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ABSTRACT

The Distributed Water Circulation Model incorporating Agricultural Water Use (DWCM-AgWU) was modified and the re-
vised model was applied to assess water use in the Chao Phraya River basin in Thailand for the years 2008–2011, during which
there were droughts and floods. A reservoir management model was introduced to incorporate two large dams (Bhumibol and
Sirikit dams), with several remote irrigated areas in water allocation/management, and performed special treatments of flood
peaks to account for agricultural practices. In the system, the two dams are the main sources of irrigation water during the
dry season and they are used to control floods during the rainy season. Moreover, for the lower Chao Phraya River from
Nakhon Sawan to the sea, another special water management was applied on rainy days to keep the release at the Chao Phraya
Diversion Dam at or below a certain threshold. That is, when discharge exceeded the threshold, water was diverted to main
irrigation canals on the western and eastern sides of the Greater Chao Phraya Irrigation Project. According to the simulation,
the average relative error between the calculated and observed daily discharge was 21% at the Nakhon Sawan station, which is
located below the confluences of the four main tributaries of the Chao Phraya River. The modified model will enable contin-
uous calculations for mitigating the impacts of extreme events, such as the 2011 flood in Thailand, managing the use of irri-
gation water, and proposing adaptive countermeasures to climate change. Copyright © 2016 John Wiley & Sons, Ltd.
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RÉSUMÉ

Nous avons modifié le modèle (DWCM-AgWU) de circulation et de distribution de l’eau avec intégration de l’utilisation de l’eau
agricole, et appliqué ce modèle modifié en vue de l’évaluation de l’utilisation de l’eau dans le bassin versant de Chao Phraya en
Thaïlande pendant les années 2008 à 2011 et durant lesquelles des sécheresses et des inondations se sont produites. Nous avons
introduit un modèle de gestion de réservoir afin d’intégrer deux grands barrages (barrages de Bhumibol et de Sirikit) comportant
plusieurs zones d’irrigation éloignées pour la répartition et la gestion de l’eau et eu recours à des traitements spéciaux des pointes
de crue pour représenter les pratiques agricoles. Dans ce système, les deux barrages représentent les sources principales de l’eau
d’irrigation pendant la saison sèche et sont utilisés afin de contrôler les crues pendant la saison des pluies. Par ailleurs, nous avons
appliqué aux biefs inférieurs du bassin, de Nakhon Sawan jusqu’à la mer, une gestion de l’eau spéciale pour les jours de pluie afin de
conserver la surverse au niveau du barrage de diversion de Chao Phraya autour d’une certaine valeur seuil; ainsi, au-delà de cette
valeur, l’eau était détournée vers les canaux d’irrigation principaux des bordures occidentales et orientales du projet d’irrigation de
Chao Phraya. D’après la simulation, l’erreur relative moyenne entre les rejets quotidiens calculés et observés était de 21% à la sta-
tion Nakhon Sawan à l’aval de la confluence des quatre principaux affluents de la rivière Chao Phraya. Le modèle modifié va
permettre des calculs continus en vue de l’atténuation des impacts d’évènements extrêmes tels que les inondations de 2011 en
Thaïlande et de proposer des contre-mesures adaptatives au changement climatique. Copyright © 2016 John Wiley & Sons, Ltd.

mots clés: bassin essentiellement rizicole; arrage à grande échelle; zone irriguée éloignée; gestion de l’eau; inondation
*Correspondence to: Jutithep Vongphet, Lecturer, WRCMIS LAB, Department of Irrigation Engineering, Faculty of Engineering at Khampheang Saen,
Kasetsart University, Nakhon Pathom 73140, Thailand. E-mail: fengjtv@ku.ac.th
†Modification du modèle DWCM-AgWU appliqué à un bassin essentiellement rizicole et équipé de grands barrages.

Copyright © 2016 John Wiley & Sons, Ltd.



J. VONGPHET ET AL.
INTRODUCTION processes with large dams used in north-eastern Thailand. In
The Chao Phraya River basin is the largest and most agricul-
turally productive basin in Thailand, especially for rice cul-
tivation. This basin has more agricultural land under
irrigation (34%) than any other basin in the country (Royal
Irrigation Department (RID), 2011). Two huge multi-
purpose dams, the Bhumibol and the Sirikit, are located in
the upper part of the basin. These two dams supply the water
for remote irrigated areas in the middle and lower basin, par-
ticularly in the dry season (around November to April), and
they are also used for flood control in downstream areas dur-
ing the rainy season. In the lower reaches of the basin is the
Chao Phraya Diversion Dam, a major irrigation weir
equipped with a series of flood control gates. The two
multi-purpose dams and the diversion dam are mutually
managed and controlled to supply large areas of land with
irrigation water and to control floodwaters in the lower part
of the basin (RID, 2012).

In 2011, irrigated and urban areas in the Chao Phraya
River basin were damaged by a flood with a return period
of 70 years (Komori et al., 2012). The flood started in July
in the upper part of the basin and expanded to the middle
part by August. During this period, the water stored in the
Bhumibol and Sirikit dams increased nearly to the dams’
maximum capacities. Flooding spread to the lower parts of
the basin, composed of irrigated and urban areas, from Au-
gust to November. In order to maintain the stability of the
Bhumibol and Sirikit dams, a management decision was
made to release the inflow through the emergency spillways.
At almost the same time, during September to November,
flooding extended to the irrigation and urban areas in the
lower basin, due to dike breaches along the main river.
Thus, the floods in the middle and lower reaches were
closely linked to the management of the two huge dams.

Climate change is predicted to result in an increased fre-
quency of extreme weather events such as floods and
droughts (Intergovernmental Panel on Climate Change
(IPCC), 2012). Furthermore, as a risk prevention strategy,
countermeasures and/or adaptation measures for these ex-
treme events must be proposed and evaluated. In other
words, the main method of flood management in Thailand
is the management of irrigation water through facilities such
as the Bhumibol and Sirikit dams. In the analysis of floods,
therefore, it is important to consider agricultural water use as
human-controlled activities.

The Distributed Water Circulation Model incorporating
Agricultural Water Use (DWCM-AgWU) was originally de-
veloped for water use analysis in the Mekong River basin
(Masumoto et al., 2009; Taniguchi et al., 2009). The original
model targeted river basins dominated by paddies over a con-
tinuous series of years that included droughts. Kudo et al.
(2013) modified the model to reproduce the paddy irrigation
Copyright © 2016 John Wiley & Sons, Ltd.
that modified model, the management of irrigation systems
and dam operations was introduced systematically. Vongphet
et al. (2014) previously applied the model of Kudo et al.
(2013) to the Chao Phraya basin. However, this basin has
characteristics that are quite different from the one in north-
eastern Thailand. Specifically, it has two huge dams, the
Bhumibol and Sirikit dams, and a major irrigation weir re-
ferred to as a diversion dam, the Chao Phraya Diversion
Dam, which are mutually managed and controlled to supply
irrigation water to several remote irrigated areas and to control
floodwaters in the lower part of the basin where the slopes are
gentle and channel networks denser. Those characteristics
could not be considered in the model of Kudo et al. (2013).

To facilitate the development of adaptationmeasures against
floods and droughts and to evaluate the effectiveness of these
measures, we ultimately aim to develop a Seamless-DIF model
(Seamless calculation model among Distributed Water Circu-
lation, Inundation, and Floods) that expands on DWCM-
AgWU by incorporating flood and inundation processes. Fur-
thermore, the Seamless-DIF model will be applied to the Chao
Phraya River basin for continuous calculation of water circula-
tion throughout the basin, including extremes such as the 2011
flood, in which the interaction between floods and agricultural
water use is a main factor in watershed management.

In the present study, the DWCM-AgWU was modified
and applied to assess water use in the Chao Phraya River
basin in 2008–2011, during which there were droughts and
flooding. Water management related to human activities,
such as management through irrigation facilities, dams
and/or irrigation intakes, is considered in this application.
The results of this application were used to assess limitations
on flood and inundation processes of the present models as a
first step in the development of the Seamless-DIF model.
AREAL MODEL

Target river basin

The study area is the Chao Phraya River basin, with an area
of 160 000 km2. There are four main tributaries in the upper
and middle parts of the basin, the Ping, Wang, Yom and
Nan rivers (Figure 1). These four tributaries converge at
Nakhon Sawan. In this study, the basin is divided into upper,
middle and lower areas, that is, the area above the Bhumibol
and Sirikit dams, the portion from these dams to Nakhon
Sawan, and the area from Nakhon Sawan to the coast, re-
spectively. In the upper basin, rain-fed and irrigated paddy
fields extend over arable areas. In the middle basin, there
are floodplains along the four tributaries, and alluvial fans
have formed where tributaries enter the floodplain. The
floodplain is characterized by river channels, natural levees
and their back marshes. The lower areas are defined as the
Irrig. and Drain. (2016)



Figure 1. Outline of the study basin.
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delta plain areas. The floodplain and delta plain along the
lower reaches of the river, with an elevation of 20 m or less,
act as a water diffusion and receiving area.

The Bhumibol and Sirikit dams are perennial-storage-
type and multi-purpose reservoirs, being mainly used for ir-
rigation and power generation. The Bhumibol Dam is on
the Ping River and has a storage capacity of about 13.5
billion m3, and the Sirikit Dam is on the Nan River and
has a storage capacity of about 9.5 billion m3. Both are
managed by the Electricity Generation Authority of
Thailand (EGAT). The most important irrigation facility
is a weir including a series of large floodgates at Chainat
(a little upstream of Station C.13 in Figure 2), called the
Chao Phraya Diversion Dam. The RID uses this facility
to regulate the intake of water to the irrigated area and to
control floods in the lower basin. In the lower reach of
the river at the city of Ayutthaya, the Pasak River (water-
shed area, 14 500 km2) joins the Chao Phraya River from
the left bank. The Pasak Dam is located 120 km upstream
from this confluence; it is used for flood management and
has a storage capacity of about 960 million m3.
Hydro-meteorological data and treatment of cropping
pattern

Hydrological data, including water level and discharge, were
obtained from the RID for 135 observation points and 150
cross sections for the period from when each station was
installed up to 2011. By using cross-sectional data, kinematic
Copyright © 2016 John Wiley & Sons, Ltd.
parameters were generated for a runoff model. Rainfall and
other meteorological data (2007–2011) from the US Na-
tional Oceanic and Atmospheric Administration were col-
lected for the 43 stations. The data were interpolated into
each cell in the target area by using the inverse distance
weighted method. Meteorological data were used for calcu-
lating evapotranspiration based on the modified Penman–
Monteith equation. Some additional data for water level
and discharge in 2011 were collected for 100 stations after
the last application of the model (Vongphet et al., 2014).

Cropping patterns include two rice crops in irrigated
paddies, one rice crop in rain-fed paddies, and upland crops.
For irrigated paddies in the basin, the planting date depends
on the availability of irrigation water and is specified as No-
vember 15 for the dry season and June 1 for the rainy sea-
son. In the model, however, planting was set to start on
November 15 for the dry season and when cumulative rain-
fall since April 1 totals 275 mm for the rainy season, with
the latter scenario also used for rain-fed paddies.
Irrigation facilities

The RID classifies dams as large, medium and small based
on the storage capacity of their reservoirs. Large-scale reser-
voirs have a storage capacity of 100 million m3 or more,
medium-scale is 1 million m3 or more, and small-scale is less
than 1 million m3. In the Chao Phraya River Basin, there are
10 large-scale reservoirs that have multiple purposes, includ-
ing irrigation, domestic water supply or hydroelectric power
generation, and 62 medium-scale reservoirs that are used
mainly for irrigation. These reservoirs store water in the
rainy season (May–October) and release water for their
benefitting areas in the dry season (November–April), and
also at the beginning of the rainy season. The total capacity
of effective storage of large- and medium-scale reservoirs
in the basin is approximately 27 billion m3 (26 and 0.98 bil-
lion m3 for large- and medium-scale, respectively). The aver-
age annual precipitation in the basin is 1200 mm, which is
equivalent to an input of approximately 192 billion m3.
Therefore, the total storage capacity is about 14% of the an-
nual precipitation. In this region, however, no rainfall is ex-
pected during the dry season, so water released from
reservoirs is the main source of available water at that time.
As a result, these reservoirs are extremely important for
dry-season cropping in rice paddies.
MODIFICATION OF A COMBINED MODEL FOR
THE ANALYSIS

Modelling of DWCM-AgWU

The original model and operation model. The
DWCM-AgWU (Masumoto et al., 2009; Taniguchi et al.,
Irrig. and Drain. (2016)



Figure 2. Location of large- and medium-scale reservoirs and irrigation areas in the target basin.
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2009) was originally developed for the Mekong River
basin. The model calculates the water circulation in each
cell (dimensions of 0.1° in both latitude and longitude)
by considering the component of agricultural water use
via four submodels: (1) the Reference Evapotranspiration
Forecast Submodel estimates the reference evapotranspira-
tion based on the modified Penman–Monteith equation;
(2) the Cropping Time and Area Forecast Submodel pro-
jects changes in the cropping area; (3) the Paddy Water
Use Submodel calculates the amount of irrigation water
used for the crops; (4) the Runoff Submodel forecasts the
runoff and changes in soil water content. The model ac-
counts for differences in agricultural water use, which al-
lows us to estimate various data relevant to agricultural
Copyright © 2016 John Wiley & Sons, Ltd.
water use at an arbitrary time and place, such as the
cropping area of paddy fields, actual water intake and the
water content of the soil. Furthermore, it enables us to eval-
uate and project the effects on water circulation in the basin
brought about by various human activities (e.g. changes in
agricultural practices) and meteorological changes from
global warming.
Dam management model. The storage Vres(t) [m
3] of a

reservoir can be calculated from Equation (1), given the
storage V res t � 1ð Þ in the previous period:
V res tð Þ ¼ V res t � 1ð Þ þ Qresin tð Þ � Qresout tð Þð ÞΔt (1)
Irrig. and Drain. (2016)
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where Δt [days] is the duration of a single calculation step.
The reservoir inflow Qresin (t) is given by the Runoff
Submodel and the reservoir outflow Qresout (t) [m

3 day�1]
includes releases for irrigation, spillway overflow, domestic
use and hydropower generation.

For irrigation, the reservoir releases supplementary water to
compensate for the shortage of necessary intake based on a
comparison of agriculture water demand and river discharge
at the intake point. The reservoir is placed across the edges
of two cells incorporated in the distributed water circulation
model. The upstream cell runoff is the reservoir inflow, which
is the input for the dam-control model. The reservoir release
given by the model is the inflow to the downstream cell.

Furthermore, the amount of evaporation is calculated in
the Reference Evapotranspiration Forecast and Runoff sub-
models by considering the proportion of approximated wa-
ter surface area in a cell.
Water allocation model. The model estimates actual in-
takes at a specific point and the water supply to paddy fields
in irrigated areas. Irrigation water taken from the river is dis-
tributed to the target region. The processes are independent
of the mechanisms that determine river runoff and surface
runoff in the water circulation model. At the same time, the
irrigated area is classified into two types: one extending over
two or more cells and the other situated within a single cell.
Irrigation command area occupying two or more
cells. If a command area occupies multiple cells, it is nec-
essary to model water intake, irrigated water distribution
and return flow because the intake and drainage points are
in different cells.

First, the water intake (Qdiv) is calculated for the com-
mand area from the river discharge at the intake point and
the region’s water demand (e.g. gross water requirement of
the region, capacity of the intake facility, and amount in
Table I. Operational information on irrigation facilities in the target bas

No. Dam name Maximum sto

L.1 Mae Ngat Somboon Chon
L.2 Mae Kuang Udom Thara
L.3 Kew Khomah
L.4 Kew Lom
L.5 Bhumibol 13
L.6 Sirikit 9
L.7 Kwae Noi Bamrung Dan
L.8 Tab Salao
L.9 Kasaew
L.10 Pasak
M.1–62 Medium-scale reservoirs 985 (
S.1–347 Small-scale reservoirs 301 (

Copyright © 2016 John Wiley & Sons, Ltd.
water permits). That is, water to be taken and supplied to
the area is the river discharge of the intake cell (Qriv), the ca-
pacity of the facilities (Qcap), or the water demand of the
area (Qdmnd), whichever is the smallest.
in (10

rage(

265
263
170
106
462
510
939
160
390
785

total)
total)
Qdiv ¼ min Qriv;Qcap;Qdmnd

� �
(2)
The intake water is distributed to a cell in which the
paddy water depth is lower than the control water level in
the irrigated area, and priority is given to upstream paddy
fields. The amount at which water is distributed to the cell
is the projected gross water requirement, which accounts
for the irrigated area of each cell and the irrigation effi-
ciency. The water allocated to a cell is used to irrigate paddy
fields and to meet the requirements for management in chan-
nels. For details of the water allocation management model
for irrigation of multiple cells, see Vongphet et al. (2014).

The command area located in a single cell. If a com-
mand area is located in a single cell, the model compares the
discharge at the upstream end of the river channel with water
demand (considering the capacity of intake facilities and gross
water requirements) of the cell to define the smaller demand as
the share of the paddy field for actual water intake.
MODIFICATION OF THE DWCM-AGWU AND
WATER MANAGEMENT MODEL

Incorporation of dam operation and water
allocation/management models

Modelling of the reservoirs in the Chao Phraya River basin
was carried out by targeting 10 large-scale and 62
medium-scale reservoirs (Table I). (Small-scale dams were
not considered here because the total volume of those reser-
voirs was relatively small.) In modelling the water storage of
the large-scale reservoirs, data on effective storage capacity,
large- and 62 medium-scale reservoirs)

106 m3) Irrigated area(104 ha) [number of cells]

2.8 [4]
2.0 [6]
3.2 [3]
2.0 [9]
30.0 [71]
27.0 [62]
2.5 [�]
2.7 [�]
2.6 [�]
4.6 [4]
10.3 [62]
6.8 [347]

Irrig. and Drain. (2016)
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intake facility capacity at downstream intake sites (e.g. max-
imum intake, maximum discharge of irrigation canals) and
the planned municipal water volume were collected from
the RID and from meetings conducted locally.

Large-scale reservoirs in the Chao Phraya basin are lo-
cated within separate cells, so special treatment was not re-
quired. For medium-scale reservoirs, however, the data on
total storage capacity and command areas were collected
from the RID. When several medium-size reservoirs existed
within a single cell, the total storage capacity and benefitting
land area of the reservoirs within the mesh were added to-
gether, and such reservoirs handled as a single dam.

With regard to the irrigation water allocation and manage-
ment model, 18 irrigated areas were simulated; these were
covered by large- and medium-scale dams. Under these con-
ditions, data on irrigation facilities (point data), irrigation ca-
nal networks (line data) and benefitting land (polygon data)
were obtained from the RID and used to specify irrigated
areas. Figure 2 shows these areas in the Chao Phraya basin.

Runoff from the drainage canals to the river channels is
Irr:Req:The Bhumibol or Sirikit dam ¼ ∑Area of all remote irrigated area
∑Areas Nos:16; 17ð Þ �∑irr:requirement Nos:16; 17ð Þ

� Storage in the Bhumibol or Sirikit dam
∑Storage in the BhumibolandSirikit dams

(3)
slow, because the discharge facilities are relatively underde-
veloped and the gradient of the discharge canals is low. To
model this process, the possibility of hydrological tracking
of the flow and modelling the storage process within a cell
were considered; however, this process was simplified in
this study by using a moving average, in a manner similar
to calculating the overland flow in a runoff model. As a re-
sult, the moving average number of days for rice paddy run-
off was added as a parameter.
Treatment of remote areas irrigated from large dams
(Bhumibol and Sirikit dams)

There are four irrigation projects supplied with water by the
Bhumibol and Sirikit dams, even though they are all located
in remote areas from the dams (RID, 2011). These projects
are: (i) the Khamphaeng Phet Irrigation Project along the Ping
River (irrigated area No. 8 in Figure 2), which is supplied by
the Bhumibol Dam; (ii) the Utaradit Irrigation Project along
the Nan River (No. 10), supplied by the Sirikit Dam; (iii) the
Pitsanulok Irrigation Project, also along the Nan River (Nos.
12 and 13) and supplied by the Sirikit Dam; and (iv) the Greater
Chao Phraya Irrigation Project in the lower part of the Chao
Phraya River basin (Nos. 16 and 17), which is supplied by both
Copyright © 2016 John Wiley & Sons, Ltd.
the Bhumibol and Sirikit dams and a water intake upstream of
the Chao Phraya Diversion Dam (weir, Figure 2).

Given that both large dams and the diversion dam are mu-
tually managed and controlled, a cooperating reservoir man-
agement model was developed to incorporate the Bhumibol
and Sirikit dams with these four remote irrigation projects as
a water allocation/management model. The area on the east-
ern side of the Chao Phraya River (No. 16), irrigated by
means of two main canals with a total capacity of
285 m3 s�1, and the area on the western side of the river
(No. 17), irrigated by three main canals with a total capacity
of 615 m3 s�1, were linked to both large dams
(Visutimeteegorn et al., 2007). As the first step, the irriga-
tion water requirement for release of water (Irr.Req.) from
each dam was determined by considering the ratio of the re-
maining storage in each dam to the total remaining storage.
In addition, the water requirements of the irrigated areas in
the middle part of the basin were estimated as the ratio of to-
tal remote irrigated areas to irrigated area in the lower part,
as the first term in Equation (3):
Handling flood peaks

The modelling of floods and inundation was not included in
the original model. A simple modification for flood treat-
ment was subsequently applied to calculate discharge by
considering the maximum capacity of the river channel at
several control points. That is, discharge exceeding the
maximum capacity of the channel was assumed to flow into
the connecting cells on both sides of the channel and return
to the river via runoff mechanisms. The control points were
seven observation points located where extensive flood-
plains occur along the river, as shown in the lower middle
part of Figure 2.

Modification of water management. There are two
modifications for water management in the model.

Treatment of dry season flow by the Bueng
Boraphet wetland reservoir. Bueng Boraphet, the larg-
est shallow reservoir and wetland complex in Thailand
(Sriwongsrithanon et al., 2009), is located on the Chao
Phraya River a little upstream of Nakhon Sawan on the
Chao Phraya River (Figure 2). It has multiple functions,
serving as a habitat for fish, a source of irrigation water
Irrig. and Drain. (2016)
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in the dry season for surrounding paddy areas, and as a
means of controlling floods associated with inland water
and excessive inundation from the Nan River during the
rainy season. In the dry season, farmers use pumps to
take water from the Bueng Boraphet Wetland Reservoir
to irrigate the surrounding paddy fields, and this water
use requires reverse flows into the wetland to maintain
the reservoir water level.

In the modelling, paddy fields around the Bueng
Boraphet Wetland Reservoir were identified as irrigated
paddy areas with irrigation facilities, which apparently
take water directly from the Nan River. It was assumed
that the flow from these paddies returns to the Bueng
Boraphet Wetland Reservoir in the normal runoff process.
During the dry season, water is taken from the Nan River
and diverted to the reservoir to maintain the wetland’s
ecological functions.
Figure 3. Comparison of observed and calculated hydrographs at Station N.1.
Prevention of floods downstream from the Chao
Phraya River in the rainy season. When river channels
have high flows during the rainy season, the RID con-
trols the release from the Chao Phraya Diversion Dam
at 1500 m3 s�1 to prevent downstream flooding, espe-
cially in the city of Ayutthaya (RID, 2012). In this pro-
cess, the RID regulates discharge at two points: at
Station C.2 at Nakhon Sawan and Station C.13 located
downstream of the Chao Phraya Diversion Dam (Figure 2
). At C.2, the discharge is controlled at 1800 m3 s�1,
which accounts for the total discharge from the Ping
and Nan rivers, and the excessive discharge withdrawn
from the Nan River is released into the Bueng Boraphet
Wetland Reservoir when total flows are more than the
control target. The Chao Phraya Diversion Dam is a weir
structure with 16 large floodgates that are used for flood
control and irrigation. Flows are stored upstream of the
dam and are diverted into irrigated areas (Nos. 16 and
17) through irrigation canals while considering the max-
imum capacity of the canals. To control the entire dis-
charge, the diverted volumes are determined based on
the capacity of diversion facilities (e.g. intake facilities
and/or irrigation canals) and the flooding situation in
the target area as well as in the downstream reaches of
the Chao Phraya River.

Therefore, in the model river discharges at three intake
points, the Bueng Boraphet Wetland Reservoir and the
eastern (No. 16) and western (No. 17) irrigated areas
(Figure 2), are regulated at the control targets. However,
the flooding situation in the irrigated area of the Greater
Chao Phraya Irrigation Project and the flow conditions at
the Chao Phraya Diversion Dam floodgates are not consid-
ered in the model.
Copyright © 2016 John Wiley & Sons, Ltd.
RESULTS AND DISCUSSION

Estimated parameters

The target period for the analysis was 2007–2011. However,
2007 was used as a spin-up period and was not used in val-
idating the accuracy of the model calculations. Thus, the ac-
tual target period was 4 years. The model parameters were
determined by trial and error. For details of the selected pa-
rameters, see Vongphet et al. (2014).

Estimated results for river flow and dam management

Discharge observation points and inflow into
large-scale dams. Model accuracy was validated for data
from 2008 to 2011. Through trial and error, the model pa-
rameters were determined such that calculated discharge
matched measured discharge at Stations P.73 and N.1,
located upstream from the Bhumibol and Sirikit dams, re-
spectively. Figures 3, 4(a) show the comparison between
the calculated and observed discharges at Station N.1 and
inflows into Bhumibol Dam, respectively. The results indi-
cate that the daily fluctuations of the discharge during the
rainy and dry seasons are well reproduced by the model at
both sites. However, there remain some discrepancies in
the peaks.

For 2008–2011, the relative errors of the calculated
values in relation to the observed daily discharge at Station
N.1 and inflows into Bhumibol Dam were 34.8–41.2%
(average, 38.0%) and 34.7–51.0% (average, 39.8%), respec-
tively. Inflow into the Bhumibol Dam in 2009 (drought
year) was not used for error estimation due to the exception-
ally high peaks in the rainy season even compared to the
flood year of 2011, suggesting that the 2009 observation
data for reservoir water level was incorrect. Despite omitting
these data, the average relative error for inflow into the
Bhumibol Dam reservoir was nearly 40%, and the errors
during low-flow periods in the dry seasons, especially in
Irrig. and Drain. (2016)



Figure 4. Comparison of inflow and storage volumes at the Bhumibol Dam, as an example of large dams.

J. VONGPHET ET AL.
2010, were large. The inflow into the Bhumibol Reservoir
during the dry season was apparently affected by discharges
from the dam into the upstream sector of the river, but be-
cause water is discharged from the Mae Ngat Somboon
Chon Dam (L.1 in Table I) and Mae Kuang Udom Thara
Dam (L.2) for hydroelectric power generation and domestic
use as well as for paddy irrigation within the major irrigated
areas in the model, the calculated flows during the dry sea-
sons are high compared to the actual flows.
Dam storage and release. To illustrate the effective-
ness of the reservoir management model, a comparison
between the calculated and observed storage of the
Bhumibol Dam is shown in Figure 4(b). Based on the in-
clusion of a management model for the two large reser-
voirs, Figure 5 shows the calculated results from 2008
to 2011 for releases from the Bhumibol and Sirikit dams.
Releases in the dry seasons were mainly for irrigation,
with cooperative management considering the remaining
storage in each reservoir. In the rainy season of 2011,
both dams released a large volume of water over their
Figure 5. Calculated and observed

Copyright © 2016 John Wiley & Sons, Ltd.
spillways, which is one of the release functions in the res-
ervoir management model.

Estimated results of discharge and irrigation water in
low-lying areas

River flow. To study the effect of a reservoir operation
model on the estimation of river flow, the C.2 observation
point (Nakhon Sawan) was selected. Figure 6(a) shows a
comparison of the calculated and observed daily river flow
at Station C.2 with the incorporation of a reservoir manage-
ment model. In the dry seasons and latter half of the rainy
seasons, the calculated river flow becomes closer to the ob-
served values, thus improving the model’s accuracy. The
relative error of the calculated daily river flow in relation
to the observed values was 21%. In the Chao Phraya River
basin there is inadequate rainfall in the dry season, so the
river flow in low-lying areas is mainly composed of re-
leases from dams, with partial releases for irrigation. In ad-
dition, even a simple treatment of floods that accounted for
the capacity of river channels in each year improved the ac-
curacy of discharge around the peaks (Figure 6a).
releases at the large dams.
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Figure 6. Estimated discharge before and after the intake of water for irrigation areas originally supplied by the Bhumibol and Sirikit dams.

MODIFICATION OF DWCM-AgWU TO A PADDY-DOMINANT BASIN WITH LARGE DAMS
Furthermore, the accuracy of the estimated river flow in rainy
seasons was improved by accounting for the special treatment
of water management at the Bueng Boraphet Wetland Reser-
voir, mentioned in the section ‘Modification of water manage-
ment’, for flood prevention. However, the simple flood
Figure 7. Calculated and observed water volume diverted to the eastern and west
rigation Pro

Copyright © 2016 John Wiley & Sons, Ltd.
treatment could not improve calculation during the drainage
stage of November to December in 2011 (Figure 6a).

Irrigation and water management. With regard to the
effects of applying the water allocation and management
ern irrigation areas (Nos.16, 17 in Figure 2) of the Greater Chao Phraya Ir-
ject.
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model, Figure 6 shows the change in river discharge before
and after the intake of irrigation water from the weir be-
tween Stations C.2 and C.13. In the model, there are two in-
take facilities for the irrigated area the Greater Chao Phraya
Irrigation Project. The supply of irrigation water from the
eastern and western parts of the main irrigated areas (Nos.
16 and 17 in Figure 2, respectively) increased upon applica-
tion of the irrigation water management model. During the
dry season, the annual water supply increased by
400 m3 s�1. Intake water for the eastern and western irri-
gated areas is compared in Figure 7 for the typical years,
namely 2009 and 2011. The calculated results of intake wa-
ter were estimated based on irrigation requirements and
special water management in the rainy season. In the calcu-
lation, irrigation water was taken from the main stream in
accordance with the pattern of cropping in both seasons.
In the model, during the high-flow period (around
September–November), excess water from the target con-
trol points is diverted to irrigated areas while considering
the capacity of the irrigation facilities, such as irrigation in-
take gates or canals. However, estimation of release from
the dam in the rainy season needs to be improved. In addi-
tion, for water intake during the transition from the end of
the rainy season to the beginning of the dry season (No-
vember and December), estimation of operational results
of intakes and releases was subject to large errors.

Remaining problems

At Station C.13 located downstream from the Chao Phraya
Diversion Dam (Figure 6b), there were some discrepancies
in river flow in the dry seasons, as indicated by the relative
error of 39% for the calculated daily river flow in relation to
the observed values, as well as discrepancies in the intake by
water management practices for downstream flood preven-
tion in irrigated areas in the rainy seasons (Figure 7). The
Chao Phraya Diversion Dam stores water and releases it
via 16 large floodgates in both dry and rainy seasons. As a
result, discharge at Station C.13 is subject to operation of
those gates. At present, our model is not able to account
for gate operation at the Chao Phraya Diversion Dam.
CONCLUSION

In this study, a modified DWCM-AgWU was applied to the
Chao Phraya River basin. The model allowed us to calculate
water circulation, including agricultural water use. In the
model, agriculture is the principal water use. Dams and irri-
gation systems are important for agricultural water resource
management, especially in the middle and lower parts of the
Chao Phraya basin, which were affected by floods in 2011.
The Bhumibol and Sirikit dams are the most important facil-
ities with respect to management of agricultural water use in
Copyright © 2016 John Wiley & Sons, Ltd.
remote irrigation systems in the middle and lower basin.
However, a modified model could not carry out flood and
inundation processes in the low-lying areas.

In the future, the DWCM-AgWU will be expanded by in-
corporating flood and inundation processes as a Seamless-
DIF model. The model will allow us to simultaneously sim-
ulate water distribution through the basin even in extreme
events. As the remaining points, operation of the large gates
at the Chao Phraya Diversion Dam will be applied to the
model. Furthermore, the planting start date for irrigated areas
in the rainy season will be defined according to the RID or
the actual situation. The results obtained by using this model
will be fundamental for developing a Seamless-DIF model
that uses the DWCM-AgWU framework to account for
floods and inundation, which, in turn, will allow the develop-
ment of adaptive measures (i.e. countermeasures) to mitigate
the effects of extreme weather conditions. Application of this
improved model should be helpful in the future management
of water resources in the Chao Phraya River basin.
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