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Abstract 
 
In 2010 Bridges Across Borders Cambodia concluded that the Chamcar Bei irrigation scheme, southern 
Cambodia, is not functioning as it is supposed to. From February to April 2012 a hydrological study 
has been conducted, in order to formulate a framework in which further development of the irrigation 
system can be planned. Performing a quantitative and qualitative assessment of local hydrology has 
been the main goal of this study. In order to arrive at this, various elements of the Chamcar Bei 
catchment have been investigated. The catchment of study is a typical ungauged basin, meaning little 
to none (hydrological) measurements have been done. Therefore this study has used various 
alternative (and sometimes experimental) methods to generate the required data to make a 
hydrological assessment of the region. 
Since no accurate and recent maps of the area exist, mapping the area has been one point of 
attention. First of all, local topography has been studied. This showed that Chamcar Bei consists of 
three sub-catchments, which has functioned as the system boundary.  Furthermore, an up to date 
inventory of the current irrigation system has been made. This showed that half of the gates are not 
functioning properly (e.g. broken, excessive erosion) and of most canals the end sections are shallow 
or overgrown by vegetation. For the total system an scheme irrigation efficiency of 45% was 
calculated. Given the crop calendar in Chamcar Bei a typical irrigation water requirement of 15 000 
m3/year was found. 
 To estimate several meteorological variables, different approaches have successfully been used. 
Precipitation was estimated with Kriging, using monthly data from 14 gauging stations, and TRMM, 
calibrated using monthly data from 2 gauging stations. Reference evaporation was estimated using 
Penman-Monteith using monthly minimum and maximum temperature from a nearby gauging station. 
Transpiration has been approximated using MODIS satellite imagery. Interception and soil evaporation 
were derived with a threshold method from daily TRMM precipitation. 
To estimate the potential for expansion of the irrigation system, two water balance models have been 
used. In one model, a historical water balance has been made. Assuming that on yearly scale the 
storage change in the soil is negligible, total annual catchment outflow has been determined for three 
hydrological years (April 2007 – March 2010). It was concluded that the Chamcar Bei catchment has a 
precipitation surplus, from which the total water availability for irrigation is equivalent to 67 typical 
hectares. The other approach a Rainfall-Runoff-Reservoir (Triple R) model was used to predict 
catchment runoff on monthly basis. This was used as input for a dynamic model of the irrigation 
system reservoir, with which several possible scenarios were evaluated. It was showed that at the 
current state, a maximum of 60 hectares can be irrigated. Enlarging the reservoir volume or applying 
more efficient irrigation techniques, this area can be increased to 100 hectares. 
Existing plans to build a new reservoir were evaluated as well. This showed that a new reservoir north 
of Chamcar Bei could provide at least 9 hectares with irrigation water. However, this number contains 
a high relative error, and more research should be performed to decrease the latter. 
Nevertheless it is advised to focus on improving the current irrigation system. By improving 
conveyance efficiency (e.g. lining canals, anti-erosion measures) or applying different irrigation 
techniques (e.g. dig furrows, different crops), a high quantity of water can be saved and applied on 
other lands. 
On several location throughout the catchment water quality test have been performed. Although 
insufficient parameters were measured to allow a definitive judgment on water quality, several 
conclusions can be drawn. Salinity tend to be no problem in Chamcar Bei. Iron, manganese, E.coli 
exceeds drinking water quality but no arsenic was found. More research on sodium, calcium, 
magnesium and potassium should be done to determine quality for irrigation purposes. Turbidity 
exceeds drinking water guidelines at all measured locations and might causes degradation of aquatic 
life on the long term. 
All results presented in this hydrological framework are considered to be of correct order of magnitude 
on a longer time scale (i.e. monthly and yearly). On a monthly scale it has been observed that various 
modeling results and assumptions corresponded with observed values from gauging stations. In both 
the historical water balance and the Triple R, several catchment characteristics were mimicked as 
observed in the field. Nevertheless the exact accuracy cannot be expressed. Predictions in ungauged 
basins remain an (highly) educated guess and only field measurements can verify the correctness of 
the proposed hypotheses. 
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េសចក�សីេង�ប 
 

េនក�ុងក ា ២០១០ ស �នឆុងកត ា់រព�ដ�ម (Bridges Across Border Cambodia) ប�ន�ក� ដិ �� 

គេតរុេងស�ងន់�ាងច កំ  (ChamcarBei) រពលន��កេនគាុកងុ្�តំេននដ�មដ��រ�ពាេនម ចពង�

រពលប�ន�ក� ដិ �េនេេនះ ច ំ ក់រែ�ដម�ចរងកពលរែេដស ងក ា ២០១២ ងចន�ករសកផ�សធនរដសតក�ម

ប�េេធមេេមុេពមដកំេុេមកមតំែរនប ដសរពលក�ុេនេងចនា�មរតំ រ់�្ផ�សធនរំ រ��ដ���ុតក�មេតអុ

េេធមេេមុះ ងចន�ក្ក្ដឆរំំគ�ន់ ��ុំច �រនេេេលមផ�សធនរក�ុដងល ដិ �ប�ងឆ េេម

េិលេេនកងលដស្�ងចន�កេ�េះ  េពមដកី �នពលេអលេេេ�េ នរនផក�េសេុ្អក ្�ុសន 

ន��ាងច កំេ�េតក�មប�េេធមងច �់��កននដិ�ះ ុសន ន�រពលន�កេ�េ គឺមុនរ�ន�េដធមក�រពល

ដ���េេធមងច្នរមុប� េិសចងច្នរមុរសក (ផ�សធនរ) ដ��តក�មប�ន��មកវេេមះ េរក�ពងេ�កេ

េរម ងចន�កេ�េប�េត មំតបនម �េកសធនវេសេុ  (��ុជង�ងលេត មំតបនម �េកសធនរេេធម �់េសេ�ិផ�

សធនរ) េពមដកំេុេមកន��ក�ររពលតក�មងចនតរ ំេេធមងច្ក្ដឆរសកផ�សធនរចំនកាំ�េ�េះ    

 

េិសចរកដ��រ�រស�នកមជ  ��ុថធក្្�កាំ�េ�េ ងចេេធមរស�នកកាំ�េ�េប�ងឆ េេម�ាន� �

ដសរពលតក�ម��កវន�ិះ មពា ងំុ ឋ�េលាដងល ដិ �តក�មប�េេធមងចន�កះ  ងចន�កេ�េប�

ំង �� �ាងច កំេ�េរ�ុសន ន�កង�្�ា�ស� ៣ រពលប�ំេតដមមត ា់រព�ចំនតំ រ់�្ះ មុេ�េេេ

េនៀក ចរងកដពលេ់លេ�េ ំ�� កសចេ ម់ានប ្�តំ រ់�្ផ�សធនរំ ���ំ�កតក�មប�ំេុេមកេេមុះ  ងចន�ក

េ�េំង �� �ា�ស�ពករ ល្�ៃធ ចន�ដ��ៃ�រ�ពាេនម ចងចងនរលេនេេមេន  (ឧ. ែង� រងចេតចេ

ាឆ ាុេ់) េរមេន��ុតំរន�គេត�ម�រ�ន់�  ឬ រ�ច�កមក�ព�េេត�ម�េលមនល ំះ នតរ ំ

តំ រ់�្ៃាុដងល ៤៥% ្�តំន�ន្សលចំនគេតរុផ�សធនរតក�មប�េេធមងចគននះ  ៃនុ��ុតំក�ន��

ពាកាេនក�ុកាំ��ាងច កំ កតដ�មងចន�នតរ ំេងស�ងន់មដេនដតក�មប�ចេតម��រ��ា�ស�  ១៥

០០០ដ៣/ងក ាះ  

 

េពមដក្ក្ដឆេលមនេថចឧក���ដ ម �េកសធនរេសេុ្តក�មប�ដេត មំតបនេិេមគជរះ  តដ�កន�

េាឆ�ុតក�មប�្ក្ដឆមដស��ុ Kriging េិេត មំតបនន��ក�រតំចារែរពលននសលប� ក់ស� �កិ្ន    

ន�េាឆ�ុ�ា�ស� ១៤ ��ុ TRMM េិេត មំតបនន��ក�រតំចារែរពលននសលប� ក់ស� �កិ្នន�េាឆ�ុ

�ា�ស� ២ះ ច ារសកេអលតក�មប�្ក្ដឆេិេត មំតបន  Penman-Monteith ��ុនកក�ន ់នក�ំចរ ��ុ

នំំចរតំចារែរពលននសលប� ក់ស� �កិ្នរមុដសេនជ�កេនេះ  ច�កំ ាតក�មប�បា�តំរន

េិេត មំតបនចងំ ់ េូ ចនំ  MODISះ ងចសន ន� ��ុច ារសកចំនពកប�ដនដច�ម �េកសធនរ

ានកដសរពលននសលប� ក់តដ�កន�េាឆ�ុ TRMM ះ    

 

េពមដកបា�តំរន ក់នងរ ��់លនតរ ំ់ត កុតំ រ់�េ្ងស�ងន់េ�េ  គាចងក�លន់ន��ា�ស� ក់ចតក�មប�េត មំ

តបនះ េនក�ុគាចងដស ក�លន់ន�មតំមកវ�សធនរតក�មប�ំេុេមកេេមុះ  រ�ងចន�ក� ដិ �� រស�េលម

រតក ដិ �តំចាងក ា ំរតដំតដរល្�ងចនរ�កន�េនក�ុពក  គឺដ��រ�នធកគសចនកនរស លេនេេន េិលារងច
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ន�េ�� ក់ុសន ន�នច�ំ តំចាងក ាតក�មប�ានកនតរ ំច�េ់ល  ៣ងក ាផ�សធនរ (រែេដស ងក ា 

២០០៧ ពល រែដកន ងក ា២០១០)ះ រ�ងចន�ក� ដិ �� ុសន ន��ាងច កំននសលប�ដត�កន�េាឆ�ុ

ំរ��ដ រពលនដច�េ�េ លន្់ចប�ន�នច�ំ នតរ ំេងស�ងន់  គឺេនធម��ុ ៦៧រ�នមដេនដះ 

នតរ ំម �េកសធនរេសេុេនៀក គាចងុំេុ�ចន�េាឆ�ុ (Rainfall-Runoff-Reservoir) (R កំ) តក�មប�េត មំតបន

េពមដក់ពចនិ ក់លារងចន�េ�� ក់ុសន ន�មតំចាងក ាះ  គាចងេ�េតក�មប�េត មំតបនមផក��ងលដស

នតរ ំគាចងកកដ��្�ុតំ រ់�េ្ងស�ងន់  េិក�ុេនេន�ពដ់រពល�មងចប�ដស�ា�ស�

តក�មប�្ក្ដឆះ រ�ងចំង �នព�ុ� នតរ ំស� �់ំ���ំ�កេ�េ ្សនពកេត�ម� ាំស�កចរងកពល 

៦០រ�ន�រ�ន�េងស�ងន់តគ ំតអ�ះ  នដច�េេធមងច់ត កុុេ�េ  ឬ ងចេត មំតបនំេ��េនន

េងស�ងន់ង�រករ�តំន�ន្សល កាំ�េ�េគឺ�េេធមងចំេុេម�ចរងកពល ១០០រ�នះ   

 

រស�ងចរពលរ�ងស ំនតរ ំសុុនរ�ន�ថធកទតក�មប�េេធមងច្ក្ដឆសុរពចះ  �ាន� �េ�េប�

ំង �� ុនរ�ន�ថធករពលន��កេនាុេជមុ�ាងច កំ�សរលន�េងស�ងន់ប�ចាុក��ទ  ៩រ�ន

រពចះ ទ ាំ�រ�វ �ា�ស�េ�េេនរ�ំន តដ�កែនេនេេម  េរក�េ�េេរមងចងសមតមមំរ��ដគសចន��មកវេពមដក

ងកំ��ំន េនេ់លេតងេនៀកះ   

 

េៃេ កំមចាុកទេិ រ�ងចរននាន��កវន�ិេេេលមងចរលដ�តំ រ់�្េងស�ងន់ំ���ំ�ក

េ�េះ នដច�េេធមងចរលដ�តំន�នស្លំរុធចន�នេេន�  (ឧ. ជកតំរន�កង�្ ាិពាកាេសេុ្អក ) 

ន�រពលរ�គ�ន់ែន���ុន�េាប�េត�ម�នតរ ំេងស�ងន់េេេលមពកេសេុេនៀកះ   

 

េននដនកនាុមេត�ម�េនក�ុុសន ន�ៃាុដងល  ងចេេធមេកនវគ�ន់ន�តក�មប�ន��មកវះ េៃេ កំម

ដ��ប�េេធមងច្នរមុនប�េ់�េល�េពមដកានកន�ណន ក់គ�ន់ន�ទេិ  ងចន�ក� ដិ �ដស

�ា�ស� គឺ�េេធមេេប�ះ មក�្តំ គឺអធ �ំន េនេេនេន�ាងច កំះ មក�រព ដា ុងរនន ��ុបេកច ករ�

ំច �រនេត�ម�េលមន ក់ន�ស� កនតរ ំននសលៃ�  ទ ាំ�រ�រដ��រ�មក�េន��េនេេនះ ងចងសមតមម

ំរ��ដេេេលមមក�នងពនងដ ងលននងដ រា េ�ាននងដ ��ុ ាំងនននងដ គឺតក�មេេធមេពមដកានក ក់គ�ន់ន�

នតរ ំេអល ាំនុេេធមងចេងស�ងន់ះ  មក�ល�រ�តដ�កែនមុនធករពលប�រននាៃនុ��ុ

ន�ស� កនតរ ំននសលៃ�េននដតគ ំនកនាុរពលប�្នននុ   ��ុ�ំុេនបកំ ុនកធន�នតរ ំ

ច�េ់លរមុះ   

 

លន្សលៃាុននរពលំង �េនក�ុគេតរុផ�សធនរេ�េ  តក�មប�ចកន��តក�ដតក�មេេនដលាិ ំ

លាេិ្�នារានតរ ំរតក ដិ �ច�េ់លង�រកងច  (ឧ. តំចារែ ��ុតំចាងក ា)ះ នតរ ំរតក ដិ �តំចា

រែ រ�ងចនេុេកេតម�� លនស្លគាចង ��ុងចន�ក� ដិ �េសេុ្អក រ�នាននា�ុមដស��ុក្ដឆរពល

ននសលប� ក់ស� ��កិ្នរមុននះ ៃាុេនក�ុក�លន់ន�មតំមកវ�សធនរ ��ុ R កំ លកន�ចំន

ុសន ន�ដស�ា�ស�រ�លកន�ងនេពៀុអក េ មំេចុេេេលមងចនេុេកេននកនាុមរនវុ ះ  ទ ាំ�រ�វ 

់តក�ដតក�ម �់កតបព គឺដ���ំង �ប�េេមះ ងច់ពចនិេេេលមុរពលដ���្នរមុប�  

viii

Hydrology in Chamcar Bei



គឺៃដៃចនេេធមងចននេៃេត�ម�  ��ុរ�រកងច្នរមុពលនកនាុ នូ ល ាំ�េកប េេនមំ�ំន� ប� ក់

់តក�ដតក�មដ��លេដ��ុ្�នដក�ដធរពលប�េនកមេេមុះ       

 

ix

Khmer abstract



x 
 

  

Hydrology in Chamcar Bei



xi 
 

Preface 
 
Four master’s students on a hydrological adventure. Those are the words that we used to describe our 
activities in Cambodia. Reflecting on everything that we have done and achieved, we cannot think of a 
better description for our time spent in Cambodia. And indeed, what an adventure it was. From 
February 8th to April 3rd 2012, we have tested our knowledge of water management during a 
“Hydrological Assessment” of Chamcar Bei. Before we started this project, we had no idea what this 
actually meant. However, as prospective hydrologists these two words immediately grasped our 
attention. Via the Dutch branch of Engineers Without Borders, a project proposal written by Bridges 
Across Borders Cambodia ended up on a desk of Delft University of Technology. While orientating on 
a “Multidisciplinary MSc project” we came across this proposal, finding it utterly interesting. After the 
light turned green and a go was given, we have worked as hard as possible to make this project a 
success.  
 
Since this an preface, we would like to use this opportunity to thank everybody that helped us 
realizing this study. First of all, we are grateful to everybody from BABC that helped us during our stay 
in and around Chamcar Bei. Especially “ome” Rumnea, who coordinated our stay, has been of great 
help. During fieldwork in rural Cambodia, a language barrier is inevitable. Therefore we want to thank 
Mr. Yanna and Mr. Rattana for their translating skills in the field. Although complete 
miscommunication could not be prevented, at least we learned many Khmer and French hydrological 
vocabulary. Furthermore, we could like to show our gratitude to Mr. Siyan, Mr. Theary, Ms. Neara, Mr. 
Song and all others not named who assisted us. We have learned a lot, both about Cambodia and 
hydrology and we hope that this report is of any use for BABC.  
 
A special part of our gratitude goes to Ms. Pha. As her name might not indicate, she functioned as our 
Cambodian mom. Cooking the most delicious meals ever, she has been the engine of our research. 
Without the pancakes, morning glory tempura and heaps of shrimps, all of this would not have been 
possible. 
 
For this research we have been dependent on data provided by several parties. Without this, this 
study would have been even more difficult. Therefore we are grateful to the Ministry of Water 
Resources and Meteorology of Cambodia, Phnom Penh Royal University, Mr. Chan Vanne from the 
Department of Water Resources and Meteorology in Kampot and especially his colleague Mr. Meint in 
Kep. 
 
Back home we would like to thank Geertrui Seaux from Engineers Without Borders, without her help 
this project would never have reached to our attention. Samsam Water, for their help in starting up 
the project. From the TU we are glad to have Wim Luxemburg, Maurits Ertsen and Stefan Uhlenbrook 
supervising us. Their comments on our work throughout the project have been very useful. 
 
Last but not least we are very grateful to our financial partners. As poor students, a two month lasting 
project in the jungle can be quite a sacrifice. Fortunately several investors believed in the cause and 
were willing to support us. The following persons and companies have made this research possible: 
Matthijs Kok and Alet Nijhof from HKV Lijn in water, Jos Schouwenaars from Wetterskip Fryslân, 
Mariska van Gelderen from Deltares and Marielle Stolker from Iv Groep. We owe the obtained result to 
them. Besides help from the industry, we are thankful to the Fonds Internationale Stages from TU 
Delft and StuD scholarships we were granted. 
 
Last but not least, we hope that with this report we have provided the reader with an idea of a 
“Hydrological Assessment”. As authors, we ourselves are quite satisfied with the obtained results and 
at least for us, these magical two words have turned into a mountain of experience points that we 
shall keep in the many hydrological years to come. 
 
 
Phnom Penh, 5 April 2012 
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1. Introduction 
 
1.1. Background 
 
The Kingdom of Cambodia is located in Southeast Asia, bordering to Vietnam, Thailand, Lao People’s 
Democratic Republic and the Gulf of Thailand. Recovering from years of civil war, at the moment 
Cambodia experiences one of the best economic records in Asia, with an average annual economic 
growth of 8% in the last decade. (Worldbank, 2010) However, with a large part of the population 
being poorly educated and an overall lack of basic infrastructure, Cambodia is one of the least 
developed countries in Asia. 
 
Since 2003, the local NGO Bridges Across Borders Cambodia (BABC) is actively involved in fighting 
poverty and deprivation in Cambodia. In the time they have been active, BABC has been working in 
the fields of child protection, education and land and housing rights. In their own words, their goal is 
to “transform the national development model into one that respects, protects and progressively 
fulfills the human rights of the Cambodian people”. To achieve this, many programs are started up to 
improve the quality of life of many Cambodians, one of being the “Kep Project”. This project is one of 
the Community Development Programs, which are meant to motivate, organize and effectively 
support poor and marginalized communities to overcome their common problems and reach their full 
potential. With the Kep Project it is tried to achieve measurable and sustainable improvement in the 
quality of life of villagers in the Phnom Voar area, primarily focused on the largest village in the area, 
Chamcar Bei. 
 
In 2006 and 2010, BABC published two reports about the progress of the Kep Project in Chamcar Bei. 
In the Participatory and Learning Action Report (BABC, 2006), an assessment of the socio-economic 
situation and development in Chamcar Bei was made. The Hand in Hand 2010 Annual Report (BABC, 
2010) focused mainly on agricultural activities and food availability in Chamcar Bei. From these 
reports it was concluded that although 97% of the families living in Chamcar Bei is dependent on 
agriculture for their livelihood, only 25% of the farmers are able to grow crops during the whole year. 
In addition to that only 5% of the populations is able to grow food sufficient for the whole year.  
 
Chamcar Bei village is equipped with an irrigation system, which consists of several reservoirs spread 
over the area. Earth lined canals were dug to convey water to the farmlands. During the rainy season 
(April till October) the reservoir catches rainwater, which is used again in dry periods (i.e. during the 
dry season or dry spells in the rainy season). However, the current irrigation system does not cover 
the entire village, meaning that only a part of the population of Chamcar Bei is able to benefit from 
the irrigation system. Furthermore, due to insufficient maintenance several canals and water gates 
are in bad condition. The latter in combination with a changing climate (i.e. change in precipitation 
patterns) has led to an increase in water shortages among farmers in the past years. 
 
The aim of BABC is to eventually improve, expand and optimize the current irrigation system, in order 
to increase food security and decrease poverty in Chamcar Bei. To achieve this, an action plan is 
made in which the prime target is to map the local hydrology. During this preliminary study it should 
be investigated what the hydrological characteristics of the area are and whether it is feasible to 
improve the current irrigation system. Only after gained sufficient knowledge of the local hydrology, 
further steps will be taken, for which it is endeavored to end up in a new irrigation system. 
 
1.2. Scope of this research 
 
The conducted study presented in this report can be considered as the required hydrological 
assessment. A hydrological assessment can be interpreted in several ways. To make sure this study is 
applicable to irrigation in Chamcar Bei, the performed hydrological assessment will mainly try to focus 
on water availability. The main goal of this study is to conduct the necessary hydrological study to 
(re)develop an irrigation system in Chamcar Bei. To support this goal, several research questions are 
formulated. In the following sections these will be introduced and discussed. 
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What is the water availability (quantity and quality) for irrigation in Chamcar Bei? 
This first question can be considered as the main research question of this study. By answering this 
question it is ought to achieve the main goal of this study. When the quantity and quality of water 
throughout the year is known, it can be estimated whether (re)development of the irrigation system 
is feasible. 
 
What does the current irrigation system look like? 
To be able to answer the main research question, it is important to describe the current irrigation 
system. Not only has the system never been mapped properly, land and water use throughout the 
system is fairly unknown as well. With this question it is aimed to determine the layout of the system 
and make an inventory of the status of the system’s components. 
 
Which terms are most important in the local water balance? 
The quantity of water available for irrigation is dependent on the total water balance of the 
hydrological system. Therefore a water balance of the Chamcar Bei catchment will be set up. 
Presuming precipitation and evaporation will be governing terms in the water balance, it will be of 
most concern to approximate these terms as accurate as possible. Furthermore, a difficult task will be 
to obtain existing hydrological data and check whether it can be applied in Chamcar Bei. 
 
To which degree would ‘the new reservoir’ contribute to the total water availability?  
A preliminary idea to expand the current irrigation scheme in Chamcar Bei involves construction of a 
new reservoir in the hills north of the village. In addition to the current water availability the 
contribution of the catchment of the new reservoir will be estimated. 
 
What is the quality of the water available for irrigation?  
Besides water quantity, quality of water is part of this study as well. Once more is known about the 
hydrology and the irrigation system of Chamcar Bei, it will be investigated what the quality of the 
available water is. It might turn out that water is abundant, but due to a lack in quality, not suitable 
to use for irrigation. Therefore a water quality survey will be performed to give a first impression of 
the water quality in Chamcar Bei. With this final step it is aimed to present a complete analysis of the 
hydrology in Chamcar Bei. 
 
This study does not directly aim to give recommendations for a new irrigation system. It will aim to 
describe the local hydrology as thoroughly as possible given the time span in which this study is 
conducted. The results of this study should be used as foundation for answering the question 
whether or not the current irrigation system can be improved. 
 
To support this study, (hydrological) fieldwork was performed in Southern Cambodia from 9 February, 
2012 to 8 April, 2012, in order to find appropriate answers for all research questions. The fieldwork  
was executed by all four authors, as part of their MSc Water Management program at Delft University 
of Technology. The goal of this fieldwork was to collect existing hydrological data, perform 
hydrological measurements, map the area and describe the irrigation system. 
 
1.3. How to read this report 
 
This report presents the results of the hydrological assessment, by orders of BABC. After this 
introductory chapter, a description of the study area is given in chapter 2, which consist of a brief 
overview of Cambodia and a more detailed description of Chamcar Bei. In chapter 3 all used 
methods, theories and approaches for this study are discussed. The results are spread over several 
chapters. First chapter 4 presents the topography of the study area and some important features of 
it. In Chapter 5 the current irrigation system is discussed. Chapter 6 shows results of meteorological 
data that is found and estimated for the Chamcar Bei Catchment. Chapter 7 will elaborate on the 
water balance of the Chamcar Bei Catchment. Chapter 8 will give results from a different, more 
experimental approach of the water balance, namely the Rainfall-Runof-Reservoir model. Chapter 9 
presents the findings on water quality. Chapter 10 discusses the results and estimates its value. 
Finally, chapter 11 formulates an answer to the research question and present drawn conclusions and 
recommendations. 
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For the practical reader 
For the reader who is mainly interested in the practical results of the study a short overview with the 
main results of the research is given in the following paragraph. 
 
In chapter 4 on the Topography of the area, the first detailed scaled map of the area is provided in 
section 4.1; the total catchment and two sub-catchments of Chamcar Bei are presented in section 
4.2; the area has been classified for different land uses in section 4.3. Chapter 5 provides information 
about the current irrigation scheme of Chamcar Bei; a detailed map of the current irrigation scheme 
can be found in section 5.3 and the management and irrigation is described in section 5.4; section 
5.5 gives an overview of the crops which are commonly cultivated in Chamcar Bei and section 5.6 
describes the current irrigation practices. In chapter 7 results for water availability in Chamcar Bei are 
presented by means of the total outflow of the Chamcar Bei catchment and two sub-catchments. 
Chapter 9 gives a first impression of water quality of the irrigation water and groundwater. Finally in 
chapter 11 an answer is formulated to the research (sub-) question(s) as described in the previous 
section.  
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2. Study area 
 
In this chapter first Cambodia and then Chamcar Bei Village, the area of interest for this study, will be 
further introduced. Geography, history, demography and land use will subsequently be discussed for 
both Cambodia and Chamcar Bei. In addition the climate and hydrology will also be discussed for 
Cambodia and a schematization of the soil characteristics and land cover in Chamcar Bei will be given. 
 
2.1. Cambodia 
 
2.1.1. Geography 

 
Cambodia is located on the Indochina Peninsula and is bordered by Thailand in the East, Lao People’s 
Democratic Republic in the North, Vietnam in the West and the Gulf of Thailand in the South. It 
covers a total surface area of 181.035 km2.  Together with China, Myanmar, Lao PDR and Vietnam it 
also shares the Mekong river basin, the main river basin in Cambodia.  
 
From a physiographic point of view the country can be roughly divided in three areas. In the East 
there is an undulating plateau; a flat plain with some isolated hills and the Mekong River form the 
middle part of the country and in the Southwest there are the Cardomone Mountains. (FAO, 2010) 
 
2.1.2. History 

 
From 1863 to 1953, the Kingdom of Cambodia was administered as French protectorate. The 
influence from this period can still be seen, both in a cultural and administrative way. Then in the 
1960s the Khmer Rouge, a by communist ideals driven guerilla group, started to grow. The four 
darkest years in Cambodian history started when in 1975 the Khmer Rouge took power over 
Cambodia. From the start Pol Pot, the leader of the Khmer Rouge, ordered for deportation of many 
millions of Cambodian people to rural areas as he wanted a radical shift to an agricultural society. In 
his envisions he wanted a Cambodia absent of any form of social institutions, such as schools, banks 
or religion. Everybody who didn’t fit this new ideal was exterminated. Numbers of total dead vary 
between one and two million. The Khmer Rouge stayed in power for four years till the Vietnamese 
troops captured Phnom Penh in 1979 because they were tired of the many clashes between the 
countries since the Khmer Rouge was in power. However it took till 1999 before the Khmer Rouge 
stopped to exist and in some provinces, including Kep Province, the Khmer Rouge was still in control 
till the early 1990s. Cambodia is now still recovering from this period in many ways. Many have lost 
family members and the millions of mines which were laid by the Khmer Rouge and government 
forces have led to many disabilities since the 1980s. These factors are still seen as one of the major 
causes of the poverty in Cambodia today. (Cambodia Tribunal, n.d.) 

 
2.1.3. Demography 

 
Cambodia is divided into 23 provinces for administrative purposes, one of which is Kep Province. The 
total population in 2010 was 14.38 million people, of which 79 percent is rural. Annual population 
growth is estimated to be 1.74 percent between during the period 1998-2008. (Worldbank, 2010) 
 
2.1.4. Land use 
 
The agricultural land is estimated to be 5.56 million ha, which is 35% of the total land area. The total 
arable land is estimated to be 3.9 million ha, which is 28% of the total area. The largest part of which 
is used for rice cultivation. In 2006 the total harvested irrigated cropped area on full control irrigation 
schemes was estimated to be almost 400 000 ha. Rice is the most important irrigated crop accounting 
for 97.1 % of this area, followed by sugarcane which accounts for 2.6 percent of the total area. Total 
forest area makes up for 10 million ha which is 57 % of the total land surface.  
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2.1.5. Economy 
 

In 2010, the Gross Domestic Product (GDP) was US$11 242 million of which agriculture accounted for 
36 percent. (Worldbank, 2010) In terms of agriculture Cambodian’s main export product is rice. Total 
production has doubled since the start of the millennium and is now estimated to 4.6 million tons per 
year, most of which is cultivated during the wet season.  
 
2.1.6. Climate and state of meteorology 

 
Cambodia has a tropical monsoon climate, mainly because its geographical location in the Inter- 
Tropical Convergence zone. There are two seasons: (i) the dry season from November to March and 
(ii) the wet season from April to October. The dry season brings drier and cooler air from the 
northeast associated with the northeast monsoon. The wet season depends on the southwest 
monsoon which is drawn inland from the Indian Ocean. The rainfall is bi-modal in this season with 
peaks in June and September/October. The variation of the mean annual temperature over Cambodia 
is very small. The mean maximum temperature in April is 35 °C and the mean minimum temperature 
in December 21 °C. 
 
Rainfall is both in time and space highly variable. Average annual rainfall is estimated to be 1400mm, 
but varies from 1000mm in Svay Check in the western province of Banteay Mean Chey to 4700 mm in 
the Bokor Hills in the southern province of Kampot (FAO, 2010). 
 
Due to political instabilities during several periods the state of the meteorological service in Cambodia 
is still in early development. Time series for rainfall and other climatic parameters often show gaps as 
a result of this. In 2009 the meteorological service in Cambodia had only twenty automated stations 
where wind, temperature, humidity and solar radiation are measured, however nine of these station 
were broken. Next to these stations there are approximately 200 manual rain gauges of which an 
unknown number is functioning (MoWM,2009). 
 
2.1.7. Hydrology 

 
The main hydrological system in Cambodia is the Tonle Sap/Mekong system. This system consists of 
the Mekong river and the Tonle Sap river which connects the Mekong to the Lake Tonle Sap. The 
Tonle Sap river is approximately 120km long and changes of flow direction twice every year 
depending on the water level in the Mekong. When the water in the Mekong is high, water flows in 
the Tonly Sap lake which than acts as a buffer for the high discharges in the Mekong River. During 
low water discharge at the Mekong river the Tonle Sap lake drains, again through the Mekong River, 
into the South China Sea. The Tonle Sap River contributes 62 percent of the total water supply to the 
Tonly Sap lake. Other major rivers are the Sen River, Sreng River, Pursat (Pouthisat) River, Sisophon 
River, Mongkul Borey River, and Sangker River. About 86 percent of Cambodia’s territory is included 
in the Mekong river basin. The remaining 14 percent drains directly to the Gulf of Thailand. (FAO, 
2010). 
 
2.2. Chamcar Bei 
 
2.2.1. Geography 

 
The area of interest for this study is Chamcar Bei Village, Pong Teuk commune, Danak Cang Eur 
district, Kep province. Kep is a small province in the southeast of Cambodia enclosed by Kampot 
province. The province is located at the gulf of Thailand and close to the Vietnamese border. The 
village of Chamcar Bei is located 20 km from the coastline. On the north and west side of the village 
some small mountain ranges, the Phnom Voar mountains, are found. On the east, the area is rather 
flat except for some isolated hills and stretches all the way to Kampot Trach, Kampot Province and 
the Prek Kaoh Ta Sek river. In the south the village is bounded by a railway. Just south of the 
railway, the main road between Kampot and Kampot Trach is found. 
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2.2.2. History 
 

The village is probably founded in the 1960s by three Chinese families who migrated to this area to 
cultivate pepper. Before this time the area was covered with thick jungle and large trees that lay 
along the Phnom Voar mountains. From the 1970s to the early 1990s the area was used as a main 
base by the Khmer Rouge. During this time there were often fierce fights between the Khmer Rouge 
and governmental forces. It took till 1994 before the governmental forces defeated the Khmer Rouge. 
Soon after the government took control again, a process of developing and reintegrating the former 
Khmer Rouge into mainstream Cambodian society was started.  In 1994 residential and agricultural 
land was divided amongst 100 Khmer Rouge families that had come down for the mountains to lay 
down their arms. During the first years after the reintegration food security for these families was 
virtually non-existing and risk of malaria was high due to the thick jungle in the area.  
 
From 1994 humanitarian organizations have been active in the area. First their focus was on 
providing food an combating malaria. Together with governmental organizations, NGO’s were, and 
still are, very active in developing this area. Since the reintegration schools, health centers, vocational 
and agricultural training centers, water reservoirs and irrigation canals have been built. 10 years after 
the reintegration cases of malaria have declined and food security has improved, yet Chamcar Bei has 
remained relatively poor, with high rates of illiteracy and unemployment. (BABC, 2006) 
 
2.2.3. Demography 

 
At the end of 2010 an estimated 610 families were living in Chamcar Bei Village. The livelihood of 
these families largely depends on agriculture and rice is the most cultivated crop. About 70 percent 
owns less than 1 ha of land, of which more than half less than 0.5 hectare. From all the fields only an 
estimated 25 percent is irrigated and are thus able to grow crops in the dry season. Most of the 
farming is also done in with traditional techniques, with some use of cattle for ploughing and 
transportation.  This results in low yields of only 1 ton per hectare for rice on average. (BABC, 2006) 
 
The community employment breakdown, see Table 2.1, shows that most villagers rely on agriculture, 
i.e. rice farming and plantations. Together these jobs make up for 55% of the total working 
population. 20% of the village population is active as government employee, e.g. teachers, health 
staff, police. The other 25 percent is made up by animal raisers, small businesses and labor. (BABC, 
2006) From interviews with local farmer families it is found that men often have a job in labor and the 
women work on the farm.  
 
2.2.4. Land use 

 
In 2006 a land classification for Chamcar  Bei village is made by BABC. The results are shown in Table 
2.2. From the table one can see that most area is used for plantations. The area is known for its 
pepper plantations which cover large parts of the mountain slopes together with yet uncultivated 
forest. The flat land is mainly used for agriculture or rice fields, but according to the report this is only 
a rather small area.  
 
Table 2.1 Chamcar Bei Community employment breakdown (BABC, 2006) 

 
 

Description Percentage
Farmers 20%
Planters (coin, papaya, jackfruit, sapota, durian, rambotan, custard apple) 35%
Animal raisers (cow, sheep, pig, poultry) 10%
Small business (grocery, barber, coffee shop, deserts) 5%
Government employeers (teacers, health staff, police) 20%
Labor (forest clearers, constructors, plantation clearers) 10%
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Table 2.2 Land use Chamcar Bei (BABC, 2006) 

 
 
2.2.5. Soil Characteristics and Land Cover 
 
The soils of the Chamcar Bei catchment can be divided in two main categories. Uphill there are more 
rocky soils with limestone underneath. This area is mostly forested and a part is used for plantations. 
Downhill the soil is almost entirely made up out of sand with fine grains in the upper layer and more 
coarse grains underneath. This is the area which is more suitable for farming and where almost all 
crops are cultivated.  
 
The sandy area is mainly the result of erosion of the surrounding hills and mountains and movement 
of this eroded material down slope. This results in a gently sloping area which can be described as a 
colluvial-alluvial plain (White P.F. et all, 1996). Colluvation stands for movement by gravity and 
alluvial for movement by water. In Cambodia colluvation is the main driving mechanism in this 
erosion process. Chamcar Bei is located at a relatively young area, near the hills which causes coarser 
sand layers. Following the eleven Cambodian land classification for rice cultivation (White P.F. et al, 
1996) this soil can be classified as a Prey Khmer soil which brings the following hydrologic properties: 

- Fast infiltration especially when water reaches the coarse sandy phase 
- Possible lateral groundwater flow 
- Low groundwater levels when there is no impermeable layer present in the subsurface 

  
Because in Chamcar Bei many people use groundwater from wells for drinking water year through it 
is likely that an impermeable layer is present in the subsurface. Also the absence of groundwater in 
the higher area indicates that the limestone rocks are highly permeable. From this the schematisation 
of the soils, landuses and groundwater flow in the Chamcar Bei Catchment as shown in Figure 2.1 is 
assumed. 
 

 
Figure 2.1 Schematisation of soils, groundwater flow and land cover Chamcar Bei catchment 

Description Size [ha] Irrigated area [ha] Percentage
Rice Fields 183.5 45 1.9%
Plantation 6,394 - 67.2%
Home construction 236 - 2.5%
Forest 2,683 - 28.2%
Open water 16 - 0.2%
Total 9,512.50 - 100%
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3. Methods 
 
This chapter will present and discuss the approach, methods and theories used in the conducted 
study. To answer all study questions as formulation in chapter 1, a stepwise approach has been used. 
Starting with topography, the Chamcar Bei area has been topographically mapped. After this the 
irrigation system has been described. Finally, a system water balance has been made using two 
methods, an historical water balance and a rainfall-runoff-reservoir model.  
 
3.1. Topography 
 
3.1.1. Mapping area 
 
In order to make a water balance it is important to have a good perception of the area. For this a 
good scaled map is important. Because such a map does not exist at the moment a map will be made. 
This map will be used to calculate the total water storage of different water bodies, the total irrigated 
area, and the surface areas of different land uses in Chamcar Bei.  
 
As a first impression the old map of Chamcar Bei provided by the local community will be used (BABC, 
2010). This map gives an indication of the whole irrigation system and shows some important 
locations in the region. Data will be acquired using a Garmin eTrex GPS which gives a horizontal 
precision of 10 meter with an accuracy of 95%. The generated data will be processed using ArcGis 
software to make a digital map of the catchment. 
 
Three main categories will be mapped. First all waterways, water bodies and other water 
infrastructure like gates and dams will be mapped. Secondly roads and paths in the region will be 
tracked. And finally some important places will be mapped to use as landmarks. 
 
3.1.2. Catchments 
 
When making a water balance, the first objective is to demarcate the boundaries of the hydrological 
system from which the water balance has to be determined. In this study the water balance of the 
Chamcar Bei catchment has been made, which can automatically be interpreted as system boundary. 
Because Catchments in Cambodia are not well-determined. Therefore the catchment has been 
determined during this study.  
 
Determining a catchment can be done with various techniques. In this study the area of the Chamcar 
Bei catchment has been determined using a Digital Elevation Model (DEM) and processed with a GIS 
software program. The DEM used was retrieved from USGS HydroSHEDS (USGS, 2012) and has a 
spatial resolution of 90m x 90m. The vertical accuracy is 7 meter. The Asia HydroSHEDS DEM was 
produced in 2006. Getting from a DEM to a catchment needs some elaboration, which will be briefly 
discussed in the next section. 
 
The DEM is processed using PCRaster and ArcGIS 10. The first step is to take out errors of the DEM. It 
can occur that a DEM contains pits. Pits are cells within the DEM that have an unrealistically low value, 
causing wrong drainage directions, when not corrected for. PCRaster has an option to fill all cells that 
are accounted for as pits. Normally this yields good results, however it might occur that cells with a 
low value are wrongfully filled, hence creating an error. Since it is rather difficult to verify a DEM 
completely, this possible source of error should be taken into account when judging the outcome of 
this method. After the DEM is filled, drainage directions of each cell are determined. Meaning that for 
every cell, it is calculated to which neighboring cell the slope is the highest. When this step is 
completed, it can be calculated how many upstream cells are draining to a certain cell. Now it is just a 
matter of determining a pouring point, which functions as outflow of the to-be-determined catchment. 
The pouring point of the Chamcar Bei catchment, is determined from field observations. 
 
A number of catchments have been determined. Firstly, the (sub-)catchments of Chamcar Bei are 
used to demarcate the system boundaries. Secondly, the catchment that runs off into the large 
reservoir of the irrigation system is defined. Thirdly, it will be estimated what the catchment area of 
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the new dam is, in order to evaluate the proposed plan. This procedure has resulted in a definition of 
the catchment and sub-catchments that are found in the Chamcar Bei area.  
 
3.1.3. Land use classification 
 
To quantify the transpiration of the water balance term it is important to know the land use in the 
catchment. This is because type of vegetation and the way in which the land is managed (mainly 
irrigated/non irrigated) influences both transpiration, interception and soil evaporation.  
 
To make a first approximation of the land use in the catchment members of the local water users 
committee and the BABC team were consulted. They were asked to divide the map, provided by the 
team, into seven different land use categories:   

• Open water: All water bodies in the catchment 
• Plantations: Areas that mainly consist of plantations.  
• Forest: Forested areas, different from bush which consists mainly of shrubs and open land. 
• Bush: Non-cultivated areas mainly consisting of low vegetation. 
• Mix of cropland and plantation: Areas that are neither mainly cropland nor plantation but 

consists of a mix of those. 
• Irrigated cropland: Areas that are suitable for irrigation.  
• Non-irrigated cropland: Cropland but not suitable for irrigation or no irrigation water access. 

When this map was completed exact borders of these categories were mapped and processed using a 
GPS handheld device (Garmin eTrex HC) and ArcGis 10 software (which gives a maximum error of 10 
meters with a 95% accuracy).  
 
By means of this map the total area of different land uses has been calculated. Finally total 
transpiration has been calculated using crop factors and ET0 which is calculated from meteorological 
data, see section 3.5. The different crop factors are obtained from literature. 
 
Besides errors from GPS and software processing also an error is made because borders between the 
different land use categories within the catchment are mapped incorrectly. This error is unknown and 
therefore difficult to quantify. However by comparing the acquired data with satellite data and 
observations in the field the error is assumed to be around 20%. Taking in account that wrongly 
assigned land uses only change classification of a certain area and do not influence the total area of 
the catchment, the error in land use classification is lower than 20%. If a wrong land use classification 
is made, an error of 25% is introduced for that very area, see section 6.2.2. Therefore the total error 
made due to wrong classification is 0.25 times 0.20, thus 5%. When combining this with the error in 
total catchment area of 5% this gives an error of 7% using equation 3.1. 
 
𝑟𝑙𝑎𝑛𝑑 𝑢𝑠𝑒

2 =  𝑟𝑡𝑜𝑡𝑎𝑙 𝑐ℎ𝑎𝑡𝑐ℎ𝑚𝑒𝑛𝑡
2 + 𝑟𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛

2     [3.1] 
 
3.1.4. Groundwater 
 
The presumed largest water storage in the Chamcar Bei catchment is groundwater. During the rainy 
season this storage is filled while it is emptied during the dry season. In order to calculate this storage 
first a survey was done to find the differences in groundwater levels in time and space. During this 
survey owners of different wells in the catchment were asked to indicate the maximum and minimum 
water levels in their wells to find water level changes over the year. Water levels were corrected using 
the total outtake per day and surface area of the wells, to find correct water levels during dry season. 
The difference between the real groundwater level and the well water level were assumed to be the 
same during wet and dry season and were therefore not used for calculating the difference in 
groundwater levels.  
 
To interpolate groundwater levels the following assumption were made: 

- Groundwater levels are interpolated in downstream direction 
- Change in groundwater levels in open water are zero only the reservoir has a yearly water 

level change of around 2.5 meters (see chapter 4.5) 
- Change in groundwater levels at the water divide is zero. 
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A schematic presentation is given in Figure 3.1. Using these parameters groundwater level differences 
are interpolated over the whole catchment using ArcGis 10 software. Subsequently the total change in 
storage has been calculated by multiplying the ground water level differences by the total catchment 
area and mean soil porosity over the catchment. 
 
The mean available water capacity was assumed to be around 25% as an approximation for soils 
consisting of loamy sand (chapter 2.2.5 on Soil characteristics and land cover) (Archer & Smith, 
1971). 
 
As comparison groundwater level changes are recorded during three weeks using a diver with which 
the daily change of groundwater level is measured. This is used to find the trend and total change in 
groundwater water levels during the dry season at that specific location, by assuming a constant 
decrease in ground water level in the dry season.  
 
Since groundwater levels are highly dependent on location and difficult to observe, errors can occur 
due to interpolation techniques. Furthermore there can be errors in assumptions that are made about 
the water level of the reservoir, at the water divide, soil characteristics and the relation between water 
levels in wells and real groundwater level. Because the resulting mean water level change is a 
combination of errors from all described parameters above which are all unknown, an assumption has 
been made for the total error. In this research the total error in groundwater level has therefore been 
assumed to be 1 meter and the error in available water capacity 0.05.  
 

 
Figure 3.1 Yearly differences in groundwater level 

 
3.1.5. Reservoir 
 
To understand how the irrigation system behaves and which possibilities for further extension exist, 
the large reservoir has been mapped. Besides the current contour of the reservoir, the maximum 
water level during the wet season has been studied. Furthermore, the depth of the reservoir over the 
area has been measured, in order to generate a three-dimensional map of the reservoir. 
The contours of the reservoir at its current state have been mapped using a GPS handheld device 
(Garmin eTrex HS). Since this has been done during the dry season, the observed level of the 
reservoir was relatively low. However, as the maximum water level is determined by the crest height 
of the gate the maximum water level is also known The depth of the lake has been determined using 
pressure gauges (Schlumberger Diver). By lowering a pressure gauge to the reservoir bottom the 
water pressure at a certain location in the lake is measured. When the atmospheric pressure is 
subtracted from this, the water level can be determined. This procedure has been executed at several 
points distributed over the surface of the reservoir in order to arrive to an accurate understanding of 
the lake bottom course in two dimensions. 
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To use the reservoir for modeling, a mathematical relation between volume and water depth and 
between surface area and depth has been determined by fitting a higher-order polynomial equation to 
the measured values.  
 
3.2. Current irrigation system 
 
This section discusses the methods used to map and describe the current irrigation scheme. Besides 
an inventory of existing canals and structures, it has been investigated which crops are grown and 
how much water is required for cultivation. 
 
3.2.1. Interviews and field visits 
 
During this research interviews with local farmers were used to obtain information about the current 
irrigation scheme. In total 20 interviews (four interviews with each of the five irrigation groups) have 
taken place, whereby translation was carried out by staff members of BABC. In order to improve the 
reliability of these interviews, interview questions were prepared, using the methodology of Bolt and 
Fonseca (2001). This method describes techniques of improving the reliability of information from 
interviews. Furthermore it helps to create awareness of cultural differences among the interviewer and 
interviewees. Through these interviews information was obtained about the layout, the management 
and organization, the crops and the irrigation practices. As well an estimation about the irrigation 
water requirement was obtained from these interviews, whereby was asked how many irrigation turns 
and how much water is usually applied for rice and for maize. The various answers given by farmers 
were averaged to get the final value. A typical interview with a farmer from an arbitrary irrigation 
group is added in Appendix I. Next to interviews, multiple field visits were made to obtain information 
about the layout and the current state and dimensions of canals and structures. These field visits were 
also used to observe the system operating in practice. 
 
3.2.2. Irrigation water requirement 
 
Two methods were used to calculate the irrigation water requirements. First estimation is obtained 
from interviews with farmers as explained in the former section. A second method is based on 
literature values and is explained more thoroughly in the sections hereafter. 
 
Crop water requirement 
To calculate the irrigation water requirement, first the crop water requirement has to be known, which 
was calculated via Eq. 3.2. 
 
𝐸𝑇𝑐 = 𝑘𝑐 ∙ 𝐸𝑇0        [3.2] 
 
In which 𝐸𝑇𝑐 [LT-1] is the crop water requirement, 𝑘𝑐 [-] is a single crop factor and 𝐸𝑇0 [LT-1] is the 
reference grass evapotranspiration. Whereas the weather conditions are integrated in the 𝐸𝑇0 
estimate, 𝑘𝑐 deals with effects of differences in crop height, albedo, canopy resistance and 
evaporation from soil. Different crops have different 𝑘𝑐 coefficients which change over time from 
sowing till harvest (Allen et al., 1994). In this research a single crop coefficient is used, whereby the 
effects of crop transpiration and soil evaporation are combined into a single 𝑘𝑐 coefficient. As a single 
𝑘𝑐 coefficient averages soil evaporation and crop transpiration, this approach is applied to compute 
𝐸𝑇𝑐 for weekly or longer time periods only, in this research crop evapotranspiration for monthly 
periods was calculated. Monthly values for 𝐸𝑇0 were determined according the method described in 
chapter 6. For the various 𝑘𝑐 values, first the stage lengths for each crop were defined together with a 
crop calendar, subsequently 𝑘𝑐 values per stage were found in literature. For paddy rice an additional 
amount of 150 mm was added to the 𝐸𝑇𝑐, to account for wetting of the soil during land preparation 
(FAO, 1989). 
 
I rrigation water requirement 
The irrigation water requirement is the crop water requirement minus the effective rainfall, as 
expressed in Eq. 3.3.  
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𝐼𝑁 = 𝐸𝑇𝑐 − 𝑃𝑒𝑓𝑓        [3.3] 
 
In which 𝐼𝑁 [LT-1] is the irrigation water requirement and 𝑃𝑒𝑓𝑓 [LT-1] is the effective rainfall. The 
effective rainfall has been determined from daily TRMM satellite data corrected for interception by a 
threshold value, this method is described more thoroughly in section 3.5. To calculate irrigation water 
requirement, monthly summed values for the effective rainfall were used. 
 
Actual irrigation water requirement 
Not all water taken from the water source ends up in the root zone of the plants. Losses occur e.g. 
through evaporation from the canal water surface, seepage through the bunds, deep percolation to 
underlying soil layers and surface runoff whereby water ends up in the drain. These losses are taken 
into account by a conveyance and a field application efficiency factor (FAO, 1989). The actual 
irrigation water requirement is calculated with Eq. 3.4. 
 
𝐼𝑁𝑎 = 𝐼𝑁

𝑒𝑐∗𝑒𝑎
= 𝐼𝑁

𝑒
        [3.4] 

 
In which 𝐼𝑁𝑎 [LT-1] is the actual irrigation requirement, 𝑒𝑐 [-] is the conveyance efficiency factor,  𝑒𝑎 
[-] is a field application efficiency factor and 𝑒 [-] is the scheme irrigation efficiency. Note that the first 
method, whereby an estimation of the irrigation water requirement is obtained via interviews with 
farmers, does already account for field application efficiency but not yet for conveyance efficiency. 
 
3.3. Water balance 
 
To quantify the water availability in Chamcar Bei an annual water balance for the Chamcar Bei 
catchment, the reservoir catchment and the new reservoir catchment have been approximated. These 
different water balances were set up in the same way, which is explained in this chapter. Additionally 
it will be discussed how the different terms of the water balance are quantified and what their 
accuracy is. 
 
3.3.1. Theory 
 
Since the Chamcar Bei catchment is an ungauged basin, it does not make sense to set up a highly 
distributed and complex water balance. Several publications (Allen et al., 1994; Seibert & Beven, 
2009; Sivapalan, 2003 ) have shown that although little is known about a catchment, it is often still 
possible to give a good approximation of the most important terms. The used water balance for the 
Chamcar Bei catchment is presented in Eq. 3.5. Note that Eq. 3.5 is used for clarity and is not entirely 
correct since different evaporation terms correspond with different areas. The correct notation is given 
in Eq. 3.7. 
 
𝑑𝑆
𝑑𝑡

= (𝑃 − 𝐸𝑡𝑜𝑡)  ∙ 𝐴 + 𝑄𝑖 − 𝑄𝑜𝑢𝑡      [3.5] 
𝐸𝑡𝑜𝑡 = 𝐼 + 𝐸𝑆 + 𝐸0 + 𝑇       [3.6] 
 
In which dS/dt [L3T-1] is the groundwater storage change, P [LT-1] the precipitation, Etot [LT-1] the 
total evaporation, A [L2] the catchment area, Qi [L3T-1] the in flowing discharge to the catchment  and 
Qout [L3T-1] the out flowing discharge of the catchment. The total evaporation is subdivided in 𝐼 [LT-1] 
interception, 𝐸𝑆 [LT-1] soil evaporation, 𝐸0 [LT-1] open water evaporation and 𝑇 [LT-1] transpiration.   
 
Period of the water balance 
For all three the catchments the annual water balance is calculated over a hydrological year, ranging 
from the 1st of April to the 30th of March. The different terms however, are calculated per month and 
are subsequently summed to get an annual value. The water balance has been made for three 
consecutive hydrological years, 2006 – 2007, 2007 – 2008 and 2009 – 2010. Additionally a typical 
water balance for each catchment is made whereby the input parameters are averaged over the three 
years. 
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3.3.2. Terms 
 
In this section the different terms of the water balance are explained. Since different evaporation 
terms correspond with different areas, the parsimonious Equation 3.5 is expanded with suitable 
evaporation and area terms.  
 
𝑑𝑆
𝑑𝑡

= 𝑃 ∙ 𝐴𝑡𝑜𝑡 − (𝐸𝑆 + 𝐼) ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤) − 𝐸0 ∙ 𝐴𝑤 − 𝑇 ∙ 𝐴𝑐 + 𝑄𝑖𝑛 − 𝑄𝑜𝑢𝑡  [3.7] 
 
In which Atot [L2] is the total area of the catchment, Aw [L2] is the open water surface area within the 
catchment and Ac [L2] is the vegetated area within the catchment. These different surface areas are 
obtained according the methods described in section 3.1.2. on catchments. 
 
Precipitation 
For the precipitation the TRMM satellite data series, described in section 3.4.1. on Remotely sensed 
precipitation data are used. For purpose of the water balance, the daily precipitation data is summed 
over a month. 
 
Interception and soil evaporation 
Evaporation from interception is a considerable proportion of total evaporation and therefore 
important to take into account (Savenije, 2004). In this research interception and soil evaporation are 
accounted for collectively using a threshold factor (c = 2 ± 1 mm/d) which is applied to the daily 
TRMM rain data. This implies that the first 2 millimeters of the daily precipitation are considered as the 
total of interception and soil evaporation. Since the potential daily evaporation in this study area is 
always higher than 2 millimeters this is a permitted assumption. In case there is less rain than the 
threshold of 2 , 𝐼 + 𝐸𝑆 equal the amount of rain, see also Eq 3.8 (Savenije, 2006). In the water 
balance 𝐼 + 𝐸𝑆 is summed to monthly values. Assuming a 68% accuracy of interception between the 
threshold values of 1 and 3, the error for interception has been calculated. 
 
𝐼 + 𝐸𝑆 = 𝑚𝑖𝑛 (𝑐, 𝑃)       [3.8] 
 
Note that during the months July up to November the term 𝐼 + 𝐸𝑆 is approximated by Eo for the area 
of the paddy rice fields with no ground cover (i.e. 1 − 𝐺𝐶). The area of the paddy rice fields with 
ground cover is treated as described before. This method and its implementation in the water balance 
is explained more thoroughly in section 3.4.3 on NDVI. Following the procedure from that chapter, the 
term 𝐼 + 𝐸𝑆 during those months for the land use categories containing paddy rice fields result in Eq. 
3.9. 
 
𝐼 + 𝐸𝑆 = (1 − 𝐺𝐶) ∙ 𝐸0 + 𝐺𝐶 ∙ (𝐼 + 𝐸𝑆)     [3.9] 
 
In which 𝐺𝐶 [-] is the groundcover.  
 
Open water evaporation 
The open water evaporation is calculated according Eq. 3.10. 
 
𝐸0 = 𝑘𝑤 ∙ 𝐸𝑇0        [3.10] 
 
In which 𝑘𝑤 [-] is a ‘crop factor’ for open water and 𝐸𝑇0 [LT-1] is the reference grass evaporation. In 
sub humid and tropical climates 𝑘𝑤 is equal over a year and has a value of 1.05 (Allen et al., 1994) 
𝐸𝑇0 is estimated with Penman-Monteith according the method described in chapter 3.4.2. and 
Appendix II on historical data from existing gauging stations. 
 
Transpiration 
The transpiration term is calculated according Eq. 3.11. 
 
𝑇 ∙ 𝐴𝑐 = ∑ 𝐴𝑠𝑢𝑏,𝑖 ∙𝑖=6

𝑖=1 �∑ 𝑇𝑐,𝑖,𝑚 ∙ 𝐸𝑇0,𝑚
𝑚=12
𝑚=1 �     [3.11] 
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In which 𝐴𝑠𝑢𝑏,𝑖 is the surface area for land use category i [L2], 𝑇𝑐,𝑖,𝑚 the transpiration coefficient for 
subarea i in month m [-] and 𝐸𝑇0,𝑚 the reference grass evapotranspiration in month m [LT-1]. The 
surface area of each of the six land use categories is obtained according the land use classification 
method described in chapter 3.1.3. Land use classification. The transpiration coefficients per month 
per type of land use category are obtained from NDVI satellite data, see chapter 3.4.3. NDVI. In order 
to account for water stress, a correction factor (𝐶𝑠𝑡𝑟) is applied to the transpiration in case the 
monthly evaporation exceeds the monthly effective rain. The transpiration is the maximum of the 
corrected evaporation and the effective rain, see Eq. 3.12. It is assumed that the land use category 
“irrigated area” never experiences water stress since groundwater tables in these regions are high 
(see also section 3.1.4.), therefore no water stress factor is applied to this type of land use. As well is 
assumed that no water stress occurs during the months July up to November on the areas where 
paddy rice is grown, since these areas are then completely flooded. 
 
𝐼𝐹 𝑇 > 𝑃𝑒𝑓𝑓 𝑡ℎ𝑎𝑛 𝑇 = max (𝐶𝑠𝑡𝑟 ∙ 𝑇, 𝑃𝑒𝑓𝑓)     [3.12] 
 
In which 𝑃𝑒𝑓𝑓 = 𝑃 − (𝐸𝑆 ∓ 𝐼). 
 
Catchment inflow  and outflow  
The in flowing discharge and the out flowing discharge are both unknown. If the in flowing discharge 
is assumed to be zero, together with the assumption that the change in groundwater storage equals 
out over a year it is possible to calculate the out flowing discharge according Eq. 3.13. 
 
𝑄𝑜𝑢𝑡 = 𝑃 ∙ 𝐴𝑡𝑜𝑡 − (𝐼 + 𝐸𝑆) ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤) − 𝐸0 ∙ 𝐴𝑤 − 𝑇 ∙ 𝐴𝑐   [3.13] 
 
 
3.3.3. Uncertainty analysis 
 
In this uncertainty analysis only the random errors are dealt with. The systematic errors and spurious 
errors are not taken into account. The total uncertainty in Qout is determined by the combined 
uncertainty in all parameters of Eq. 3.14.  
 
𝑄𝑜𝑢𝑡 = 𝑃 ∙ 𝐴𝑡𝑜𝑡 − (𝐼 + 𝐸𝑆) ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤) − 𝐸0 ∙ 𝐴𝑤 − 𝑇 ∙ 𝐴𝑐 + 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 [3.14] 
 
In which the term ‘Correction’ corrects for the fact that during the months July up to November the 
term 𝐼 + 𝐸𝑆 is approximated by Eo for the area of the paddy rice fields with no ground cover (i.e. 
1 − 𝐺𝐶), see Eq. 3.15. 
 
𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛 = (𝐼 + 𝐸𝑆 − 𝐸0) ∙ (1 − 𝐺𝐶)     [3.15] 
 
In case of adding and subtracting it is allowed to sum the absolute uncertainties, taking into account 
possible dependencies between parameters, see Eq. 3.16 In case of multiplying one can sum the 
relative uncertainties, whereby the relative uncertainty is the square root of the ratio between the 
squared absolute uncertainty and the squared absolute value, see Eq. 3.17 (Luxemburg and 
Coenders, 2011).  
 

𝜎𝑞(𝑥,𝑦)
2 = �𝛿𝑞
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2 + �𝛿𝑞
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𝜎𝑦
2 + 2 𝛿𝑞
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𝛿𝑦

𝜎𝑥𝑦     [3.16] 

𝑟𝑞 = 𝜎𝑞
2

𝑞2         [3.17] 

 
In which 𝜎𝑖 is the absolute uncertainty of parameter i, 𝜎𝑥𝑦 is the covariance of parameters x and y and 
𝑟𝑖 is the relative uncertainty of parameter i. These absolute and relative uncertainties per term are 
determined in chapter 6 and chapter 4. In Appendix III the uncertainty analysis is worked out into 
more detail. 
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3.4. Triple R model 
 
For this study, it is important to understand how the storage of the reservoir changes throughout the 
year. Since it is of question whether the reservoir is large enough for system extension, this study will 
estimate the inflow and outflow of the reservoir. When this is linked to system characteristics (e.g. 
number of irrigation system users, crop calendars, irrigated area), it can be quantified how much 
water is available throughout the year, depending on how the system is used. Not only the question if  
it is possible to let more farmers use the irrigation system will be answered, but also an approximation 
of how many more farmers can use the system will be given. 
 
To model the reservoir, a Rainfall-Runoff-Reservoir (Triple-R) model is made. This consists of three 
parts. The first part is a rainfall-runoff model to determine the reservoir inflow. The catchment that 
drains into the reservoir will be determined, after which the runoff will be quantified. Secondly the 
reservoir itself will be modeled. By formulating a mathematical description of the reservoir, a relation 
between water depth and volume will be found. This is used to predict the water level rise and drop 
given a certain inflow or outflow. Furthermore, the reservoir can be constrained to certain aspects of 
the irrigation system (e.g. outflow through the main gate if water level exceeds a certain height). The 
third part of the Triple-R model consists of modeling the demanded outflow. This is done by creating a 
crop calendar throughout the year. With given system parameters (irrigated area, number of users, 
grown crops), the total water demand throughout the year and hence the required reservoir outflow 
will be determined. 
 
Inflow : Rainfall-Runoff modeling 
Rainfall-runoff modeling is generally done by using existing meteorological data to design a model, 
after which the parameters can be calibrated and validated with precipitation, evaporation and 
discharge data. However, if one is to make a model in an ungauged basin, calibration and validation 
of hydrological models will become rather difficult, since no data is available. In the last decade the 
Predicting Ungauged Basins (PUB) movement has done many efforts to arrive to predictive rainfall-
runoff models which can be applied in ungauged basins. Since this study focusses on the ungauged 
Chamcar Bei catchment, some results of PUB will be used to derive a rainfall-runoff model. 
 
In the Chamcar Bei catchment, only topography can be used as a source to estimate the importance 
of certain hydrological processes. Therefore it is chosen to use topography driven conceptual 
modeling (FLEX-Topo) as proposed by Savenije (2010). In this approach the physically inexplicable 
simplicity of hydrology is used for the derivation of three fairly simple conceptual models. These 
models all describe one of the three sub-systems within a landscape, i.e. plateau, hill slope and 
wetland. To determine which of these model structures should be used (or in which proportion), it 
should be analyzed which mechanism is governing in the runoff proces of the Chamcar Bei catchment. 
In plateau areas, runoff mostly consist of groundwater flow.  On hill slopes, rapid sub-surface flow is 
more present. In areas that consist of wetland saturation overland flow is prevalent.  
 
The upper boundary of the Chamcar Bei catchment consists of a small mountain range. Downstream 
of this area the catchment mainly consists of wetland area. It is therefore chosen to use a combined 
conceptual model, consisting of a wetland and a hill slope part. The ratio in which model models 
contribute to the total outflow is determined by observation. The chosen time step for this model is 
one month. Normally it is preferred to make a model which can predict on daily basis. However, in the 
case of the Chamcar Bei catchment only little data is available, mostly on monthly basis. Having set 
the model time step at one month it is chosen to not implement interception directly. Since 
interception is a daily process, depending on daily evaporation and precipitation, the proposed model 
structures are not able to take this into account. Therefore a net precipitation data series is made 
first, by using a daily interception value. This is done by taking the minimum of the fallen precipitation 
and the maximum interception threshold. 
 
Figure 3.2 presents the hill slope model. This model consists of two “buckets”, one for the unsaturated 
zone and one for the deep ground reservoir. Net precipitation infiltrates into the unsaturated zone. 
Evaporation decreases the storage in the unsaturated reservoir. For the hill slope model the actual 
evaporation is used. Depending on the amount of storage in the reservoir, a part of Pn will flow out of 
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the unsaturated reservoir. Using division coefficient a this will result in partly sub-surface flow and 
partly in percolation to the deeper reservoir. The deep reservoir is modeled as a linear reservoir, were 
the outflow is dependent on KH. The slow component from the deep reservoir and the fast component 
from the unsaturated reservoir are combined to calculate the total outflow. 
 
In Figure 3.3 the wetland model is presented. This model consists of one reservoir (“bucket”) and has 
three parameters. The reservoir is the soil reservoir, which is filled by net precipitation. Outgoing 
fluxes are the open water evaporation, a slow runoff component and a fast runoff component. For the 
slow reservoir it is assumed that in time the soil buckets empties as a linear reservoir. The fast runoff 
component can be seen as the saturation overland flow, since it is a proportion of the net rainfall and 
depends on how much water is already stored in the reservoir. The wetland model uses three 
parameters, which all have to be estimated. Normally the model result generated by certain 
parameter value are tested against observed data. Using (multiple) objective functions “correct” 
values can be assumed. In this study this is not possible. Therefore it is tried to estimate parameters 
rationally. Maximum soil reservoir storage Sw. Parameter Kw does not have a direct physical meaning. 
However, it is linked with soil characteristics such as hydraulic conductivity, porosity and soil type. 
Based on this, field observations might improve the choice of a parameter value. βw has no direct 
physical meaning. However, it can be seen as a partitioning parameter. Depending on the value of βw  

more or less effective precipitation will run off as fast component of the total runoff.  
 

  
  
Figure 3.2 Hill slope conceptual model    Figure 3.3  Wetland conceptual model 

Parameters are chosen using Monte Carlo simulation and constraining parameters to certain maximum 
and minimum values that make sense, considering performed field observations. The output of this 
part of the model is monthly runoff in meter per day. For monthly discharge this has to be multiplied 
with the catchment surface area. The catchment of the reservoir is determined with the same 
methods used for Chamcar Bei catchment. This is explained in section 3.4.2. The Triple-R model is 
calibrated using the calculated discharge from the historical water balance (section 3.3.), since no 
other data exists. The output of the historical water balance is a yearly residual term from which it is 
assumed to be the catchment outflow. Furthermore, it is assumed that water will mostly flow out 
during the rainy season (April – September). Using these two assumptions, the total predicted outflow 
during the rainy season can be calibrated and validated. The model efficiency is tested using the 
Nash-Sutcliffe model efficiency coefficient (Nash & Sutcliffe, 1970). This method is often used to test 
the predictive power of hydrological models. It this study only a very limited number of points can be 
used, however the Nash-Sutcliffe method is assumed to be most suited to evaluate the model 
outcome. The Nash-Sutcliffe efficiency is described in the following equation. 
 
𝑁𝑆 = 1 − ∑(𝑄𝑜−𝑄𝑚)

∑(𝑄𝑜−𝑄𝑜����)
       [3.17] 
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In which NS is the Nash-Sutcliffe efficiency, Qo is the observed discharge, Qm the modeled discharge 
and 𝑄𝑜���� the mean observed discharge. The closer NS is to 1, the better the performance is. It is 
acknowledged that this will not yield the most accurate results nor is an accurate method to calibrate 
a runoff model. However in the ungauged Chamcar Bei catchment no flow measurements exists. 
Knowing the order of magnitude of the total catchment outflow and knowing the relative amount of 
precipitation that ends up as discharge, will both reveal some important catchment characteristics. 
These characteristics are mimicked, instead of daily discharge amounts and patterns. It is assumed 
that predicting on a monthly basis will yield sufficient information to draw quantitative conclusions 
about the reservoir. 
 
Reservoir: mathematical description lake 
As explained in section 3.1.5. a mathematical description of the large reservoir is made. This will 
consist of a relation between water depth and reservoir volume and a relation between water depth 
and surface area. For modeling purposes it is important to know the water depth given a certain lake 
volume for two reasons. The first reason is to account for a maximum water depth in the lake. If the 
water depth exceeds a certain value, the gate of the reservoir is opened to prevent flooding 
(emergency outflow). Secondly the water level is an indication of water availability in the reservoir. 
Water levels lowers than a certain value might suggest a change of strategy regarding water use. 
The surface area of the reservoir throughout the year is determined in order to account for losses by 
open water evaporation.  
 
Outflow : crop water requirements 
In the Triple-R model it is assumed that outflow only consist of emergency outflow and water to be 
used for irrigation. A crop calendar is made for the main crops of Chamcar Bei. Using a combination of 
interviews, CropWat 8.0 and hand calculations, daily crop water requirements are calculated. 
Irrigation system characteristics such as amount of users, irrigated area and percentage of certain 
crops grown are parameterized. This makes the Triple-R model flexible in a way that it can mimic the 
current situation and it can predict behavior given certain system changes (e.g. expansion) by 
changing parameter values. Using the system characteristics and the crop water requirements a water 
requirement throughout the year will be made. Accounting for losses during conveyance of water with 
an efficiency factor, the total required outflow from the reservoir are set. The reservoir model is 
described with the following equations. 
 
𝑑𝑉
𝑑𝑡

(𝑡) = 𝑄𝑖𝑛 −  𝑄𝑜𝑢𝑡 − 𝐸       [3.18] 
 
𝑄𝑖𝑛 = 𝑞 ∙ 𝐴        [3.19] 
 
𝑄𝑜𝑢𝑡 = 𝑄𝑟𝑒𝑞  ∙  𝛼 + 𝑄𝑒𝑚𝑒𝑟𝑔𝑒𝑛𝑐𝑦      [3.20] 
    
𝐸 =  𝐸𝑜 ∙ 𝐴𝑟𝑒𝑠(ℎ)       [3.21] 
 
With reservoir volume V [m3] as function of time t, total inflow Qin [m3/d], total outflow Qout [m3/d] 
and open water evaporation E [m3/d]. Total inflow is formulated as runoff from the upstream 
catchment q [m/d] multiplied by the catchment area A [m2]. The total outflow consists of a daily 
water requirement Qreq multiplied by an efficiency factor α and the emergency outflow Qemergency in case 
of high water levels in the reservoir. Evaporation is determined by multiplying the open water 
evaporation Eo [m/d] by the reservoir surface Ares [m2], which is  a function of reservoir level h [m]. 
 
3.5. Meteorological data 
 
3.5.1. Remotely sensed precipitation data 
 
In the vicinity of Chamcar Bei, very few gauging stations are present. To gain insight in the annual 
precipitation patterns it was possible to make use of the Tropical Rainfall Measurement Mission Project 
(TRMM), a joint space mission of the National Aeronautics and Space Administration (NASA) and the 
Japan Aerospace Exploration Agency (JAXA). Ever since its launch in 1997, TRMM is providing rain 
radar and microwave radiometric data that measures the vertical distribution of precipitation over the 
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tropics in a band between 25 degrees north and south of the equator (NASA, 2012). It is developed to 
monitor and study tropical rainfall. Several instruments are aboard TRMM, although not all used for 
precipitation estimation. The relevant instruments that are used for precipitation estimations are the 
Precipitation Radar (PR), the TRMM Microwave Imager (TMI) and the Visible and Infrared Scanner 
(VIRS). PR yields information on the intensity and distribution of rain, TMI quantifies water vapor, 
cloud water and rainfall intensity in the atmosphere and VIRS measures radiation coming up from the 
Earth (from visible to infrared) which serves as an indicator of rainfall. TRMM based precipitation 
estimates are created using the TRMM Multisatellite Precipitation Analysis (TMPA), which has led to 
precipitation estimates at a minimum temporal scale of 3 hours and a minimum spatial scale of 0.25° 
x 0.25°. TRMM data gets more accurate when it is averaged over longer spatial and temporal scale. In 
this study, daily precipitation estimates averaged over monthly periods with a 0.25° x 0.25° grid are 
used (TRMM 3B-42).  The 3B-42 estimates are produced in four stages (NASA, 2012). In the first 
stage the microwave estimates of precipitation are calibrated and combined. After this, the infrared 
(IR) precipitation estimates are created using the calibrated microwave precipitation. The third step 
combines microwave and IR estimates and finally the data is rescaled to monthly or daily data. For 
correct rainfall estimates, TRMM products are normally calibrated using ground stations. For Cambodia 
this is not the case. Therefore the used TRMM product has been calibrated as part of this study. Using 
data from ground stations in Cambodia, rainfall estimates were calibrated for pixels in which rainfall is 
measured by ground stations. This has yielded the threshold and bias values, which have been used 
again to arrive at a precipitation estimate for the Chamcar Bei TRMM pixel. To calibrate TRMM rainfall 
estimates the following regression equation has been used, as proposed by Islam et al. (2010).  
 
𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑𝑃 = 𝛼 +  𝛽 ∙ 𝑇𝑅𝑀𝑀𝑃      [3.22] 
 
In which α and β are selected parameters, TRMMp is the estimated daily rainfall from TRMM 3B-42 
and EstimatedP is the obtained calibrated data. Parameters α and β will be chosen via Monte Carlo 
simlulation and all combinations will be evaluated by determining the correlation coefficient between 
the new calibrated data and gauged data from ground stations. It is chosen to use the most 
commonly used correlation coefficient, according to Luxemburg & Coenders (2011), presented in the 
following equation. 
 

𝑟 =  
∑ (𝑥𝑖− �̅�)(𝑦𝑖− 𝑦�)𝑛

�∑ (𝑥𝑖−�̅�)2𝑛 �∑ (𝑦𝑖−𝑦�)2𝑛
       [3.23 ] 

 
With correlation coefficient r, the calibrated rainfall series x, average calibrated rainfall x, gauged 
rainfall y and mean gauged rainfall y. This will be done for ground stations found in the vicinity of 
Chamcar Bei in order to determine a good parameter set with which the precipitation in Chamcar Bei 
can be estimated. 
 
Error in TRMM 
To determine the accuracy the error in TRMM is determined. Since in Chamcar Bei no observed data 
exists, the nearest TRMM pixel in which a gauging station is located will be checked on accuracy. This  
will be one for two periods. In the first period the relative and absolute error of the total data for 
which an overlap in gauged and TRMM data exists. The second period is the period over which the 
water balance will be made. For the latter a total relative error over this period will be determined as 
well. The following equations were used to determine the absolute and relative error of TRMM. 
 
For every hydrological year the following equations have been used. 
 
𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑟𝑟𝑜𝑟 = 𝑥𝑖 −  𝑦𝑖      [3.28] 
 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 = �(𝑥𝑖− 𝑦𝑖)2

𝑥𝑖2       [3.29] 

 
For the hydrological years used in the water balance the following equations have been used. 
 
𝑇𝑜𝑡𝑎𝑙 𝐴𝑏𝑠𝑜𝑙𝑢𝑡𝑒 𝐸𝑟𝑟𝑜𝑟 =  ∑ 𝑥𝑖 −  ∑ 𝑦𝑖     [3.30] 
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𝑇𝑜𝑡𝑎𝑙 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 = �∑ 𝑥𝑖
2− ∑ 𝑦𝑖

2  
(∑ 𝑥𝑖)2      [3.31] 

 
In which xi is the yearly TRMM data and yi is the yearly observed data. 
 
Rainfall Analysis 
The calibrated TRMM rainfall series are analyzed to determine the precipitation characteristics. 
Monthly and annual mean rainfall values are determined. For irrigation purposes it is important to 
analyze the occurrence of dry spells. Only evaluating rainfall patterns by the amount hides information 
about the distribution, which might be more important to predict water scarcity in periods during the 
year. A dry spell analysis will be performed as described by Savenije (2006). For both the dry and 
rainy season it will be investigated how many dry spells have occurred in the total time series and 
what the probability of occurrence of a dry spell with a certain duration is. This is done using the 
following equations. 
 

𝑃 = 1 − �1 − 𝐼
𝑁

�
𝑛
       [3.24] 

 
In which I is the amount of accumulative dry spells, n the number of possible starting days per season 
and N the total number of starting days in the time series (i.e. n multiplied by the number of years). 
 
Another important characteristic is the rainfall intensity. With the TRMM estimates only daily rainfall is 
approximated. Therefore it is impossible to determine hourly rainfall intensity. However, the amount 
of rainfall given a certain event can be determined. For every month it will be determine what the 
average amount of precipitation per event is. The assumption in this approach is that it only rains 
once per day during a day with rainfall. 
 
To investigate the presence of trends in the rainfall series, the Spearman’s rank test has been 
performed as described by Luxemburg & Coenders (2011). This methods tests the hypothesis that no 
trend is present. To do this the Spearman coefficient of rank correlation Rsp has been determined, 
using the following equation. 
 

𝑅𝑠𝑝 = 1 − 6 ∑ 𝐷𝑖
2

𝑛 (𝑛2−1 )
       [3.25] 

 
𝐷𝑖 =  𝐾𝑥𝑖 −  𝐾𝑦𝑖        [3.26] 
 

𝑡𝑡 = 𝑅𝑠𝑝 � 𝑛−2
1− 𝑅𝑠𝑝

2 �
0.5

       [3.27] 

 
In which Kxi is the rank of the data as measured and Kyi is the rank of the data in ascending order, n 
is the length of the data series. 
The test-statistic tt is used to test the hypothesis using the two tailed Student’s-t distribution for a 
level of significance of 5%. No trend is found if the following condition is met. 
 
𝑡(𝑣 2.5%) <  𝑡𝑡 < 𝑡(𝑣, 97.5%) 
 
The Spearman’s rank test has been performed twice. Once on the entire data series and once on the 
split data series. The latter is done to check whether a trend can be found in more recent years alone 
as well. 
 
3.5.2. Historical data from existing gauging stations 
 
Within the Chamcar Bei catchment no gauging station exists. To approximate evaporation in the 
Chamcar Bei catchment historical data from gauging stations in the (close) vicinity of Chamcar Bei will 
be used. Precipitation data from gauging stations are used to determine the quality of TRMM data for 
precipitation.   
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Cambodia is not a particularly well-gauged country and only a small amount of gauging stations with 
multiple climatological parameters and/or longer time series can be found, see also chapter 2. All 
existing stations are shown in Figure 3.4. These stations are owned by the Ministry of Water 
Resources and Meteorology (MoWRAM), but are often not well equipped or only recently well 
equipped. From the department of the ministry in Kampot, a provincial town on 20km from Chamcar 
Bei, the most recent meteorological data was obtained. Other data was obtained through the Royal 
University of Phnom Penh, but this data only covered some years before half 2008. A total overview of 
the obtained data in the years from 2006 is Table 3.1. An ‘X’ means that daily data is available; a ‘/’ 
means that only monthly data is available. All daily data in 2008 is only available until July of that 
year. 
 
Table 3.1 Overview available data at existing gauging stations in Cambodia 

 
 

 
Figure 3.4 Map of gauging stations in Cambodia 

 

name Dist[km] Temp Rain ET u2 Temp Rain ET u2 Temp Rain ET u2
Kampot 19.0 X X X X X / / X
Sihanoukville 98.6 X X X X
Kampong Spue 101.1 X X
Kandal 115.5 X X
Phnom Penh 119.9 X X X X X X
Prey Veng 130.4 X X X X
Takeo 163.9 X X
Kampong Cham 197.3 X X X X
Pursat 226.7 X X X X
Kampong Thom 243.0 X X X X
Kratie 278.8 X X X X
Battambang 309.7 X X X
Krong Pailin 320.0 X X X X
Siem Reap 321.4 X X X X X X

2009-2011stations 2007 2008
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Precipitation 
Precipitation series from Kampot and Phnom Penh were taken to compare with TRMM data to get a 
measure for the error in this data. Additional precipitation series for Chamcar Bei have been computed 
using the ordinary Kriging extrapolation technique. Kriging is applied for the period Jan 2007 – July 
2008. In Table 3.1 can be found which stations are used for the approximation of precipitation in 
Chamcar Bei. Kriging is an interpolation technique which can be used to estimate precipitation at an 
unobserved location (e.g. 𝑥0 = Chamcar Bei). The estimate is obtained from the sum of weighted 
observations in the vicinity of this location. For ordinary Kriging it holds that the sum of the weights 𝜆𝑖 
equal one, see Eq. 3.32. 
 
𝑧′(𝑥0) = ∑ 𝜆𝑖 ∙ 𝑧(𝑥𝑖) ;  𝑤ℎ𝑒𝑟𝑒: ∑ 𝜆𝑖 = 1     [3.32] 
 
Where 𝑧(𝑥𝑖) is the observation in point 𝑥𝑖, 𝜆𝑖 is the weight for observation 𝑧(𝑥𝑖) and 𝑧′(𝑥0) is the 
estimate at 𝑥0. 
 
The weights 𝜆𝑖 are calculated by minimizing the variance of the error 𝛾𝑖 between the estimate and the 
observations in one point. The weights 𝜆𝑖 also define the contribution from an observation to the total 
variance 𝜎𝜖

2 for the error of the estimate at the location 𝑥0. The equations for the variance of the error 
𝛾𝑖 and the total variance for the error of the estimate 𝜎𝜖

2are given in Eq. 3.33 and Eq. 3.34. 
 
𝛾(ℎ) =  1

2
 ∑(𝑧(𝑥+ℎ)− 𝑧(𝑥))2

𝑁
                [3.33] 

𝜎𝜖
2 =  ∑ 𝜆𝑖 ∙  𝛾𝑖 +  𝜇       [3.34] 

 
Where 𝜎𝜖

2 is the variance for the error of the estimate at location 𝑥0, 𝛾𝑖 is the variance for the error 
from the observation 𝑥𝑖, 𝜇 is the Lagrange operator, 𝑁 is the number of observation that are all a 
distance ℎ  apart (Luxemburg and Coenders, 2011). In order to construct a data series for Chamcar 
Bei the monthly summed precipitation values from 14 gauging stations are used. For every month a 
model is fitted to the scatter plot with results from Equation 3.33. Results are optimized by choosing 
the model and intervals for ℎ which gave the best overall fit. 
 
Evaporation 
In comparison to other meteorological data, evaporation data in Cambodia is really scarce. The ET0 
term in the water balance, see section 3.3, is estimated using the FAO Penman-Monteith equation 
(Allen et. al., 1994), see Eq. 3.35, which is derived from the original Penman-Monteith equation, see 
Eq. 3.36.  
 

𝜆𝐸𝑇 =  
𝛥(𝑅𝑛−𝐺)+ 𝜌𝑎𝑐𝑝

(𝑒𝑠−𝑒𝑎)
𝑟𝑎

𝛥+ 𝛾�1+ 𝑟𝑠
𝑟𝑎

�
      [3.35] 

 

𝐸𝑇0 =
0.408 𝛥 (𝑅𝑛− 𝐺)+  𝛾 900

𝑇+273 𝑢2(𝑒𝑠−𝑒𝑎)

𝛥+ 𝛾 (1+0.34 𝑢2)
     [3.36] 

 
Where 𝜆𝐸𝑇 [MJ m-2 d-1] is the latent heat flux, ET0  [mm d-1]  is the daily reference evaporation, 𝑅𝑛 
[MJ m-2 d-1] is the net radiation, 𝐺 [MJ m-2 d-1] is the soil heat flux, 𝑒𝑠 [kPa] is the saturation vapor 
pressure, 𝑒𝑎[kPa] is the actual vapor pressure, (𝑒𝑠 − 𝑒𝑎) [kPa] is the vapor pressure deficit of the air, 
 𝜌𝑎 [kg m-3] is the mean air density at constant pressure, 𝑐𝑝 [MJ kg-1 oC-1] is the specific heat of the 
air, 𝛥 [kPa oC-1] is the slope of the saturation vapor pressure temperature relationship, 𝛾 [kPa 0C-1] is 
the psychometric constant, 𝑇 [oC]  is the temperature at a 2m height, 𝑢2 [m s-1] is the wind velocity at  
2m height and 𝑟𝑎 and 𝑟𝑠 [s m

-1] are the (bulk) surface and aerodynamic resistances.  
 
Because most of these parameters are not available for longer periods an approximation as described 
in Allen et. al. (1994) is used. A daily average for monthly ET0  [mm d-1] is calculated using monthly 
data for minimum and maximum temperature, Tmin and Tmax [oC] respectively, since only monthly 
values are available for a larger timeseries. 
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Furthermore assumptions have been made for the following parameters:  
• wind velocity u2 [m s-1]; 
• dew temperature Tdew [oC]; 
• adjustment coefficient krs [oC -0.5]. 

 
The adjustment coefficient krs adjusts the relation between the square root of the temperature 
difference (Tmax - Tmin) and the ratio 𝑅𝑠/𝑅𝑎 [MJ m-2 d-1], i.e. the extraterrestrial radiation and solar 
radiation respectively. The equation describing this relation is given in Appendix II. krs differs from 
0.16  oC -0.5

  for  ‘interior’ and 0.19  oC -0.5
  for ‘coastal’ regions.  A complete overview of all equations 

which are used to determine ET0  according to Allen (1994) is given in Appendix II.  
 
The error in the evaporation estimates is determined by varying the assumptions to maximum and 
minimum values. The range of the outcome is assumed to give a 68% confidence boundaries. 
Assuming a normal distribution of the standard error is calculated from this data range. 
 
3.5.3. NDVI 
 
To obtain transpiration and groundcover from satellite data, the NDVI [-] (Normalized Difference 
Vegetation Index) was used. NDVI gives an indication of the total amount of vegetation in a certain 
area. For this research data from the MODIS satellite was used which has a grid size of 250 meter and 
a return period of 16 days. NDVI can be calculated from satellite data using the following equation. 
 
𝑁𝐷𝑉𝐼 = (𝑎𝑛𝑖𝑟− 𝑎𝑣𝑖𝑠)

(𝑎𝑛𝑖𝑟+ 𝑎𝑣𝑖𝑠)
       [3.37] 

   
Where  [W m-2] is the surface reflectance in the visible red and  [W m-2] is the surface 
reflectance in the near infrared (IR). To improve the result low accuracy                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                
datasets (around 10% of total) were excluded. This was done by comparing the quality of each 
dataset with datasets in the same period using the quality datasets already provided with the NVDI 
data. To compare qualities the mean values of the VI quality over the catchment were used.  
In the following paragraphs methods to calculate monthly transpiration and groundcover are 
presented. The latter mainly emphasizes on paddy rice fields. 
 
Transpiration 
To find monthly crop transpiration values first the LAI [-] , Leaf Area Index, was obtained using LAI-
NDVI relationships (Knyazikhin 1999), see Table 3.2. This relationships are found by comparing 
different land uses, LAI values and NDVI values using different MODIS satellite products. Since the 
NDVI-LAI relation differs per land use also the land classification, see chapter 3.1.3, was used to 
arrive at a good result. For this purpose six land uses were reclassified. In the overview below, the 
classes are presented (left) and their definition (right). 
 
Plantations and Bush      > Shrubland  
Irrigated cropland and Non-irrigated cropland   > Cereal crops 
Forest        > Broadleaf Forest 
Mixed cropland and plantations    > Shrubland 50 % + Cereal crops 50 % 
 
The error in this approach has a standard deviation of around 0.2 * LAI (Knyazikhin, 1999). From the 
LAI obtained from this procedure crop transpiration were calculated using the following formula 
(Choudhury et al., 1994): 
 
𝑡𝑐 = 1 − exp (−𝑐11 ∙ 𝐿𝐴𝐼 )      [3.38] 
 
Where 𝑡𝑐 [-] is the crop transpiration coefficient and C11 [-] a regression coefficient. In this study 
a value of 0.6 for C11 was used as a standard value for different land uses which gives an accuracy of 
75% (Bastiaanssen, 1998). 
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Table 3.2 NVDI-LAI relationships MODIS satellite data 

  

Correction soil evaporation for paddy rice fields 
For paddy rice it is necessary to correct for soil evaporation because basin irrigation is applied. 
Therefore the crop transpiration coefficient is corrected for soil evaporation using groundcover which 
is obtained from NDVI. In paddy rice fields soil evaporation can be approached by open water 
evaporation and therefore a direct relationship between groundcover and soil evaporation can be 
established. This is   unlike other types of cultivation where soil evaporation is highly dependent on 
rain events. To calculate total groundcover for paddy rice the following relationship with an absolute 
error of 0.12 was used (Vaesen, 2000): 
 
𝐺𝐶 = 0.06 𝑒𝑥𝑝 (3.026 ∙ 𝑁𝐷𝑉𝐼)      [3.39] 
 
𝑘𝑐,𝑟𝑖𝑐𝑒 = 𝑡𝑐,𝑐𝑎𝑙𝑐 + (1 − 𝐺𝐶) 𝐸𝑜

𝐸𝑇0
      [3.40] 

 
Where 𝐺𝐶 [-] is the groundcover, 𝑘𝑐,𝑟𝑖𝑐𝑒[-] the soil evaporation and transpiration coefficient and 
𝐸𝑜[mm month-1] the open water evaporation. This crop coefficient was used for all croplands in the 
period when long term rice is grown (from June until November, see chapter 5.5) because almost all 
fields are used for rice cultivation in that period. For the dry season no changes were made since the 
irrigated area is very small in comparison to the total catchment area.  
 
3.6. Water Quality 
 
The third sub question of this research is about water quality. The available irrigation water is tested 
on some key parameters to indicate its suitability for irrigation. Because the water in the reservoirs 
and irrigation canals in Chamcar Bei is also used as drinking water, some key drinking water 
parameters are also tested. It should be noted that results from the water quality study as conducted 
within this research can only give a first impression of the water quality in the irrigation system and 
groundwater of the Chamcar Bei catchment. To assess the total water quality a more thorough water 

NDVI
Shrubland Broadleaf forest Cereal crops

0.025 0.000 0.000 0.000
0.075 0.000 0.000 0.000
0.125 0.266 0.025 0.320
0.175 0.346 0.197 0.431
0.225 0.436 0.269 0.544
0.275 0.521 0.373 0.657
0.325 0.606 0.503 0.783
0.375 0.695 0.648 0.931
0.425 0.803 0.764 1.084
0.475 0.931 0.917 1.229
0.525 1.102 1.091 1.430
0.575 1.310 1.305 1.825
0.625 1.598 1.683 2.692
0.675 1.932 2.636 4.299
0.725 2.466 3.557 5.362
0.775 3.426 4.761 5.903
0.825 4.638 5.520 6.606
0.875 6.328 6.091 6.606
0.925 6.328 6.091 6.606
0.975 6.328 6.091 6.606

LAI
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quality research should be done, but this is beyond the scope of this research.  The background and 
methods, used to briefly analyze the water quality of the irrigation water in Chamcar Bei, are 
presented in this chapter. 
 
3.6.1. Background 
 
Water quality for agriculture 
A key parameter in water quality for irrigation is the salt amount. Both the quantity and type of 
dissolved salts are important in irrigation water. However the water suitability cannot only be 
determined from quantities of dissolved salts in the water. The soil and also the skills and knowledge 
of the water users are of great influence on whether problems related to water quality may occur. 
Therefore no set limits on dissolved salts for irrigation water exist. The suitability is determined by the 
total accumulation of the water constituents in the ground which may restrict crop yield. Problems 
which most commonly occur are those related to salinity, water infiltration rate, toxicity.  
 
Dissolved salts in water can origin from dissolution or weathering of rocks, such as limestone and soil 
or from salt water intrusion from saline sea water if the area is close to the sea. As Chamcar Bei is 
close to the sea and has some limestone hills at its catchment boundaries, high quantities of dissolved 
salts in the irrigation water may occur. Salts in the water or soil reduce the water which is available to 
crops and may therefore affect the yield.  Another problem which might occur from salinity is a 
decrease of the water infiltration rate, if it is in combination with a low Sodium Adsorption Ratio 
(SAR). SAR can be calculated from Eq. 3.41. Futhermore some toxic ions and excessive nutrients can 
cause damage to crops or reduce the yield. (Ayers and Westcot, 1994) 
 
𝑆𝐴𝑅 = 𝑁𝑎

�(𝐶𝑎+𝑀𝑔)
2

         [3.41] 

 
Water quality for drink ing water 
Since 2004 drinking water quality standards, based on the WHO (2004) guidelines have been adopted 
by the Cambodian government. In this year a comprehensive policy on national Water Supply and 
Sanitation was established. The aim of the standards are to ensure that: “drinking water will be safe 
in the future, that there are no health risks to the public, to serve a basis for the design and planning 
of water supply treatment, and to provide benchmark for assessing long-term trends in the 
performance of the water supply system”. (MoIMaE, 2004) The guidelines from both the MoIMaE  and 
the WHO (2003) are presented in Table 3.3. The values between brackets in the WHO guidelines are 
parameters which do not influence public health, but are undesirable because these constituents 
might discolor the water or give it an unpleasant taste or smell.  
 
3.6.2. Water quality tests 
 
Due to limited resources, equipment and time not all parameters mentioned in the chapter ‘Water 
quality for agriculture’  have been tested. However, all drinking water parameters as mentioned in the 
chapter ‘Water quality for drinking water’ have been tested. Tests have been performed, both in the 
field and in the RDI lab in Phnom Penh. In total, lab tests for three different locations and a number 
of tests for conductivity have been performed in the irrigation canals and in 23 wells distributed over 
the total area. Figure 3.4 shows an overview of the locations and parameters tested, a ‘x’ means that 
the parameters has been tested in the RDI lab, an ‘o’ means it has been tested in the field. From 
interviews with local water users the local sand mining companies were suspected to cause water 
quality problems and are further investigated.  
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Table 3.3 Drinking water quality parameters 

 

Laboratory tests 
The sample locations are chosen at reservoir A, irrigation canal B.2.1 and at the sand mining 
company. Reservoir A was chosen as a background sample as the whole irrigation systems uses this 
reservoir as water source. To test the water quality with which the land is irrigated a sample from a 
typical canal B.2.1 was taken. The last sample was taken at one of the sand mining companies in the 
area which is next to reservoir B as the process of sand mining was suspected to contaminate the 
water users by local water. Because of limited budget only at one location all parameters were tested. 
The sand mining company location was chosen for the full test as it was expected to be the most 
contaminated location. 
 
For every location three different samples were taken. As some parameters are very sensitive to 
change over time a proper way of collecting and storing the samples is essential. In order to do this 
correctly instructions for taking and storing of water samples from the RDI lab in Phnom Penh were 
followed. These instructions included taking different samples for three groups of parameters, i.e.: 
general parameters, E-coli, Arsenic, Iron, Manganese and other metals. The sample for E-coli was 
taken with a special sterilized and sealed sample bottle to ensure no bacteria are present in the bottle 
before taking the sample. The sample for the last group of parameters was taken in an acidified bottle 
to make sure the metals remain in solution and do not oxidize.  
 
All samples were taken in the early morning and kept cool while transported to the RDI lab in Phnom 
Penh. The samples were delivered at the lab within 6 hours and analyzed within a day from the 
moment of sampling. 
 
Field tests 
Salinity is a key parameter in water quality for agriculture and easy to measure in the field. Using a  
WTW 3310 conductivity meter, conductivity – a common measure for salinity - was measured both in 
the irrigation system and in wells.  
 
Company visits 
In addition to the water quality tests, both sand mining companies in Chamcar Bei were visited. From 
the visits further inside in the sand mining process and its possible contamination of the irrigation 
water is investigated. The visits were on 6 March 2012 together with a translator from BABC. 
 

(MoIMaE, 2004) WHO (2004)
Arsenic ppb 50.0 10.0
Chloride mg/L 250.0 250.0
Conductivity μS/cm 1500.0 -
Fluoride mg/L 1.5 1.5
Iron mg/L 0.3 (0.3)
Manganese mg/L 0.1 0.4 / (0.1)
Nitrate mg/L 50.0 50.0
Nitrite mg/L 3.0 3.0
pH - 6.5 - 8.5 (6.5 - 8)
Phosphate mg/L - -
Sulfate mg/L 250.0 (250)
E. Coli cfu/100 mL 0.0 0.0
Total Coliforms cfu/100 mL 0.0 0.0
Total Hardness mg CaCO3/L 300.0 (300)
Turbidity NTU 5.0 (5)

Parameters Drinking quality standards
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Table 3.4 Overview water quality tests, with ‘x’ for lab tests and ‘o’ for field tests 

 

 

Parameters
Sand mining comp. Reservoir Irrigation Canal Severall wells

Arsenic X
Chloride X X X X
Conductivity X O O O
Fluoride X X X X
Iron X X X X
Manganese X X X X
Nitrate X X X X
Nitrite X X X X
pH X
Phosphate X X X X
Sulfate X X X X
E. Coli X X X X
Total Coliforms X X X X
Total Hardness X

Turbidity X X X X

 Locations for water sampling
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4. Topography 
 
4.1. Map Chamcar Bei 
 
In Figure 4.1 the created map of Chamcar Bei is shown. The green area represents forest, red lines 
are roads and blue lines are canals. The catchment boundary is indicated by the blue dotted line. 
Other features are explained in the legend. To give a better idea of the area some landmarks are 
added to the map (e.g. Pagoda, Vine Retreat, CVTC). CVTC stands for Community Vocational Training 
Centre from BABC which is well known in Chamcar Bei. 
 

 
Figure 4.1 Map Chamcar Bei 
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4.2. Catchments 
 
With GIS software the catchments of the Chamcar Bei area and the new reservoir have been 
determined. The Chamcar Bei area consists of three catchments, which are presented in Figure 4.2. 
The railway track is chosen to be the downstream boundary of the whole system. It can be seen that 
one large catchment contains most of the village. Sub-catchments 1 and 2 start in the small mountain 
range upstream in the northwest and run down to the catchment drainage points in the south. 
Between sub-catchment 2 and 3 a minor plateau is found, separating the two sub-catchments. The 
drainage point of catchment 3 is found in the east. Furthermore the catchment of the large reservoir 
is determined, which is shown in Figure 4.3 (left). The latter is part of the large catchment 2. 
Upstream it consists mainly of hill slope area, while more downstream the landscape turns to wetland. 
This will be used in the Rainfall-Runoff-Reservoir model to predict the reservoir inflow from the 
upstream area. Further north the catchment of the new reservoir is situated which is shown as the red 
surface in Figure 4.3 (right). This catchment is used to calculate how much water can be stored by the 
new dam which is situated at the drainage point of this catchment.  All surface areas of the sub-
catchments are shown in Table 4.1.  
 
Errors that might have slipped in the determined catchment are caused by either an incorrect DEM or 
wrongfully filled up sinkholes in de DEM. Sinkholes might be the effect of a deviation of the DEM from 
the real height of a cell. With observations could have been checked whether this filling of sinkholes is 
correct. However, given the time span of this study this has not been done.  
 
To check whether the determined catchment areas are correct the topography is analyzed and all 
drainage points were observed in the field. From this could be concluded that the division of the 
catchments corresponds with the a priori assumption of flow directions in the area. Determining the 
exact error remains quite difficult however. Therefore the error in the catchments’ areas has been 
estimated with an educated guess, being 5% of the surface area. 
 

 
 
Figure 4.2 Sub-catchments of Chamcar Bei, including the chosen total catchment boundary (red line) 
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Figure 4.3 Sub-catchments of Chamcar Bei, with the catchment of (left) reservoir A and (right) the new reservoir in red 

 
Table 4.1 Surface of catchment areas in Chamcar Bei 
 

Catchment Areas 
    Surface Area [km2] 

Catchment 1   11.1 
Catchment 2   4.4 
Catchment 3   2.6 
Reservoir   3.5 
New Reservoir   1.6 
 
4.3. Land use classification 
 
To calculate total transpiration and to give a better insight in the land use in Chamcar Bei a 
classification is made of the different land uses within the Chamcar Bei catchment.  The result of this 
classification is shown in Figure 4.4, whereby a distinction is made between seven land use 
categories.  From this division also total areas of the different land uses are calculated which are 
presented in Table 4.2. From this table it can be seen that the total area is more or less subdivided 
into four areas with roughly the same size: Bush (20%), Forest (22%), Cropland (30%) and 
Plantations (25%). Whereby Mixed Cropland and Plantations is evenly divided between Cropland and 
Plantations. This also shows that total cultivated area (57%) is a bit larger than the non-cultivated 
area (42%) in the Chamcar Bei catchment and that only 2.8 per cent of the total area is classified as 
Open Water. 
 
When these numbers are compared with the earlier land use classification (BABC, 2006) given in 
chapter 2.2.4 differences can be noticed. However since the total area calculated area in this research 
is almost six times smaller than was assumed by BABC and different land use categories were used, 
no legitimate comparison can be made. Still, it is likely that irrigated cropland corresponds with the 
land use category rice field, these numbers do show similarity.  
Beside the land use of the Chamcar Bei catchment also the land use in the New Reservoir catchment 
is determined. Because this catchment almost entirely consists of forest the total catchment is 
classified as Forest. 
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Figure 4.4 Land use classification within the Chamcar Bei catchment 

 
Table 4.2 Total area per land use category 

 
 
4.4. Groundwater 
 
Using the procedure described in chapter 3.1.4 a map is created which shows the groundwater level 
differences over the Chamcar Bei catchment, see Figure 4.5. Note that not the groundwater levels at a 
certain moment, but the yearly differences in groundwater levels are shown.  
From the locations of the wells, presented as dots in the figure, it can be seen that a big part of the 
data consist of extrapolation of measuring points. This implies that groundwater level differences in 
the western part of the catchment are mainly calculated using the assumptions that differences in 
groundwater level at the water divide are zero and ground water levels are interpolated in 
downstream direction. 
 

Surface Area [ha] % [-]
Bush 345.4 20.4
Forest 377.5 22.3
Irrigated Cropland 160.4 9.5
Non-Irrigated Cropland 258.2 15.3
Mixed Cropland and Plantations 154.5 9.1
Plantations 347.5 20.6
Open Water 47.0 2.8

Total 1690.6 100.0

Total Area Land Uses
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As can be seen from Figure 4.5 water level differences based on proximity of open water coincide with 
water level differences in wells. Also the area with lower water level differences in the northeast part 
of the catchment can be explained from presence of open water just outside the catchment boundary. 
A depression near the big reservoir possibly indicates that water level differences in the reservoir are 
overestimated but can also be caused by incorrect water level differences in one well. 
Overall this map results in a mean groundwater level difference of 2.25 meter over the whole 
catchment and a total water storage change of 9.5 million cubic meters.  
 

 
Figure 4.5 Groundwater level differences over the Chamcar Bei catchment 

 
4.5. Bathymetry large reservoir 
 
Via depth measurements over several cross sections of the reservoir, the bottom course of the 
reservoir was determined. To create a complete view of the depth in the reservoir the found values 
were interpolated over the total area. The results are shown in Figure 4.6. From observations and 
interviews the maximum contour lines of the lake were determined. This is shown by the black line in 
Figure 4.6. Furthermore, it is indicated where the main gate of the reservoir is positioned and where 
the dam is located. It can be seen that the reservoir has two deeper spots. One is in front of the main 
gate, the second a bit more to the east. Secondly it is observed that the largest part of the reservoir 
consists of areas with a low slope, only to submerge when the water level reaches over ~3.5 meter. 
 
 
In Figure 4.7 the bathymetric map of the reservoir is shown. Again it can be seen that when the 
reservoir is full, most of the submerged area consist of a wetland area with a water table lower than 
~1.5m. In the bathymetric map the maximum contour of the reservoir is used as reference level. 
 
Figure 4.7 shows the relation between reservoir volume and water depth. Water depth is considered 
as height of the water column above the lowest point in the lake. At the time of measuring, the water 
level was ~4.5m. With the dimensions of the lake determined, the volume was extrapolated up till the 
maximum water level. The latter is indicated with a dashed line. In order to integrate the reservoir 
mathematically into a model, the volume-water level relation has been approximated with a higher 
order polynomial equation. This yielded the following equation for the relation between volume and 
water depth in the lake. 
 
ℎ(𝑉) = 𝑝1 ∙ 𝑉5 + 𝑝2 ∙ 𝑉4 + 𝑝3 ∙ 𝑉3 + 𝑝4 ∙ 𝑉2 + 𝑝5 ∙ 𝑉 + 𝑝6    [4.1] 
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With water depth in the reservoir h [m] and total volume V [m3]. The equation for water depth h as a 
function of volume V  is used as well to determine the relation between water depth h and reservoir 
wet surface area Ares. It is assumed that when the equation for volume is derived to water depth h, an 
equation for Ares is found. This yields the following. 
 
𝑉(ℎ) = 𝑝1 ∙ ℎ7 + 𝑝2 ∙ ℎ6 + 𝑝3 ∙ ℎ5 + 𝑝4 ∙ ℎ4 + 𝑝5 ∙ ℎ3 + 𝑝6 ∙ ℎ2 + 𝑝7 ∙ ℎ + 𝑝8   [4.2] 
  
𝐴(ℎ) = 𝑑𝑉(ℎ)

ℎ
= 𝑉′(ℎ) =  7𝑝1 ∙ ℎ6 + 6𝑝2 ∙  ℎ5 + 5𝑝3 ℎ4 + 4𝑝4 ℎ3 + 3𝑝5 ℎ2 + 2𝑝6ℎ + 𝑝7 [4.3] 

 

 
Figure 4.6 Depth of reservoir 

In Table 4.3 the found parameters for equations [4.1-4.3] are presented. 

 
Figure 4.7 Bathymetric map of the reservoir (left) and relation between volume and water depth of the reservoir (right) 

Table 4.3 Parameter values for depth, volume and surface equations 

Parameter values per equation 
  d(V)   V(h), A(h) 
p1 1.4 ∙10-7    -4.4 ∙101 
p2 -2,3∙10-21   6.1 ∙102 
p3 1.5 ∙10-15    -2.5 ∙103 
p4 -4.3 ∙10-10   1.9 ∙103 
p5 6.4 ∙10-5   1.0 ∙104 
p6 4.7 ∙10-1   -1.6 ∙104 
p7 -   1.4 ∙104 
p8 -   -1.7 ∙103 
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4.6. Conclusions and discussion 
 
During this research an accurate map of Chamcar Bei village is made which presents main roads, the 
complete irrigation system and indicates important locations in Chamcar Bei. Also divisions are made 
in different catchments and land uses. This resulted in a approximation of three different catchment 
areas and seven land use areas which were used in the water balance. A map of the groundwater 
level differences is made but due to lack of data it has a large uncertainty. Finally a bathymetric map 
of the reservoir is made using water depth measurements and interpolation techniques. 
 
To produce a correct map of the Chamcar Bei catchment mainly GPS data is used. Because satellite 
cover was good during field visits only a small error was made using this data. Larger errors were 
made when other data was used because tracking with GPS was not possible. This was mostly the 
case when boundaries of land uses were not reachable or vague. In that case land use classification 
was done using satellite imagery or by sight using GPS points as a reference. Although this introduced 
errors in land use classification, errors in transpiration, which is calculated using the classification, are 
limited as for different land uses the same transformation is made. 
 
By determining the different catchments an error is made due to accuracy and scale of the DEM 
satellite. This results in incorrect generalisations and sometimes incorrect flow directions. As height 
differences in more flat areas are small these areas are more sensitive to errors. Other errors might 
source from the filling procedure as discussed in section 3.1.2. 
 
When calculating groundwater levels and water depths in the reservoir different interpolation and 
extrapolation methods are used. This introduced errors in this approaches because only a limited 
number of data points is used. This is mainly the case by groundwater levels because in the higher 
areas almost no data is available. Therefore some assumptions had to be made which introduced a 
large uncertainty. Also because data for groundwater levels was obtained during interview and levels 
in wells differ from groundwater levels, the obtained data has a significant uncertainty. Errors from 
water level measurements in the reservoir are however only a few centimetres per data point. 
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5. Current irrigation scheme 
 

5.1. Introduction 
 
The irrigation scheme of Chamcar Bei is located in the southeast of the Chamcar Bei catchment, as 

presented in Figure 4.1 in section 4.1. The system consists of a main reservoir which is filled during 
the rainy season and a second reservoir which is refilled from the main reservoir. From the second 

reservoir several earth lined canals convey the water to the farmlands. In theory 160 of the total 400 
hectares of farmland could be provided with water from this system. However in practice the number 

of irrigated hectares is less. The majority of canals and water gates are in state of disrepair due to 

insufficient maintenance. According to BABC the biggest challenge here is to find out whether it 
would be possible to expand the current irrigation system so that more farmland could be supplied 

with irrigation water.  
 

In the following sections a concise name convention together with the layout of the irrigation system 

is presented. Additionally the management and organization, the different cultivated crops and the 
associated irrigation practices will be discussed. The chapter ends with a discussion and conclusions. 

 

 
 Figure 5.1 Name convention of the Chamcar Bei irrigation scheme 
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5.2. Name convention 
 

Since the irrigation scheme consists of various canals diverting into various canal branches, a name 
convention is developed to enable unambiguous communication. The name of a canal starting at a 

reservoir gets the name of that reservoir (either A or B), subsequently a clockwise number is added, 
whereby numbering starts from twelve o’clock. Canal branches adopt the name of the original canal, 

added with an additional number index. The name convention for gates consists of the name of the 

canal and a letter (e.g. A,B,C). To illustrate, part of the name convention is indicated on the map in 
Figure 5.1. 

 

5.3. Layout 
 

In the chapters hereafter the layout of the system together with a brief impression of the current 
state of canals and structures are discussed. More detailed information about the irrigation scheme 

can be obtained from the report by Groenemeijer which will be published in May 2012. 
 

5.3.1. Reservoirs  

 
The irrigation system has two reservoirs which are filled during the rainy season. The water flows 

from reservoir A to reservoir B. From reservoir B the rest of the irrigation system is fed, whereby the 
water flows in south-easterly direction by means of gravitational flow. Reservoir A is the main 

reservoir and has a total surface are of circa 25 ha, an estimated volume between 2.500 and 600.000 

m3 and an estimated water depth between 0.5 and 6 meters (see chapter 4.5 and 8 for more 
explanation on these numbers). Reservoir B has a total surface area of approximately 5 hectares. 

Reservoir B is equipped with three gates. The first two gates divert the water into canals B.1 and B.2 
while the third gate is used as a safety measure only and opens when the water level in reservoir B 

exceeds a certain threshold. However B.3 Gate A is not closing properly resulting in a constant 
outflow from this water gate. Reservoir A is equipped with one manually operated water gate (A.1 

Gate A) from which the water flows in southern direction to reservoir B. 

 
5.3.2. Canals and structures 

 
The irrigation scheme consists of several canals and structures which are presented in Figure 5.1. In 

this section first a description of the irrigation canals is given. Secondly an oversight of the most 

common maintenance issues is given which results in an oversight of all structures and canal section 
in Table 5.1. A cross section of all canals diverting from reservoir B is added in Appendix IV.  

 
Canals and gates  
The water from reservoir A flows to reservoir B through canal A.1 by means of gravitational flow. 

Halfway canal A1 a gate (A.1 Gate B) is installed, see also Figure 5.3, from this gate a side channel 
(canal A.1.1) diverts, however this canal has never been completed and is therefore not in use. 

Several reasons are to be designated for this incomplete state, one reason is the rocky hard soil 
making excavation difficult. Additionally, one of the stakeholders, a mango plantation owner, did not 

agree with the plans as the canal would be dug on his land. Lastly a mistake might have been made 
in the design of the canal, water would not be able to flow into the canal by means of gravitational 

flow as the canal is not sloping in the right direction. 

The two canals B.1 and B.2 are feeding the whole irrigated area from reservoir B and both have their 
own diversions as shown in Figure 5.1. There is also a third gate placed in this reservoir from where 

water can flow to reservoir C. This gate is only open in the wet season to drain the area, however 
since this gate is not closing properly water is also leaking through this gate during the dry season. 

All canals are flowing in southward or eastward direction because the area is sloping in the south-

easterly direction. Distribution of irrigation water inside the irrigation system is done by two types of 
gates, the gates at the inflow from reservoir B and gates which are placed in the irrigation channels, 

Figure 5.2 shows both types. 
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Common maintenance issues 
During fields visits a list is made of common maintenance issues which occur in the irrigation scheme. 

The main issues for the gates are missing or broken gate doors and/or erosion. Main issues for canals 
sections are vegetation and sedimentation, resulting in shallow vegetated canals. In this paragraph a 

description and illustration of these problems is given together with an oversight for all gates and 
canal sections in Table 5.1. The spatial distribution of the different problems is indicated in Figure 5.1, 

whereby broken or missing gates are marked with a red cross and problematic canals are indicated in 

red. 
 

Due to lack of maintenance in the past years half of the gates are not working properly. The main 
cause of this malfunction is erosion at the side of the structures. At 11 gates water can flow 

underneath or alongside the gate. There are several reasons why this could happen. Firstly the gate 
is built incorrectly which causes turbulence and therefore erosion at the side of the canals. 

Furthermore the sandy soil and possibly a bad preparation of the soil before construction can be the 

reason that flow paths alongside the structures could develop. To illustrate this problem one of these 
gates is shown in Figure 5.3. 

Beside erosion alongside the gates there are also gates which are not functioning because of a 
missing (A.1.B, B.1.2.F and B.2.D) or a broken (B.1.2.I) gate door. Also considerable losses occur due 

to leaking of gate doors over the whole area.  

Mainly because of the malfunction of different structures of the irrigation canals, branches are not 
used at the moment. This results in vegetation which occurs in 4 canal sections at the end of different 

canals. Shallow canals caused by sedimentation also restrict irrigation water flow in a number of 
canals and makes irrigating more difficult. 

 

 
Figure 5.2 Typical gate at reservoir B (left) and in irrigation channels (right) 

 
 

 
Figure 5.3 Gate with missing door in canal A.1 (left) and a typically eroded gate (right) 
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Table 5.1 Oversight maintenance issues structures and canals, ‘Be’ stands for begin of canal and End stand for end of the canal 

 
 

5.4. Management and organization 
 

5.4.1. Water Users Committee 
 

The governing authority of the Chamcar Bei irrigation system is the Water Users Committee (WUC), 

established in 2004. Information about the WUC is obtained from interviews with the chief of the 
WUC, Ym Kong. The WUC has fourteen committee members; a chief, a vice chief, a treasurer and 

eleven (vice) team leaders. The WUC is responsible for the maintenance of the system, the 
regulations of the hydraulic structures and the finances associated with the irrigation system. 

 
All farmers making use of the irrigation system are divided in user groups. Each group is made up of 

six to thirty farmers and has one, two or three team leaders. The exact group configuration is shown 

in Table 5.2, it is not known where the different groups are located along the irrigation canals. 
Farmers that irrigate less than one hectare pay 5000 Riel (€ 1.00) and farmers with more than one 

hectare pay 10,000 Riel (€ 2.00) per irrigation turn. The group leaders are responsible for the 
collection of these fees. 60% of the fees is used for maintenance while 40% is used as income for the 

Water Users Committee members. The Chamcar Bei irrigation system is based on an on arranged 

demand principle, implying that a user asks their group leader for irrigation water, whereupon the 
gates will be opened by the gate keeper on the next idle day. The farmers can irrigate as long as is 

necessary, which usually varies between 0.5 and 2 days, depending on the size of their field. A 

Canal Gates Missing or broken gate door Erosion Vegetation Shallow

A.1 A A - B

B X B - End

A.1.1 Be - A X

A X A - B

B X B - End X

B.1 A A - B

B            X (1 of 2) B - C

C X C - D X

D X X D - End X X

B.1.1 A A - A

B.1.2 A A - B

B B - C

C C - D

D X D - E

E X E - F

F X F - G

G G - H

H X H - I X

I X X I - End

B.1.2.1 A X A - B

B B - C

C C - D X

D D - End X X

B.1.3 Be - End X

B.2 A A - B

B B - C

C X C - D

D X D - E

E E - End

B.2.1 A A - B X

B B - C X

C X C - End

Section

Oversight maintenance issues structures and canals
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maximum of six farmers can irrigate at the same time. This can either be six farmers along the same 

canal or along different canals. 

 
Table 5.2 Group configuration 
 

 
 

5.5. Crops 
 

5.5.1. Crop calendar 

 
Most farmers apply a similar crop calendar, which is illustrated in Figure 5.4 together with the 

seasonal calendar. During wet periods long term rice is cultivated on both irrigated and non-irrigated 
fields. Long term rice is generally seeded in June, transplanted in August and harvested in December. 

Farmers that utilize the irrigation system additionally cultivate maize and short term rice during dry 

periods. Maize is usually sowed half December and harvested half March. Short term rice is sowed in 
March and harvested in June. Depending on the water availability per year other crops (such as water 

melon, pumpkin, cucumber and green beans) are grown as well. However this happens only on very 
small scale and mostly for own use. 

 

 
Figure 5.4 Crop Calendar 

 
5.5.2. Crop water Requirement 

 
Using approximation techniques as described in chapter 3.2 the crop water requirement per month 

for rice and maize have been calculated and presented in Table 5.3, hereby is the reference grass 

evaporation averaged over 2007-2010. 
 
Table 5.3 Crop water requirement per crop per year 
 

 

Group configuration

Group # Team Leaders # Farmers

1 3 15

2 2 19

3 3 30

4 2 15

5 1 6

Jan Feb Apr May Jul Aug Sep Oct Nov

Maize

Rice (short term)

Rice (long term)

Dry season Wet season Dry season

Mar Jun Dec

Month Maize Rice

April 0 164

May 0 198

June 0 65

July 0 0

August 0 0

September 0 0

October 0 0

November 0 0

December 27 0

January 101 0

February 153 0

March 79 229

Total 361 656

Crop water requirement (mm/month)

2007-2010
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5.5.3. Crop yields 

 

Short term rice has an average crop yield of 1 ton per hectare, long term rice 1.6 ton per hectare. For 
maize only an indication of the value of the yield is known varying from 140 to 160 euro per hectare. 

 

5.6. Irrigation practices 
 

5.6.1. Irrigation methods and efficiency 
 

In the Chamcar Bei irrigation scheme, surface irrigation is used to apply water to the fields. For rice 
basin irrigation is applied whereby the entire field is flooded. For the maize crops furrow irrigation is 

used, whereby the furrows carry the water down the land slope between the crop rows.  

The irrigation water is diverted to the fields in various ways, depending on the farmer’s location in the 
irrigation system. Farmers along e.g. canal B.1 and its canal branches lead the water to their fields 

using a plastic pipe with a diameter of circa 9.5 cm which is penetrated through the sides of the 
canals. Along canal B.1.1 an irrigation technique is used, whereby small canals over other fields lead 

the water to the fields. As the bottom of these small canals lies higher than the bottom of canal B.1.1, 
people often build small dams in canal B.1.1 to increase the water depth in the main canal. In this 

way the water can flow into their canal or directly on their fields. 

 
According to FAO standards, surface irrigation has a field application efficiency of 60% and earthen 

loam canals of 200-2000 meters have a conveyance efficiency factor of 75% (FAO, 1989). These two 
factors lead to a scheme irrigation efficiency of 0.45. Since literature values only give an estimation, 

the error in the scheme irrigation efficiency is expected to be 20%. 

 
5.6.2. Actual irrigation water requirement 

 
From chapter 4 it becomes clear that circa 160 hectare is suitable for irrigation, however in 2011 only 

33 hectares and in 2012 only 22 hectares were actually irrigated. For previous years an estimation of 

the irrigated area is given in Table 5.4 by the chief of the WUC. In 2008 the reservoir was emptied to 
carry out maintenance on the water gates, this is the reason for the small amount of irrigated area in 

2008. Reason for the big decrease in irrigated area from 2011 to 2012 is the establishment of a 
Chinese Hydropower Company close by Chamcar Bei. A lot of farmers decided to start working for 

that company instead of farming as the wage was a lot higher. 
 
Table 5.4 Irrigated area per year 
 

 
 
Although an indication is known about the amount of irrigated hectares, it is chosen to present the 

actual irrigation water requirement for a typical year for a typical irrigated hectare. Note that this 
actual irrigation water requirement is equal to the outflow of reservoir A. On a typical hectare, first 

maize then short term rice is cultivated.  

In Figure 5.5 (left) monthly irrigation water requirements are presented. From the figure can be seen 
that although the wet season is said to start in April, still irrigation water is needed. The highest 

demand on irrigation water is when the short time rice is planted in March. The typical annual 
irrigation water requirement is shown in Figure 5.5 (right). An important value from these figures is 

the mean annual outflow of 15100 m3 per year. This number is chosen as a reference to represent 

water availability in chapter 7. 
 

Year Irrigated area (ha)

2012 22

2011 33

2010 18

2009 10

2008 5

2007 10

Irrigated area per year
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Figure 5.5 Typical monthly (left) and annual (right) actual irrigation water requirement, equal to reservoir outflow 

 

5.7. Discussion and conclusions 
 
It firstly has to be emphasized that most information about the irrigation scheme was obtained 

through interviews with farmers and members of the water users committee using translators. 

Although information was always double checked miscommunications could have occurred. 
 

It can be concluded that the Chamcar Bei irrigation system is a rather small irrigation system through 
which in 2012 roughly 22 hectare is irrigated from a total of 160 hectares that has access to irrigation 

water. The irrigation system is fed through two reservoirs that are filled during the wet season an 

emptied in the dry season. Water is conveyed to the fields through earth canals of which roughly 
30% is in bad shape due to sedimentation and vegetation. Diversion of water within the system is 

done by gates from which 50% does not function properly. This is due to a combination of lacking 
maintenance and poor construction. From Figure 5.1 it becomes clear that most canals are in bad 

shape at the end of the branch. Gates at the beginning of canals generally function properly. No 
spatial pattern could be discovered in the location of broken or missing gates. 

 

The scheme irrigation efficiency was estimated at 45%. This number was obtained from literature 
taking into account the applied irrigation method and the type and length of canals. However due to 

e.g. the rather bad shape of the irrigation system, this number could easily be different. This would 
imply a considerable difference in actual irrigation water need. 
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6. Meteorological data 
 
In this chapter all meteorological data used in the water balance and Triple-R model will be presented. 
First the precipitation data series as determined via several methods (existing gauging stations vs. 
remote sensing) will be discussed. In the second section, first results for reference evaporation will be 
presented and discussed, followed by the different terms of total evaporation, i.e. transpiration, 
interception and soil evaporation and open water evaporation. In the last section the results for total 
evaporation will be discussed. 
 
6.1. Precipitation 
 
No gauging stations exist in the Chamcar Bei catchment. Therefore the rainfall has been approximated 
using two techniques. The first data series for Chamcar Bei have been obtained via remotely sensed 
TRMM data. In the following section this data will be presented. Furthermore it will be discussed how 
the data was calibrated and checked on correlation with existing stations. The second method used is 
via Kriging interpolation. Using rainfall data from multiple existing gauging stations, a data series for 
Chamcar Bei has been estimated with the ordinary Kriging technique. After the presentation of both 
data series, it will be evaluated what the expected error of the data is, how well it fits the situation 
and which data series will be used for modeling.  
 
6.1.1. TRMM rainfall estimates 
 
For TRMM calibration two stations were found with corresponding time series, Phnom Penh (Pochen 
Tong) and Kampot. For Phnom Penh data was used from 1998 to 2007 and for Kampot from 2003 to 
2010. Details of the used stations are presented in Table 6.1. 
 
Table 6.1 Details of used gauging stations 

 
 
For both stations the corresponding pixel was determined, from which the TRMM data was captured. 
Before calibration it was evaluated what the performance of TRMM was for the named stations. 
Previous studies on TRMM calibration found that correlation with gauged data is highly depending on 
the month of the year. Therefore it was for both stations calculated what the performance is on 
monthly basis. Per month it was determined whether TRMM was able to approximate the gauged 
data. If this was not the case, the bias from the gauged data was determined. The results are shown 
in Table 6.2. 
 
Table 6.2 Performance of TRMM relative to gauged data from Phnom Penh and Kampot 

 
 

No.
Station
name Lat Lon

Altitude
[m]

Anual rainfall
[mm]

1 Pochen Tong 11.55 104.83 10 1609.6
2 Kampot 10.62 104.22  1 1978.9

Kampot January February March April May June July August September October November December Total
Approx. Equal (+/- 10%) 1 0 0 1 2 0 3 2 3 1 1 0 14

11 - 25 % 0 1 0 0 1 1 1 1 0 1 1 0 7
26 - 50% 0 0 1 1 1 2 1 0 2 1 2 1 12
> 50% 3 3 3 3 2 4 2 1 3 2 4 3 33

11 - 25 % 0 0 0 1 0 0 0 0 0 1 0 1 3
26 - 50% 0 1 2 1 2 1 1 4 0 2 0 1 15
> 50% 4 3 2 1 0 0 0 0 0 0 0 2 12

96
Phnom Penh January February March April May June July August September October November December

Approx. Equal (+/- 10%) 1 2 3 1 2 0 0 1 3 1 1 1 16

11 - 25 % 0 0 0 1 0 2 0 2 1 3 0 1 10
26 - 50% 0 0 0 0 1 1 1 1 0 0 1 2 7
> 50% 7 5 5 5 6 6 8 4 1 1 2 3 53

11 - 25 % 0 1 0 1 1 0 1 0 1 0 0 0 5
26 - 50% 0 0 2 1 0 0 0 2 4 5 3 0 17
> 50% 2 2 0 1 0 1 0 0 0 0 3 3 12

120

Overestimation

Underestimation

Overestimation

Underestimation

Meteorological data

45



 
Figure 6.1 Correlation coefficient between (left) gauged and TRMM rainfall data for Kampot and (right) gauged and TRMM data 
for Phnom Penh 

It can be seen that only a small amount of monthly values are estimated correctly by TRMM. 
Furthermore, most monthly values are overestimated more than 50%. In Kampot this is mostly during 
June. For Phnom Penh TRMM overestimated the gauged data from January to August, with the most 
overestimations found in July. To further illustrate the performance of TRMM throughout the year, the 
correlation which gauged data is calculated and shown in Figure 6.1 (left) and in Figure 6.1 (right) For 
Kampot, TRMM has a reasonable performance, which correlations coefficients between 0.6 and 0.85. 
However, in April, June and October the performance is not good at all. Phnom Penh has some good 
performing months (i.e. January and March). Most months correlate reasonably, between 0.45 and 
0.6. August is the exception, since it reaches a negative correlation with the gauged data. 
 
Table 6.3 Gauged and TRMM monthly mean rainfall and the difference between the two as percentage of gauged data 

 
 
Calibration of TRMM data was performed as defined in the Methods section. In contrast to other 
studies on TRMM calibration (Islam et al. 2010; Almazroui 2011; Islam & Uyeda 2005), it was 
observed that none of the found parameter combinations led to a better overall performance of the 
TRMM data series. Therefore it is chosen to use the 3B-42 TRMM product as obtained to estimate 
rainfall in Chamcar Bei. 
 
To investigate the reliability and accuracy of the used data, it was determined what the monthly 
derivation of TRMM data relative to gauged data from Kampot and Phnom Penh is. This is presented 
in Table 6.3. It can be seen that both stations have rather different derivations over the year. TRMM 
for Phnom Penh overestimates rainfall in most months, especially during the summer months (wet 

Gauged TRMM Difference [%] Gauged TRMM
Difference 
 [%]

January 17.7 28.8 62.5 10.7 5.4 -49.8
February 7.4 4.6 -37.5 29 18.6 -35.8
March 39.6 44.7 12.8 86.9 80.4 -7.5
April 80.1 113.9 42.1 124.7 118.9 -4.7
May 145.3 222 52.7 213.9 225.6 5.5
June 193.3 273.4 41.5 141.8 219.6 54.8
July 188.8 340.1 80.2 352.2 380.4 8
August 217.1 288.5 32.9 362 311.2 -14

255.3 240.7 -5.7 277.6 356.4 28.4
October 293.5 248.7 -15.3 273.3 289.4 5.9
November 117.7 95.6 -18.8 86 129.8 50.9
December 53.7 38.5 -28.3 20.8 21.4 3.2
Annual 1609.6 1939.5 20.5 1978.9 2157.1 9

Phnom Penh Kampot

September
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period). In the end of the year, after the rainy season, TRMM underestimates gauged data. The yearly 
derivation of TRMM is a 20.5% overestimation. In Kampot TRMM underestimates rainfall in the start 
of the year. Gradually the underestimation decreases towards summer leaping to an overestimation, 
with its peak in June. After June the derivation is lower again. However, another peak of 
overestimation in November is found. The total annual difference in Kampot is an overestimation of 9 
%. Since Kampot is fairly close to Chamcar Bei (~20 km), it is assumed that the found derivation for 
Kampot is of the same magnitude in Chamcar Bei. This should be regarding when applying the 
obtained rainfall estimates in the proposed water balance and rainfall-runoff-reservoir model. 
 
Error in TRMM 
The error in TRMM has been determined as explained in chapter 3. The results are presented in Table 
6.1. For every hydrological year (April – March) the absolute error between the  TRMM rainfall 
estimates and monthly gauged rainfall was calculated for Kampot. Is it assumed that since Chamcar 
Bei is located in an adjacent pixel, the order of magnitude of the error is similar to the error in 
Kampot. For the Kampot gauging station monthly data series from 2003 to 2010 were used. Therefore 
it was only possible to determine the error of TRMM during these years.  
 
It can be seen that in 2003 – 2005 the error is rather large. This decreases to an error of only 3% in 
2006 – 2008. In the last two years 2008 – 2010 it has increased again to 12 – 15%. To estimate the 
error of the total water balance (chapter 7) the error in TRMM for this period is determined as well. 
The total relative error in the period of the water balance (2007 – 2010) is 6.6%. 
 
Table 6.4 Absolute and relative error of TRMM at Kampot per hydrological year 

 
 
6.1.2. Kriging 
 
With data from 14 gauging stations, all within a distance of 350 km from Chamcar Bei, a rainfall series 
for rainfall in Chamcar Bei was constructed using ordinary Kriging. The methods and equations which 
are used for this extrapolation are described in Chapter 3.4.2. Kriging precipitation estimates with the 
smallest error were found for an interval of ℎ = 50 km and with a Gaussian model to fit the relation 
between the variance of the error 𝛾 and the distance ℎ. The following equation is used for the 
Gaussian model: 
 
  𝛾(ℎ) =  𝜔 (1 − exp �− |ℎ|2

𝑎2
�       [6.1] 

 
Where 𝛾 is the variance for the error,  𝜔 is the sill and 𝑎√3 the range, i.e. the distance at which the 
variance is at its maximum. 
Table 6.5 gives the results for the model parameters and Kriging estimates. From the results it can be 
seen that for some months the range is a relative small value (e.g. smaller than 10 km), which in 
practice means that the variance is equal for all observed points. This mainly occurs in dry months 
where the rain does not show a clear relation between distance and variance. From the last column it 
can be seen that the error varies from more than 220% in months with almost no rain to as less as 
5% in the wet season. The total error is in 44 %. 
 

Hydrological 
Year

Absolute Error 
[mm/year]

Relative 
Error

3-apr 443 16.40%
4-mei 663 30.60%
5-jun -214 10.30%
6-jul -72 3.00%
7-aug -80 3.90%
8-sep 257 12.30%
9-okt -287 15.70%
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The results for 19 months precipitation data are shown in Figure 6.2. The black bars give the 
precipitation in according to Kriging extrapolation for Chamcar Bei, the grey bars give the absolute 
standard error in for the Kriging estimates and the white bars give the TRMM results for the same 
location. From the figure it can be seen that TRMM data shows the same results as the Kriging 
estimations, with in most months a small underestimate of the Kriging estimates compared to the 
TRMM data. According to equation [6.1] a correlation coefficient between the Kriging estimates and 
TRMM of 0.95 was calculated.  
 

 
Figure 6.2 Kriging estimates and TRMM data for precipitation in Chamcar Bei 

Table 6.5 Model parameters and Kriging results for precipitation in Chamcar Bei 

 
 
  

month a√3 (km) ω P (mm/month) rel. error
Jan '07 240.2 112.7 0.0 0%
Feb '07 224.6 182.3 0.0 0%
Mar '07 5.6 762.8 24.2 118%
Apr '07 4.9 9931.6 118.8 87%
May '07 43.7 9631.0 170.8 48%
Jun '07 22.5 6617.4 201.7 41%
Jul '07 243.1 31900.5 328.7 5%

Aug '07 6.8 17242.7 222.3 61%
Sep '07 7.0 14260.3 248.6 50%
Okt '07 41.0 10145.1 231.6 38%
Nov '07 2.3 2425.1 95.7 53%
Dec '07 193.5 293.4 15.1 18%
Jan '08 184.5 553.8 9.4 43%
Feb '08 52.4 357.1 6.3 223%
Mar '08 0.3 2709.6 66.0 82%
Apr '08 1.5 8633.6 148.0 65%
May '08 3.4 6188.7 195.3 42%
Jun '08 73.9 15797.8 111.7 65%
Jul '08 85.7 39053.2 106.0 95%
total 2300.0 44%

Model Parameters Precipitation estimates
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6.1.3. Chamcar Bei precipitation estimates 
 
In this section the precipitation series for Chamcar Bei will shortly be presented. Only TRMM data is 
used for this precipitation series because with only this data the smallest error is obtained. Although 
the data series are daily, total annual and monthly mean precipitation will presented. Besides, dry 
spells and rainfall distributed will shortly be discussed. 
 
In Figure 6.3 the monthly mean precipitation in Chamcar Bei is presented. This is the result of 
averaging the TRMM rainfall estimates per month from 1998 to 2010. A clear pattern can be found. 
From December to March only a small amount of the total yearly rainfall is expected. From April to 
July the monthly rainfall increases to values over 300 mm per month. After July the rainfall decreases 
again, with a remarkable peak again in October.  
 
In Figure 6.4 the annual rainfall from 1998 to 2010 in Chamcar Bei is shown. Since the start of the 
new millennium the total rainfall per year has decreased. Whereas around the late 1990s values of 
3000 mm per year were observed, since 2005 this has decrease  to less than 2000 mm per year. 

 

 
Figure 6.3 Monthly mean precipitation in Chamcar Bei 

 
Figure 6.4 Annual rainfall in Chamcar Bei, 1998 – 2010 
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6.1.4. Rainfall analysis 
 
Table 6.6 presents the annual rainfall in Chamcar Bei. Besides, a dry spell analysis has been 
performed. For each year the total dry days have been count. Dry spells were defined as multiple 
consecutive dry days. Since short dry periods may not cause immediate harm, it was only analyzed 
how many dry spells were found of longer than one and two weeks. Furthermore, the length of the 
maximum dry spell year has been determined. In Figure 6.5 (left) the probability of occurrence of dry 
spells with a certain length in Chamcar Bai are shown. This analysis has been performed for both the 
dry (December – March) and the rainy season (April – October). It can be seeFn that during the dry 
season, the probability of the occurrence of longer dry spells (e.g. > 2 weeks) is significantly higher. 
However, even during the rainy season, the probability of the occurrence of a dry spell of 2 weeks is 
still 0.5. 

 
Figure 6.5 (left) Probability of occurence of dry spells with certain length in Chamcar Bei; (right) Average rainfall per event per 
month in Chamcar Bei 
 
Table 6.6 Annual precipitation, duration of dry spells and maximum length dry spell in Chamcar Bei 

 

Besides a varying monthly amount of rainfall, the amount of rainfall per event change throughout the 
year. In Figure 6.5 (right) the amount of rainfall per event per month is plotted. The yearly pattern 
can be seen here as well. Similar to the monthly mean values, the rainfall per event increases in April, 
peaking in July with more than 10 mm per event. The peak in October is found here as well. After the 
latter, the rainfall per event decreases again to values below 1 mm per event.  
 

Length maximum
>7 >14 Dry Spell [days]

1998 2679 5 2 52
1999 3196 4 1 21
2000 2972 2 0 11
2001 2437 4 2 21
2002 2082 6 2 34
2003 2524 7 2 39
2004 2027 4 3 28
2005 1826 4 1 15
2006 1815 8 3 23
2007 1834 7 2 17
2008 1628 5 1 18
2009 1605 3 1 20
2010 1755 5 3 31

Dry Spells
Duration

Annual Precipitation
[mm]
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To find out about the presence of trend in the Chamcar Bei rainfall estimates, a Spearman’s rank test 
have been performed. This has been done twice. The first time the rank coefficient has been 
calculated for the entire data series (1998 – 2010). The second test has been performed on a split 
data series (1998 – 2004 and 2005 – 2010), to test for trends in recent years. This has led to a no-
trend hypothesis condition of 
 
𝑡(𝑣, 2.5%) <  𝑡𝑡 < 𝑡(𝑣, 97.5%) 
 
The found tt values for both tests are presented in Table 6.7. In this table each row represents the 
found test hypothesis values for a series length of data series. n = 13 corresponds with the first test, 
in which the total data series are taken into account (1998 – 2010). Here it can be seen that indeed a 
negative trend is found, since the tt value is lower than the lower boundary of the hypothesis. n = 7 
and n= 6 represent the split data series. During 1998 – 2004 the test-statistic value tt  was lower than 
the lower hypothesis condition, meaning a negative trend was found. During 2005 – 2010 however, tt  
lies within the hypothesis condition, meaning no trend is present. All finding correspond with annual 
rainfall amounts as presented in section 6.1., were in from 1998 to 2001 rather high values were 
found, compared to annual rainfall in from 2007 to 2010. Since nu trend was found in the last five 
years, it is assumed that rainfall patterns will stay stable. 
 
Table 6.7 tt values for Spearman’s rank test 

 
 
6.1.5. Discussion and conclusions 
 
TRMM rainfall estimates in Cambodia have varying accuracy. For the tested stations Pochen Tong and 
Kampot, different patterns in correlation and precision were observed. Unlike existing literature, no 
better fit with ground data was observed using standard calibration of TRMM data. Overall, TRMM 
showed a good match with gauged data in Kampot. Although in several months (e.g. April, June, 
October) the correlation was low, the yearly overestimation was only 9%. Furthermore, the relative 
error on hydrological yearly basis (April – March) was as low as 6.6%. 
Kriging approximated monthly rainfall from January 2007 to July 2008 using fourteen gauging stations 
from all across Cambodia. Although the estimated relative error over the total period was 44%, the 
created data series showed high correlation with TRMM (i.e. 0.95). 
Comparing both methods that approximated rainfall in Chamcar Bei, it is concluded that TRMM has 
the smallest error. However, this error has been determined using a longer time series. On the other 
hand, because a longer time series is available with in total a significantly lower error, it is chosen to 
use TRMM rainfall estimates for further modeling. Since calibration of TRMM did not yield any better 
results, raw 3B42 TRMM precipitation estimates will be used. 
On the latter a rainfall analysis has been performed. This revealed that over the period of 1998 to 
2010 a negative trend in yearly rainfall was detected. However, the split data series showed no trend 
in the last 6 years. Therefore, possible changes of rainfall pattern compared to this period are not 
taken into account. The dry spells analysis showed that even during the rainy season, the probability 
of dry spells of longer than two weeks is 0.5. This will be regarded in the evaluation of the irrigation 
scheme. 
 
For the Chamcar Bei catchment monthly TRMM precipitation estimates are considered quite accurate. 
However, this is based on the error in Kampot and the corresponding values obtained by Kriging. To 
estimate the value of TRMM in Chamcar Bei, field measurements are the only way to verify the 
assumed correspondence with reality. Furthermore, it is concluded that longer daily rainfall series are 
crucial for approximating rainfall at a unknown location. Besides a better estimate with Kriging, a 
better calibration fit for TRMM can be obtained. 
 

n tt 2.5% 97.5%
1998 - 2010 13 -8.68 -2.16 2.16
1998 - 2004 7 -2.84 -2.36 2.36
2005 - 2010 6 -1.74 -2.54 2.54

p  = P (t <= tp)
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6.2. Evaporation 
 
Total evaporation is made up from transpiration, interception and soil evaporation and open water 
evaporation as described in Equation 3.35 in chapter 3.3. Results for the different terms and a 
breakdown of the total evaporation in the Chamcar Bei catchment are presented discussed in this 
chapter. 
 
6.2.1. FAO Penman-Monteith evaporation 
 
From existing maximum and minimum monthly temperature data FAO Penman-Monteith (Allen et al., 
1994) reference evaporation has been calculated according to the equation in chapter 3.4.2. and 
Appendix II.  
 
Verification method 
First the method has been verified by checking it with measured ET0 values in Phnom Penh. 
Evaporation was calculated for both daily and monthly mean values of maximum and minimum 
temperature. These values are subsequently compared to the measured values from the gauging 
station in Phnom Penh. The calculations have been calibrated for three parameters, see section 3.4.2. 
The calibration values are shown in Table 6.8. Results of this verification are shown in Figure 6.6. 
(left), where the scattered points show daily calculated evaporation, the black dashed line gives 
calculated monthly mean evaporation and the blue line shows measured evaporation. From the figure 
it can be seen that the measured evaporation can be approximated quite well by the FAO P-M model. 
Although evaporation can differ significantly on a daily scale, the evaporation can be approximated 
quite accurate on a monthly scale. 
 
A second verification was done with available wind velocity data from the Kampot gauging station, see 
Figure 6.7. From the graph it can be seen that averaged daily wind velocity ranges from 2 m/s to 4 
m/s. Evaporation was calculated with measured daily and monthly wind velocity data with only 
assumptions for krs and a, see Table 6.8. Results for these calculations are shown in Figure 6.6 (rigth) 
where the scattered points give the daily evaporation, the black dashed line the average of the daily 
evaporation and the red line the monthly mean evaporation. A good fit (R2 = 0.896) of the scattered 
daily values were found with a monthly mean evaporation. Subsequently a constant wind velocity of 
u2 = 3 m/s was assumed to verify the use of a constant wind velocity in evaporation calculations. 
These results are plotted with the blue line in Figure 6.6 (right). Again a good fit (R2 = 0.913) between 
monthly mean evaporation with and without the assumption of a constant wind velocity was found. 
 
 

  
Figure 6.6 verification of ET0 with (left) data from Phnom Penh and (right) from Kampot 
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Table 6.8 parameters for verification FAO P-M 

 
 
Table 6.9 parameters for FAO P-M in Chamcar Bei 

 
 
 
 
ET0 results 
For Chamcar Bei monthly mean evaporation has been calculated with monthly mean data for the 
maximum and minimum temperature. Temperature data was assumed to be equal to the temperature 
in Kampot, the closest gauging station. 
 
Results for evaporation are shown in Figure 6.8  and the model parameters for Chamcar Bei are given 
in Table 6.9. Wind was assumed constant and equal to average wind velocity in Kampot of u2=3 m/s 
(± 1), the krs value was thought to be the higher than in Phnom Penh as Chamcar Bei is rather close 
to the sea and therefore assumed to be 0.18  ͦC-0.5

  (±  0.01) and the difference between the dew 
temperature and mean monthly minimum temperature was assumed to be 0  ͦC (±  1). From the 
range in these parameters a total relative error of 14.9 % has been calculated. Results for monthly 
mean evaporation ± one standard deviation are shown in Figure 6.8. 
 

 
Figure 6.8 FAO Penman-Monteith estimates for Chamcar Bei 
  

station u2 (m/s) krs  ( ͦC
-0.5) a = Tdew -Tmin ( ͦ

Phnom Penh 3.0 0.16 -0.5
Kampot 3.0 0.18 0.0

FAO P-M evaporation parameters

u2 (m/s) krs  ( ͦC
-0.5) a = Tdew -Tmin ( ͦ

+ 1 st. dev. 4.0 0.19 -1.0
Chamcar Bei 3.0 0.18 0.0

- 1 st. dev. 2.0 0.17 1.0

FAO P-M evaporation parameters for Chamcar Bei

Figure 6.7 Wind velocity measurements at Kampot 
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6.2.2. Actual transpiration 
 
Transpiration coefficients  
Transpiration coefficients have been derived from satellite data using the vegetation cover in the 
catchment which is related to transpiration. Results per land use class are presented in Figure 6.9 and 
compared with rainfall in the same time series, where the blue line gives monthly tc values and the 
bars show monthly summed precipitation. Additional the accuracy boundaries (see chapter 3.4.3.) are 
given for transpiration coefficients. Note that these mainly consist of errors in conversion from NDVI 
to tc and these errors will only cause shifts of the total graph to higher or lower tc values. 
Transpiration coefficients are plotted against rainfall because a strong correlation between this two is 
expected. As can be seen from Figure 6.9 this is indeed the case. In the dry seasons tc values drops 
clearly and also months with more rainfall gives a higher value. Over the whole period it can be seen 
that tc mostly lags behind the rain and shows relative high values after rainy months and lower values 
during or before rainy months. This can easily be explained from nature because growing occurs after 
raining. Also more growth can be expected when there is more sun under condition that there is 
enough water available. 
 
When taking in account this lag, a good correlation between months with different amounts of rainfall 
are clearly observed. For example the lower rainfall in mid 2008 and the high rainfall in October 2009 
results in respectively lower and higher tc values in the following months.  
The different land uses can be divided in three categories from the showed plots. The areas with 
mainly perennial plants, Forest, Plantations and Bush, the areas with annual plants Non-irrigated crops 
and Irrigated crops and the area with a mixed type, Crops and Plantations. 
 
The first category shows a smoother and regular graph which possibly comes from the same land 
cover year through and gives highest tc values for Forest and lowest for Bush. In reality this is indeed 
the case because Forest is dense vegetated while Plantations and Bush are less vegetated. The 
difference between Plantations and Bush can be explained from irrigation and location of the 
Plantations on the one hand and logging in the Bush on the other hand.  
 
In contrary the croplands gives a much more irregular graph. This can be the case due to the 
cropping calendar in Chamcar Bei. The growing season for long term rice starts at the end of June 
and ends in the first half of December. This could result in a low value in July, only seedlings, and 
relatively high values from August till October. The Non-irrigated part and the Irrigated part show 
almost no differences. This is mainly because only a small part of the area that is suitable for irrigation 
is actually irrigated. Most of the time the Non-irrigated area even gives a higher value which can be 
explained from scattered plantations and absence of open water in that area. Plantations can cause 
the tc value to go up while open water is assigned to the irrigated area due to the satellite grid size. 
 
Actual transpiration results 
From transpiration coefficients and ET0 actual transpiration is calculated. This combined and 
calculated over the whole catchment gives a mean monthly transpiration over the whole catchment as 
shown in Figure 6.10. This graph is already corrected for water stress conditions using the formulas 
given in chapter 3.4.3 and also shows the accuracy boundaries of the result. The correction for water 
stress conditions has mainly effect on the dry season and results in lower values in those months. The 
latter can also be seen when comparing Figure 6.10 with transpiration coefficients Figure 6.9. 
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Figure 6.9 Transpiration coefficients per land use compared with effective rainfall 
 

 
Figure 6.10 Monthly actual transpiration in the Chamcar Bei catchment 
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6.2.3. Interception and soil evaporation 
 
Interception has been determined from TRMM data using a threshold value of 2 mm, as described in 
chapter 3.3. The error in this assumption has been estimated by varying the threshold value with ± 1 
mm. Results for monthly summed interception are shown in the left Figure 6.11. Interception varies 
highly from the rainy to the dry season because it is strongly dependent on rainfall data, many days of 
rain per month result in high interception values. A total error of 40% has been found for interception. 
 
Correction soil evaporation paddy rice fields 
For paddy rice fields a correction for soil evaporation is used in addition to interception as described in 
chapter 3.4.3. By multiplying open water evaporation with the percentage of bare soil total soil 
evaporation is calculated. The results are presented in the right Figure 6.11. As can be seen from this 
figure corrections are only made from July till November which are the months that long term rice is 
grown. Within the growing season also a negative trend can be seen. This is because of growing of 
the rice plants and therefore an increase of vegetation cover. In the last months there is an increase 
of soil which coincides with the last growing stage of rice which causes less green vegetation and 
ground cover (Allen et al., 1994). 
 

   
Figure 6.11 (left) ‘normal’ interception and (right) paddy rice interception 
 

 
Figure 6.12 Evaporation breakdown 
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6.2.4. Open water evaporation 
 
To calculate open water evaporation ET0 is used multiplied by a factor of 1.05 as described in section 
3.3. Because there is no interception or soil evaporation the interception value is not applied for areas 
of open water.  
 
6.2.5. Total evaporation  
 
To come to the total evaporation term for the whole catchment data for transpiration, open water, 
interception and soil evaporation are multiplied by the total areas and summed. This results in a 
monthly evaporation in cubic meters per month. A breakdown of the evaporation is given in Figure 
6.12 to illustrate the contribution of the different terms to total evaporation. The largest contributor is 
transpiration followed by soil evaporation and interception. Open water evaporation has only a small 
contribution due to its small area.  
 
From transpiration the different season can clearly be observed. First a gradual increase in total 
transpiration is observed while plants and crop are growing during the rainy season (April – October). 
Then from November a fast decline takes place when there is less water available and plants run into 
water stress. At last at the end of the dry season when it starts to rain again (March – April) and 
enough soil water is available again. 
 
As expected interception and soil evaporation has an strong relationship with the monthly rain which 
causes more variance throughout the year than transpiration or open water evaporation. Also the 
months when long term rice is grown (July – November) shows an increase in this term due to 
cultivation techniques (paddy rice).  
Open water evaporation shows very little variation over the year. This is because the variation in this 
term only depends on ET0 which is almost stable year round. 
 
 
6.2.6. Discussion and conclusions 
 
Results of evaporation have been derived with mainly satellite data and temperature data from 
gauging stations in the vicinity of Chamcar Bei. Two out of three evaporation terms are dependent on 
reference evaporation data which has been derived with the FAO Penman-Monteith model. For the 
model three parameters had to be estimated and were all assumed to be constant. This obviously 
causes an error, but by calculating a monthly mean evaporation this error has been limited. 
Furthermore evaporation in a humid area is rather constant over the year, which also increases the 
validity of these assumptions. The model also has shown to give a reasonable estimation for monthly 
evaporation in Phnom Penh when only temperature data is available. However, this could not be 
verified in Chamcar Bei as no measurements of evaporation over longer time periods are available.  
 
Transpiration has been approximated with crop coefficients derived from satellite imagery. From 
results a clear relation between rainfall and the vegetation cover has been found. An error in the 
absolute values of the kc is however still possible and has been accounted for. Furthermore 
transpiration is not corrected for rainy days, where the actual transpiration is lower due to an high 
humidity during and just after a rain event. This might cause an overestimation in the wet season. 
Interception has been approximated with a threshold model and daily precipitation data. This method 
is only a rough approach, but is thought to give reasonable results for monthly interception. The 
threshold value should however be verified with measurements to reduce the error in this term.  
 
Note that the total evaporation is derived from a combination of a rainfall threshold approach 
(interception) and an energy balance approach (transpiration). Therefore it is possible that total 
evaporation exceeds the potential evaporation derived with Penman-Monteith. This possible 
overestimation of evaporation is thought to be caused by an overestimation of the transpiration term 
in the wet season as discussed before. Literature also confirms that in reality the total evaporation can 
be higher than potential evaporation; according to Priestley and Taylor (1972) even up to 1.26 times 
higher.  As no measurements for actual evaporation or radiation are conducted it is not possible to 
verify whether the latter also holds in the area of study.  
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7. Water balance 
 
The first section of this chapter shows the meteorological input data for the water balance. In the 

sections hereafter the closing terms of the various water balances per catchment together with the 

corresponding relative uncertainties are presented. Subsequently a discussion on these results is 
presented in the final chapter. 

 

7.1. Meteorological input 
 

The water balance uses rain, interception and reference evaporation as meteorological input data to 
compute its different terms. Rain is the main input for the system and evaporation, made up from 

transpiration and open water evaporation which are both dependent on the reference evaporate ET0 
and interception which is dependent on the then number or days with rainfall, the main output. 

 

Figure 7.1 shows the input for the water balance for three subsequent hydrological years starting 
from April 2007. The blue bars show rainfall, the with bars interception and the red line reference 

evaporation. The figure clearly shows the seasonality of rainfall in the area. Furthermore the 
reference evaporation exceeds the effective rainfall (i.e. rainfall minus interception) in about half of 

the months which will most likely cause water stress in those months. Those months are indicated 
with a light blue bar for rainfall in Figure 7.1. Because more months are likely to have water stress in 

the last hydrological year, the water availability in this year is expected to be the lowest. 

 

 
Figure 7.1 Meteorological input data for the water balance in Chamcar Bei 
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7.2. Closing terms 
 
For every catchment a water balance was made for the hydrological years 2007-2008, 2008-2009 and 

2009-2010. The closing term of these water balances is the annual outflow. Additionally a water 
balance is made whereby the input parameters are averaged over these three years. The closing term 

of this averaged water balance, represents a typical annual outflow. In the sections hereafter the 

closing term per water balance per catchment is presented together with the relative uncertainty. In 
the last section the sensitivity between the water stress factor and the outflow is discussed. 

 
7.2.1. Chamcar Bei catchment 

 

The outflow of the total Chamcar Bei Catchment is presented in Figure 7.2. The figure shows the 
outflow in blue bars and the relative error in red bars. First the results of three subsequent 

hydrological years are given, ranging from 7.3 to 1.6 million m3/year in respectively 2007/2008 and 
2009/2010. The corresponding uncertainty in the outflow for these years ranges from 56 to 334 per 

cent. From the three years a typical annual outflow of 4.5 million m3/year with an uncertainty of 71% 
has been calculated. 

 
Figure 7.2 Outflow plus its relative uncertainty for the Chamcar Bei catchment 

7.2.2. Reservoir catchment 
 

The outflow of the Reservoir Catchment is shown in Figure 7.3. Total outflow ranges from 1.68 to 
0.49 million m3/year in respectively 2007/2008 and 2009/2010. The corresponding uncertainty in the 

outflow for these years ranges from 67 to 272 per cent. From the three hydrological years a typical 

annual outflow of 1.0 million m3/year with an uncertainty of 80% has been calculated. With this 
typical annual outflow an equivalent of 67 typical hectares could possibly be irrigated. 

 
Figure 7.3 Outflow plus its relative uncertainty for the Reservoir catchment 
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7.2.3. New reservoir catchment 

 
The outflow of the New Reservoir Catchment is shown in Figure 7.4. For this catchment the outflow 

ranges from  0.39 to -0.063 million m3 in respectively 2007/2008 and 2009/2010. The corresponding 
uncertainty in the outflow for these years ranges from 189 to 1231 per cent. In the hydrological year 

2009/2010 a negative outflow was calculated. This could indicate an inflow instead of an outflow or a 

shortcoming of the model. This result is further discussed in the following section. The typical annual 
outflow over these three years is 0.13 million m3 with an uncertainty of 373%. 

 

 
Figure 7.4 Outflow plus its relative uncertainty for the New Reservoir catchment 

7.2.4. Sensitivity water stress factor 
In the water balance the limit on water availability for evaporation is taken into account by a water 

stress factor of 0.7, as explained in section 3.4. The uncertainty in the water stress factor is not taken 

into account in the relative uncertainty of the outflow. In order to examine the effect of a lower water 
stress factor (implying less evaporation, thus a higher outflow) and a higher water stress factor, a 

sensitivity analysis has been carried out. The result is shown in Figure 7.5, whereby a change of 0% 
corresponds with a water stress factor, Cstr, of 0.7. From this analysis becomes clear that when the 

water stress factor is lowered by 14% (i.e. Cstr = 0.6), the outflow increases with 6% and if Cstr is 

increased with 14% (i.e. Cstr = 0.8) the outflow decreases with 7%. 
 

 
Figure 7.5 Sensitivity analysis of Cstr and Qout 
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7.3. Discussion and conclusions 
 
Overall it can be seen that there has been a precipitation surplus on all catchments for all years 

(excluding the New Reservoir catchment in 2009/2010, this is discussed in the next section). The 
outflow of each catchment follows the same trend, maximum outflow is obtained in 2007/2008 and 

minimum outflow in 2009/2010. This coincides with the decrease in precipitation over those years 

(1823, 1767 and 1473 mm in respectively 2007/2008, 2008/2009 and 2009/2010). It corresponds as 
well with the amount of months that are likely to have had water stress. in 2007/2008 and 2008/2009 

there were only seven months vulnerable for water stress while in 2009/2010 nine of the twelve 
months are likely to have had water stress. The relative error in the outflow is calculated as the 

absolute error divided by the value of Qout. Note that the absolute error stays roughly the same for 

each year while Qout decreases, this causes the significant increase in relative error over the years. 
 

A remarkable result is the negative outflow of the new reservoir catchment during 2009-2010. A 
negative outflow could either indicate an inflow or result from a shortcoming of the model. However, 

since the catchment is located in the hills with its water divides at the mountain ridge it is not likely 
that a stream flow enters the catchment. More plausible the negative outflow is caused by an 

overestimation of the total evaporation term or an underestimation of the precipitation term. For the 

precipitation the same dataset is applied as for the other catchments, although the topography of the 
new reservoir catchment differs quite a lot from that of the other catchments. The new reservoir 

catchment is located in the hills where generally a higher precipitation can be expected; therefore it is 
likely that the precipitation is indeed underestimated. Before any conclusion is drawn it is therefore 

advisable that the actual precipitation is measured at location. Secondly, the evaporation term could 

have been overestimated. Evaporation normally depends on the available energy for evaporation plus 
the available water for evaporation. In the study area, energy is abundant, however water is not. In 

the water balance the limit on water availability is taken into account by a water stress factor of 0.7. 
It could be possible that this number has been estimated too high, because of which the reduction of 

evaporation due to water stress has been underestimated and therefore the evaporation term has 

been overestimated. From the sensitivity analysis presented in section 7.2.4 it becomes clear that Cstr 
has a considerable influence on the outflow. If the water stress factor is lowered by 14% (i.e. Cstr = 

0.6), the outflow increases with 6% and if Cstr is increased with 14% (i.e. Cstr = 0.8) the outflow 
decreases with 7%. A wrong assumption for Cstr will therefore indeed have had a big influence on the 

out flowing discharge. 
 

The reservoir catchment has a typical outflow of 1 million m3 which corresponds with an equivalent 

amount of 67 typically irrigated hectares. The amount of irrigated hectares was in 2012 only 22 
hectares, so this amount could roughly be tripled with this typical water availability per year. It should 

be noted that the equivalent 67 hectares were calculated without taking into account possible extra 
users (see as well chapter 9) of the irrigation system. The water uptake of these extra users may 

have a considerable impact on the results.  

 
From the new reservoir catchment a typical outflow of 0.13 million m3 is expected, this corresponds 

with an equivalent of 9 typically irrigated hectares. Taking into account that the precipitation is 
probably underestimated, this is presumably a lower boundary. If the actual precipitation would be 

applied, bigger outflows can be expected. According to this lower boundary 13% more hectares can 
be irrigated. It can therefore be concluded that construction of a new reservoir at this location will 

indeed contribute to the total water availability, but to which degree is not clear. 
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8. Rainfall Runoff Reservoir model 
 

To model the behavior of the large reservoir a rainfall-runoff-reservoir (TripleR) model is used. This 
model predicts the storage change, inflow and outflow on a monthly basis. This chapter will present 

the results obtained by this model. Firstly, all found parameter values and used assumptions for all 

three parts of the model will be discussed. Secondly, the quantitative results will be presented. Lastly, 
a qualitative evaluation of the results will be made. 

 

8.1. Inflow: Rainfall – Runoff model 
 

The inflow of the reservoir has been estimated by making a rainfall – runoff (RR) model. This RR 
model was made of the catchment upstream of the reservoir, as presented in chapter 4. The Chamcar 

Bei catchment is ungauged and not rain or flow measurements exist. Therefore a conceptual model 
has been developed, with a topography driven approach. Inspired by Savenije (2010), two conceptual 

models were created as presented in chapter 3: one to model the wetland area and one to model the 

hill slope area of the catchment. From field observations it has been determined that half of the 
catchment is wetland area and half is hill slope area. Therefore an equal share of both models 

contribute to total catchment runoff. Calibration was done using the results from the historical water 
balance (chapter 7). For three hydrological years (2007 – 2008, 2008 – 2009 and 2009 – 2010), the 

yearly catchment outflow has been determined. It was assumed that this outflow runs off during the 
wet season (April – October), with little to no flow during the dry period. For calibration, the total 

outflow of the historical water balance was compared with the outflow of the RR model, summed over 

the wet season. To evaluate the model output a Nash-Sutcliffe model efficiency was calculated. Since 
for only three hydrological years the water balance has been calculated (and hence the outflow), two 

years will be used for calibration. The third year will be used to test the predictive power of the model.  
 

Results 
As a first step model the parameters of the TripleR have been determined. Parameters were chosen 
randomly using Monte Carlo simulation (10,000 sets). All sets were tested against yearly total 

discharge obtained by the historical water balance. In Figure 8.1 the Nash-Sutcliffe model efficiencies 

are plotted against parameter values. From this it can be seen what the impact of a certain parameter 
on model performance is. It can be observed that no parameter set is able to let the model 

performing with an efficiency higher than 0.5 and only a few parameters have a significant 
contribution to better model performance.  

 
Figure 8.1 Nash-Sutcliffe model efficiency of model plotted against model parameters values 
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Table 8.1 Chosen parameter values 

 
 

 
Figure 8.2 Hydrograph of modeled total discharge including the share of the slow component from 2003 to 2010 
(left) and hydrograph of model total discharge including the shares of the hill slope and wetland area from 2003 
to 2010; time in months with 1 = Jan 2003 and 96 = Dec 2010 

 
 

 
Figure 8.3 Modeled state variables, unsaturated zone of wetland (left), unsaturated zone of hill slope (middle) 
and deep reservoir of hill slope (right) 

 
Figure 8.4 Water fluxes of the reservoir catchment from 2003 to 2010, estimated evaporation, interception and 
TRMM rainfall and modeled catchment ouflow 

β Su,max Ks a Sw,max Kw

Hill slope 0.25 600 0.015 0.5

Wetland 0.25 800 0.05
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Figure 8.5 Modeled yearly outflow with Triple R model (blue) and modeled yearly outflow with historical water 
balance (red) including error in historical water balance (black) 

 
Table 8.1 presents the chosen parameter values for both the hill slope and wetland part of the 

conceptual model. Since most parameters do not have a direct physical meaning, the values are not 
verified (e.g. by measurements). What can be seen is that the K value for wetland is significantly 

higher than for hill slope. This causes the “bucket” to empty slower in the hill slope area, which results 
in a lower and more constant discharge over time. 

In Figure 8.2 the hydrograph of the modeled monthly discharge is shown. The left graph includes the 

total monthly discharge and the slow component of discharge. It can be seen that the slow 
component decreases and approximates 0 mm per month in the dry reason. In the rainy season, the 

slow component increases. However, the total discharge decreases more, which is the result of a 
more important fast runoff term. The right graph in Figure 8.1 shows the shares of respectively the 

wetland and hill slope area of the reservoir catchment. It can be seen that over the year, discharge 

from wetland and hill slope has the same order of magnitude. However, in the dry season the 
discharge from the wetland decreases to zero, in contrary to the hill slope area. This is explained by 

the fact that in the hill slope model a deep reservoir is included which empties very slowly throughout 
the year. The latter causes a very low, but constant discharge term over time. This corresponds with 

the parameters values as presented in Table 8.1. Also it has been observed in the field that in some 
part of the hill slope area, streams are flowing throughout the year. Although none of these observed 

streams discharge into the reservoir, it might be a sign that the topographical characteristics are 

modeled correctly. 
The state variables of the model are presented in Figure 8.3. Here it can be seen that the variation in 

storage is higher in the wetland area (300 mm) than in the hill slope area (100 mm). Although this 
does not has a direct physical meaning (e.g. porosity, capillary forces not taken into account), the 

ratio between these variations corresponds with expected groundwater behavior as presented in 

chapter 3.1.4. 
Figure 8.4 presents the most important water fluxes from 2003 to 2010 in the reservoir catchment. 

Besides TRMM rainfall, evaporation and interception the modeled discharge is plotted as well. Here it 
can be seen that throughout the year evaporation and interception are a rather important term, 

“consuming” much of the available water. However, the abundance of rainfall in the wet season 

directly leads to high runoff values. 
The modeled discharge was calibrated and compared to obtained yearly discharge from the historical 

water balance, as presented in Figure 8.5. In the first year, the discharge is approximated quite well. 
However, in the following years the Triple R model performance decreases. Especially in 2009 – 2010, 

the performance is weak. Nevertheless, given the range in which the yearly water balance outflow can 
vary due to uncertainty, the Triple R model stays within this boundary every year. 
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Using the Triple R model a runoff series has been modeled, to be used as inflow for the reservoir of 

the irrigation system. The value of the modeled runoff as well as further discussion of the presented 

results will follow in section 7.4. 
 

8.2. Outflow: Irrigation water requirements 
 

The outflow of the reservoir consists of required water for irrigation purposes. Using the crop calendar 

as determined in chapter 5, a monthly water demand in cubic meter per month has been determined. 
By correcting for water losses and conveyance efficiency a total outflow requirement per hectare of 

irrigation area has been determined. These monthly values are presented in chapter 5 and in Table 
8.2. For the Triple R model, an average year has been used to approximate water use throughout the 

year. This has been made variable according to the amount of irrigated land in hectares. This results 
in the flexible water requirements with which it can be investigated how much land can be irrigated 

given certain system conditions. The latter will be done in the next section. 
 
Table 8.2 Irrigation water requirements per month 

 
 

8.3. The reservoir 
 

A model of the reservoir has been made, using the mathematical descriptions as presented in chapter 
4. With the runoff from the upstream catchment and precipitation above the reservoir as inflow, 

irrigation water requirements, evaporation and overflow as outflow, the water level in the reservoir 

has been modeled for the period 2003 to 2010. Modeling has been done for several scenarios. To 
begin with, the current situation has been modeled. This is done to check whether the model makes 

sense and whether observed behavior can be mimicked. After this, several plausible scenarios will be 
modeled, in order to investigate the possibilities of the irrigation system. For every scenario the 

maximum amount of land that can actually be irrigated will be determined. This deviates from the 
results presented in chapter 7, in which the abundance of water is expressed as an equivalent of 

hectares with a certain water use per year. The method presented in this chapter determines an 

actual amount of land that can be irrigated. All modeled scenarios will be discussed at the relevant 
section. 

 
  

Month Mean Max

1 1679 3333

2 2006 3333

3 375 1500

4 0 0

5 0 0

6 0 0

7 0 0

8 0 0

9 184 468

10 2477 3333

11 3264 3674

12 5120 5947

Total 15105 21589

Irrigation requirements 

[m3/month/ha]
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Current situation 

The current situation has been followed using the following system boundary conditions. It has been 

assumed that approximately 40 hectare of land is irrigated with water from the reservoir. 
Furthermore, the maximum level in the lake is 6 meters, as was observed in the field. Also, it has 

been assumed that no other outflow, except for emergency overflow, is present. 
 

 
Figure 8.6 Reservoir volume (left) and inflow, outflow and emergency overflow (right) modeled for the current 
situation (40 ha), 2003 - 2010 

Figure 8.6 shows the reservoir depth and volume over time. Every year the reservoir is filled during 
the rainy season. In the dry season the reservoir is emptied for irrigation purposes. In 2010 the 

reservoir was almost dry, in contrary to other years. The latter corresponds with statements from 
villagers that the lake indeed was dry that year. This is an indicator of good performance of the 

model. On the right Figure 8.6 shows all inflows and outflows. It can be seen that every year an 

emergency overflow occurs. This is the case when the reservoir is at its maximum level. It can be 
seen that in years with more inflow (precipitation), more emergency flow is modeled. This 

corresponds with field observations, where it was learned that every year a large amount of water 
spills over the reservoir. 

 

Scenario 1: More irrigated land 
The first scenario is based on increasing the amount of irrigated land. No other changes or 

assumptions will be made, compared to the current situation. The maximum amount of irrigated land 
is found when the reservoir is emptied during the dry season, not leading to lower outflow (i.e. not 

matching required irrigation outflow). 
 

 
Figure 8.7 Reservoir volume and depth (left) and inflow, outflow and emergency overflow (right) modeled for the 
scenario 1 (60 ha), 2003 – 2010 

Figure 8.7 shows that when 60 hectare is irrigated, the reservoir is emptied every year. However, the 
outflow does not decrease, meaning that there is still sufficient water to match the required irrigation 

outflow. 
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Scenario 2: Higher water demand 

As discussed in chapter 5, the required irrigation water outflow is uncertain. However the assumed 
water requirements correspond with calculations performed via different methods, there still is a 

range in which it can vary. For this scenario is has been assumed that users of the irrigation system 
need the maximum amount of water every year. The maximum in this case is the highest crop water 

requirement value as determined in chapter 5. 

 

 
Figure 8.8 Reservoir volume and depth (left) and inflow, outflow and emergency overflow (right) modeled for the 
scenario 2 (40 ha + higher water demand), 2003 – 2010 

From Figure 8.8 it can be seen that already the reservoir is already almost dry every year. This means 
that in case farmers use more water, or will start using more water, no extra land can be irrigated. 

 

Scenario 3: Extra outflow from reservoir 
During the conducted study it has been learned that other potential users of the reservoir exist (e.g. 

Sand Company, plantations). For this scenario it is assumed that an extra outflow is present 
throughout the year. In this case it is assumed that the equivalent of a pump used by the Sand 

Company, pumping 1 m3/s for one hour every day, is installed. 

 

 
Figure 8.9 Reservoir volume and depth (left) and inflow, outflow and emergency overflow (right) modeled for the 
scenario 3 (10 ha + extra ouflow), 2003 – 2010 

Figure 8.9 shows remarkable results. In case of extra users of water from the reservoir, represented 
by a continuous pump, it is only possible to irrigate 10 hectare of land. 

  

Scenario 4: Larger reservoir 
One of the options of making sure more land can be irrigated is to increase the maximum volume of 

the reservoir. It was observed that in all other scenarios a significant amount of water spills over the 
reservoir (emergency outflow). When the maximum volume of the lake increases, the emergency 

outflow can now be captured and used. For this scenario it is assumed that the maximum water level 
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of the lake is one meter higher (i.e. 7 meter). Because of the shape of the reservoir, a higher 

maximum water level results in a maximum volume increase of 60%. 

 

 
Figure 8.10 Reservoir volume and depth (left) and inflow, outflow and emergency overflow (right) modeled for 
scenario 4 (100 ha + larger reservoir), 2003 – 2010 

Figure 8.10 presents the volume over time of a larger reservoir. It can be seen that increasing the 
maximum water level to 7 meter, increases the maximum storage significantly. During 2008 and 2010 

no emergency overflow was modeled, indicating that in those years the reservoir is able to capture 

the maximum amount of water. The increase of storage results in a total of 100 hectare that can now 
be irrigated. 

 
Scenario 5: Lower irrigation water needs 
As described in chapter 5, basin and spate irrigation are the most commonly used irrigation methods 

in Chamcar Bei. However for rice growth this is common practice, from water use perspective the 
efficiency is rather low.  Furthermore, the efficiency of the system as it is now is low as well. 

Combining these two terms, the total water loss is quite high. This scenario assumes that the 

efficiency of total system is ~1.5 times as high (i.e. from 45% to 70%). 
 

   
Figure 8.11 Reservoir volume and depth (left) and inflow, outflow and emergency overflow (right) modeled for 
scenario 5 (120 ha + lower water demand), 2003 – 2010 

Figure 8.11 shows the water level in the reservoir in the case of a significant irrigation efficiency 
improvement. If the efficiency is ~1.5 times higher, a total of 100 hectare can be irrigated. Although 

the reservoir is almost empty every year, this does not cause a lack of water for irrigation. 
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8.4. Discussion 
 

Using a conceptual model the runoff of the reservoir catchment was estimated. The conceptual model 
was designed in a way to represent the wetland and hill slope areas in the catchment. Both 

topographical classes contribute for 50% to the total catchment area. 
Figure 8.1 shows that the performance increase for Ks values between 0.01 and 0.02, for β between 

0.2 and 0.3 and a between 0.5 and 0.6. All other parameters seem to be affected by the “curse” of 

equifinality. Equifinality, as introduced by Beven (1996, 2001), means that in a hydrological model 

many different parameter sets lead to output of equal efficiency. When equifinality arises, certain 
parameters might correct for other (poorly chose) parameters and therefore result in an acceptable 

model performance. Equifinality may imply that a model is not designed well enough to be able to 

predict runoff in accurately. 
Since the Chamcar Bei catchment is an ungauged basin, only few characteristics are be taken into 

account when evaluating the rainfall-runoff model. Mainly field observations might act as indicators of 
performance. A number of aspects observed in the field were mimicked correctly by the model. Firstly 

the modeled hill slope runoff pattern is plausible to be observed in reality as well. Although not in the 

stream flowing into the reservoir, at various sites in the catchment it was observed that runoff is 
continuous over the year in hill slope areas. Secondly, the variation in storage corresponds with 

observations in the field. As presented in section 3.1.4. the variation in groundwater is significantly 
higher downstream, i.e. in the wetland areas. The state variables of the Triple R model showed this 

difference as well, where the variation of storage in the wetland area was a factor three higher than in 
the hill slope area. 

The most difficult aspect to estimate is whether the discharge pattern corresponds with reality. In 

general the pattern as modeled makes sense. Comparable discharge patterns were found by field 
observations. Especially in wetland areas a high intensity rain event results in large discharge peaks, 

which explains peak flow during the rainy season. In the hill slope areas a constant low flow was 
modeled and observed.  

The exact numbers are difficult to validate. With the historical water balance a most likely annual 

outflow was calculated. This was used for the calibration of the Triple R model. Given the uncertainty 
of the historical water balance, the Triple R model was able to produce an equal model output. 

However, a yearly discharge cannot be downscaled again to monthly discharge. Therefore the 
monthly discharge, modeled with Triple R, cannot be validated. 

Table 8.3 summarizes the output for all scenarios as determined by the Triple R model. Given the 
current situation of the irrigation system, the Triple R model yielded a possible total of 60 hectare 

which can be irrigated. This corresponds with the results from chapter 7. According to the latter, a 

maximum of 67 hectare could be supplied with water. However, the results from chapter 7 expressed 
the abundance of water in an equivalent of hectares. This is not the actual amount of land that can be 

supplied with water. 
Remarkable is the influence of an extra outflow of the reservoir. When a typical pump is installed, only 

10 hectare can still be irrigated. 

 
Table 8.3 Possible irrigated land per alteration of the system 

 
 
The two best scenarios assumed an increase of the reservoir or an increase of irrigation efficiency. 

With a larger reservoir, water that would otherwise spill can be captured. Therefore a total of 100 
hectare can be irrigated. However, increasing the reservoir requires the rise of the dam surrounding 

the reservoir. Even an increase of 1 meter will be rather labor intensive. It should be considered 
whether the extra gain in irrigated land (factor 2.5) is worth the investment. 

Alteration Possible irrigated land [ha]

Current situation - 40

Scenario 1 - 60

Scenario 2 Increase water use 40

Scenario 3 Extra outflow 10

Scenario 4 Larger reservoir 100

Scenario 5 Increase system efficiency 100
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On the other hand, increasing the system efficiency results in the highest gain in extra irrigated land. 

Water efficiency is in this system determined by the conveyance efficiency and the irrigation method 

efficiency. It is assumed that this has a total efficiency of 45%, which is rather low. Investing in 
higher water use efficiency would be very beneficial for the water availability. 

 

8.5. Conclusions 
 

The Triple R model was able to mimic certain catchment characteristics as measured in the field. The 

ratio of ground storage variation between hill slope and wetland (1:3) was equally observed in the 
field. Furthermore, the constant low discharge in hill slope areas was observed in the field, although 

not as inflow for the reservoir. Within the given uncertainty boundaries of the yearly discharge used 
for calibration, the Triple R model was able to reproduce these values. Downscaled monthly 

discharges are not validated. Although it is concluded that the order of magnitude corresponds with 
observations from the field, the exact accuracy of the model results cannot be determined. 

It is shown that a larger reservoir and a higher system efficiency result in a significant gain in irrigated 

land. When the maximum reservoir depth is increase by one meter, 2.5 times as much land can be 
supplied with water. However, increasing the level of the dam and surroundings of the lake is labor 

intensive. 
Increasing the system efficiency yields the highest gain in possible irrigated land. In the current 

situation the total efficiency is quite low. When doubled, the total amount of irrigated land can be 

tripled. 
If the need exists to increase the amount of irrigated land it depend on other boundary conditions 

which solution is best. It should be investigated which of the two solutions result in highest economic 
benefits regarding the investment. However, at first sight it is recommended to increase the system 

efficiency. Enhancing the conveyance efficiency might be rather labor intensive as well. Therefore, 
much efficiency can be gained by changing irrigation method. Investing in furrow or drip irrigation will 

result in higher water efficiency and hence makes it possible to irrigate more land with water from the 

reservoir. 
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9. Water quality 
 

This chapter presents the results of the water quality tests and a company visit to the sand mining 
companies in Chamcar Bei. Methods and theoretical background for these results are described in 

section 3.6. The last section of this chapter discusses the results and presents conclusions about the 

water quality in the Chamcar Bei irrigation system.  
 

9.1. Results water quality test 
 

Results from both field tests on conductivity and tests in the RDI lab in Phnom Penh on several 

parameters are presented in this section. Table 9.1 shows results for the lab tests in Phnom Penh 
which are compared with both the Cambodian drinking water standards and the WHO drinking water 

guidelines. The first two columns give respectively the Cambodian and WHO drinking water 
guidelines.  The values between brackets in the column of WHO guidelines are parameters which does 

not influence public health, but are undesirable, see also section 3.6. The last three columns show the 

results from the lab tests at respectively Reservoir A, Irrigation canal B.2.1 and at the Sand mining 
company next to reservoir B. The bold numbers in the results represent measured values which 

exceed the WHO guidelines that do affect public health; the italic numbers only exceed the 
undesirable parameters. 

 
E.coli and total coliform exceed the guidelines at all three locations. Furthermore Manganese and Iron 

exceed the guidelines at reservoir A. Parameter quantities which are not of influence on human health 

but undesirable is manganese at the irrigation canal. Also turbidity exceeds this guideline at all 
locations, ranging till 921 NTU at the sand mining company. 

 
The second table, Table 9.2, presents the results from the field measurements for conductivity. These 

values were measured to investigate both water quality for drinking water and for agriculture. In total 

29 conductivity measurements have been carried out, both in irrigation canals and in different wells. 
Values for conductivity in wells range from 35 to 809 µS/cm. In the irrigation canals a range for 

conductivity from 92 to 155 µS/cm was found. All values are lower than the guidelines provided by 
WHO. Some wells are however not used for drinking water as the users said it had a saline taste. 

 
Table 9.1 Lab results for drinking water quality tests  

 
 

Parameters

(MoIMaE, 2004) WHO (2004) Res. A Irr. Canal Sand comp.

Arsenic ppb 50.0 10.0 - - 0.36

Chloride mg/L 250.0 250.0 - - 12.92

Conductivity μS/cm 1500 - - - 185

Fluoride mg/L 1.5 1.5 0.07 0.18 0.3

Iron mg/L 0.3 (0.3) 0.96 0.21 0.07

Manganese mg/L 0.1 0.4 / (0.1) 0.48 0.13 0.05

Nitrate mg/L 50.0 50.0 0.29 0.31 0.72

Nitrite mg/L 3.0 3.0 0 0 0

pH - 6.5 - 8.5 (6.5 - 8) - - 6.9

Phosphate mg/L - - 0 0 0

Sulfate mg/L 250.0 (250) 3.04 2.03 4.09

E. Coli cfu/100 mL 0.0 0.0 10 46 32

Total Coliformscfu/100 mL 0.0 0.0 TNTC TNTC TNTC

Total Hardnessmg CaCO3/L 300.0 (300) - - 107

Turbidity NTU 5.0 (5) 5.99 34.4 921

Drinking quality standards water quality tests RDI lab
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Table 9.2 Field results for conductivity measurements 

 
 

 

9.2. Company visit sand mining company 
 

To investigate whether activities of several sand mining companies in Chamcar Bei affect the water 

quality two sand mining companies were visited. A brief description of their activities, based on 
interviews with the local managers of the two sand mines, is presented in this section. 

 
At the moment a lot of developments are taking place in Cambodia that require the resource sand 

(e.g. construction of roads), also from Vietnam and Singapore there is a big demand on sand. Since 
South Cambodia, including the Chamcar Bei catchment, has a top ground layer which mostly consists 

of sand, sand is excavated at different locations in the area. The sand companies that were visited for 

this study are Cambodian owned. 
 

The process of sand mining as it is executed at the visited companies, uses water in a ’closed system’, 
i.e. the largest part of the water is recovered through a return flow. From a pit with water, sand is 

excavated from the sides and the bottom with a excavator and gathered at one place in the pit. From 

there the sand, together with the water, is pumped out of the pit and flushed against a screen. A 
sieve-construction under the screen separates the larger sand particles from water and clay particles. 

From there the sand is put on trucks for transport and the water flows back into the pit. The whole 
process does not use any chemicals.  

 
From sight it could be seen that the water in the pit has a high turbidity which is probably caused by 

the clay particles that are dissolved in the water. Although the water is used in a closed system the 

water companies still have high water consumption. The water is pumped out of reservoir B by one 
company and from a pool between reservoir A and B by the second company. At both places the 

water had a higher turbidity than elsewhere in the system. This is partly caused by clay from the 
bottom of the reservoir/pool which gets in suspension through turbulence caused by the pump. In 

case of heavy rainfall the pit can overflow, this could as well be a reason for the high turbidity. 

Measurements for conductivity at the sand mining company, see Table 9.2, show that the total salinity 
is not much higher than in the irrigation canals. 

 

9.3. Discussion and conclusions 
 

Although not enough parameters are measured to give a complete evaluation of the water quality for 
irrigation, some remarks can be made. First of all salinity has proven not to be a problem in the 

surface water of this catchment. Although located in an area which might be vulnerable for high 
salinity due to its location nearby the sea, with the measured values for conductivity it is likely that 

salinity will not affect the cultivated crops. This is probably due to the altitude of most of the 

cultivated land which is roughly 30 m above sea level.  However, measurements on the cultivated 
fields are needed to verify that the ground indeed has no high salinity. To give a complete overview of 

water quality for irrigation, more water quality parameters (e.g. Sodium, Calcium, Magnesium and 
Potassium) should be measured. 

 
Drinking water quality has been tested thoroughly with samples at three different locations which are 

tested on a total of 15 different parameters. Furthermore conductivity has been measured at 23 wells. 

Salinity, although at some wells experienced as undesirable, has no influence on human health in the 
quantities in which it has been measured. The high concentration of iron at reservoir A might be 

caused by the exact location where the sample was taken, which is right after the gate. Iron may 

number of 

measurements

average

[μS/cm]

st. dev

[μS/cm]

min

[μS/cm]

max

[μS/cm]

canals 6 109.4 25.8 91.5 155.0

wells 23 343.2 223.1 35.0 809.0

conductivity measurements
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have been dissolved from this gate into the water. As the iron concentration further downstream in 

the irrigation canals is lower this is not considered to be a general drinking water quality problem in 

Chamcar Bei but may affect water quality locally. The same holds for manganese, although a direct 
source for the high concentration at reservoir A is unknown. E. coli and total coliforms do exceed the 

drinking water quality guidelines at all locations and are therefore considered to be a general problem 
for drinking water irrigation system in Chamcar Bei. The presence of E. coli and total coliforms in the 

water suggest the presence of fecal matter in the water which is likely to contain pathogens that 

cause diarrhoeal disease. This type of contamination can however easily be treated by boiling, 
filtration as well as chemical treatment (MoIMaE, 2004). From the measurements no arsenic 

contamination of the water has been detected. However, to make sure this type of contamination 
does not occur in the wells and the irrigation system more measurements distributed over the area 

should be done. 
 

Measurements for turbidity also exceed the drinking water guidelines at all locations, but cannot 

directly be related to human health. The high turbidity values at the irrigation canal are caused by the 
same source, i.e. overflow by heavy rain and suspended clay particles because of activities of the sand 

mining company (see section 9.2). A long term high turbidity might cause degradation of the aquatic 
live in the water as oxygen depletion will take place when less sunlight can penetrate into the water. 

Therefore turbidity is only regarded a water quality problem if high turbidity levels are measured over 

longer periods of time.  
 

Results from the water quality study as presented in this chapter only give a first impression of the 
water quality in the irrigation system and groundwater of the Chamcar Bei catchment. To assess the 

total water quality a more thorough water quality research should be done. 
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10. General reflections on all kinds of hydrological aspects 
 
In Cambodia every good shop sells ‘all kind of’ something, usually meaning that more than one type 
of every product is sold. In good Cambodian tradition this chapter is therefore called ‘General 
reflections on all kinds of hydrological aspects’ and discusses the value of the results of the research 
in general. Two important discussions in this study have been about the timescale and ungauged 
basins. Both discussions will be presented in the following sections. More specific discussions on the 
different methods and results are presented at the end of every chapter. 
 
10.1. Timescales 
 
Timescales of parameters and processes both give opportunities and restrictions to hydrological 
studies. Timescales can differ between the order magnitude of hours or days to months or years. The 
decision which timescale is used in a model is also a decision about which processes are disregarded 
and which methods can be applied to estimate different parameters. Typically the smaller the 
timescale the more data is needed to approximate parameters and more data is needed as input in 
the model. With a timescale in the order of magnitude of hours or days parameters such as rain or 
evaporation can be highly variable. However on a scale of months it has been shown that evaporation 
can reasonably be estimated with only monthly averaged data for minimum and maximum 
temperature. On the scale of a year TRMM has also shown to approximate precipitation from gauging 
stations rather well while on daily or even monthly scale errors can be quite significant.  This shows 
that it is possible to give a reasonable approximation of different terms in the water balance as long 
as the timescale is chosen right.  Some processes, such as the ground flux in the energy balance can 
be disregarded on a daily scale, but have to be accounted for on a monthly scale. On the other hand 
with larger timescales such as a year the change of storage in a catchment can typically be 
disregarded. Disregarding processes also means that no information about these processes becomes 
available from the study. A choice of timescale is therefore dependent on the information needed from 
the study. Timescales can therefore reduce errors but also introduce errors, give opportunities but 
also set restrictions. 
 
As the study has been conducted in an ungauged catchment with only limited data from gauging 
stations in the vicinity of the study area, most parameters have been derived on a monthly timescale. 
The remaining question is whether this approach still gives enough information and a small enough 
error to answer the research question. With just yearly sums of precipitation, evaporation and runoff 
the order of magnitude of water availability can be determined. However on month to month bases 
there can be a water shortage or a water surplus which determines the irrigation water need. To 
determine the actual water availability and whether it matches the irrigation requirements therefore 
needs to be evaluated on at least a monthly timescale. Both methods with a yearly and monthly 
timescales have been applied in chapter 7 and chapter 8 respectively. The results have shown that 
when it comes to predicting water availability in ungauged basins a monthly or yearly timescale mainly 
gives opportunities and makes it possible to give reasonable estimates for different terms of the water 
balance. 
 
10.2. Ungauged basins 
 
This research has tried to predict hydrological behavior in an ungauged catchment. Obviously this is 
more difficult than predicting behavior of “normal” gauged basins, in which generally several 
hydrological parameters are intensively measured (e.g. daily precipitation, evaporation, stream flow).  
Even since the introduction of PUB (Prediction of Ungauged Basins) it has been tried to develop model 
structures, using certain catchment signatures to predict basin outflow. For example, Savenije (2010) 
introduced topography driven modeling, primarily taking into account topographic characteristics of 
catchment to determine a correct model structure. Next to that, recent technological advances made 
it possible to measure various hydrologically important parameters in areas which are normally 
considered as ungauged. With the launch of several satellite missions, even in far-off places the 
collection of useful data is now possible. In this study several remote sensing data types have been 
used to estimate precipitation (TRMM), transpiration (NVDI) and catchment boundaries (DEM). It has 
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been shown that although now ground measurements are taken in the field of study, it is possible to 
estimate these very parameters for ungauged areas with reasonable accuracy. 
In essence it is therefore possible to determine a suitable model structure and provide it with the 
necessary input data. The main challenge remains how assumptions can be validated. One could say 
that it is impossible to determine the true value and correctness of a predictive model in an ungauged 
basin. Partly this is true. Since no discharge measurements exist, which are widely used to validate 
models, predicted flow patterns can never directly be verified. However, it does not directly mean that 
the used approach is worthless. Although predicting flow patterns are the primary objective of rainfall 
runoff models, other processes might be used for validation as well. For example, in this study 
groundwater variation is used to estimate the model correctness. 
 
It seems that in order to correctly predict hydrological behavior in ungauged basins, field 
measurements are inevitable. Without the latter, the highest achievement of a model is to 
approximate the order of magnitude which can be validated by (visual) observation. To truly 
determine the value of such a model, at least a number of measurements are necessary to constrain 
model parameters and to validate model output. As suggested by Seibert & Beven (2009), guidelines 
should be developed on what to measure and when to measure in ungauged bains. With the 
existence of such a framework, it eventually will become possible to predict the ungauged basin. Until 
then an approach as used in this study can only be regarded as an (highly) educated guess. 
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11. Conclusions and recommendations 
 
11.1. Conclusions 
 
In this section first an answer is given to the research questions formulated at the start of this 
research. Afterwards general conclusions are drawn about the applicability of methods used in this 
research in similar researches.  
 
11.1.1. Irrigation system 
 
The Chamcar Bei irrigation system is a small irrigation system through which yearly roughly 30 
hectare is irrigated from a total of 160 hectare which has access to irrigation water. The system 
consists of a main reservoir which is filled during the wet season and feeds the irrigation system in the 
dry season. This is done via a second reservoir close to the irrigated area from where two main canals 
and a few sub-canals bring water to the fields. Diversion of water within the system is done by gates 
from which 50% does not function properly anymore. This is due to a combination of lacking 
maintenance and poor construction. 
 
11.1.2. Water Balance 
 
As expected the most important terms in the water balance were rain and evaporation. From the rain 
during the period April 2007 till April 2010 84% evaporated while 16% left the catchment as runoff. 
That leaves only the storage term which, although significant on monthly basis, is very small 
compared to the other terms when a yearly water balance is used. 
 
11.1.3. Water availability in Chamcar Bei 
 
The typical annual water availability from the Chamcar Bei catchment, the Reservoir catchment and 
the New Reservoir catchment are respectively 4.45, 1.01 and 0.13 million cubic meter. To compare, 
the total water need for a typical hectare of irrigated land is 0.015 million cubic meter. 
Using these numbers and the current irrigation practices, it can be concluded that enough water is 
available in the Chamcar Bei catchment. The main difficulty is to store the water, as a big part of the 
total water is leaving the catchment during the wet season. To give an insight in the total storage and 
storage change over the year the total runoff from the catchment of the main reservoir, the biggest 
storage in the catchment, is determined. This proved again that there is more water available in the 
catchment then there can be stored at the moment, as around 0.2 million cubic meter of water is lost 
every year as an emergency outflow (Chapter 8).  
From the results also can be seen that the relative uncertainties are high (Chapter 7). This is mainly 
due to lack of local stream flow, rainfall and evaporation data. Although many other data sources 
were used to come to a total water availability in the Chamcar Bei catchment it still remained difficult 
to reduce errors in the final result. This can also be explained from the ratio between the resulting 
runoff, precipitation and evaporation terms. Because evaporation and rainfall are much bigger than 
the total runoff small relative errors in this terms results in a much bigger errors in the runoff term. 
This especially is the case in the catchment for the new reservoir. Due to an overestimation of the 
evaporation term the runoff term becomes very small which introduces a big relative error. 
When the total water availability from the catchment is divided by the typical annual irrigation water 
need per hectare of irrigated area, this results in a maximum irrigated area of 67 ha for the current 
reservoir and of 9 ha for the new reservoir, whereby is assumed that water is used for irrigation only. 
However it should be taken in consideration that these numbers highly depend on irrigation practices 
and state of the structures in the system (Chapter 5). For the new reservoir it should be noted that 
the runoff is probably underestimated, therefore the amount of 9 hectares is most likely a lower 
boundary (Chapter 7). 
Concluding it can be said that there is enough water available in the system for irrigation but due to a 
lack of storage and low efficiency a large amount of the total available water is lost.  
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11.1.4. Water quality 
 
From the results in chapter 9 it can be concluded that it is unlikely that salinity influences crop yield, 
while for other parameters additional tests are needed. Further, direct use of irrigation water as 
drinking water is not possible due to high values for manganese, iron, turbidity and E.coli. However 
E.coli, the most important parameter, can easily be treated. Furthermore water from the irrigation 
system might be undesirable to drink due to presence of iron, manganese and fluoride. 
 
11.1.5. Applicability for similar researches 
 
Almost all methods used in this research are applicable for similar research in ungauged basins. 
Because local ground data was missing for the Chamcar Bei catchment almost all data is obtained 
using remote sensing and approximation techniques for which only a minimum of ground data is 
needed. Further PUB-related theory is applied to come up with the triple R (rainfall-runoff-reservoir) 
model. This model gives a monthly prediction of the reservoir storage based on rainfall, water needs, 
and yearly runoff.  
From this research can be concluded that because results cannot be verified possible errors in the 
results remain large. Mainly transpiration and interception account for a large part of the errors in this 
research. Therefore the focus should be in the first place on these terms. Usage of more satellite 
datasets to calculate improved vegetation indexes and soil evaporation, which is part of the 
interception, could improve the result. Also further research on transpiration under water stress could 
reduce errors which are caused by the type of vegetation and soil. 
 
11.2. Recommendations  
 
In this section a subdivision is made for different readers of this report. First recommendations will be 
given for researchers and organisations in the region of Chamcar Bei. Secondly recommendations will 
be made that can be applied to similar researches. 
 
11.2.1. Recommendations for the Chamcar Bei Community 
 
In the Chamcar Bei catchment enough water is available for irrigation however due to low efficiency 
and lack of water storage in the catchment only a small area can be irrigated. Although the current 
water storage and efficiency is sufficient for total irrigation need at this moment, measures are 
required when the irrigation system will be expanded. Because increasing of the total storage is 
expensive since either a new reservoir has to be build or the main reservoir has to be enlarged it is 
chosen to focus on efficiency mostly. A higher efficiency can be achieved by: 

- Repairing structures: Half of the gates in the irrigation system are not functioning at the 
moment due to missing gate doors or erosion which causes water losses. Structures have to 
be repaired and improved. To prevent erosion all holes next to and underneath structures 
have to be filled. Preferably compacted soil and clay have to be used to prevent water flowing 
through. Before and after structures the canal should be lined with stones to prevent erosion 
from turbulence. Additionally gate doors have to be repaired to overcome leaking. Especially 
gate B.3 (Chapter 5), which causes a substantial loss, should be closed properly during the 
dry season. 

- Deepening canals: Shallow canals have to be deepened to enable faster irrigation which is 
less labour intensive and more efficient. Furthermore a higher efficiency can be reached by 
removing vegetation and lining or compacting the canal bottom and sides. 

- Irrigation techniques: Change in irrigation techniques could also give a higher efficiency. The 
simplest way to do that is irrigate directly on the land and not via other fields. This can be 
done by installing (plastic) pipes which prevent losses. 

- In general paddy rice cultivation requires considerably more water than cultivation of other 
crops. Cultivation of other crops is therefore an option as well. Crops should be chosen that 
have lower crop water requirements and a better water uptake.  

- Regulating water use for other users like plantations and sand mining companies. When this 
water uses are also scheduled it is easier to manage the total system and water prevents non-
efficient water use.  
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11.2.2. Recommendations for research in Chamcar Bei 
 
As mentioned before additional meteorological and stream flow data is needed to achieve a more 
accurate result. This data can be used to improve the results of the various models and to verify 
them. The most convenient ways to do this are: 

- Measuring daily rainfall and temperature preferably with a device that logs data like tipping 
buckets (rainfall) and Tidbits (temperature). For rainfall a simple rain gauge is also sufficient. 
Because the mountains could influence rainfall it is preferable to measure rain at different 
locations and heights. Important for these measurements is that they are carried out over 
longer periods. 

- Identify all outflows out of the catchments and measure the profile of the canals together with 
water level and water velocity. As most outflows are expected to be drainage pipes 
underneath the railway or weirs (reservoir) this should be straightforward. Measuring total 
discharge at the location of the dam for the new reservoir is more difficult but can be done 
using a stage discharge relation derived from dilution gauging. Also a simple weir can be 
constructed from which the discharge can be derived using the water level. 

- Identify and quantify the water uptake by different users than farmers like plantations and the 
mining companies. 

- If possible gather information from nearby measuring stations in Kep, Kampot and Takeo. 
This can be done by writing an official request to the Ministry of Water Resources and 
Meteorology in which is explained for what reason this information is needed. 

 
11.2.3. Recommendations for similar researches 
 
Because a large part of the methods used in this research is also applicable for similar researches 
some recommendations will be done in addition to the methods presented. 

- Obtaining existing meteorological data is vital for a project like this. Therefore all possible 
ways to get data have to be used. Do not wait for promised data, but take an active role.  
Visit measuring stations, universities and institutes and also use the slow bureaucratic way as 
it can turn out to be the only way. Contacts are very helpful, try to contact people on 
beforehand. 

- Doing measurements by yourself is helpful to verify data from existing stations. However daily 
data of at least one, preferably two months is necessary to make a valid verification. 
Therefore it is advisable to use measuring techniques that are easy to set up and are reliable 
under different climatologic conditions. 

- Try to link soil moisture, which can be obtained from satellite data, with soil evaporation and 
water stress to obtain better evaporation results. 

- Use improved vegetation indexes like EVI or SAVI to come to a better result for transpiration 
factors. 

- Remotely sensed precipitation data is useful, however ground data is needed to calibrate 
these. Not necessarily ground data of the research location is needed, the calibration can be 
done for a different location in the vicinity as well. 

- Stream flow measurements of the outflow from the reservoir are necessary to calibrate the 
rainfall reservoir runoff model. 

- During interviews, always double check data, e.g. by phrasing the question differently. Also 
try to quantify answers, since these numbers are necessary in calculations. 

- A better estimation of the scheme irrigation efficiency can be made by discharge 
measurements within the irrigation system. 

- Geological measurements could assist in getting a better indication of soil porosity and 
infiltration rate. 
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How to read the appendices 
 
Appendix I up to III is referred to in chapter 3 of the report, the methods. Appendix IV belongs to 
chapter 5, the current irrigation scheme. Appendix V describes the methods of the built meteorological 
station. Since no satisfactory results have been obtained from this method, it is chosen to present this 
chapter in the appendix. The reason for these unsatisfactory results has to great extent been caused 
by a lack of time. Various setbacks were experienced during the developing of the meteo tower. When 
the meteo tower was finally up and running there were only a few weeks left to do proper 
measurements. Some preliminary results have been obtained, however since the time scale was so 
short these results were not used to verify data from existing station. Recommendations for future 
researches whereby own measuring data is used are given in chapter 11. 

Appendices

87



  

Hydrology in Chamcar Bei

88



Appendix I Example interview 
 
Name: 
Age: 
Occupation: 
Irrigation group:  
Since when have you been living and cultivating here? 
 
How many ha of land do you cultivate? 
How many ha of your land are irrigated? 
What crops do you grow? 
 
How much of the rice/corn/other crop  

is sold?  
is kept for own consumption?  
is kept for seeds? 

 
How many times did you irrigate the short time rice/long term rice/corn/other crop this season? 
 in a typical dry season? 
 in a typical wet season? 
 
Which water source/water system do you use to irrigate your fields? 
Which section of the irrigation system do you use?  
How long up front do you have to ask for irrigation water? 
How is decided who gets water at what moment?  
What is the fee for the irrigation water? 
How often are the gate settings changed? 
How is the water drained from your fields?    
Did it ever happen you did not receive water, while you had asked for it? Do you know what the 
reason of this could have been? 
 
How many animals does your household have? 
How many bikes and moto’s does your household have? 
Do you do any other activities to earn money? 
Do you have debts or loans? 
 
What is the drinking water source for your household? 
Do you treat the water before drinking it? 
 
Could you indicate the max and minimum water level? (If any present in the vicinity of the house) 
Could you describe what your house, fields and irrigation canals look like during the rainy season? 
What is the difference between this dry season and the dry season of for example 2010? 
Did you ever experience crop losses due to draught/flooding? 
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Appendix II Penman according to FAO56 
 
The reference evaporation is calculated using equation II.1. 
 

𝐸𝑇0 =
0.408 𝛥 (𝑅𝑛− 𝐺)+  𝛾 900

𝑇+273 𝑢2(𝑒𝑠−𝑒𝑎)

𝛥+ 𝛾 (1+0.34 𝑢2)
     [II.1] 

 
Where ET0  [mm d-1]  is the daily reference evaporation, 𝑅𝑛 [MJ m-2 d-1] is the net radiation, 𝐺 [MJ m-2 
d-1] is the soil heat flux, 𝑒𝑠 [kPa] is the saturation vapor pressure, 𝑒𝑎[kPa] is the actual vapor 
pressure, (𝑒𝑠 − 𝑒𝑎) [kPa] is the vapor pressure deficit of the air, 𝛥 [kPa ͦC-1] is the slope of the 
saturation vapor pressure temperature relationship, 𝛾 [kPa ͦC-1] is the psychometric constant, 𝑇 [ ͦC]  is 
the temperature at a 2m height and 𝑢2 [m s-1] is the wind velocity at  2m height. 
 
Because only data for minimum and maximum temperature is known other values are estimated using 
the formulas below. Furthermore assumptions have been made for the following parameters:  

• wind velocity u2 [m s-1]; 
• dew temperature Tdew [ ͦC]; 
• adjustment coefficient krs [ ͦC-0.5]. 

 
The following steps are followed to calculate ET0   

1. Derivation of some climatic parameters for the daily maximum (Tmax) and minimum (Tmin) air 
temperature and mean wind speed (u2) and derivation of the altitude (z) and the 
psychometric constant (𝛾). 

2. Calculation of the vapor pressure deficit (𝑒𝑠 − 𝑒𝑎). The saturation vapor pressure (𝑒𝑠) is 
derived from Tmax and Tmin, while the actual vapor pressure (𝑒𝑎) is derived from the dewpoint 
temperature (Tdew). The slope of the saturation vapor pressure is calculating using the mean 
temperature (Tmean) 

3. Determination of the net radiation (Rn) as the difference between the net shortwave radiation 
(Rns) and the net longwave radiation (Rnl). The effect of soil heat flux (G) is ignored for daily 
calculations as the magnitude of the flux in this case is relatively small, but calculated using 
an empirical equation for monthly averaged evaporation.  

4. The net radiation, expressed in MJ m-2 day-1, is converted to mm d-1 (equivalent evaporation 
ET0 ) in the FAO Penman-Monteith equation by using 0.408 as the conversion factor within 
equation II.1. 

 
Step 1 
Data for the altitude (z) and the psychometric constant (𝛾)is known and average data for the wind 
speed (u2)  and maximum (Tmax) and minimum (Tmin) air temperature is estimated from a nearby 
gauging station. For calculation of monthly mean evaporation data, mean values for the maximum 
and minimum temperature have been used. The mean temperature is subsequently calculated with 
the following equation II.2. An assumption for the dew temperature is made according to equation 
II.3, where a [ ͦC]  is a correction factor. 
 
𝑇𝑚𝑒𝑎𝑛 = 𝑇𝑚𝑎𝑧− 𝑇𝑚𝑖𝑛

2
       [II.2] 

 
𝑇𝑑𝑒𝑤 = 𝑇𝑚𝑖𝑛 +  𝑎        [II.3] 
 
Step 2 
Mean saturation vapor pressure (𝑒𝑠) is calculated from mean air temperature using the equation for 
saturation vapor pressure curve, see eq.II.4 and eq. II.5. The actual saturation vapor pressure is 
calculated according to eq. II.6. The slope of the saturation vapor pressure curve is calculated 
according to eq. II.7. 
 
𝑒0(𝑇) =  0.6108 𝑒𝑥𝑝 � 17.27 𝑇

𝑇+237.3
�      [II.4] 
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𝑒𝑠 =  𝑒

0(𝑇𝑚𝑎𝑥)+ 𝑒0(𝑇𝑚𝑖𝑛)
2

       [II.5] 
 
𝑒𝑠 =  𝑒0(𝑇𝑑𝑒𝑤)        [II.6] 
 
∆ = 4098 𝑒0(𝑇𝑚𝑒𝑎𝑛)

(𝑇+237.3)2
        [II.7] 

 
Step 3 
The net radiation (𝑅𝑛) is the difference between the incoming net shortwave radiation (𝑅𝑛𝑠) and the 
net longwave radiation (𝑅𝑛𝑙) according to eq. II.8, with all parameters expressed in [MJ m-2 d-1]. The 
net radiation is calculated from a number of formulas which meanly depend on the location and time 
of the year. The incoming net shortwave radiation is calculated according to equations II.9 – II.13 and 
the net longwave radiation according to equationsII.16 – II.17. 
 
𝑅𝑛 =  𝑅𝑛𝑠 + 𝑅𝑛𝑙        [II.8] 
 
The soil heat flux (𝐺) , which can be ignored for daily evaporation calculations, is calculated according 
to the following empirical formula for monthly averaged evaporation. 
 
𝐺𝑚𝑜𝑛𝑡ℎ,𝑖  = 0.14 (𝑇𝑚𝑜𝑛𝑡ℎ,𝑖 −  𝑇𝑚𝑜𝑛𝑡ℎ,𝑖−1)      [II.9] 
 
Where 𝐺𝑚𝑜𝑛𝑡ℎ,𝑖 [MJ m-2 d-1] is the soil heat flux in month i, 𝑇𝑚𝑜𝑛𝑡ℎ,𝑖 [ ͦC] is the mean temperature in 
month i. 
 
Calculation net solar radiation (𝑅𝑛𝑠) 
 
𝑅𝑎 =  24 (60)

𝜋
 𝐺𝑆𝐶 ∙ 𝑑𝑟[𝜔𝑠  sin(𝜑) sin(𝛿) + cos(𝜑) cos(𝛿) sin(𝜔𝑠)]  [II.10] 

 
Where 𝑅𝑎 [MJ m-2 d-1] is the extraterrestrial radiation, 𝐺𝑆𝐶 [= 0.0820 MJ m-2 min-1] is the solar 
constant,  𝑑𝑟 is the inverse relative distance Earth-Sun (eq [II.11]), 𝛿 [rad] is the solar declination (eq 
[II.12]), 𝜔𝑠 [rad] is the sunset hour angle (eq II.13[]), 𝜑 [rad] is the location in latitude decimal 
degrees. 
 
𝑑𝑟 = 1 + 0,033 cos � 2𝜋

365
 𝐽�      [II.11] 

 
𝛿 = 0.409 𝑠𝑖𝑛 � 2𝜋

365
𝐽 − 1.39�      [II.12] 

 
𝜔𝑠 = 𝜋

2
−  𝑎𝑟𝑐𝑐𝑜𝑠(− tan(𝜑) tan(𝛿))     [II.13] 

 
Where 𝐽 [-] is the number of the day in the year between 1 (1 January ) and 365 or 366 (31 
December) 
 
𝑅𝑠 = 𝑘𝑅𝑠�𝑇𝑚𝑎𝑧 −  𝑇𝑚𝑖𝑛𝑅𝑎      [II.14] 
 
𝑅𝑛𝑠 =  (1 −  𝛼)𝑅𝑠       [II.15] 
 
Where 𝑅𝑠 [MJ m-2 d-1]  is the solar or shortwave radiation, approximated with the Hargreaves 
radiation equation, krs [ ͦC-0.5] is an adjustment coefficient which varies from 0.16  ͦC-0.5

  for  ‘interior’ 
and 0.19  ͦC-0.5

  for ‘coastal’ regions. 𝛼[-] is the albedo, which is 0.23 for the hypothetical grass 
reference crop. 
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Calculation Net longwave radiation (𝑅𝑛𝑙) 
 

𝑅𝑛𝑙 =  𝜎 �𝑇𝑚𝑎𝑥,𝐾
4− 𝑇𝑚𝑖𝑛,𝐾

4

2
� �0.34 − 0.14 �𝑒𝑎� �1.35 𝑅𝑠

𝑅𝑠0
−  0.35�  [II.16] 

 
𝑅𝑠𝑜 = (𝑎𝑠 + 𝑏𝑠 )𝑅𝑎       [II.17] 
 
Where 𝜎 [4.903E-9 MJ K-4 m-2 d-1] is the Stefan-Boltzmann constant, 𝑇𝑚𝑎𝑥,𝐾

4,𝑇𝑚𝑖𝑛,𝐾
4 [K] are the 

maximum and minimum temperature respectively, 𝑅𝑠 [MJ m-2 d-1] the calculated solar radiation 
according to eq. II.16, 𝑅𝑠0 [MJ m-2 d-1] the calculated clear sky solar radiation according to eq. II.17,  
𝑎𝑠 + 𝑏𝑠 [-] is the fraction of extraterrestrial radiation reaching the earth on clear-sky days. Because no 
calibrated data is available recommended values according to Allen et. al. (1994) where taken: 
𝑎𝑠 = 0.75 and 𝑏𝑠 = 2 ∙ 10−5 𝑧, where (𝑧) [m] is the station elevation above sea level.  
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Appendix III Uncertainty analysis water balance 
 
The total uncertainty in Qout is determined by the combined uncertainty in all parameters of eq. III.1.  
 
𝑄𝑜𝑢𝑡 = 𝑃 ∙ 𝐴𝑡𝑜𝑡 − (𝐼 + 𝐸𝑆) ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤) − 𝐸0 ∙ 𝐴𝑤 − 𝑇 ∙ 𝐴𝑐 + 𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑖𝑜𝑛  [III.1] 
 
For practical reasons in the actual water balance the correction factor in eq. III.1 has been integrated 
within the Tc factor. This implies that the relative error in the correction factor is assumed to be equal 
to the relative error in the transpiration term. It is thought that this assumption does not have a big 
influence on the uncertainty in Qout. 
 
Note that 𝐼 + 𝐸𝑆 in this study is accounted for collectively, therefore the uncertainty is accounted for 
collectively as well, for clarity this term is from now on written as 𝐼. This leads to eq. III.2. 
  
𝑄𝑜𝑢𝑡 = 𝑃 ∙ 𝐴𝑡𝑜𝑡 − 𝐼 ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤) − 𝐸0 ∙ 𝐴𝑤 − 𝑇 ∙ 𝐴𝑐     [III.2] 
 
In this equation, the parameters P and I are unambiguously dependent, however it is beyond the 
purpose of this analysis to carry out a detailed calculation of the covariance of P and I, therefore is 
assumed that all parameters are independent. For clarity, the equation is written out to more detail in 
eq. III.3 and subsequently split up into nine terms in eq. III.4. 
 
𝑄𝑜𝑢𝑡 = 𝑃 ∙ 𝐴𝑡𝑜𝑡 − 𝐼 ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤) − 𝑘𝑤 ∙ 𝐸𝑇0 ∙ 𝐴𝑤 − ∑ 𝐴𝑠𝑢𝑏,𝑖 ∙𝑖=6

𝑖=1 �∑ 𝑇𝑐,𝑖,𝑚 ∙ 𝐸𝑇0,𝑚
𝑚=12
𝑚=1 � [III.3.] 

 
 

𝑄𝑜𝑢𝑡 = 𝑃 ∙ 𝐴𝑡𝑜𝑡�����
𝑡𝑒𝑟𝑚 1

 −  𝐼 ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤) �����������
𝑡𝑒𝑟𝑚 2

  −  𝑘𝑤 ∙ 𝐸𝑇0 ∙ 𝐴𝑤���������
𝑡𝑒𝑟𝑚 3

 −   

⎣
⎢
⎢
⎢
⎡
𝐴𝑠𝑢𝑏,1 � � 𝑇𝑐,1,𝑚 ∙ 𝐸𝑇0,𝑚

𝑚=12

𝑚=1

�
�������������������

𝑡𝑒𝑟𝑚 4

      

 

+ 𝐴𝑠𝑢𝑏,2 � � 𝑇𝑐,2,𝑚 ∙ 𝐸𝑇0,𝑚

𝑚=12

𝑚=1

�
�������������������

𝑡𝑒𝑟𝑚 5

 +   𝐴𝑠𝑢𝑏,3 � � 𝑇𝑐,3,𝑚 ∙ 𝐸𝑇0,𝑚

𝑚=12

𝑚=1

�
�������������������

𝑡𝑒𝑟𝑚 6

 +   𝐴𝑠𝑢𝑏,4 � � 𝑇𝑐,4,𝑚 ∙ 𝐸𝑇0,𝑚

𝑚=12

𝑚=1

�
�������������������

𝑡𝑒𝑟𝑚 7

  

 

+   𝐴𝑠𝑢𝑏,5�∑ 𝑇𝑐,5,𝑚 ∙ 𝐸𝑇0,𝑚
𝑚=12
𝑚=1 ��������������������

𝑡𝑒𝑟𝑚 8

 +   𝐴𝑠𝑢𝑏,6�∑ 𝑇𝑐,6,𝑚 ∙ 𝐸𝑇0,𝑚
𝑚=12
𝑚=1 ��������������������

𝑡𝑒𝑟𝑚 9

�    [III.4] 

 
The absolute uncertainty of Qout is determined by the sum of the absolute uncertainties in term 1 up 
to 9 expressed in eq. III.5. The first three terms are explained in eq. III.6 – III.8. 
 
𝜎𝑄𝑜𝑢𝑡
2 = 𝜎𝑡𝑒𝑟𝑚 1

2 + 𝜎𝑡𝑒𝑟𝑚 2
2 + 𝜎𝑡𝑒𝑟𝑚 3

2 + 𝜎𝑡𝑒𝑟𝑚 4
2 + 𝜎𝑡𝑒𝑟𝑚 5

2 + 𝜎𝑡𝑒𝑟𝑚 6
2 + 𝜎𝑡𝑒𝑟𝑚 7

2 + 𝜎𝑡𝑒𝑟𝑚 8
2 + 𝜎𝑡𝑒𝑟𝑚 9

2  + 𝜎𝑡𝑒𝑟𝑚 10
2  

          [III.5] 
 
𝜎𝑡𝑒𝑟𝑚 1
2 = �𝑟𝑃2 + 𝑟𝐴𝑡𝑜𝑡

2 � ∙ (𝑃 ∙ 𝐴𝑡𝑜𝑡)2       [III.6] 
 
𝜎𝑡𝑒𝑟𝑚 2
2 = �𝑟𝐼2 + 𝑟𝐴𝑡𝑜𝑡−𝐴𝑤

2 � ∙ (𝐼 ∙ (𝐴𝑡𝑜𝑡 − 𝐴𝑤))2     [III.7] 
 
𝜎𝑡𝑒𝑟𝑚 3
2 = �𝑟𝑘𝑤

2 + 𝑟𝐸𝑇0
2 + 𝑟𝐴𝑤

2 � ∙ (𝑘𝑤 ∙ 𝐸𝑇0 ∙ 𝐴𝑤)2     [III.8] 
 
In which 𝜎𝑖 is the absolute uncertainty of parameter i and 𝑟𝑖 is the relative uncertainty of parameter i. 
 
Term 4 up to 9 are similar, therefore only an elaboration is given of the one of these terms, see eq  
III.9. Since the relative uncertainty of the Tc values and the relative uncertainty monthly ET0 is 
assumed to be equal for every month, these terms can be taken outside of the brackets, which eases 
the equation, shown in eq. III.10 and eq. III.11. 
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𝜎𝑡𝑒𝑟𝑚 4
2 = �𝑟𝐴𝑠𝑢𝑏,1

2 + 𝑟∑ 𝑇𝑐,1,𝑚∙𝐸𝑇0,𝑚
𝑚=12
𝑚=1
2 � ∙ �𝐴𝑠𝑢𝑏,1�∑ 𝑇𝑐,1,𝑚 ∙ 𝐸𝑇0,𝑚

𝑚=12
𝑚=1 ��

2
  [III.9] 

In which, 

𝑟∑ 𝑇𝑐,1,𝑚∙𝐸𝑇0,𝑚
𝑚=12
𝑚=1
2 =  

𝜎
∑ 𝑇𝑐,1,𝑚∙𝐸𝑇0,𝑚
𝑚=12
𝑚=1
2

∑ 𝑇𝑐,1,𝑚∙𝐸𝑇0,𝑚
𝑚=12
𝑚=1

2      [III.10] 

 
In which, 
 
𝜎∑ 𝑇𝑐,1,𝑚∙𝐸𝑇0,𝑚

𝑚=12
𝑚=1
2 = (𝑟𝑇𝑐

2 + 𝑟𝐸𝑇0
2 ) ∙  �𝑇𝑐,1,𝑗𝑎𝑛 ∙ 𝐸𝑇0,𝑗𝑎𝑛�

2 + (𝑟𝑇𝑐
2 + 𝑟𝐸𝑇0

2 ) ∙  �𝑇𝑐,1,𝑓𝑒𝑏 ∙ 𝐸𝑇0,𝑓𝑒𝑏�
2 + ⋯+ 

(𝑟𝑇𝑐
2 + 𝑟𝐸𝑇0

2 ) ∙ �𝑇𝑐,1,𝑑𝑒𝑐 ∙ 𝐸𝑇𝑑𝑒𝑐�
2
 

 
=  (𝑟𝑇𝑐

2 + 𝑟𝐸𝑇0
2 ) ∙ ��𝑇𝑐,1,𝑗𝑎𝑛 ∙ 𝐸𝑇0,𝑗𝑎𝑛�

2 + �𝑇𝑐,1,𝑓𝑒𝑏 ∙ 𝐸𝑇0,𝑓𝑒𝑏�
2 + ⋯+ �𝑇𝑐,1,𝑑𝑒𝑐 ∙ 𝐸𝑇𝑑𝑒𝑐�

2� 
   
         [III.11] 

 
The absolute and relative uncertainties per term are determined in chapter 6 on Meteorological data 
and chapter 4 on Topography. 
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Appendix IV Canal dimensions 
 

 
Figure I Cross section Canal B.1 

 
Figure II Cross section canal B.1 after Gate B 
 

 
Figure III Cross section canal B.1.1 
 

 
Figure IV Cross section canal B.1.2 
 

 
Figure V Cross section canal B.1.2.1 
 

 
Figure VI Cross section canal B.2 
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Appendix V Meteorological station 
 
A meteorological station was built to measure daily rain and daily evaporation. These meteorological 
measurements are mainly used to verify information that was already given by satellite data and 
existing climate data from gauging stations in the region. Taking into account that the group will only 
be at the location for two months, it is impossible to create a complete water balance from data only 
consisting of wind, rain and evaporation details from that period. 
 
The meteorological station, as shown in Figure VII. is placed on an open field, not in the 
neighborhood of buildings or high obstacles. Daily rain is measured with a self fabricated rain gauge. 
Daily evaporation is calculated by means of the Bowen Ratio and by pan evaporation. 
 

 
Figure VII Meteorological Station 

1.1. Daily Rain 
 
A self fabricated rain gauge is installed at a height of two meters on the right of to the meteorological 
tower as can be seen in Figure VII. A funnel with a diameter of 29 cm captures the rain where after 
the rain is collected in a bottle. The bottle is scaled in such a way that the precipitation in mm can be 
read out directly. This is done every day. The rain gauge is located rather close to the meteorological 
tower which might have an effect on the measurements, however the predominant wind direction is in 
opposite direction so no influence of this high obstacle is expected. 
 
1.2. Pan Evaporation 
 
The open water evaporation (E0 [L/T]) is measured with a floating evaporation pan with a diameter of 
65 cm and a depth of 20 cm, illustrated in Figure VIII. The pan has an initial water depth of circa 14 
cm, implying that the pan is sticking out of the water with circa 6 centimeters, which provides 
protection against small waves. A brick with a measuring tape (Figure VIII) is placed in the middle of 
the pan from which the water level is determined every morning. The drop in water level divided by 
the time period indicates the open water evaporation ratio. Subsequently the pan is refilled till original 
level while the volume of water needed is measured. The volume divided over the surface area gives 
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again the evaporation. Close (about 50 meters) to the evaporation pan a rain gauge is installed, which 
makes it possible to compensate for precipitation.  
 
Although the evaporation pan is floating due to which less warming of the sides by the sun is 
expected, still the pan evaporation not entirely equals the open water evaporation. A micro-diver 
DI601 is installed at the bottom of the evaporation pan as well as outside of the evaporation pan at 
the same height to measure the temperature difference over the day. A correction factor for this 
temperature difference will be applied. 
 

 
Figure VIII Evaporation pan (left) and brick with measuring tape (right) 

1.3. Bowen Ratio 
 
1.3.1. Theory 
A second method to calculate the evaporation is with the Bowen ratio and the energy balance. The 
Bowen ratio is formulated as the ratio between the sensible and the latent heat flux. The latent 
(𝐿𝑒) and sensible heat flux (H) are expressed in eq. IV.1 and IV.2. 
 
𝐿𝑒 = 𝜆𝜌𝜀𝑘𝑣

𝑃
(𝑒𝑎1−𝑒𝑎2)

(𝑧1−𝑧2)
        [IV.1] 

 
𝐻 = 𝜌𝐶𝑝𝑘𝐻

(𝑇1−𝑇2)
(𝑧1−𝑧2)

        [IV.2] 

 
In which 𝜆 is the latent heat of vaporization (J/kg), 𝜌 the density of water (kg/m3), 𝜀 the ratio of the 
molecular weight of water to the molecular weight of dry air (-), 𝑘𝑣 the eddy diffusivity for vapor (??), 
𝑃 the atmospheric pressure (kPa), 𝐶𝑝 specific heat of air, 𝑘𝐻 eddy diffusivity for heat (??), 𝑇1, 𝑇2 the 
temperatures at height z1 and z2 (°C), 𝑒𝑎1, 𝑒𝑎2 the actual vapor pressures at height z1 and z2 (kPa). 
Actual vapor pressure is calculated using a wet and a dry temperature according eq. IV.3. 
 
𝑒𝑎 = 𝑒𝑠(𝑇𝑤) + 𝛾(𝑇𝑎 − 𝑇𝑤)       [IV.3] 
 
In which 𝑒𝑠(𝑇𝑤) is the saturation vapor pressure (kPa), 𝛾 the psychrometer constant (0.066 kPa/◦C), 
𝑇𝑎 the actual temperature (◦C) and 𝑇𝑤 the wet temperature (◦C) (Luxemburg and Coenders, 2011).  
 
The eddy diffusivities, 𝑘𝑣 and 𝑘𝐻 are generally not known but in the Bowen ratio assumed to be equal. 
Subsequently the Bowen ratio is presented in eq. IV.4. 
 
𝛽 = 𝐻

𝐿𝑒
= 𝑃𝐶𝑃

𝜆𝜀
(𝑇1−𝑇2)
(𝑒1−𝑒2)

= 𝛾 (𝑇1−𝑇2)
(𝑒𝑎1−𝑒𝑎2)

       [IV.4] 

 
In which 𝛽 is the Bowen ratio (-) and 𝛾 the psychrometric constant (kPa/°C) (Campbell Scientific, 
2011).  
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Normally the evaporation would be determined using the energy balance, expressed in eq. IV.5. 
 
𝑅𝑁 = 𝐿𝐸 + 𝐻 + 𝐺        [IV.5] 
 
In which, 𝑅𝑁 is the net solar radiation (W/m2), 𝐿𝐸 the latent heat flux (W/m2), 𝐸 the evaporation 
(m/d), 𝐻 the sensible heat flux (W/m2) and 𝐺 the ground heat flux (W/m2). Substituting 𝐻 =  𝛽𝐿𝑒 in 
eq. IV.5 and IV.6. 
 
𝐿𝐸 = 𝑅𝑁−𝐺

1+𝛽
         [IV.6] 

 
The ground flux can be neglected when daily evaporation is calculated. If the latent heat flux is 
substituted by 𝐿𝐸 =  𝜌𝜆𝐸, the evaporation is calculated with eq. IV.7 (Campbell Scientific, 2011). 
 
𝐸 = 𝑅𝑁

𝜌𝜆(1+𝛽)
         [IV.7] 

 
Measurements of 𝑅𝑁 and 𝑇 and 𝑒𝑎 at two different heights are now necessary to estimate 
evaporation.  
 
However, during this research no method was available to measure the net solar radiation, therefore a 
different method was applied. Wind speed was used to determine the sensible heat, according to eq. 
IV.8 – IV 10. 
 
𝐻 = 𝜌𝐶𝑝

(𝑇1−𝑇2)
(𝑟𝑎ℎ)

         [IV.8] 

 
𝑟𝑎ℎ =

ln (𝑧2/𝑧1)

𝑢∗𝑘
         [IV.9] 

 
𝑢∗ =  𝑢200𝑘

ln ( 200𝑧0𝑚
)
         [IV.10] 

 
In which 𝑟𝑎ℎ is the aerodynamic resistance from z1 to z2 (s/m), 𝑢∗ the friction velocity (m/s), 𝑘 the 
Von Karman’s constant (-), 𝑢200 the wind speed at 2 meters (m/s) and 𝑧0𝑚 the vegetation height 
times 0.123 (m) (Bastiaanssen, 2011).  
 
The sensible heat flux together with the Bowen ratio finally lead to the latent heat flux, from which 
the daily actual evaporation is calculated using eq. IV.11. 
 
𝐸 = 𝐿𝐸

𝜌𝜆
          [IV.11] 

 
1.3.2. Configuration 
 
Measurements of the temperature and vapor pressure at two different heights are necessary to 
determine the Bowen ratio. However a more precise result can be obtained when three measurement 
heights are used. In this research TidbiT v2 Temp loggers are used to log both the wet and dry 
temperature every five minutes with an accuracy of 0.2 ◦C at three different heights (respectively 0.3, 
2.3 and 4.3 meters above the vegetation). To do so, two ropes are spanned on the left side of the 
meteorological tower to which the six TidbiTs are connected. The configuration is shown in Figure VII, 
where the red dots represent the TidbiTs. On the robe on the left hand side the dry temperatures are 
measured, on the right hand side are the wet temperatures. Wet temperature is measured by a TidbiT 
placed in a sock, wetted by a dripping needle, illustrated in Figure IX. Water flows to the needle 
through a plastic tube that is connected to the cap of an upside down coke bottle. Two coke bottles 
are connected in series to have sufficient water for a whole day. In order to prevent clogging of the 
tubes and needles, water is filtered by a ceramic filter before usage. 
 
The wind speed is measured with the Digitron AF 210 Anemometer with an accuracy of 0.12 m/s. The 
measurements are done manually in the morning, during lunchtime and in the evening. During every 
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series, measurements are carried out for five minutes. The data is extrapolated to values for a whole 
day, however a proper extrapolation method still needs to be found. 
 

 
Figure IX Dripping mechanism (left) and detail dripping mechanism, water dripping from needle on sock (right) 
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Cambodia is a country with an 
abundance of water. However, 
the distribution of precipitation 
over time is shear. Farmers in 
Chamcar Bei, southern Cambodia, 
are relient on the local irrigation 
system for water during the dry 
season. Unfortunately, this is not season. Unfortunately, this is not 
working as it should be. This 
study has assessed the water 
availability throughout the year, 
to develop a framework in which 
further development of the 
irrgation system can be planned.
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