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ABSTRACT 
 

Aims: The objective of this study is twofold: i) explore a simple, empirical relationship based on 
freely available, remotely sensed data and the water levels recorded at Prek Kdam (one week prior) 
to predict total inundated area of the Tonle Sap flood plain; and ii) use the relationship to provide a 
preliminary demarcation of flood risk zones around the Tonle Sap Lake. 

Study Design:  This study is designed to predict inundation in the Tonle Sap Lake, Cambodia. 

Place and Duration of Study: Tonle Sap Lake, with data and satellite images for the period 
between June 2008 and November 2013. 

Conference Proceeding 
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Methodology: Three approaches were adopted in this study: 1) Classification: to examine flooded 
regions during wet seasons by Landsat images. 2) Regression model: to explore the relationship 
between the flooded areas and water level at Prek Kdam, near the mouth of the Tonle Sap Lake.  
3) Visualization and estimation: To observe dynamics of inundation and predict the potential 
flooded areas based on the regression. 

Results: The adoption of GIS and remote sensing helps the delineation of flood zones. The results 
of the statistical analysis demonstrated a strong linear relationship between water levels at Prek 
Kdam and flooded areas at the Tonle Sap Lake. Together with the adoption of GIS and remote 
sensing technologies, the regression model can be further used to support flood prediction, 
management and regional planning.  

Conclusion: This research develops a flood warning tool for the government and the public to 
intuitively evaluate the potential flooding areas in the Tonle Sap Lake during monsoon seasons. It 
can further help the government prepare for flood risk management and develop a sustainable 
environment. 

 
 
Keywords: Tonle Sap Lake; floodplain; remote sensing; GIS; regression model. 
 

1. INTRODUCTION  
 
The Tonle Sap Lake, Cambodia, is the largest 
inland freshwater lake in Southeast Asia and one 
that has both a remarkable natural and cultural 
history (Fig. 1). Sometimes called the “Heart of 
the Mekong” because of its important role in the 
biodiversity and aquatic life of the great river, it 
also is home to floating villages, riparian 
communities (with more than 1.2 million people 
living on the lake and immediate floodplain 
between National Roads 5 and 6), accounts for 
around 60% of Cambodia’s total annual inland 
fish catch, and is the primary reason why 
provinces bordering the lake have amongst the 
highest fish and other aquatic organism 
consumption in the Lower Mekong Basin [1-3]. 
The highly biodiverse and productive fishery of 
the lake is maintained by what is known as the 
“flood pulse” phenomenon [4,5] generated by the 
monsoon rains and snowmelt from the 
Himalayas. As flow rate and water levels rise on 
the mainstem of the Mekong River in May/June, 
eventually there is not sufficient capacity for all 
water to discharge to the ocean via the Mekong 
Delta. At this point, the flood pulse travels up the 
Tonle Sap River, expanding the size of the lake. 
When the dry season commences and flow on 
the Mekong River declines, water will begin to 
drain from the lake, reversing the direction of flow 
on the Tonle Sap River. Because of this ‘pulsing’ 
characteristic, the surface area of the Tonle Sap 
Lake varies from about 2,500 km

2
 during the dry 

season to about 15,000 km2 in the rainy season 
(roughly the size of Lake Ontario in North 
America). Water depth increases from around 1 
m in the dry season to approximately 7–9 m in 

the rainy season [6,7]. Water quality of the lake is 
impacted by the pulsing characteristic (e.g. [8-10]) 
and there is a positive correlation between 
annual fish catch (tons) and peak water level 
during the rainy season [8,11]. Given the  
growing pressure from development within the 
Mekong Basin countries and the increase in 
constructed and planned dams for hydropower 
(e.g. [12-15]), it is understandable there have 
been a number of recent studies trying to assess 
impacts of such development on the lake’s 
ecosystem, fisheries, food security, and society 
(e.g. [16-23]). 
 
Besides the benefit of highflows and water levels 
in the rainy season to fisheries, as in all river 
basins there is a risk of societal impact due to 
flooding. Most recently, between the end of 
October and end November, 2011, there were 
331,765 households (over 1.5 million people) 
affected by flooding with 247 people losing their 
life; 46,403 households being evacuated; and 
232,377 hectares of rice fields, representing  9.4 
per cent of the total rice crop area in Cambodia, 
reported as damaged [24]. The flow magnitude at 
the Kratie gauge on the mainstem of the Mekong 
River upstream of the Tonle Sap during this 
period was slightly greater than a 10 year return 
period. Theoretically, the large cascading system 
of dams being planned and constructed in China 
will reduce such flood impacts by shaving off 
peak flows through prudent storage, although 
analysis of flow data to date suggest discharge 
alterations during the rainy season so far were 
relatively small at the Mekong River 
Commission’s Chiang Saen (northern Thailand) 
gauge [25]. 
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Fig. 1. Physiographic characteristics of the Tonle Sap/Mekong system in Cambodia and 
Vietnam 

 
A variety of approaches have been developed to 
forecast flooding on the Mekong River over the 
past 15 years. These have included different 
levels of deterministic modeling, such as non-
linear reservoir or tank type approaches to 
represent different components of the rainfall-
runoff cycle; semi-distributed, grid based, 
macroscale models that represent the interaction 
between land cover, climate, and runoff 
generation; one, two, and three-dimensional 
hydrodynamic modeling; as well as more 
probabilistic-oriented modeling [16,26-30]. 
Johnston and Kummu [31] provided a thorough 
review of historical modeling efforts for the 
Mekong River, with Johnston and Smakhtin [32] 
further noting “Repeated modeling using different 
algorithms with the same data has limited value. 
A case in point is hydrodynamic modeling of the 
Lower Mekong floodplain and delta. No fewer 
than seven hydrodynamic models have been 
built for this region, but all are constrained by the 
quality of the existing DEM and availability of 
reliable, up-to-date information on floodplain 

infrastructure.” Others have used satellite 
imagery or a combination of satellite imagery and 
modeling to assess flooding (e.g. [33-39]). 
Although different satellites and software 
systems have been used, most often the focus        
of these studies has been the remote                
sensing methodology and the applications tend 
to be at a broader temporal (i.e. tracking changes 
in floods) and spatial scale (i.e. whole basin). 
When the satellite imagery assessment was 
linked to the hydrologic/hydraulic modeling, it 
tended to be a fairly sophisticated model 
application. 
 
The objective of this study is twofold: i) at the risk 
of seeming to perpetuate modeling studies, we 
explore a simple, empirical relationship based on 
freely available, remotely sensed data and the 
water levels recorded at Prek Kdam (one week 
prior) to predict total inundated area of the Tonle 
Sap flood plain; and ii) use the relationship to 
provide a preliminary demarcation of flood risk 
zones around the Tonle Sap Lake. 
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2. MATERIALS AND METHODS  
 
2.1 The Tonle Sap – Physiography and 

Hydrometeorology 
 
The Tonle Sap Lake and basin form the central 
area of Cambodia and are rimmed by the 
Cardamom Mountains and Elephant Mountains 
to the southwest and the Dangrek Mountains to 
the north (Fig. 1). The total contributing area of 
the basin to the lake is 67,000 m

2
. There is some 

debate regarding the formation of the Tonle Sap 
Lake and the development of the flood pulse 
phenomenon. Penny [40] noted that a Japanese 
team examined the stratigraphy and mineralogy 
of sediment cores from the lake and concluded 
the lake started as a series of smaller lakes 
connected by extensive wetlands but by the mid-
Holocene (approximately 5,500-5,000 B.P.) the 
interconnected pulsing between the Mekong 
River and Tonle Sap began. However,              
Penny [40] examined the stratigraphy and pollen 
record from three cores that he collected and 
concluded the lake was influenced by tidal and 
saline water in the early-Holocene, roughly 
>7,000-5,500 B.P. More recently, Day et al. [41] 
used Sr, Nd, and Pb isotopes and elemental 
levels in sediment cores from the lake and they 
suggested the current pulsing-type system 
developed between 5,600 and 3,600 BP. 
Regardless of the exact time when the pulsing 
system was initiated, it can be concluded that the 
system has been in place for thousands of years.  

 
2.2 Regression Modelling and Flood 

Maps 
 
The Mekong River Commission (MRC) has a 
flood management and early warning program in 
place (http://ffw.mrcmekong.org/) and Plate [42] 
provided a review of the three components of 
such a system: a) flood forecasting and 

prediction; b) transmission of the forecast into a 
warning for local communities; and c) conversion 
of the flood warning into remedial action. The 
water level gauge at Prek Kdam is one of 23 
monitoring stations on the Mekong River system 
and is located approximately 100 km south of the 
Tonle Sap Lake (Fig. 2.). Kummu et al. [43] 
calculated the water balance for the lake at a 
daily time step over an eight-year period (May 
1997 to April 2005) and concluded 53.5% of the 
lake’s water originates from the Mekong                
River, 34% comes from the lake’s direct 
tributaries, and 12.5% comes from precipitation. 
Clearly, then, the Mekong River flow has a 
dominant role in the lake’s water balance. A 
representative range of water levels, as 
measured at the MRC’s Prek Kdam gauge, is 
shown in Fig. 3. This graph reveals water levels 
can be quite different under various wet and dry 
conditions and suggests the inundation of the 
Tonle Sap Lake floodplain may be forecast by 
changes of water levels. As a result,                  
remote sensing images were used to extract the 
flooded areas for the examination of a potential 
relation with water level data at the Prek Kdam 
site. The MRC has made available water level 
data for 23 stations since 2008 
(http://ffw.mrcmekong.org/historical_rec.htm). 
Landsat images of the Tonle Sap Lake were 
selected for the period 2008 to 2013 (Table 1) for 
an exploratory test of the feasibility to forecast 
floodplain inundation most simply using freely 
available remotely sensed data. Images were 
selected during start and peak of wet seasons. 
Four main categories – water body (blue), 
flooded areas (red), land (earth) and cloud 
(white), were classified in Erdas Imagine 
software (Fig. 4.). The classification results were 
also used to draw boundaries of flooded regions 
and Tonle Sap Lake in monsoon seasons. The 
areas of inundated regions in different years 
were further computed and used for regression 
modeling and flood maps. 

 
Table 1. Landsat images of the Tonle Sap Lake during 2008 and 2013 

 

 

 Wet season – Start Wet season – Peak 

Year Date Image type Date Image type 

2013 1 & 10 June Landsat 7 SLC Off 23 Oct & 1 Nov Landsat 7 SLC Off 

2011 28 June & 7 July Landsat 4/5 18 & 27 Oct Landsat 4/5 

2010 12 & 19 June Landsat 4/5 16 & 23 Oct Landsat 4/5 

2009 29 May & 7 June Landsat 4/5 29 Oct & 5 Nov Landsat 4/5 

2008 20 & 27 June Landsat 4/5 30 Aug & 8 Sept Landsat 4/5 
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Fig. 2. Prek Kdam (the red symbol) and the Tonle Sap  
Source: Google Maps 

 

 
 

Fig. 3. Historical water levels as measured at Prek Kdam  
(from http://mekongriver.info/historic-flows) 

 
To explore the relationship between water levels 
and inundated regions of the Tonle Sap, a linear 
regression model was built through data analysis 

in Microsoft Excel. Taking into consideration               
the lag time between Prek Kdam and the lake, as 
well as the different dates of each image, a 



simple approach was used to identify th
dates of water level data at Prek Kdam 
that should be included in the analysis (Fig. 5.). 
To further visualize the inundated areas under 
 

Fig. 4. Start (above) and peak (below) of the wet season at the Tonle Sap Lake (Oct 2011)

Fig. 5. The approach to specify the date of water level data used in the inundation analysis
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simple approach was used to identify the              
dates of water level data at Prek Kdam                    
that should be included in the analysis (Fig. 5.). 
To further visualize the inundated areas under 

different water levels, boundaries of flooded 
regions in classified images were digit
overlaid in ArcGIS10. 

 
Fig. 4. Start (above) and peak (below) of the wet season at the Tonle Sap Lake (Oct 2011)

 

 
Fig. 5. The approach to specify the date of water level data used in the inundation analysis
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different water levels, boundaries of flooded 
regions in classified images were digitized and 

 

Fig. 4. Start (above) and peak (below) of the wet season at the Tonle Sap Lake (Oct 2011) 

 

Fig. 5. The approach to specify the date of water level data used in the inundation analysis 
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3. RESULTS AND DISCUSSION 
 
The results of the statistical analysis 
demonstrated a strong linear relationship 
between water levels at Prek Kdam and flooded 
areas at the Tonle Sap Lake (Fig. 6.). Together 
with the adoption of GIS and remote sensing 
technologies, the regression model can be used 
to estimate the range of potentially flooded areas. 
According to the results of digitizing and overlay 
processes, Fig. 7(a) visualizes the inundated 
regions under different water levels at Prek 
Kdam for the 2008-2013 period. Fig. 7(b) 
identifies 4 zones as prone to annual flooding 
based on common trends of inundated regions 
across the six years. Zone 1 is the area around 
the mouth of the Tonle Sap Lake. If water level at 
Prek Kdam is higher than 7 meter, this zone 
likely will be inundated. Zone 3, the furthest from 
the Mekong River source, has a lower chance to 
be inundated if water level at Prek Kdam is not 
high enough. Since a large extent of these two 
regions will be affected during the flooding 
season, it is essential to evaluate the 
effectiveness of the flood mitigation approaches 
[44] and adopt better flood preparation and 
response plans in these two zones. Due to the 
restriction of terrain, the inundation areas in Zone 
2, the region at the northeast side of the Tonle 
Sap Lake, and Zone 4, the region at the 
southwest side of the Tonle Sap Lake, are not as 
large as Zone 1 and Zone 3. However, there are 
two main roads along the Tonle Sap Lake, 
National Roads 5 and 6. When the water level at 
Prek Kdam is higher, these two roads will be 
likely inundated and affect the traffic between 
south and north parts of the Tonle Sap Lake. It 
may influence the evacuation and emergency 
responses of Zone 3. 
 
The adoption of GIS and remote sensing helps 
the delineation of flood zones to support flood 
management planning. Doch et al. [45] observed 
that there are numerous government agencies 
(and NGOs) in Cambodia that deal with flood 
management, but several issues limit the 
effectiveness of this management. First, there 
appears to be an overlap of mandates in a 
number of cases, with no clear coordination of 
planning or on-the-ground efforts. Resources to 
support water management planning efforts are 
limited and agencies often see each other 
competing for these limited funds, which also 
hampers coordination. These challenges are not 
uncommon in Cambodia’s water resource sector 
[46]. Finally, Doch et al. [45] noted that the 
Ministry of Water Resources and Meteorology 

(MOWRAM) have responsibility for pre-flood 
intervention measures, including early warning 
systems, while the National Committee for 
Disaster Management (NCDM), an inter-
ministerial, multi-level group has responsibility to 
reduce disaster risk from floods that includes 
early warning, evacuation, and recovery plans. 
Despite these mandates, Doch et al. [45] 
concluded that the provincial departments of 
MOWRAM had no reliable tools to study and 
predict a flood event. The approach outlined in 
this study can provide a simple, easily 
understood, and quickly applied flood inundation 
tool to warn communities on the lake up to one 
week in advance. GIS also has the potential for 
other applications in flood management. For 
example, Dewan [44] used GIS to evaluate the 
effectiveness of the flood mitigation approaches 
like the construction of embankments in India, 
while Tran et al. [47] applied GIS to assist with 
the development of emergency evacuation plans. 
Doch et al. [45] used GIS and mapping at 
watershed, commune, and household scales to 
assess the vulnerability of agricultural 
communities to flooding in the Sangke River 
watershed, a tributary to the northwest end of the 
lake that is adjacent to Siem Reap Province and 
flows through the city of Battambang. As a result, 
the simulation of inundation of the Tonle Sap 
Lake through the measurement of water level at 
Prek Kdam can be further adopted in two main 
areas: (a) regional and urban planning, and (b) 
flood disaster management, and helps mitigation 
of negative impacts under extreme floods in the 
Tonle Sap Lake. 
 
3.1 Regional and Urban Planning 
 
Much of the floodplain area around the lake is 
rural land use but there are numerous villages 
that line the national roads, rural roads, and 
major tributaries in this area (Fig. 8.). Traditional 
rural Cambodian houses generally are built on 
stilts, in part as a form of adaptation to frequent 
flooding conditions (Fig. 9.). However, as 
observed during the 2011 flood, often groups of 
houses were isolated in pockets of higher ground, 
requiring inhabitants to be evacuated by boat. 
Early warning can increase evacuation times and 
movement of valuable assets to higher ground, 
or provides time for sand bag and temporary dike 
construction. However, early warning will not 
provide protection to crop loss. As an alternative, 
community preparation, to the household level, 
needs to be considered. Doch et al. [45] in their 
household survey for the Sangke River 
watershed noted that adaptive capacity to floods 
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depended on food security and income, but often 
depended on access to credit, external aid, and 
sale of household assets. They reported that 
agricultural innovation and structural adaptation 
measures were relatively scarce and that there 
was a need for improved dialog between 
government agencies (national and provincial), 
NGOs, and local communities. 
 
The principal urban areas in the Tonle Sap 
floodplain that were impacted by the 2011 flood 

include Kampong Channang, Kampong Thom, 
Siem Reap, and Battambong. Although 
Molyvann [48] noted that Cambodian cities have 
a long history of water management using 
combinations of dikes, wetlands, and “prek and 
bong” (prek is a canal cut through river bank 
levees to allow silt-rich flood waters to enter 
agricultural lands behind the levee and to fill 
bongs, or ponds, also in the agricultural area), 
such systems were not capable of holding back 
the 2011 flood waters. Similarly, national and 

 

 
 

Fig. 6. Relationship between the flooded area in the Tonle Sap and the water level at Prek 
Kdam 

 

 
 

Fig. 7. (a) The flooded regions under various water levels at Prek Kdam and (b) 4 flood zones 
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Fig. 8. Villages (and the provincial capital of Kampong Thom to the north) stretch along 
elevated areas bordering National Road 5 and the Sen River 

 

 
 

Fig. 9. Traditional rural Cambodian house constructed on stilts, Kampong Thom region 
 
local roads were extensively damaged during this 
flood. Even in developed countries using state-
of-the-art water engineering technologies, 
damage due to extreme weather conditions 
occurs [49]. For instance, Hurricane Katrina hit 
New Orleans in 2005 and more than half of the 
levees were destroyed, resulting in many people 
losing their lives and homes [50]. However, given 
the lead time of up to a week, it may be cost-
effective to implement temporary flood control 
measures (e.g. regular sand bagging and “big 
bag techniques) in urban areas with great 
structural and commodity assets as was done 
with some level of success for downtown 
Bangkok during the same 2011 flood [51]. 
 

3.2 Flood Disaster Management 
 
Due to the regular frequency of flooding in the 
Tonle Sap Lake, prediction constitutes one of the 
crucial disaster management strategies because 
it helps ample evacuation time to reduce 
damages to property, livestock and human lives 

[52]. The integration of the flood zone map and 
the regression model of water level dynamics at 
Prek Kdam provide a simple yet intuitive disaster 
management tool. First, the spatial extent of 
flooded areas can be used to identify the risks 
and vulnerability. Second, real time water levels 
data at Prek Kdam can be immediately used to 
predict the spatial extent of flooding at the lake. If 
there is a drastic change of water level at Prek 
Kdam, in terms of the lag time, flood risk areas 
with a proper size of the buffer zone will be 
highlighted, so the government (provincial 
MOWRAM offices and NCDM) can indicate the 
possibility of an extreme flood in the Tonle Sap 
Lake several day earlier and warn people living 
in the flood risk areas to take proper actions. 
Residents living within the flood risk areas would 
be provided sufficient time to take the necessary 
precautions. The development of the buffer zone 
is to alert residents who are not in the flood risk 
areas but might be affected. These warnings 
would be especially helpful for residents at Zone 
2 and 4. In 2011, for instance, 54,414 
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households in Kampong Khleang and Kampong 
Thom (Zone 2) were affected [24]. If the local 
authorities can prepare by putting in place 
emergency evacuation plans and relocating 
people before the arrival of floods, damage and 
lose of life will be reduced.  
 
The government also needs to be aware of the 
efficiency of evacuation. If water level at Prek 
Kdam is higher than 10 meters, it is likely that 
main roads in Zone 2 and 4 and around the 
Tonle Sap Lake will be inundated, which will 
increase the difficulty of land-based evacuation 
of residents in Zone 3. The government should 
prioritize these areas when providing updated 
and real-time information on water levels and 
assistance available for swift evacuation. 
 
4. CONCLUSION 
 
This research develops a flood warning tool for 
the government and the public to intuitively 
evaluate the potential flooding areas in the Tonle 
Sap Lake during monsoon seasons. Unlike 
sophisticated approaches using hydrological 
modeling or geo-spatial analyses for flooding 
simulation, this research integrates GIS, remote 
sensing, and statistical analysis to generate a 
linear regression model of water level and 
establish visualization of inundated regions in the 
Tonle Sap Lake. Through spatial representation 
and changes of water level, this research reveals 
a simple yet feasible approach to predict the 
spatial extent of flooding in the Tonle Sap Lake. 
This approach can be further adopted into urban 
planning and flood disaster management.  The 
government will then be able to focus on specific 
flood prone areas when issuing warnings or 
evacuating residents.  
 
This study was meant as an exploratory 
assessment to combine freely available satellite 
imagery with simple statistical analysis of water 
levels from the MRC gauge station at Prek Kdam 
to predict inundation areas around the Tonle Sap. 
While this approach is promising, additional 
years of data should be analyzed to strengthen 
forecast certainty. High-resolution remote 
sensing images such as Quickbird or IKONOS 
could be adopted to better delineate the exact 
locations of the villages and flooded areas. Field-
truthing, that includes village surveys to confirm 
inundation areas for given years, also should be 
conducted. Finally, the analytical approach can 
be further extended as a dynamic model to 
evaluate real-time flooding areas via the changes 
of water level data. In addition, although 

precipitation does not significantly contribute to 
the source of the lake’s water, it certainly plays a 
role in the fluctuation of water level. The 
numerical data of precipitation and rainfall 
patterns will be considered in this model. To 
implement the dynamic model and simulate the 
expansion of inundated regions, Cellular 
automata (CA) can be introduced as a key part of 
the methodological framework. The rationale of 
CA is to develop rules based on statistical 
analyses and reveal how various driving factors 
play different roles in land-use changes [53]. The 
CA-based modeling will be able to link the linear 
regression of water level data and simulate 
different scenarios. The scenarios can further 
help the government better prepare for flood risk 
management and develop a sustainable 
environment. 
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