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Abstract. Tonle Sap Lake (TSL) in Cambodia is the largest shallow lake in Southeast Asia. Influenced by 

flood pulse system of the Mekong River, TSL provides diverse benefits including ecosystem services, 

ecological functioning, and flood water storage in the floodplains. However, extreme events (e.g., flooding) 

due to rising water level caused by dam break and/or heavy rainfall in the Mekong River Basin could threaten 

the ecosystems of the lake, community health and economic growth in the region. Flood mapping under such 

extreme event could be informative in the flood risk and emergency management. In this study, we aim to 

develop a flood risk boundary map in TSL using an existing 2D hydrodynamic model (Caesar-Lisflood, CL) 

with rising water levels estimated by Gumbel distribution. As a result, the extreme water level of 1% chance 

(or 100-year flood return period) exceeding the annual maximum water level at Prek Kdam station was 

approximately 11.38 m resulting in the largest inundation area of 15193 km2. Overall, the employed method 

and flood risk mapping are useful for the decision makers to manage flood risks and emergency in the lake. 

This is to anticipate the consequences of a possible rising water level by an extreme event. 

1 Introduction 

Quantifying the risk of flooding is the central challenges 

for planning regulation, insurability standards and pricing, 

and disaster management. Flood frequency analysis is a 

one of the quantitative assessment methods for the flood 

risk management by quantifying the magnitude of flood 

water levels in terms of nominal return-periods, like the 1 

in 100-year flood. This information is essential for the 

“design floods” in the planning regulation, and other flood 

risk management policy making [1]. However, the 

method reflects the flood information only at any gauge 

stations having a long-term historical data (e.g., 

discharge, water level), but the spatial information on 

flooding cannot be produced. For instance, the flood water 

level for 100-year return period can be estimated but its 

flood extent area cannot be produced. Unless additional 

analysis is applied, such as overlying the flood water level 

over the topography map of the investigating area, the 

area under flood water level (flood water level > 

topography) can be quantified. This simple application 

does not represent physical processes of flood or 

hydraulic meaning (e.g., movement of flood water level, 

flood duration, time-lag) and could overestimate the flood 

extent area when the investigating area is large. The 

application of hydrodynamic model can overcome above 

limits in term of spatial scale and physical meaning under 

any extreme flood events. Therefore, this study attempted 

to develop a flood risk map using flood frequency analysis 

and hydrodynamic model in a large shallow lake located 

in Southeast Asia as a case study.   

Located in Southeast Asia, Tonle Sap Lake (TSL) is 

the largest shallow lake surrounded by an extensive 

floodplain (Fig. 1). TSL is linked to the Mekong River 

(MR) via the Tonle Sap River. Water surface area and 

water depth of TSL fluctuate vastly between the dry and 

wet seasons as result of the flood pulse system of the MR. 

The lake area has abundant resources such as forests, 

fisheries, wetlands, agricultural land, and others. TSL is 

also a crucially important source of livelihood in 

Cambodia. More than one million people are living in the 

surrounding area and wetlands of TSL and highly rely on 

agriculture and fisheries. However, the impact of climate 

change and anthropogenic activities (e.g., water-related 

infrastructure development, hydropower dams) in the MR 

basin could impose a significant change in flow regime 

and water level at its downstream as well as TSL [2]. For 

example, extreme flood and drought in MR basin is 

reported to frequently occur as a result of the interdecadal 

change in the precipitation and water discharge which has 

a strong link to El Niño–Southern Oscillation (ENSO) [3]. 

Moreover, the accident of hydropower dam break could 

threaten infrastructure, ecosystems of the lake, 

community health and economic growth in the region. 

Therefore, this study evaluates and develops a flood risk 

map due to rising water level possibly caused by dam 
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break and/or heavy rainfall in the MR basin. This study is 

a part of the scenario analysis under the water 

environmental analytical tool (WEAT) in the Science and 

Technology Research Partnership for Sustainable 

Development (SATREPS) project entitled 

“Establishment of Environmental Conservation Platform 

of Tonle Sap Lake supported by Japan International 

Cooperation Agency (JICA) and Japan Science and 

Technology Agency (JST). 

2 Materials and Methods  

The study composed of two main components including 

flood frequency analysis (e.g., Gumbel distribution) and 

application of 2D hydrodynamic model (Caesar-Lisflood, 

CL). The former component describes the flood frequency 

analysis at Prek Kdam station in order to estimate extreme 

flood water levels based on the historical recorded dataset. 

The estimated flood water levels were then used in CL as 

the input to simulate the inundation areas under extreme 

events.  

 

Fig. 1. Study area and computational domain of the integrated 

models 

2.1. Study area  

The unique characteristics of TSL are large, shallow, and 

reversal flow. In the dry season, TSL covers about 120 km 

of length, 35 km of width, 2 m of average water depth with 

an approximately 2500 km2 of water surface area. The 

water in TSL originates mainly from two sources, the 

surrounding tributaries and the MR (Fig. 1). For instance, 

11 main tributaries flow into TSL directly (Fig. 1). In 

addition, the MR provides a significant amount of water 

volume to TSL during the wet season through reversal 

flow or flood pulse creating a unique hydrological 

environment. Thus, TSL plays an important role in water 

storage and exchange between the two systems. Unlike 

other shallow lakes around the world, water surface area 

and water depth of TSL increase greatly during the 

storage period (e.g., wet season) and cover about 250 km 

of length, 100 km of width, 10 m of average water depth 

with a surface area of about 17,500 km2 (Fig. 1). The 

inflow of water discharge into the lake ranged: 104–7032 

m3/s, while the outflow of water from the lake ranged: 

380–8176 m3/s. Moreover, in the lake area, the weather is 

characterized by the monsoon. During the wet season 

(May–Oct), the direction of winds is predominantly from 

the southwest and from the northeast during the dry 

season (Nov–Apr). Wind speed is about 2–3 m/s on 

average, which is typically low, except during short 

storms. The annual mean rainfall ranges from 1300 mm 

in the south to 1500 mm in the northern part of the lake 

area. Water temperature of the lake ranges between 28 and 

33 °C [4]. 

2.2. Flood frequency analysis 

Long-term daily water level at Prek Kdam station from 

1960 to 2013 was provided by Mekong River 

Commission. The annual maximum water level was then 

extracted from the long-term daily water level to perform 

flood frequency analysis, in total 53 annual maximum 

water levels were extracted (Fig. 2).  

 

Fig. 2. Annual maximum water level at Prek Kdam station.  
   

In the present case, we decided to use annual 

maximum water level data fitting with a Gumbel 
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distribution which seems to be a common choice for the 

extreme value flood frequency analysis [5-7]. Generally, 

the application of Gumbel distribution is used to fit the 

probability distribution of the maximum value from a 

number of samples. From the probability distribution, it 

allows to us to estimate any extreme values at very low 

probability of occurrence. For instance, we can estimate a 

maximum water level or water discharge in a river at 1% 

chance or even lower from the fitted probability 

distribution or graph [5]. The Gumbel probability 

distribution is expressed as: 

                   𝐹(𝑥) = exp[− exp(−𝑦)] = 𝑒−𝑒−𝑦
  (1) 

where 𝐹(𝑥)  is the probability distribution function of 

random variable x and y is a reduced variable 

 

The probability of exceedance of the excluded events 

related to return period (T) is presented by: 

                       
 
𝐹1(𝑥) = 1 − 𝐹(𝑥) =  

1

𝑇
  (2) 

The combination of Equations (1) and (2) gives Equation 

(3) in the following form: 

                             
 

1

𝑇
 = 1 − 𝑒−𝑒−𝑦

  (3) 

The reduced variable (y) may be derived from the 

Equation (3) as below: 

                           𝑦 =  − ln {ln [
𝑇

(𝑇−1)
]}  (4) 

Equation (5) is used to estimate the statistical variate (y) 

as below: 

                          𝑦 =  𝑦𝑛̅̅ ̅ + 𝐾 × 𝜎𝑛  (5) 

where 𝑦𝑛̅̅ ̅  = Gumbel ’ s reduced mean variable, 𝜎𝑛  = 

standard deviation of the sample size and K is frequency 

factor and can be expressed as in Equation (6) below:  

                     𝐾 =
𝑦−𝑦𝑛̅̅ ̅̅

𝜎𝑛
=

− ln{ln[
𝑇

(𝑇−1)
]}−𝑦𝑛̅̅ ̅̅

𝜎𝑛
  (6) 

2.3 Hydrodynamic model 

In this study, an existing 2D hydrodynamic model, Caesar 

Lisflood (CL), is applied and simulate and inundation area 

in TSL and its floodplain by integrating in the input from 

the tributaries and also from the MR. Daily discharge 

from the tributaries were simulated using 

geomorphology-based hydrological model [8-9], 

resulting in 18 input points (Fig. 1). Water levels at Prek 

Kdam station were input as boundary condition from the 

MR (Fig. 1). The CL model has been calibrated and 

validated during the period of 2003-2013, having a good 

agreement between observed and simulated water level in 

the lake. Further details about the CL model and model 

setting can found in the previous study [9].  

 The magnitude of maximum water levels 

corresponding to the probability of 1% chance is termed 

100-year flood return period. In other word, the return 

period of 100-year flood is T = 100. Therefore, the 

probability of a flood exceeding or equalling to magnitude 

of maximum water levels in any given one year period is 

1/T or 0.01 or 1% chance. Similarly, other return periods 

and exceeding probability are defined the same manner.    

To understand the effect of the rising water level at 

Prek Kdam station, the extrapolated extreme water levels 

in section 2.2 were then used as a boundary condition in 

CL model to simulate the inundation areas of TSL while 

other parameters and boundary conditions were kept the 

same for both normal and rising water level conditions.  

The inundation area of the normal flood year in 1999 

in TSL was considered as a normal condition and used to 

compare with the rising water level conditions. The 

conditions consisted of 10 different scenarios having 

maximum water levels exceeding 1%, 1.1%, 1.25%, 

1.4%, 1.7%, 2%, 5%, 10%, 20%, and 40% corresponding 

to 100, 90, 80, 70, 60, 50, 20, 10, 5 and 2.5-year return 

period, respectively. Finally, a flood risk map was 

produced based on those inundation areas. 

3 Results and discussion 

3.1. Extreme value of water level estimation  

The maximum annual water levels at Prek Kdam station 

were statistically analysed and fitted for a period of 53-

years (1960-2013) (Fig. 3). The mean instantaneous water 

level is 8.85 m with a coefficient of variability (CV) of 

10.40 % (less variability) (Fig. 2). The estimated water 

levels for the different return periods were tabulated in 

Table 1. The estimated extreme water level for the 100-

year return period was 11.38 m with 1% possible chance 

occurring in any given year or in other words, there could 

be 99% chance that the rising water level is less than 11.38 

m. 

 

 

Fig. 3. Annual maximum water level at different return period 

at Prek Kdam station  
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Table 1.  Result of flood frequency analysis 

Return period 

(T) [year] 

Exceedance 

Probability (1/T) [%] 

Maximum water 

level [m] 

100 1 11.38 

90 1.1 11.32 

80 1.25 11.24 

70 1.4 11.16 

60 1.7 11.06 

50 2 10.95 

20 5 10.36 

10 10 9.91 

5 20 9.44 

2.5 40 8.92 

 

3.2. Flood risk boundary map 

The hydrodynamic simulation results under different 

rising water level scenarios are showed in Figure 4. The 

simulated inundation area accounted for 15193 km2, 

15155km2, 15115 km2, 15066 km2, 15018 km2, 14928 

km2, 14674 km2, 14444 km2, 14117 km2, and 13613 km2 

for the return periods of 100, 90, 80, 70, 60, 50, 20, 10, 5, 

and 2.5-year, respectively. Compared to the inundation 

area (13510 km2) of normal flood year (1999) in TSL, the 

inundation areas increased by 12.5%, 12.2%, 11.9%, 

11.5%, 11.2%, 10.5%, 8.6%, 6.9%, 4.5%, and 0.8%, 

respectively. The boundary edge of all flood maps is in 

the water depth of less than 2 m (Fig. 4).  

 

Fig. 4. Flood risk map in Tonle Sap Lake  

 

The implication of the results is that the inundation 

area could increase by 12.2% once in 100 chance of 

occurring in any given year and the increased area can be 

seen in between red and blue line in Figure 4. The results 

serve as an example of application of flood frequency 

analysis and hydrodynamic model in an integrated 

manner to explain an extreme event of flooding in a 

spatial and physical meaning way. This method is also 

capable of assessing the impact of some scenarios on 

inundation areas. For instance, in this study, the maximum 

water levels for each simulation were set to prolong for 5 

days during flooding period to quantify the extended 

inundation areas. Similarly, the duration of flooding can 

be set for any number of days according to the purposes 

and scenarios being accessed. 

4 Conclusion 

This study investigated inundation areas in TSL under the 

extreme event scenarios based on flood frequency 

analysis and hydrodynamic model application. A flood 

risk map boundary was produced under those scenarios. 

The method used and flood risk mapping are useful for 

the decision makers to manage flood risks and emergency 

in the lake. This is to anticipate the consequences of a 

possible rising water level by an extreme event. 

This research was funded by the JST-JICA’s Science and 

Technology Research Partnership for Sustainable Development 

(SATREPS), Grant No: JPMJSA1503. 
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