net Inflow The gross inflow and the storage change - 
Consumed water + 
Outflow 

∆S Change in total water storage - 
Net Inflow – Gross 
Inflow 

Rainfall ET 
- PLU 
- ULU 
- MLU 
- MWU 

ET that occurs from effective rainfall and canopy 
interception. Effective rainfall is the part of the rain 
water that does not percolate below the root zone, 
flows away over the soil surface as run-off, or 
evaporates from canopy interception, thus, 
available in the root zone and can be used by the 
plants. 

SSEBop-derived 
ET green; 
WA+ Landuse 
maps 

Aggregated by 
hydrological year and 
LU classes 

Incremental ET 
- PLU 
- ULU 
- MLU 
- MWU 

ET that occurs from other sources except effective 
rainfall and interception. For example, evaporation 
of irrigation water, evaporation of groundwater 
through deep rooted vegetation, water evaporation 
from a lake or other water surface that exceeds the 
rainfall on the water body itself. 

SSEBop-derived 
ET blue; 
WA+ Landuse 
maps 

Aggregated by 
hydrological year and 
LU classes 

Landscape ET 

ET that occurs naturally, not due to water 
management (i.e. evaporation on managed 
reservoirs, or ET from irrigation water is not 
included). 

- 
ET green + Total ET blue 
of PLU, ULU, MLU 

Consumed 
water/ ET 

ET occurs as interception, evaporation, soil 
evaporation, water evaporation, canopy 
transpiration/ The total Evapotranspiration is 
evapotranspiration from non-manageable, 
manageable and managed land uses. 

SSEBop actual ET 
Aggregate by 
hydrological year 

Utilized flow 
ET from managed water use (i.e. irrigated crops, 
managed reservoirs) 

- MWU Incremental ET 

Exploitable 
water 

The net inflow minus Landscape ET - Utilized flow + Outflow 

Qswoutlet The river outflow at the outlet of the basin 
Outflow 
estimated from 
literature 

Aggregate by 
hydrological year 

Qswout 
The outflow as surface water (i.e. interbasin surface 
water outflow) 

N/A - 

Qgwout 
The outflow as groundwater (i.e. interbasin 
groundwater outflow) 

N/A - 

Non-consumed 
water /Outflow 

Total outflow - Qswoutlet + Qswout + Qgwout 
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IV. PRESENTATION OF RESULTS 
A. Tonle Sap Basin 

54. In this section, we present the results of the water accounting computations as average of the 
analysed period (2014-2019) for the Tonle Sap Basin. The results of the individual years can be found in the 
annexes. We present the main outputs from the pixel balance model, including the results of the split of ET 
in ETgreen and ETblue for the different land cover classes and the estimated discharge compared to observed 
(section 1 and 2). Finally, section 3 presents the results in the form of the WA+ Sheets. 

1. Green and Blue water 

55. Figure 34 shows the average amount of precipitation and green ET and blue ET (ETblue and ETgreen) in 
the Tonle Sap Basin for different land cover classes, while the absolute values of ETgreen and ETblue are 
presented in Table 11. The consumption of blue water resources (ETblue) is generally limited due to the large 
availability of green water resources (due to precipitation) and in average it reaches 16% of the total 
consumption (actual ET). Although mixed species agro-forestry covers a large portion of the basin (29%), 
water consumption in these areas (total actual ET) is consistently lower that precipitation and no ETblue is 
consumed. Wetlands consume the highest amount of blue water resources followed by natural water bodies. 
ETblue ranges from 1-42 mm/yr over forested areas, and 170-360 mm/yr on other natural areas, rainfed and 
irrigated areas, to 1,000-1,250 mm/yr on water bodies and protected wetlands. The results do not show a 
clear distinction between blue water consumption in irrigated and rainfed singular class on a yearly scale. 
However, if we look at the volumes of ETblue in irrigated areas we notice that a total of about 1,670 Mm3/yr 
of blue water is consumed which represents the 17% of the total ET in these areas, while in rainfed agriculture 
(including mixed species agroforestry) ETblue is about 400 Mm3/yr or 2% of the total ET. The land use refers 
to 2010 while the analysis is performed in the period 2014-2019, the data should be re-assessed with the 
validated and updated LULC map. 
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Figure 34: Precipitation, ETgreen and ETblue per land cover of the Tonle Sap Basin in the period 2014-2019. Percentages in the right side 
of the figures indicate the proportion of ETgreen and ETblue to the precipitation. 

Table 11: Green and blue water consumption (ETgreen and ETblue) per land use type in the Tonle Sap Basin. Values are expressed as 
volumetric averages per year in the analysed period. 

Land Use class ETgreen (Mm3/yr) ETblue (Mm3/yr) ET (Mm3/yr) 
Protected Forest 1,902 61 1,963 
Protected Shrubland 1 0 1 
Protected Natural Water Bodies 53 33 86 
Protected Wetlands 81 454 535 
Protected Other 4 1 5 
Closed Deciduous Forest 3,890 100 3,989 
Open Deciduous Forest 4,972 96 5,069 
Closed Evergreen Forest 19,686 93 19,778 
Open Evergreen Forest 11,304 5 11,309 
Shrubland 30 10 40 
Herbaceous Cover 4 1 5 
Rocks and Stones 1 0 1 
Rivers 255 131 386 
Natural Lakes 2,822 1,632 4,454 
Bare Soil 0 0 1 
Wetlands 1,623 10,220 11,843 
Rainfed Crops - Cereals 878 256 1,134 
Rainfed Crops - Fruits and Nuts 80 27 107 
Mixed Species Agro-forestry 23,809 114 23,923 
Rainfed homesteads and Gardens 4 1 5 
Irrigated Crops - Cereals 7,990 1,643 9,633 
Irrigated Crops - Fruits and Nuts 92 26 118 
Managed Water Bodies 156 70 225 
Urban Paved Surfaces 584 278 862 
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Table 12:  Green and blue water consumption (ETgreen and ETblue) per land use group in the Tonle Sap Basin. Values are expressed as 
volumetric averages per year in the analysed period and as percentage of the total actual evapotranspiration. 

Land Use Group ET (Mm3/yr) ETgreen (Mm3/yr) ETgreen % ETblue (Mm3/yr) ETblue % 
Rainfed Agriculture 25,164 24,767 98 397 2 
Irrigated Agriculture 9751 8,082 83 1,669 17 
Wetlands 12,378 1,704 14 10,674 86 
Open Water 5,151 3,286 64 1,866 36 

56. The spatial distribution of ETgreen and ETblue is presented in Figure 35. ETgreen and ETblue have similar 
ranges (0 - 1,600-1,700 mm/yr) and a specular pattern with high values of ETblue in the Tonle Sap Lake and 
surrounding wetlands and floodplain where ETgreen is at its lowest and vice versa in the forested areas where 
ETgreen is at its maximum. The spatial distribution of ETgreen and ETblue is therefore influenced by the land use 
types but also by the rainfall intensity as more rainfall is recoded in the upstream areas (South-West and 
North-East) while lower precipitation is recorded in the central areas of the basin (Tonle Sap Lake and 
floodplain). Global ET products are known to be less reliable over water bodies as the algorithms for ET 
estimation are vegetation based.  

 (a) 

  (b) 
Figure 35: Spatial distribution of average (a) ETgreen and (b) ETblue in mm/yr over the period 2014-2019. 
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2. Vertical Water Balance 

57. The vertical water balance model was built for the Tonle Sap Basin. The model was manually 
calibrated using the observations at the Bassac station as a reference of the discharge magnitude as there 
are no measurements of outflow covering the simulated years. The results therefore can only be qualitatively 
evaluated and no statistical analysis was performed. Figure 36 shows the results of the calibrated model at 
the Tonle Sap outlet. In Table 13, we present the aggregated flow values using the hydrological year (May to 
April) for the historical years 2003-2011 (observed flow) and 2014-2019 (simulated flow). The simulated 
yearly values are about 3.5% lower than the observed values (1,589 Mm3/yr). 

 
Figure 36: Comparison between RS-based simulated discharge and measured discharge at the outlet of the Tonle Sap Basin. 

 

Table 13: Comparison between RS-based simulated discharge and observed discharge at the outlet of the Tonle Sap basin expressed 
as the total of the hydrological year (May to April). 

Observed Flow Simulated Flow 
Year Discharge (Mm3/yr) Year Discharge (Mm3/yr) 
2003-2004 36,191 2014-2015 46,135 
2004-2005 44,294 2015-2016 29,066 
2005-2006 51,720 2016-2017 65,185 
2006-2007 50,035 2017-2018 55,680 
2007-2008 45,280 2018-2019 36,703 
2008-2009 52,679   
2009-2010 48,142   
2010-2011 31,374   
Average 44,964 Average 46,554 

 

58. The outputs of the pixel balance model for the main components of the water balance are presented 
in Table 14 and Figure 37. The total flow (TF = BF + SRO + D_SRO + overflow) represents 40%. Base flow (BF) 
accounts for 1.8% of the total flow and surface runoff (SRO) for 97.5%. The base flow is likely underestimated 
and the surface runoff is likely overestimated by the model. The percolation simulated by the model reaches 
in average 5.8% of the rainfall.  
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Table 14: Results of the vertical water balance model for the main water balance components in Tonle Sap Basin in mm/yr. 
Period P 

(mm/yr) 
ET 
(mm/yr) 

ETgreen 
(mm/yr) 

ETblue 
(mm/yr) 

Supply 
(mm/yr) 

SRO 
(mm/yr) 

BF 
(mm/yr) 

TF 
(mm/yr) 

Percolation 
(mm/yr) 

2014 1,806 1,169 978 191 201 695 13 715 83 
2015 1,447 1,070 896 175 183 477 7 489 58 
2016 1,937 1,085 919 165 172 876 15 895 137 
2017 1,911 1,145 975 170 177 794 17 815 142 
2018 1,620 1,132 944 188 197 589 12 606 97 
2019 1,455 1,051 878 173 181 527 9 541 76 
Average 1,696 1,109 932 177 185 660 12 677 99 

 

 
Figure 37: Graphical representation of the components of the vertical water balance in the Tonle Sap Basin and their average values 

for the period 2014-2019 (black number) and its standard deviation (blue numbers) in mm/yr. 

3. Sheet 1: Resource Base 

59. The results of Sheet 1 are presented in Figure 38 as the average of the analysed period (2014-2019). 
During this period, the Tonle Sap Basin shows an average increase of total storage (surface, groundwater and 
soil moisture) of 5.8 km3/yr which is in line with the trends shown by two independent datasets in the same 
period, result from GRACE shown in Figure 24, and water level measurements in Tonle Sap lake shown in 
Figure 25. This increase in storage is likely overestimated due to low ET values over the Tonle Sap Lake (1,300 
mm/yr). If we would assume that the actual evapotranspiration over the natural lake approaches the 
reference ET this would imply an increased in water consumption of about 1.75 km3/yr. With this assumption, 
the change in storage would be lower than 4.1 km3/yr. It should be noted that the yearly storage change is 
only about 4% of the precipitation and 13% of the outflow, well within the measurement error of classical 
rain gauges and flow meters. The analysis of Remote Sensing data can therefore give reliable insights on 
water resources availability and confirms the trends of increasing water levels and storage as suggested by 
GRACE data.   

60. Storage change has a strong seasonal variability due to the monsoon climate ranging from -7 to 13 
km3/month (Figure 39) and inter-annual variability is also significant (Table 15). 2014 was in absolute the 
driest year with just 124.6 km3/yr of precipitation, this year however follows year (2013) characterized by 
average rainfall conditions, the impacts on the storage change are therefore limited (+3.4 km3/yr). On the 
contrary, 2019 received 125.3 km3/yr (0.7 km3/yr more than in 2014) but was the only year showing a 
decrease in storage at a yearly scale (-1.1 km3/yr). This is the combined result of two consecutive years 
characterized by rainfall below average (2018 and 2019).  
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61. On a yearly scale, the Tonle Sap Basin is not a closed basin and the available water ranges from 31 
to about 67 km3/yr. If we look at the monthly scale however, we notice that between December and April 
nearly no water is available in the basin and that 45-55% of the yearly available water is concentrated in just 
two months (generally August and September). 

 

Figure 38: Results of WA+ Sheet 1 in Tonle Sap Basin as the average of the analysed period. Values are expressed in km3/yr. 

 
Figure 39: Monthly dynamics of the total storage change in the Tonle Sap Basin. 
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Table 15: Inter-annual variability of the Sheet 1 indicators in Tonle Sap Basin. 
Year  Precipitation 

(km3/yr) 
Storage change 

(km3/yr) 
Outflow 
(km3/yr) 

Available water 
(km3/yr) 

Utilized flow 
(km3/yr) 

2014  155.6 8.8 46.1 48.5 2.4 
2015 DRY 124.6 3.4 29.1 31.0 2.0 
2016 WET 166.9 8.3 65.2 66.9 1.7 
2017 WET 164.6 10.3 55.7 57.4 1.8 
2018  139.5 5.3 36.7 38.9 2.2 
2019 DRY 125.3 -1.1 35.9 37.9 2.0 

Average  146.1 5.8 11.3 46.8 2.0 
 

 

Figure 40: Monthly variability of available water in the Tonle Sap Basin (2014-2019). 

 

B. Sub-basins of the Tonle Sap 

62. In this analysis we considered 11 sub-basins of the Tonle Sap Basin (Figure 6). The sub-basins highly 
differ in size, average elevation (Table 1), and land use (Figure 13, and Table 3). In the next sections we 
compare the sub-basins in terms of (1) precipitation, water consumption (ET) and water yield, (2) green and 
blue water, and (3) major WA indicators. 

63. In the period 2014-2019, Mongkol Borey sub-basin receives the least yearly rainfall reaching in 
average only 1,326 mm/yr, followed by Siem Reap and Sangker sub-basins (1,481 and 1,508 mm/yr), while 
the highest average rainfall is recorded in Pursat, Chinit, and Sen (2,157, 2,002 and 1,972 mm/yr 
respectively). These same sub-basins also experience the lowest and highest excess rainfall (P-ET) ranging 
from 330 up to 940 mm/yr (Table 16). Because of its size (17,342 km2), the Sen sub-basin has by far the 
highest volumetric water yield which in average is 14,546 Mm3/yr. The lowest water yields are produced in 
Siem Reap and Chikreng sub-basins, 1,350 and 1,723 Mm3/yr respectively. Even during the driest years (2015 
and 2019), all sub-basins have a positive yearly water yield which however only reaches 917 Mm3/yr in Siem 
Reap sub-basin. The maximum value of water yield is reached in 2016 in Sen sub-basin with 20,138 Mm3/yr 
(Figure 41). 
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Table 16: Yearly precipitation (P), actual evapotranspiration (ET) and Water Yield (WY = P-ET) in the 11 analysed Tonle Sap sub-basins 
expressed as mm/yr (upper part) and Mm3/yr (lower part). 

 

 

  

Area km2 7,063 2,820 7,556 5,711 12,710 5,920 6,710 17,342 4,045 9,743 3,914
mm Year Baribo Chikreng Chinit Dauntri Mongkol Borey Pursat Sangker Sen Siem Reap Sreng Staung

P 2014 1,731 1,872 2,182 1,638 1,338 2,292 1,547 2,154 1,587 1,655 1,925
2015 1,466 1,457 1,560 1,414 1,135 1,964 1,333 1,629 1,255 1,343 1,496
2016 2,081 1,961 2,397 1,823 1,364 2,449 1,703 2,279 1,658 1,692 2,038
2017 1,780 1,954 2,345 1,739 1,576 2,322 1,707 2,197 1,668 1,761 1,997
2018 1,525 1,631 1,937 1,442 1,364 2,079 1,465 1,860 1,409 1,438 1,676
2019 1,346 1,459 1,593 1,302 1,179 1,836 1,291 1,713 1,309 1,432 1,481

ET 2014 1,114 1,201 1,258 1,136 1,008 1,247 1,119 1,227 1,228 1,142 1,245
2015 1,044 1,082 1,148 1,045 893 1,205 1,002 1,100 1,132 1,065 1,141
2016 1,031 1,086 1,189 1,038 963 1,175 1,054 1,118 1,088 1,039 1,163
2017 1,128 1,154 1,222 1,136 1,030 1,248 1,123 1,177 1,167 1,059 1,231
2018 1,119 1,141 1,184 1,151 1,041 1,278 1,141 1,105 1,185 1,067 1,181
2019 1,031 1,005 1,168 1,021 925 1,153 1,024 1,074 1,082 980 1,108

WY 2014 617 672 924 502 330 1,044 428 927 359 513 680
2015 422 375 412 369 242 760 331 529 123 278 355
2016 1,050 875 1,208 784 401 1,274 649 1,161 569 654 875
2017 652 800 1,123 604 546 1,075 584 1,021 501 702 766
2018 406 490 753 291 323 801 324 755 224 371 495
2019 315 454 425 281 253 683 266 639 227 452 373
Avg 577 611 807 472 349 940 430 839 334 495 590

Mm3 Baribo Chikreng Chinit Dauntri Mongkol Borey Pursat Sangker Sen Siem Reap Sreng Staung
P 2014 12,227 5,280 16,489 9,353 17,010 13,567 10,381 37,360 6,419 16,124 7,534

2015 10,352 4,109 11,787 8,075 14,420 11,628 8,944 28,256 5,078 13,087 5,857
2016 14,697 5,530 18,113 10,408 17,340 14,498 11,426 39,531 6,705 16,488 7,976
2017 12,571 5,510 17,715 9,934 20,033 13,749 11,456 38,105 6,749 17,154 7,817
2018 10,774 4,601 14,634 8,236 17,336 12,307 9,833 32,257 5,699 14,012 6,559
2019 9,505 4,114 12,035 7,438 14,980 10,871 8,660 29,711 5,295 13,956 5,796

ET 2014 7,869 3,386 9,508 6,486 12,816 7,385 7,509 21,284 4,968 11,129 4,873
2015 7,371 3,051 8,675 5,966 11,348 7,132 6,721 19,074 4,579 10,378 4,466
2016 7,282 3,063 8,985 5,928 12,237 6,953 7,073 19,393 4,403 10,120 4,552
2017 7,965 3,255 9,231 6,487 13,090 7,385 7,539 20,405 4,722 10,317 4,820
2018 7,905 3,219 8,946 6,572 13,234 7,564 7,658 19,163 4,793 10,395 4,622
2019 7,279 2,834 8,827 5,831 11,761 6,826 6,874 18,626 4,378 9,550 4,337

WY 2014 4,358 1,895 6,981 2,866 4,194 6,183 2,872 16,076 1,451 4,995 2,660
2015 2,982 1,058 3,112 2,109 3,072 4,497 2,224 9,182 499 2,709 1,390
2016 7,415 2,468 9,128 4,480 5,103 7,544 4,353 20,138 2,303 6,368 3,424
2017 4,606 2,255 8,485 3,447 6,942 6,364 3,917 17,699 2,027 6,837 2,997
2018 2,870 1,382 5,689 1,664 4,103 4,743 2,175 13,095 906 3,617 1,937
2019 2,226 1,280 3,208 1,608 3,219 4,045 1,786 11,085 917 4,406 1,458
Avg 4,076 1,723 6,101 2,696 4,439 5,562 2,888 14,546 1,350 4,822 2,311
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(a) 

(b) 
Figure 41: Yearly Water Yield in the 11 Tonle Sap sub-basins expressed in (a) mm/yr and (b) Mm3/yr 

64. The yearly ETblue per sub-basin varies from 3-32% of the total ET (Table 17). In Pursat sub-basin ETblue 
only accounts for 3% of the total ET mainly because of the high rainfall intensity (2,157 mm/yr). In Mongkol 
Borey sub-basin ETblue only represents 7% of the total ET, in this case not because of high precipitation 
intensities (only 1,326 mm/yr) but because 76% of its area is covered by forest and agroforestry whose large 
root depths are able to carry green water from the wet to the dry months. Dautri has the highest proportion 
of ETblue which reaches 32% of the total, this sub-basin has below average rainfall and 30% of its surface 
covered by wetlands and water bodies characterized by high ET rates and low root depths. In Annex 7, we 
present the break-down of ETgreen and ETblue per land use type for each sub-basin. 

Table 17: Yearly average green and blue evapotranspiration (ET) in the 11 analysed sub-basins expressed as Mm3/yr and as % of the 
total ET. 

Sub-basin Green ET (Mm3/yr) Blue ET (Mm3/yr) 
Dauntri 4,234 (68%) 1,975 (32%) 
Siem Reap 3,241 (70%) 1,404 (30%) 
Sangker 5,463 (76%) 1,769 (24%) 
Staung 3,622 (79%) 990 (21%) 
Chikreng 2,575 (82%) 561 (18%) 
Baribo 6,268 (82%) 1,341 (18%) 
Chinit 7,825 (87%) 1,203 (13%) 
Sen 17,044 (87%) 2,590 (13%) 
Sreng 9,278 (90%) 1,033 (10%) 
Mongkol Borey 11,576 (93%) 828 (7%) 
Pursat 6,989 (97%) 217 (3%) 
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65. Based on the land cover type, water consumption can also be divided into: 
a) Non-manageable ET: actual evapotranspiration from protected areas 
b) Manageable ET: actual evapotranspiration from natural areas (Utilized Land Use) 
c) Managed ET: actual evapotranspiration from land use types belonging to MLU (Modified 
Land Use) and MWU (Managed Water Use). 

66. This classification provides insights into the partitioning of water resources per sector and 
information on how much water can be further managed, how much is currently managed. It can be used 
for identifying the volumes that can be controlled for improving the efficiency at the basin scale, and finally 
this classification can be used to highlight the needs of natural ecosystems; protected areas consume water 
which should be allocated for this purpose. Additionally, we define Managed Fraction the ratio between the 
Managed ET and the total ET in the basin (Table 18). 

67. In Pursat sub-basin 1,460 Mm3/yr or 20% of the total water consumption is currently non-
manageable as about 18% of its surface belong to the protected land use group. Sen sub-basin has the lowest 
managed fraction (0.14) meaning that the majority of ET in Sen sub-basin could potentially be managed in 
the future as the non-manageable ET is only 0.5% of the total ET. However, the manageable ET in Sen is 
mainly observed in forested areas, managing ET in these areas might result in forest reduction and negative 
environmental impacts. Alternatively natural areas can be added to the protected areas category.  Mongkol 
Borey sub-basin is, on the contrary, already heavily modified by human activities and the managed fraction 
reaches 0.75 (Figure 42). 

Table 18: Water Accounting performance indicators related to water consumption for each sub-basin 
Sub-basin Total ET  

(Mm3/yr) 
Non-manageable ET 
(Mm3/yr) 

Manageable ET 
(Mm3/yr) 

Managed ET 
(Mm3/yr) 

Managed 
Fraction 

Sen 19,634 90 16,698 2,846 0.14 
Staung 4,612 212 3,414 986 0.21 
Chikreng 3,136 77 2,349 710 0.23 
Pursat 7,206 1,460 4,018 1,728 0.24 
Chinit 9,028 2 6,621 2,404 0.27 
Sreng 10,311 18 6,216 4,077 0.40 
Siem Reap 4,645 413 2,133 2,099 0.45 
Dauntri 6,209 31.7 3,176 3,002 0.48 
Sangker 7,232 287 3,219 3,725 0.52 
Baribo 7,609 0 2,505 5,105 0.67 
Mongkol Borey 12,404 0 3,113 9,291 0.75 
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Figure 42: Spatial representation of the managed fraction in the 11 sub-basins of Tonle Sap. 

 

C. KPIS irrigation scheme 

68. The Kamping Puoy Irrigation Scheme is located in the province of Battambang in Sangker sub-basin, 
and it is composed by Kamping Puoy reservoir and its command area (Figure 7). The reservoir is filled from 
water generated in the Sangker sub-basin (upstream of the reservoir, 373 km2) and through a 13.9 km canal 
that collects water from the neighbouring Mongkol Borey sub-basin, drainage area 2,587 km2 (Figure 8). The 
reservoir has a maximum storage capacity of 139 Mm3 of which 101 Mm3 can be used for irrigation and the 
remaining for flood control (ADB, 2019). Digital data of the command area, reservoir boundaries, and canal 
were obtained from the project leader of the feasibility study of the Irrigated Agriculture Improvement 
Project (RRP CAM 51159-002). According to the digital data the command area has a surface of 13,260 ha, 
while according to the ADB 2019 the area is only 12,000 ha. In this study we used the digital data meaning 
that we consider a command area having a surface of 13,260 ha. No information is available on the water 
consumed by the command area nor on inflows and outflows to the Kamping Puoy reservoir. 

69. The KPIS command area receives in average 1,432 mm/yr of rainfall (ranging from 1,098 to 1,726 
mm/yr in the period 2007-2019 according to CHIRPS data), most of which, 79%, falls between May and 
October (Figure 43). The fields are generally irrigated from December to April. No significant spatial variation 
of rainfall is appreciable within the command area due to its size and the spatial resolution of CHIRPS data 
(0.05 degrees or about 5 km). 

  
(a)        (b) 
Figure 43: Yearly total (a) and monthly average (b) rainfall in the KPIS command area (2007-2019). 
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70. The yearly actual evapotranspiration is on average 1,065 mm/yr (ranging from a minimum of 873 
mm/yr in 2015 to a maximum of 1,209 mm/yr in 2018). Spatial variations are noticeable on a yearly scale 
(Figure 44) as well as on the monthly scale (Figure 45) between head and tail end of the command area, 
where head areas consume up to 1,200 mm/yr and tail areas 900 mm/yr. This spatial distribution is also 
noticeable during dry months (February, March and April in Figure 45) suggesting that areas located close to 
the main canal receive more water than the tail end section which might have inadequate water supply.  

 
Figure 44: Spatial distribution of yearly average actual evapotranspiration in the KPIS command area in the period 2007-2019. 

 

Figure 45: Spatial distribution of monthly average actual evapotranspiration in the KPIS command area in the period 2007-2019. 
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71. The water yield (P-ET) is always positive on a yearly scale (Table 19) but it is negative in the dry season 
(November to March). The total volume consumed as ET during the dry season is in average 60 Mm3 and the 
water yield is -23 Mm3 (Table 20). 

Table 19: Yearly precipitation P, evapotranspiration ET, and water yield WY in the KPIS command area. 
Year P mm/yr P Mm3/yr ET mm/yr ET Mm3/yr WY mm/yr WY Mm3/yr 
2007 1,512 200 960 127 552 73 
2008 1,702 226 1,057 140 645 86 
2009 1,551 206 1,000 133 551 73 
2010 1,463 194 1,015 135 448 59 
2011 1,609 213 1,142 151 468 62 
2012 1,466 194 1,159 154 307 41 
2013 1,726 229 1,129 150 596 79 
2014 1,288 171 1,094 145 194 26 
2015 1,106 147 873 116 233 31 
2016 1,421 188 979 130 442 59 
2017 1,449 192 1,148 152 301 40 
2018 1,231 163 1,209 160 22 3 
2019 1,098 146 1,079 143 19 3 
Average: 1,432 190 1,065 141 367 49 

Table 20: Monthly precipitation P, evapotranspiration ET, and water yield WY in the KPIS command area. 
Month P 

mm/month 
P 
Mm3/month 

ET 
mm/month 

ET 
Mm3/month 

WY 
mm/month 

WY 
Mm3/month 

January 8 1 46 6 -38 -5 
February 16 2 57 8 -40 -5 
March 61 8 77 10 -17 -2 
April 107 14 87 12 20 3 
May 143 19 95 13 49 6 
June 149 20 101 13 48 6 
July 194 26 103 14 92 12 
August 184 24 101 13 83 11 
September 236 31 103 14 133 18 
October 227 30 111 15 117 15 
November 92 12 105 14 -14 -2 
December 15 2 79 11 -65 -9 
Average 119 16 89 12 31 4 

72. The KPIS Reservoir, with a surface of 23.5 km2, receive an average of 36 Mm3/yr from rainfall and 
evaporates 32 Mm3/yr. We have analysed the yearly and monthly water yield (Table 21) and simulated the 
total flow (Figure 46) upstream the reservoir in Sangker sub-basin. According to the Remote Sensing data 
and our water balance computations, the average water yield is 234 Mm3/yr and the average yearly flow is 
163 Mm3/yr. Theoretically the water generated in Sangker sub-basin would be in average sufficient to fill the 
KPIS reservoir within a year (136 Mm3) if we do not consider the downstream needs. This conclusion is not 
true during dry years such as 2015 and 2019 where the total flow is lower than 130 Mm3/yr. 
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Table 21: Yearly and monthly precipitation P, evapotranspiration ET and water yield WY in Sangker sub-basin (upstream the KPIS 
reservoir, drainage area = 373 km2) in the period 2007-2019. 

 

 
Figure 46: River flow upstream the KPIS reservoir in Sangker sub-basin. Values are expressed in Mm3/month and the analysed period 
is 2014-2019.  

73. The reservoir is also connected to Mogkol Borey via a link canal. We have therefore also analysed 
the yearly and monthly water yield (Table 22) and simulated the total flow (Figure 47) upstream the intake 
point in Mogkol Borey sub-basin. The average water yield in Mogkol Borey is 1,757 Mm3/yr and the yearly 
river flow at the intake point is 1,056 Mm3/yr (minimum flow in 2019 = 777 Mm3/yr, maximum flow in 2017 
= 1,489 Mm3/yr). Volumes in Mogkol Borey sub-basin are sufficient for ensuing that the KPIS reservoir is 
refilled during the wet season. Water should however first be allocated for downstream needs and for 
ensuring the minimum environmental flows Mogkol Borey sub-basin.   

Table 22: Yearly and monthly precipitation P, evapotranspiration ET and water yield WY in Mogkol Borey sub-basin (upstream the 
intake point were water is deviated to the KPIS reservoir, drainage area = 2,587 km2) in the period 2007-2019. 

 

Year
P 
mm/yr

P 
Mm3/yr

ET 
mm/yr

ET 
Mm3/yr

WY 
mm/yr

WY 
Mm3/yr Month

P 
mm/month

P 
Mm3/month

ET 
mm/month

ET 
Mm3/month

WY 
mm/month

WY 
Mm3/month

2007 1685 629 1005 375 681 254 January 14 5 46 17 -32 -12
2008 1889 705 963 360 926 346 Febraury 26 10 38 14 -12 -5
2009 1728 646 907 339 821 307 March 70 26 46 17 24 9
2010 1636 611 914 341 722 270 April 122 46 63 24 59 22
2011 1780 665 1028 384 752 281 May 175 65 92 34 83 31
2012 1651 617 1044 390 607 227 June 175 65 98 37 77 29
2013 1908 713 991 370 917 343 July 217 81 100 37 117 44
2014 1376 514 989 369 387 145 August 215 80 99 37 116 43
2015 1230 459 830 310 400 149 September 253 95 98 36 156 58
2016 1544 577 936 350 608 227 October 218 81 105 39 113 42
2017 1649 616 1014 379 636 237 November 88 33 99 37 -10 -4
2018 1368 511 1000 373 368 137 December 11 4 75 28 -64 -24
2019 1172 438 865 323 307 115 Average: 132 49 80 30 52 19

Average: 1586 592 960 359 626 234

Year
P 
mm/yr

P 
Mm3/yr

ET 
mm/yr

ET 
Mm3/yr

WY 
mm/yr

WY 
Mm3/yr Month

P 
mm/month

P 
Mm3/month

ET 
mm/month

ET 
Mm3/month

WY 
mm/month

WY 
Mm3/month

2007 1774 4590 1048 2710 727 1880 January 23 59 62 160 -39 -102
2008 1943 5026 1041 2694 901 2332 Febraury 29 76 58 149 -28 -73
2009 1923 4976 1043 2699 880 2276 March 77 198 72 185 5 13
2010 1771 4582 984 2545 787 2037 April 134 347 86 223 48 124
2011 1907 4933 1079 2790 828 2142 May 193 499 96 249 97 250
2012 1801 4659 1081 2798 719 1861 June 191 493 94 243 97 250
2013 2085 5394 1095 2833 990 2561 July 242 625 97 252 144 374
2014 1545 3996 1053 2724 492 1272 August 230 596 96 250 134 346
2015 1338 3461 984 2545 354 916 September 298 771 94 243 204 528
2016 1630 4218 1039 2687 592 1531 October 212 549 108 279 104 270
2017 1874 4849 1096 2836 778 2013 November 90 232 101 261 -11 -28
2018 1584 4099 1075 2780 510 1319 December 9 23 84 218 -76 -196
2019 1280 3311 1008 2608 272 703 Average: 144 372 87 226 57 146

Average: 1727 4469 1048 2712 679 1757
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Figure 47:  River flow upstream the intake point in Mogkol Borey sub-basin. Values are expressed in Mm3/month and the analysed 
period is 2014-2019. 

74. If we assume that the live reservoir capacity is used during the cropping season (December to April), 
the total amount of water supplied to the command area would be equal to 101 Mm3/season. Using the 
remote sensing-based water consumption we can estimate the ratio ET/diverted water. In Table 23 we 
present the comparison of this ratio and the water use efficiency computed as the difference between ET 
and P divided by the diverted water, computed in the seasons 2016-2017, 2017-2018, and 2018-2019 based 
on SSEBop (global ET product with 1 km spatial resolution) and based on SEBAL model (30 m resolution). The 
SEBAL model developed for the study area is presented in the Water Productivity report of Cambodia 
(Matheswaran and Rebelo, 2020). The irrigation efficiency of the KPIS irrigation system varies between 0.53 
and 0.60 according to SEBAL ET data, and between 0.21 and 0.28 according the SSEBop ET data. The large 
discrepancy between the global dataset (SSEBop and pySEBAL) for this irrigation scheme needs to be further 
investigated. 

Table 23: seasonal P, ET, ratio between actual ET and water diverted, and irrigation efficiency of KPIS command area based on 
SEBAL and SSEBop ET data. 

  SEBAL SSEBop 
Year P  

Mm3 
ET 
mm 

ET 
Mm3 

ET/diverted 
water 

(ET-P)/diverted 
water 

ET 
mm 

ET 
Mm3 

ET/diverted 
water 

(ET-P)/diverted 
water 

2016-2017 29 625 83 0.82 0.53 410 54 0.54 0.25 
2017-2018 32 650 86 0.85 0.54 455 60 0.60 0.28 
2018-2019 33 709 94 0.95 0.60 410 54 0.54 0.21 
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V. KEY FINDINGS 
75. The main hydrological system in Cambodia is the Tonle Sap/Mekong System and it plays an important 
role in maintaining the natural ecosystems (lakes, wetlands and flooded forests) while providing resources 
for the national development. The Tonle Sap Basin has a surface area of approximately 86,127 km2 (11% of 
the total area of the Mekong) and it is located in Cambodia except for a small upstream area that is located 
in Thailand. The Tonle Sap Basin is hydrologically connected to the Mekong river in the Cambodian capital 
Phnom Penh at the Bassac station. Because of the monsoon climate, irrigation is very important during the 
dry months (December to April).  

76. A cross validation of different RS datasets showed that the best results were obtained using the 
CHIRPS and SSEBop for Precipitation (P) and Evapotranspiration (ET) respectively. The basin analysis for the 
Tonle Sap Basin showed that there is an overall surplus of water, however there is a distinct seasonal pattern, 
with little water available during the dry months (December to April). The detailed analysis for the land use 
classes shows that Wetlands consume the highest amount of blue water resources followed by natural water 
bodies. ETblue ranges from about 10 mm/yr over forested areas, 15 mm/yr over rainfed agriculture, 170 
mm/yr over irrigated areas, to 500-1,110 mm/yr on water bodies and wetlands. The results do not show a 
clear distinction between blue water consumption in irrigated and rainfed areas on a yearly scale as we would 
expect.  

77. The sub-basin comparison shows that there is a large variability of water availability and level of 
modification (presented in the managed fraction). The three basins receiving the highest average 
precipitation are the Pursat, Chinit, and Sen sub-basins (2,157, 2,002 and 1,972 mm/yr respectively). These 
basins also are the largest contributors in terms of volumetric water yield, because of its size (17,342 km2), 
the Sen sub-basin has by far the highest volumetric water yield which in average is 14,546 Mm3/yr or 25.4% 
of the total volumetric water yield in the Tonle Sap Basin. In Pursat sub-basin 1,460 Mm3/yr or 20% of the 
total water consumption is currently non-manageable as about 18% of its surface belong to the protected 
land use group. Sen sub-basin has the lowest managed fraction (0.14) meaning that the majority of ET in Sen 
sub-basin could potentially be managed in the future as the non-manageable ET is only 0.5% of the total ET. 
However, the manageable ET in Sen is mainly observed in forested areas, managing ET in these areas might 
result in forest reduction and negative environmental impacts. Alternatively, natural areas can be added to 
the protected areas category. Mongkol Borey sub-basin is, on the contrary, already heavily modified by 
human activities as the managed fraction reaches 0.75. 

78. The analyses for the PKIS focussed on the water yield from the two catchments feeding the Kamping 
Puoy reservoir and the consumption (ET) of the irrigation scheme. The analyses show that the water yields 
of the Sangker and Mongkol Borey sub-basins at the points they supply the Kamping Puoy reservoir are 234 
and 1,757 Mm3/yr, respectively. Theoretically the water generated in Sangker sub-basin would be in average 
years sufficient to fill the KPIS reservoir within a year (136 Mm3) if we do not consider the downstream needs. 
This conclusion is not true during dry years such as 2015 where the total flow is estimated at 123 Mm3/yr, 
this is supplied by the canal from the Mongkol Borey river which has sufficient water available. Considering 
the live reservoir capacity is fully used during the cropping season (December to April), the total amount of 
water supplied to the command area would be equal to 101 Mm3/season. 
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VII. APPENDIXES 
Annex 1. Spatial variability of monthly rainfall and actual evapotranspiration in Cambodia 

Data presented in the figures below represents monthly averages of precipitation (CHIRPS data) and actual 
evapotranspiration (SSEBop data) in the period 2007-2019, values are expressed in mm/month. 

Precipitation 

 

Evapotranspiration 
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Annex 2. Remote sensing data and references 

Dataset Definition Start-End Temporal 
resolution 

Spatial 
resolution 

Reference 

Precipitation 
CHIRPS Climate Hazards 

Group InfraRed 
Precipitation with 
Station Data 

01/01/1981 - 
Present 

Daily 
monthly 

0.05 
degrees 

(Funk, et al., 2015) 
Data access: 
ftp://ftp.chg.ucsb.edu/pub/org/chg/products/CHIRPS-2.0/ 

GPM v6 Global Precipitation 
Measurement 

01/06/2007 - 
Present 

monthly 0.1 
degrees 

(Huffman, et al., 2014) 
Data access:  
ftp://arthurhou.pps.eosdis.nasa.gov/gpmdata/  

TRMM Tropical Rainfall 
Measurement Mission 

01/01/1998 
– 
15/04/2015 

monthly 0.25 
degrees 

(Huffman, et al., 2007) 
Data access:  
https://disc.gsfc.nasa.gov/datasets/TRMM_3B43_7/summary 

Evapotranspiration 
SSEBop Operational Simplified 

Surface Energy 
Balance 

01/01/2003 monthly 0.009652 
degrees 

(Senay, et al., 2013) 
Data access: 
https://edcintl.cr.usgs.gov/downloads/sciweb1/shared/fews/ 
web/global/monthly/eta/downloads/ 

ALEXI Atmosphere Land 
Exchange Inverse 
(model) 

01/01/2003 Weekly  
monthly 

0.05 
degrees 

(Anderson, et al., 2007) 
Data access: 
ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/ 
Data_Satellite/Evaporation/ALEXI/World/  

CMRSET CSIRO MODIS 
ReScaled potential ET  

01/01/2003 monthly 0.05 
degrees 

(Guerschman, et al., 2009) 
Data access: 
ftp://ftp.wateraccounting.unesco-ihe.org/WaterAccounting/ 
Data_Satellite/Evaporation/CMRSET/Global/  
 

MOD16 MODerate resolution 
Imaging 
Spectoradiometer 

01/01/2003 monthly 0.0039 
degrees 

(Running, et al., 2019) 
Data access: 
https://e4ftl01.cr.usgs.gov/MOLT/MOD16A2GF.006/ 

SEBS Surface Energy 
Balance System 

01/04/2003 monthly 0.05 
degrees 

(Su, 2002) 
Data access: 
ftp://ftp.wateraccounting.unesco-ihe.org/ 
WaterAccounting/Data_Satellite/Evaporation/SEBS/SEBSold/  

Other data 
LAI Leaf Area Index 01/01/2010 8-daily 0.00393 

degrees 
(Myneni, et al., 2015) 
Data access: 
https://e4ftl01.cr.usgs.gov/MOLT/MOD15A2H.006/ 

GPP Gross Primary 
Production 

01/01/2007 8-daily 0.00393 
degrees 

(Running & Zhao, 2015) 
Data access: 
https://e4ftl01.cr.usgs.gov/MOLT/MOD17A2H.006/ 

NPP Net Primary 
Production 

01/01/2007 yearly 0.00393 
degrees 

(Running & Zhao, 2015) 
Data access: 
https://e4ftl01.cr.usgs.gov/MOLT/MOD17A3HGF.006/ 

DMP Dry Matter Production 01/01/2014 decadal 0.00298 (Smets, et al., 2019) 
Data Access: 
https://land.copernicus.vgt.vito.be/ 

GDMP Gross Dry Matter 
Productivity 

01/01/2014 decadal 0.00298 (Smets, et al., 2019) 
Data Access: 
https://land.copernicus.vgt.vito.be/ 

GRACE Gravity Recovery And 
Climate Experiment 

15/04/2003 monthly  (Luthcke, et al., 2013) 
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Annex 3. Monthly spatial variation of the water yield (P-ET) 

Below we present the spatial variation of the monthly water yield in the period 2007-2019 in the Tonle Sap 
Basin. 
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Annex 4. Inputs, Outputs and parameters of the vertical water balance model 

Below we provide a full list of the inputs, outputs and model parameters used in the vertical water balance 
model. 

Input Unit File format 
Precipitation mm/month NetCDF 
Actual Evapotranspiration mm/month NetCDF 
Interception mm/month NetCDF 
Number of rainy days mm/month NetCDF 
LU LU class (static) NetCDF 
Saturated Water Content m3/m3 NetCDF 

 

Output Unit File format 
ETblue mm/month NetCDF 
ETgreen mm/month NetCDF 
SRO: surface runoff (which include the overflow du to 
saturated conditions) 

mm/month NetCDF 

D_SRO: incremental runoff mm/month NetCDF 
PERC: percolation mm/month NetCDF 
D_PERC: incremental percolation mm/month NetCDF 
Supply mm/month NetCDF 
SM: soil moisture mm/month NetCDF 
GW: groundwater storage mm/month NetCDF 
BF: base flow mm/month NetCDF 
TF: total flow mm/month NetCDF 
OVERFLOW mm/month NetCDF 
DEEP PERCOLATION mm/month NetCDF 

 

Parameter Unit File format Value 
Root depth mm (yearly) table See table below 
Consumed fraction % table Irrigated crops = 0.7 

All other classes = 1.0 
f_c (percolation factor) (-) Single value 2000 
F_Smax (threshold for percolation) % Single value 0.92 
cf (correction factor of SMmax in SRO 
computation) 

(-) Single value 0.3 

f_bf (baseflow factor) % Single value 0.05 
Deep percolation factor % Single value 0.4 
G0 (initial groundwater storage) mm/month Single value 40 
SM0_f (factor for computing initial soil moisture 
content) 

% Single value 0.5 
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CGLS Land cover class Root depth (mm) 
Shrubland 300 
Grassland 200 
Cropland, rainfed 200 
Cropland, irrigated or under water management 200 
Fallow cropland 200 
Built-up 100 
Bare/sparse vegetation 200 
Permanent snow/ice 0 
Water bodies 0 
Temporary water bodies 0 
Shrub or herbaceous cover, flooded 0 
Tree cover: closed, evergreen 1,500 
Tree cover: closed, deciduous 800 
Tree cover: closed, mixed type 800 
Tree cover: closed, unknown type 800 
Tree cover: open, evergreen 1,500 
Tree cover: open, deciduous 800 
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Annex 5. Spatial results of the vertical water balance model 

Below we present the yearly average (2014-2019) of water fluxes and storages which are taken into account 
by the pixel water balance model. 

 

Precipitation 2014-2019 (input: CHIRPS) 

 
 

Actual Evapotranspiration 2014-2019 (input: SSEBop) 

 

ETgreen 2014-2019 

 
 

ETblue 2014-2019 

 

SRO 2014-2019 

 
 

Supply 2014-2019 

 

 
 
 
 

 



59 
 

  
D_SRO 2014-2019 

 

SM 2014-2019 (monthly average) 

 
PERCO 2014-2019 

 

GW 2014-2019 (monthly average) 

 
DEEP PERCO 2014-2019 

 

BF 2014-2019 
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TF 2014-2019 
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Annex 6. Yearly results of the WA+ sheet1 

Sheet 1: Resource Base 
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Annex 7. Green and Blue water per land use in the 11 sub-basins of Tonle Sap 
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