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ARTICLE INFO ABSTRACT

Keywords: Study area: The Chao Phraya Estuary (CPE) (100° 28°—100° 36’E, 13° 30’—14° 15°'N) in the

Partially mixed estuary central part of Thailand.

;Yd“’dy“amlcs Study focus: To systematically study characters of the CPE, saltwater intrusion and its responses to
onsoons

natural and water regulation and abstraction using high resolution 3D hydrodynamic model with
along-the-river measurements.

New hydrological insights for the region: Findings show that: (i) the CPE is a partially mixed estuary
regulated by the tide, river discharge, local and remote winds, and seasonal sea level that is
substantially influenced by the Asian-Australian monsoon and human factors. (ii) Low freshwater
discharge, prevailing down-estuary winds, and the highest annual sea level are the natural causes
for the enhancement of estuarine circulation and the greatest saltwater intrusion distance, which
both occur in January. (iii) Geometry of the CPE (long, narrow and meandering) enhances the
tidal wave energy dissipation through horizontal turbulence and riverbank roughness which
should be considered when modelling any similar estuary elsewhere. (iv) Water regulation and
abstraction are likely to be responsible for severe intrusion events during 2020 and 2021, which
adversely affected more than 14 million people in and around Bangkok. The freshwater discharge
rate and saltwater intrusion distance from the river mouth have a negative relation (R = - 0.72, p-
value = 0). Improvement of freshwater allocation within the river basin are primary ways to
effectively manage the saltwater intrusion problem.

Freshwater abstraction
Numerical model
Sidewall roughness

1. Introduction

Saltwater intrusion is a natural phenomenon in estuaries that is mainly controlled by the river’s discharge and tidal range (Prandle,
1985; Simpson et al., 1990; Dyer, 1997; Bowen and Geyer, 2003; Guo and Valle-Levinson, 2007; Zhu et al., 2020). It is also influenced
by the estuary’s length, width, depth and meandering (Prandle, D, 2006; Chen et al., 2019; Eslami et al., 2019a, 2019b; Wei et al.,
2022), river mouth topography (Gong et al., 2022), prevailing winds (Wong, 1994; Guo and Valle-Levinson, 2008; Gong et. al, 2012)
and tropical storms (Zhu et al., 2020; Li et al., 2022), as well as sub-tidal currents and sub-tidal sea levels in the outer sea (Wong, 1994;
Wongsa, S, 2015; Eslami et al., 2019a, 2019b).
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Fig. 1. (a) Location of the Upper Gulf of Thailand. The red box indicates the scale of (b). (b) Location map and topography of the Chao Phraya River
Estuary (CPE). Star symbols along the coastline denote tidal gauges. The red box indicates the scale of (c). (¢) River channel of CPE and bathymetry.
Circle symbols show monitoring stations along the river; their distance from the river mouth is indicated in parentheses.

The combination of these natural forces produces three regimes of the estuary with different salinity structures, i.e., salt wedge
estuary, partially mixed estuary, and well-mixed estuary (Pritchard, 1955). The salt wedge estuary mainly exists in weak tidal areas
where the estuarine circulation develops with a weak mixing and a sharp halocline. The well-mixed estuary exists in areas where the
tidal ranges are large and produce a strong tidal mixing that limits the development of estuarine circulation. In the partially mixed
estuary, many factors interplay and cause large changes in the estuarine circulation and saltwater intrusion.

In addition of the natural forces since most cities around the world are located within 250 km of the coastline, human activities may
interact with natural forces to alter the physical processes in the estuary, including saltwater intrusion (Liu et al., 2019; Wei et al.,
2022). For example, modification of the river topography by sand mining and land reclamation causes the tidal wave to travel further
upstream and also enhances saltwater intrusion (Zhang et al., 2010; Shen et al., 2018; Chen et al., 2019; Eslami et al., 2019a, 2019b).
Modification of vegetation along the river through city development can affect flow fields through modification of the flow resistance
(e.g., Pettit et al., 2016; Errico et al., 2019; Crimaldi and Lama, 2021). Civil engineering structures for water control and treatment of
storm surges affect freshwater discharge and length of the estuary, which also alter the tidal propagation and the saltwater intrusion
distance (Ding et al., 2021; Ralston et al., 2022; Wei et al., 2022). Furthermore, climate change and global sea level rise can increase
saltwater intrusion in low-lying estuaries (e.g., Wongsa, S, 2015; Eslami et al., 2019a, 2019b).

The Chao Phraya River Estuary (CPE) is a good example of a populous estuary. It is a vast, flat and very low-lying area surrounded
by agricultural areas, cities, and industrial areas. It is situated in the central region of Thailand (Fig. 1). The Chao Phraya River is one of
the largest rivers in Southeast Asia, and the river’s path is narrow, long, and meandering. The river has a wide but shallow mouth, and
its estuary would be expected to be partially mixed considering the tidal range and river discharge. However, to date, there have been
no studies or sufficient evidence to confirm this. Vongvisesssomjai and Chatanantavet (2006) developed an analytic model to describe
tidal and river discharge fluctuation at several locations along the river. Sirisup et al. (2014) used a two-dimensional hydrodynamic
model to investigate the variation of water level and tidal flow velocity along the river. Wongsa (2015) and Chettanawanit (2021) used
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Table 1

Major water regulation and abstraction infrastructures of the Chao Phraya River.
Name of the infrastructure Location Operational year Purpose
Sirikit dam 17°52.80'N, 100°27.72’E 1971 Water storage and electricity generation
Bhumipol dam 17°15.90'N, 100°54.00’E 1964 Water storage and electricity generation
Chao Phraya Diversion dam 15°9.55'N, 100°10.78’E 1957 Flood control, irrigation and electricity generation
Rama VI Diversion dam 14°33.52'N, 100°45.68'E 1924 Flood control and irrigation
Samlae Raw Water Pumping Station (MPA intake) 14°2.49°N, 100°33.30E 1914 Water abstraction as raw water for the MPA.

a one-dimensional hydrodynamic model to quantify the effects of sea level rise and freshwater abstraction on saltwater intrusion in the
CPE. Changlkom et al. (2022) combined multiple linear regression and artificial neural networks to make a 1-5 day prediction of
salinity at the raw water intake of Bangkok’s Metropolitan Waterworks Authority (MWA) based on the water level at an upstream
location.

In recent years, the CPE has experienced severe saltwater intrusion events, during which the raw water intake of MWA was
contaminated by water with salinity higher than (0.25-0.50 PSU) more frequently than in the past and for a longer duration, e.g., more
than 3 months in 2020 and 4.5 months in 2021 (Wongsa, 2015; Chettanawanit et al., 2021; Changklom et al., 2022). This is even
though the MWA’s raw intake is considerably far from the river mouth (approximately 98 km from the river mouth, hereafter
“4+98 km”). The severe saltwater intrusion will affect people’s health (Changklom et al., 2022), contaminate soil, and cause crop
harvest reduction (Phankamolsil, et al., 2021) and economic loss on a wide scale. Combatting the saltwater intrusion problem
therefore is a national priority, however, none of the previous studies described the hydrodynamics and saltwater intrusion in the CPE
in adequate detail to combat the problem (Bidorn et al., 2021; Changklom et al., 2022).

In this study, we first report the overall dynamics of the CPE in response to natural factors by using data from field observations and
results of a three-dimensional numerical model. While the modeling may not fully represent various aspects of the real world due to its
reliance on assumptions and simplified input data (e.g., Chen et al., 2019; Errico et al., 2019; Zhu et al., 2020; Gong et al., 2022),
numerical modeling remains the most practical method for initially exploring the interplay between natural and anthropogenic in-
fluences affecting hydrodynamics and salt intrusion in the CPE. Additionally, we provide an explanation of the mechanisms for the
severe saltwater intrusion in recent years, which is likely associated with freshwater discharge modification by water engineering
structures, water regulation along the river and water abstraction for irrigation and cities. Our study illustrates that not only natural
factors but also human activities are important to the populous estuarine system. Our findings can be applied to the management of
water resources in the CPE and other partially mixed estuaries.

2. Materials and methods
2.1. Study site

The CPE (100° 28’—100° 36’E, 13° 30’—14° 15’N) is one of the most important lands for rice production and is the most populous
area in Thailand that has the Chao Phraya River as the main river. The CPE has a drainage basin area of approximately 160 x 10° km?,
The river is the largest in Thailand and one of the largest rivers in Southeast Asia (Saito, 2001). The river has an annual mean discharge
of 480 m®/s (70-year average) and monsoonal variation producing a range of about 100 m®/s to 2400 m%/s (Bidorn et al., 2021). The
CPE is situated in the central part of Thailand and its land elevation is approximately 0.5-1.5 m above mean sea level (Trisir-
isatayawong et al., 2011). This low elevation has been subject to a substantial rate of land subsidence during the past decades (Tri-
sirisatayawong et al., 2011; Saramul and Ezer, 2014).

The Chao Phraya River is an important source of freshwater for agriculture, industries, and cities including the metropolis of
Bangkok, where more than 14 million people live. During recent decades, the demand from these domestic, industrial, agricultural,
and environmental sectors for freshwater has increased (Molle et al., 2001; Phankamolsil, et al., 2021; Changklom et al., 2022), while
the water quality of the CPE has continued to decline (Horiuchi et al., 2020). There is a long history of the development of irrigation
and navigation canals as well as gates and dams for water regulation within the estuary (See Table 1). The lower CPE (from the river
mouth to approximately +70 km) is heavily used for river transportation and therefore has many engineering structures along the
riverside. Consequently, this area is sometimes called the “Venice of the East.”

The freshwater resource supplied by the CPE is very limited during the dry season (December to June) due to many competing
demands from a variety of sectors (Molle et al., 2001; Chettanawanit et al., 2021; Phankamolsil, et al., 2021; Changklom et al., 2022).
The amount of freshwater varies inter-annually as a response to major climate phenomena such as El Nino-Southern Oscillation
(ENSO), the variability of sea surface temperature (SST) over the tropical Atlantic, the Pacific decadal oscillation (PDO), and the Indian
Ocean dipole mode (IOD) (Cai et al., 2019, 2021; Phan-Van et al., 2022). As reported by the Bureau of Meteorology, Australian
Government during the period of 2018-2019 overall rainfall intensity at Australia and Southeast Asia was low following the modulate
El Nino period. In 2020, the rainfall intensity increased due to La Nina. Therefore, freshwater discharge at CPE was limited in the year
2020 but large in the year 2021 which will be called hereafter “dry year” and “wet year”, respectively.

Similar to estuaries elsewhere, the saltwater intrusion problem is mitigated by the release of freshwater from upstream dams to
push the saltwater toward the sea (e.g. Zhu et al., 2020, Payo-Payo et al., 2022), although this is only possible if there is sufficient
stored water. As reported by the water regulators in Thailand, the situation in the CPE is made more complex because the salinity
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values does not respond linearly to the amount of released freshwater.
2.2. Topography of the CPE

The CPE was formed as a drowned river valley type estuary (Dyer, 1997). This low-lying, long and narrow estuary has a shallow
river mouth with an average depth of ~2.3 m. At the seaward side of the mouth, there are two navigational channels with a depth of
~7 m and width of ~300 m connecting the CPE to the Upper Gulf of Thailand. From the river mouth to + 120 km upstream, the CPE
has an average depth of 8.75 m. In this reach, there are a few deep pools where the water depth is greater than 30 m, and were
produced by river sand mining in the past.

The width of the river mouth is approximately 6 km, but this is reduced rapidly within the estuary. The average width in the reach
below + 15 km is ~2 km and ~300 m above this point. The minimum width is ~140 m at approximately + 50 km. From the mouth to
+ 120 km, the CPE has a volume of about 1.03 km® and the tidal prism (i.e., the difference in volume of water between high tide and
low tide) is ~ 0.15 km® and ~0.24 km® in neap and spring tides, respectively.

2.3. Available measured data

We collected hourly data of water level, salinity, river discharge and wind within the CPE. The water levels, salinity and water
temperature at stations C4 (+15 km), C8 (+35 km), C15 (+70 km) and C22 (+98 km) (Fig. 1c) were provided by the Metropolitan
Waterworks Authority (MWA). In addition, we collected hourly water level data from the Hydrographic Department (HD), Royal Thai
Navy near the river mouth (station Pomprajul, 13°9.850'N, 100°54.385'E, Fig. 1¢), and at offshore locations about 180 km southwest of
the river mouth (station Koh Lak, 11° 47.700°N, 99° 48.967’E, Fig. 1b) and about 200 km southeast of the river mouth (station Leam
Sing, 12° 27.804°N, 101° 57.682’E, Fig. 1b). An acoustic Doppler current profiler-measured river flow velocity at 10-minute intervals
from station VEL at + 50 km (Fig. 1c) was also provided by the HD. River discharge data at 15-day intervals were obtained from the
Royal Irrigation Department (RID) website (http://water.rid.go.th/flood/plan_new/planlow.html, accessed on 1 September 2022).
Wind data at station Sriracha (13°11.137’N, 100°55.086°E), an online marine observation station located about 50 km southeast of the
river mouth (Fig. 1¢), are from the Hydro-Informatics Institute (HII). River mouth area bathymetry data was derived from navigational
charts of the HD and inside the river data was provided by the Marine Department (MD). All the measurement data were quality
controlled by manually removing an obvious spikes and error data, box-averaged or filtered using Butterworth low-pass filter before
their usages and plots with Microsoft Excel program.

Field surveys to collect Conductivity-Temperature-Depth measurements using AAQ-RINKO171 (JFE Advantech, JAPAN) were
carried out at 29 stations along the river’s longitudinal axis from the river mouth to + 120 km at several times: in a drought year on 28
February 2021 (spring tide) and 7 March 2021 (neap tide); and in a wet year between 30 November 2021 and 27 February 2022, with 7
consecutive neap tides and 1 spring tide. The surveys were carried out with a speed boat and each survey required roughly 5-9 h. After
removing an obvious error manually, we averaged the measured data as 10-cm vertical cells before plot with contour function using
MATLAB program.

2.4. Numerical model

A three-dimensional hydrodynamic model for the CPE was configured using Delft3D-FLOW (Deltares, 2017) model with a domain
from 30 km offshore of the CPE’s river mouth to + 180 km (Fig. 1c). Model grids are arranged in a curvilinear coordinate system. There
are 14 sigma layers in the vertical dimension, with thickness of 5,6,7,8,8,8,8,8,8,8,8,7,6,5% of the total depth from the sea surface to
the sea bottom, respectively. The horizontal grid has a minimum cell size of approximately 40 x 40 m? in the area close to the salt-
water front between + 15 to + 40 km. The grid cell size slowly increases upstream and downstream from this zone. The grid is
artificially expanded at the upstream end to have larger water volume than actually exists in the CPE to compensate for the water
volume of surrounding irrigation channels, which are ignored in this study. Determining upstream grid size of the model were parts of
the model calibration process. This adjustment is essential for the realistic water level reproduction of the model, as it has been re-
ported that the presence of an irrigation system along the river can reduce the tidal amplitude by up to 25% (Eslami et al., 2019a,
2019b).

At the upstream boundary, the freshwater discharge data from the RID with a 15-day interval for the Chao Phraya River and Pasak
River (95% of the total discharge into the CPE) and Noi River (5% of the total discharge) were applied. At the location of the MWA’s
raw water intake (4+-98 km), a constant amount of — 55 m>/s was withdrawn (based on 2021 field measured data and data provided by
the MWA). At the offshore lateral boundary, the hourly water level data from the HD at station Pomprajul were specified. The
measured wind speed and direction data at station Sriracha from the HII (see Fig. 1b for its position) were used to calculate the wind
stresses that were treated as spatially homogenous in the model domain. The drag coefficient used in the quadratic formula for wind
stresses follows Smith and Banke (1975). The model estimates turbulence parameters using the horizontal large eddy simulation
(Vossen, 2000) and k- model for the horizontal and vertical turbulence, respectively. The Prandtl number is 1. Roughness values at the
sidewall follow the logarithmic law of the wall. The bed shear stress uses a quadratic bed stress formula. The model was run from a rest
state with an initial salinity of 0 and a time step of 30 s. The simulation period is from October 2020 to March 2022, which covers dry
and wet periods.

We wanted to use the model to reproduce the spatial distributions of water level, flow velocity, and salinity for both intra-seasonal
and seasonal variations in the CPE. The model was parameterized for the best reproduction of water level, flow velocity, and salinity.
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Fig. 2. Time series of (a) measured wind at station Sriracha, (b) river discharge from global rainfall-runoff model (blue line) and that reported by
the Royal Irrigation Department with some modifications (black line), (c) water levels measured at stations Pomprajul and C22, (d) sub-tidal water
level and seasonal sea level variation data derived from measurements at station Pomprajul, (e) and (f) water temperature and salinity, respectively,
measured at stations C4, C8, C15 and C22. Time spacing in horizontal axis is 15 days.

During the tuning of the model, the model grid, background horizontal and vertical eddy viscosity, bottom roughness, wind drag
coefficient, sidewall roughness, and freshwater discharge were modified step by step. Best results were obtained from the model
configuration using an expanded tail grid, zero background eddy viscosity, 4 m of the sidewall, spatially varying bottom roughness
with the Chezy values between 65-130 m'/2/s, and wind drag coefficients of 0 and 0.004 at wind speeds of 0 m/s and 25 m/s,
respectively. Applying spatially varying Chezy values aims to consider the natural variation in bottom roughness caused by riverbed
characteristics and vegetation (Errico et al., 2019; Crimaldi and Lama, 2021).
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Fig. 3. Observed (left panels) and simulated (right panels) salinity along longitudinal section in the dry year from February to March 2021, and in
the wet year from November 2021 to February 2022. Red, blue and white lines represent salinity of 20, 10 and 0.25 PSU.

3. Results and discussion
3.1. Observed results

Time series of some of the data collected over 500 days between October 2020 and February 2022 are shown in Fig. 2. Wind data
indicate two prevailing winds, namely the northeasterly from mid-October to mid-January and the southwesterly during the other
parts of the year. Freshwater discharge varies seasonally in which it is naturally low in the “dry season” (< 150 m%/s) during mid-
November to mid-June. By nature, the discharge increases greatly in the “wet season” during July to September corresponds to the
period of the southwesterly wind. Therefore, it can be seen that wind and freshwater discharges of CPE are closely associated with the
monsoon. The dry season occurs during the northeast monsoon (NEM) and the transition from the NEM to the southwest monsoon
(SWM). The wet season occurs during the SWM. Peak discharges typically appear at the end of the SWM, typically in October. Along
the river, freshwater is always being abstracted for irrigation and utilization by cities. At station C22 (see Figurel), a constant amount
of freshwater is abstracted by the MWA.

As shown by measured water level, although the CPE has a narrow and shallow mouth, tides can travel upstream to about
+ 250 km. Tidal range varied widely in the CPE, with a maximum value of about 3.6 m at the river mouth (station Pomphrajul in
Fig. 2¢) but a much smaller value of 1.6 m at + 98 km (station C22, Fig. 2c). With such large reduction of tidal range toward the head of
the estuary, the CPE can be classified as a hyposynchronous estuary, where the friction exceeds the effects of convergence (Dyer, K,
1997). At the river mouth, tides are governed by My, S,, 01, K; tidal constituents, for which the amplitudes were 0.55 0.25, 0.41,
0.64 m, respectively. The Formzahl number (K1 +01)/(M2 +S2) has a value of 1.31, which is consistent with a previously reported
value (Saramul and Ezer, 2014). Overall mean water levels within the CPE are higher than on the seaward side. During the wet, the
tidal influence on water level in the CPE is significantly reduced. Comparison between the measured water levels at station C22 and
station Pomphrajul shows that the water level at the upstream site notably increases during the high river discharge time, but shows
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Fig. 4. Observed (black dots) and simulated (blue line or red line) salinity at stations C4, C8, C15 and C22 (a) from October 2020 to February 2021
(dry year) and (b) from November 2021 to February 2022 (wet year).

less tidal variation (Fig. 2d). On the other hand, the water level at the river mouth changes little during the high river discharge time.

In addition to tides, the water levels recorded at station Pomprajul reveal sub-tidal sea level variations, with a maximum value of
~0.3 m and a period of 2-7 days (blue line in Fig. 2d). Seasonal variation with a magnitude of ~0.2 m also appears at the river mouth
(red line in Fig. 2d), where the sea level increases during the NEM period but decreases during the SWM period. The highest sea levels
occurred in January while the lowest were in June, consistent with previous reports (Saramul and Ezer, 2014; Higuchi et al., 2020, Qu
et al., 2022).

Considering the hydrographic data, since the observed water temperature (Fig. 2e) shows little spatial variation among the four
stations, we therefore focus on the salinity hereafter. Salinity records at the four stations indicate a complex pattern with both slow and
rapid changes in values associated with tidal and subtidal signal (Fig. 2f). The salinity varied significantly (>5 ppt) within periods of
one day (diurnally), and the variation was larger during the spring tide compared to the neap tide. Salinity also showed increasing and
decreasing trends over periods of 14 days (fortnightly) as well as by month and season. The salinity changes inversely with the river
discharge. Salinity measurements at station C22 (+ 98 km), which is the location of the MWA’s raw water intake, indicate that the salt
intrusion contaminated the municipal water with salinity higher than 0.25 PSU (i.e., the standard for drinking water) for the period
from December 2020 to March 2021, and again in June 2021. Observed distribution of salinity along the longitudinal section of the
CPE are shown in following section.

3.2. Model validation

The model was able to reproduce water level, flow velocity and salinity at locations along the CPE with acceptable accuracy
spatially and temporally. The model was also able to reproduce some of the spatial variation in salinity along the river channel
corresponding to the wet and dry years and to the neap and spring tides (Fig. 3). For example, the model results show a deeper intrusion
of saltwater into the CPE in the dry year (when salinity 10 ppt were recorded as far as +50 km) relative to wet year (when salinity 10
ppt were recorded as far as +30 km). The model was able to reproduce the well-mixed salinity distribution in spring tide but stratified
structure in neap tide, which is similar to our observations. Temporally, water levels at station C8 and C22, were reproduced when
compare with the measured data with Root-Mean Square Error (RMSE) = 0.19 and 0.13 m; Mean Absolute Error (MAE) = 0.13 and
0.09 m; Coefficient of determination (R2) = 0.93 and 0.90, respectively. At station VEL, the model can reproduce flow velocity in
principle direction with RMSE = 0.19 m/s, MAE= 0.15 m/s and R2 = 0.88. During the transition period between wet and dry season,
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Fig. 5. Inter-seasonal comparison between (a) reported freshwater discharge by the Royal Irrigation Department with some modification to improve
the model’s reproducibility of salinity distribution (blue line) and WMA'’s freshwater abstraction rate (red line) and 25-hour low-pass filtered
salinity from the observation (black line) and the model results (red line) at stations C4(b), C8(c), C15(d) and C22(e).

the model reproduces salinity at station C4, C8, C15 and C22 with good degree of agreement when compared to the measured data
both in the dry year and wet year. In the dry year, the model reproduce salinity with the RMSE = 5.84, 4.06, 0.58 and 0.28 PSU; the
MAE = 4.79, 2.87, 0.41, and 0.22 PSU; the R2 = 0.82, 0.83, 0.90 and 0.51, respectively. In the wet year, the model reproduce salinity
with the RMSE = 3.34, 1.00, 0 and 0 PSU; the MAE = 2.46, 0.63, 0, and 0 PSU; the R2 = 0.76, 0.71, 1 and 1, respectively..

The model was also run across a long time span (i.e., from October 2020 to February 2022) to confirm the model’s performance in
representing seasonal salinity variation. Good reproduction of the spatial and temporal changes in salinity was achieved with a slight
modification of the RID’s freshwater data, which has an interval of 15 days. Fig. 5a shows the final river discharge and freshwater
abstraction by the MWA and a comparison of modelled and observed salinity at several stations. Importantly, the model was able to
reproduce the peculiar decrease/increase of salinity during the dry season in the dry year (February to June 2021). Fig. 5b, ¢, d and e
show comparison between the modelled salinity and measurement as 25-hours low-pass filtered values with the RMSE = 0.21, 0.44,
3.39 and 5.09 PSU; the MAE = 0.18, 0.33, 2.18 and 4.04 PSU; the R2 = 0.61, 0.94, 0.84 and 0.85 at station C22, C15, C8, C4,
respectively.

3.3. Responses of the CPE to its geometry

During the model set-up and calibration, we found that the model results were sensitive to the selection of horizontal eddy viscosity
and side wall roughness. Their values significantly affect water level variation along the CPE and their influence increases with dis-
tance from the river mouth. To investigate this, we compared three simulation cases, which used best model parameterization
(=Casel), set side wall roughness to 0 in Case 1 (=Case2), and reduced turbulence in Case 1 (=Case 3). In Case 3, we set the horizontal
turbulence to be equal to the vertical turbulence calculated from the k-epsilon model.

The calculated amplitude and phase of the tidal level, the amplitude of the tidal current, and the salinity along the CPE in three
cases are shown in Fig. 6. The amplitude of tidal level significantly increases at locations away from the river mouth in Cases 2 and 3 as
compared with Case 1. Such effects are more apparent for the diurnal tides than for the semi-diurnal tides. An increase in tidal level
causes a significant increase in flow velocities as well, which is also more apparent for the diurnal tides than for the semi-diurnal tides.
The salinity distribution along the river suggests an enhanced seawater intrusion attributable to much greater tidal mixing in Cases 2
and 3.
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Fig. 6. Comparison between simulation using best model parameterization (Case 1), simulation with free slip at sidewall (Case 2), and simulation
that sets the horizontal turbulence to be equal to the vertical turbulence (Case 3). Tidal amplitudes of (a) diurnal (O;&K;) and (b) semi-diurnal (M,
&8S>) constituents, tidal phases from the river mouth of (c¢) diurnal (01&K;) and (d) semi-diurnal (M &S,) constituents, amplitudes of surface tidal
current in the major direction of diurnal (0;&K;) and semi-diurnal (M, &S5) constituents, (g) maximum and minimum near-surface salinity along
the longitudinal axis in the CPE.

Such significant effects of the side wall and horizontal turbulence parameters on water level and velocity in estuaries and other
water bodies have not been previously reported. In our case, the horizontal turbulence might be elevated due to the geometry of the
CPE, which is long and narrow. Meandering of the CPE causes a complex flow field with centrifugal force that creates a secondary flow
and the appearance of asymmetry between flood and ebb currents, all of which increase the velocity gradients and the horizontal
turbulence. Such effects are less pronounced in wide and relatively straight estuaries (Pein et al., 2018). Although the effects of the side
wall can be generally ignored in any non-laboratory scale simulation (Deltares, 2017), it is likely important in a long and narrow
estuary where the upstream water level and flow velocity depend strongly on the amount of energy dissipation from the tidal waves at
the region near the river mouth. Using a curvilinear grid along the river bank with resolution that is too coarse, the side wall friction
and associated sub-grid scale turbulence caused by river bank irregularities can be underestimated. Therefore, it is better to increase
the side wall roughness to compensate for this effect when modelling a narrow and long estuary.
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Fig. 7. (a) Tidal amplitudes, (b) tidal phases from the river mouth, (c) amplitudes of surface tidal current in the principal direction of the major
diurnal (0;&K;) and major semi-diurnal (M, &S,) constituents along the longitudinal axis of the CPE.

3.4. Responses of the CPE to tides

We show the major diurnal and semi-diurnal components of tide and tidal currents along the CPE up to + 120 km in Fig. 7. The tide
and tidal flow are found everywhere in our model domain. Tidal water levels diminish along the upstream direction, and tidal waves
penetrate upstream from the sea. Compared to diurnal tides, the phase of semi-diurnal tides changes more along the river channel.
Tidal flow is weaker upstream than near the river mouth. K; and M, tides contribute most to the flow velocity in the major direction (i.
e., parallel to the river’s longitudinal axis) (Fig. 6¢). The restricted mouth of CPE causes highest flow velocities in that area. The highest
velocity of tidal flow appears between + 10 km and + 50 km and decrease toward upstream direction. This is characteristic of
hyposynchronous estuaries (Dyer, 1997) when energy dissipation is larger than the flow convergence. The flow velocity is altered
rapidly along the river channel due to irregularities in width and depth. With such a large range of tides, the tidal currents naturally
dominate in the CPE (figure not shown). Near the mouth, the flood current and ebb current reach maximum speed (>0.9 m/s) about
4-5 h before the high tides and low tides, respectively. The average phase lag between flow velocity and water level is about 40-50
degrees. This value is neither close to 90 degrees as in a pure standing wave (S) nor to 0 degrees as in a pure progressive wave (P),
suggesting that the tidal wave in the CPE is an S+P type (Dyer, K, 1997).

Salinity varies also with tidal phase. Although not shown here, field observations and model results indicate that the diurnal highest
salinity occurs at the end of the flood tide, while the lowest salinity occurs at the end of the ebb tide. During ebb tides, the vertical
structure of salinity becomes clear and the water stratification is especially strong during neap tides. During flood tides, strong inflow
of tidal currents thoroughly mix the water column and the salinity becomes homogenous vertically. Yang et al. (2017) reported that
this response is associated with tidal straining in which the vertical shear of the fluctuating tidal current affects the horizontal density
gradient, and hence the vertical distribution of salinity. The fortnight change of tidal flow induces an alternation between the stratified
and well-mixed structure of salinity in areas near the river mouth (Fig. 8). The neap tide allows the water column to be more stable,
which in turn allows intensification of the estuarine circulation in the CPE. At station C4, the estuarine circulation causes the
near-surface layer to flow out into the sea and the sub-surface layer to flow in (Fig. 8). Stronger inflowing currents in the lower layers
are associated with marked salinity increase. This process causes rapid increase in salinity along the river. The correlation between
salinity and flow velocity in the principal direction in the bottom layer after applying the 25-hours low-pass filter was significant (R =
0.89, p-value = 0).
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3.5. Responses of the CPE to winds

The variation in winds that impact the CPE follows the weather pattern of the upper Gulf of Thailand, which is strongly controlled
by the Asian-Australian monsoon (Bidorn et al., 2021; Wang et al., 2021; Buranapratheprat et al., 2008). The winds affect the CPE
locally and remotely. To investigate the local wind effects, we ran two simulations, with and without winds, for the period of 1
December 2021 to 31 January 2022 using the same river discharge and offshore tidal variations. Differences between the two cases, in
terms of 25-hr low-pass filtered flow velocity in principal direction and salinity at station C3 and C4 are shown in Fig. 9.

A northeasterly (down-estuary) wind dominates in the first half of the simulation (Fig. 9a) and induces a strong outflow in the
surface layer and a strong inflow in the middle and bottom layers (Fig. 9b and d). The enhanced estuarine current likely increases the
seawater intrusion and hence gives a positive value in salinity difference (Fig. 9c and e). The east or southeast winds dominate the
second half of the simulation (after 5 January 2022), causing surface water to flow upstream, and therefore weaken the estuarine
circulation. Consequently, the intrusion of seawater in lower layers weakens, causing a decrease in salinity. Our results are consistent
with the general understanding of the effect of local winds on estuarine circulation (e.g., Wong et al., 1994; Guo and Valle-Levinson,
2008).

Wind remotely affects the estuary by altering sea levels at the estuary mouth (Wong et al., 1994; Guo and Valle-Levinson, 2008; Zhu
et al., 2021). The sea level of the Upper Gulf of Thailand, which reaches the river mouth of the CPE, shows a significant sub-tidal
variation of as much as 0.4 m during a period of 4-7 days (Figs. 2d and 10a). Although more investigation is needed to fully
explain the mechanism of such large sub-tidal sea level variation, the winds over the Upper Gulf of Thailand are likely responsible.
Therefore, we used the sub-tidal sea level change recorded at station Pomphrajul to represent the remote wind effects.

Similar to our previous simulations, to investigate the effects of remote winds on the circulation and seawater intrusion in the CPE,
we ran these simulations for the period of 1-31 January 2022 with and without the sub-tidal water level data (Fig. 10). Results
suggested that the increase in sub-tidal sea level induces an upstream velocity over the entire water column at station C4 (Fig. 10b),
followed by an increase of salinity with a time lag of about one day (Fig. 10c), while the decrease of sub-tidal sea level induces an
offshore velocity, followed by a decrease of salinity with a time lag of 1 day. This unidirectional current and response of salinity are
reported here for the first time for the CPE, and are consistent with reports from other estuaries (Wong et al., 1994; Guo and

11



T. Pokavanich and X. Guo Journal of Hydrology: Regional Studies 52 (2024) 101686

g
3
o
3 Q
g :
S ]
]
£
h=]
>
=
S l
° Q
=] ) 2
£ > 3
S 2
- §
= 3
(1]
(S} o
o
Q
c
o
]
£
©
>
£
£
©
n
) 5
z
2
"
3 z
g 3
g S
£
©
>
=
s X
] :
> ~
o
— =
£ S
o
£ 3
Q
< 3
‘;‘ (e) Simulated 25 avg salinity atC3 PSL_Js
T
~— A AAf
< » Wt
Y
(&) 3 i A
c
] N | 1
g ] (N} 1 }
L. T ] (N 1 I
Z [ ] 1 1
£ 1 1 1 1
2 1 11 1 1
L . . E . § o
—r————— T T =TT
- - - - - - " - - - - NN NN NN NN NN
N g g g a8 g a8 g 8§ q§q q § q q
O Vv LV VvV YV LV VLV VYV YV s £ £ £ £ £ £ £
9 9 O 9 9 O O O O 9 0 § & & &6 6 6 6 &6 6 &
3333888888833 IITIIFIIFI3
- T N O M © O N B ® =4 MmO o AN 1y X 4 g N O
o =2 =2 =2 N N N ™ o =5 = & & N ®

Fig. 9. (a) Wind velocity at station Sriracha. (b) and (c) difference in current velocity in principal direction at station C3 between models with and
without winds. Panels (d) and (e) show the same results for station C4. All values are 25-hr low-pass filtered. Blocks bordered by red dashed line
highlight periods with dominant down-estuary winds. Black dashed lines in (b) and (d) denote zero current velocity.

Valle-Levinson, 2008).

3.6. Response of the CPE to seasonal variation of sea level outside the CPE

The sea level at the river mouth of the CPE shows a clear seasonal variation (red line in Fig. 2d) that has an amplitude of 0.2 m and is
high in winter but low in summer. This seasonal variation has been reported by previous studies (Saramul and Ezer, 2014; Higuchi
etal., 2020; Qu et al., 2022). Such seasonal change in sea level is mainly caused by monsoonal winds but with minor contributions by
the steric height and atmospheric pressure in the Gulf of Thailand (Higuchi et al., 2020) and South China Sea (Qu et al., 2022).

To determine the influence of sea level on seawater intrusion in the CPE, the model was run both with and without the seasonal
variation of sea level outside the river mouth. Note that the models used for calibration and in subsections 3.4 and 3.5 do consider this
sea level variation. As shown in Fig. 11, the inclusion of sea level variation can modulate salinity distribution inside the river and affect
the seawater intrusion distance, which is short in winter when the sea level is low but is long in summer when the sea level is high. In
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Fig. 10. (a) Tidal (blue line) and sub-tidal (red line) sea level derived from measured data. Note that tidal and subtidal sea levels have different
ranges, as shown on left and right sides. Differences in 25-hr low-pass filtered simulation results between models with and without sub-tidal sea level
variation for (b) flow velocity in principal direction and (c) salinity. All the values are from station C4. Dashed line in (b) indicates zero flow
velocity. Boxes bordered by dashed red lines indicate periods with a significant rising of sub-tidal sea level.

addition, the effect of seasonal sea level variation on seawater intrusion is slightly lower in the dry year than in the wet year.
Importantly, the natural seasonal variation of sea levels controlled by monsoon which was found to have amplitude approximately
0.2 m in the Upper Gulf of Thailand can cause a natural alteration in the intrusion distance by about 3-5 km. This has not been
previously reported in the CPE or in other estuaries in the same region.

3.7. Responses of the CPE to seasonal freshwater discharge

The water level, circulation and saltwater intrusion in the CPE are greatly affected by the change in freshwater discharge from the
Chao Phraya River. Previous section has describe response of the CPE in terms of water level. Salinity and water circulation along the
CPE are greatly altered by the change in river discharge as well. Observations show that the saltwater intruded further upstream during
the dry year than during the wet year (Fig. 3). Model results also show that the water circulation and salinity distribution in the CPE are
different at the end of dry year and that of wet year. To demonstrate this, we present three snapshots of simulation results during the
period from October 2020 to March 2021, each with different river discharges (Fig. 12). The CPE saltwater intrusion distance, which is
defined as the distance from river mouth to the point with a salinity of 0.25 PSU (Liu et al., 2019), and water circulation are especially
sensitive to changes in freshwater discharge. At moderate to high river discharge (> 500 m®/s), the water within the river flows in one
direction toward the sea and the salinity is nearly zero everywhere (Fig. 12a). At low river discharge of about 100-120 m®/s (an
average discharge in the dry season), estuarine circulation occurs from the river mouth to + 60 km and the intrusion distance of
seawater sharply increases (Fig. 12b). When the river discharge falls to less than 70-80 m®>/s (minimum discharge in the dry season
during the dry year), estuarine circulation is enhanced and the upstream current reaches a distance of 80 km from the river mouth
(Fig. 12¢). Consequently, the intrusion distance of seawater also can be considered to be 80 km (left panel in Fig. 12). The intrusion
distance rapidly increases when the river discharge is less than ~60 m®/s and reaches 100 km in this case. These results suggest that
the estuarine circulation and the intrusion of seawater extend deep into the upstream area of the estuary at the end of a dry year, while
they are limited to the areas near the river mouth at the end of a wet (or normal) year. The freshwater discharge rate and saltwater
intrusion distance from the river mouth have negative relation with R = - 0.719 (p-value = 0). The freshwater discharge is naturally
controlled by rainfall upstream. However, the discharge has been largely regulated and modified by dams, irrigation system and along
the river freshwater abstractions in which examples of responses of the estuary will be given in the following section.

13



T. Pokavanich and X. Guo Journal of Hydrology: Regional Studies 52 (2024) 101686

(a) —Seasonal sea level —RID measured river discharge
0.2 4000
0.1 3000
o @
s 0 2000
£ E
-0.1 1000
-0.2 0
(b) 120
(IO 1WA intake 2
£ = 2
8 g
S 5
£ e0 L&
£ 3
L= =
3
£ 40 10
£

Oct20 Dec20 Feb21 Apr21 Jun21 Aug21 Oct21 Dec21 Feb22

Fig. 11. (a) Seasonal sea level at river mouth and freshwater discharge rate. (b) Color tone indicates surface salinity along the longitudinal axis of
the CPE for model that considered variation of seasonal sea level (SSL) outside the CPE. Red line and green line represent contour line of 0.25 ppt
from simulations with and without the seasonal variation of sea level, respectively. Location of MWA intake is denoted by a white dashed line in (b).
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Fig. 12. (left panel) Relationship between freshwater discharge and intrusion distance of seawater from the river mouth. Red stars denote three
situations illustrated by the panels at right, which show 25-hr low-pass filtered flow velocity in principal direction along the longitudinal section of
the CPE at (a) very low river discharge, (b) low river discharge, and (c) moderate to high river discharge. A negative velocity means downstream.
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Fig. 13. (a) Comparison between freshwater discharge data from the GloFAS (as free-flowing river and assuming 40% loss) and from the RID
measurement (as river with upstream water regulation). Color tones indicate surface salinity along the longitudinal axis of the CPE from model that
applied freshwater discharge rate from (b) the GloFAS data and from (c) the RID data. Red lines line represent contour line of 0.25 ppt. Location of
MWA intake is denoted by a white dashed line in (b) and (c).

3.8. Responses of the CPE to water regulation and abstraction

Being sensitive to freshwater discharge rate, the CPE has been affected by the upstream water regulation and abstraction from
development of water engineering structures (see Table 1). The natural river discharge has been heavily modified and the Chao Phraya
River is not free-flowing anymore. To investigate responses of the CPE in terms of the saltwater intrusion, we ran the model with two
different scenarios, i.e., first scenario considers no MWA’s abstraction and freshwater discharge data from Global Flood Awareness
System (GloFAS) and the second scenario considers MWA’s abstraction and freshwater discharge from RID measurement. The GloFAS
dataset, cover globally, is an estimated daily discharge using the LISFLOOD hydrological model with ERA5 meteorological reanalysis
data (Harrigan et al., 2020). Although the GloFAS has incorporate major dams and reservoirs on the modelled river network, it does so
in a simplified way.

Fig. 13a compares the natural river discharges derived from the GloFAS data and those measured by the RID. Large discrepancies
between them are attributable to water control and some model bias. Also the discrepancies may imply that the freshwater discharge
data of the CPE from GIoFAS does not affected by upstream water regulation so the GloFAS data can represent the CPE with free-flow
condition. The RID data represent current state of the water flow modified by upstream complex water control. At present, an almost
steady river discharge of 100 m®/s is maintained during the dry season as a “base-flow” of the CPE. A portion of the freshwater from
rainfall at the beginning and end of the wet season is stored in the upstream dam. This water control results in more rapid changes in
the river discharge as compared with the natural flow regime.

Comparison between the Fig. 13b and c, demonstrate a significant changes of spatial and temporal distribution of the salinity along
the CPE. Without water control and MWA'’s abstraction, salinity intrusion occurs only during dry year in 2021 and happened once a
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Fig. 14. Temporal variation in the position of surface salinity with 0.25 PSU (red line) and 10 PSU (black line) after the end of the wet season in
2020 (dry year) between simulations with different freshwater abstraction rates by the WMA. The abstraction rates increase at an annual rate of 5%
from 2011 to 2021. The WMA intake position is at + 98 km from the estuary mouth.

Table 2
The maximum intrusion distance from river mouth of saltwater with salinity > 0.25 ppt.
Scenario Wet year (2021) Dry year (2020)
Free-flow discharge rate without abstraction 22 km 82 km
At present freshwater discharge rate with 2021 abstraction rate (55 m®/s) 38 km 101 km
At present freshwater discharge rate with 2016 abstraction rate (43 m>/s) 38 km 91 km
At present freshwater discharge rate with 2011 abstraction rate (33 m®/s) 38 km 81 km
At present freshwater discharge rate without abstraction 33 km 60 km

year. More severe saltwater intrusion which contaminate freshwater supply of Bangkok occurred twice during the dry year. Not only
affects social and economy of the country, increasing salt intrusion modified the fate and transport path of other waterborne materials,
e.g., sediment, nutrients, and pollutants (Wei et al., 2022). Saltwater intrusion can change the species abundance and diversity of
terrestrial and aquatic communities, affecting the estuary’s function and services (e.g., Yin et al., 2008; Unno et al., 2015; Pettit et al.,
2016; Xue et al., 2018).

During the wet season, a large amount of freshwater is stored in upstream reservoirs for utilization in the following year. Only
excess water during the wet season is freely released into the river. During dry years, the amount of freshwater is limited, and
insufficient to meet all of the demand for freshwater. At this time, most of the water is kept in the dams, and only the base-flow is
maintained. Molle et al. (2001) reported a possible shortage of freshwater in the dry season for the CPE. Based on projections of water
consumption, the study reported serious competition between agriculture and non-agriculture (mainly by the MWA) uses. The authors
also suggested that the freshwater available for agriculture in the dry season must be reduced from 4.6 billion m® in 2000 to under 3.0
billion m® in 2015 because non-agricultural water use was increasing at a rate of 5% per year. Although not shown here, data from the
MWA also confirm a 5% increase.

Simulations were then run from conditions at the end of the wet season in the dry year (October 2020 to March 2021) to predict the
salinity distribution along the CPE under the same forcing conditions except the freshwater abstract rate at station C22 (location of the
MWA’s intake), which was set at different historical values: 55 m®/s in 2021, 43 m3/s in 2016 and 33 m>/s in 2011. The calculated
salinity distribution along the CPE reflects a strong response to the different freshwater abstraction rates (Fig. 14). Water with salinity
higher than the standard for drinking water (<0.25 PSU) reaches the MWA’s intake at about 65 days and 90 days after the end of the
wet season (October 2020) in the dry year based on the abstraction rate from 2021 (55 m®/s). Water with salinity this high never
reaches the intake location in the simulations of other years, with relatively small abstraction rates. Changes in the position of higher
salinity (e.g., 10 PSU) are less sensitive to the abstraction rates. Except for the high abstraction rate in 2021, salinity levels tend to be
stable toward the end of the simulations (Fig. 14).

This suggests that anthropogenic modification of freshwater discharge around the heavily populated estuaries can alter the
estuarine system. Table 2 summarizes responses of the CPE to different modeling scenarios of river discharge and MWA’s water
abstraction rates in terms of the saltwater intrusion distance from the river mouth showing that the CPE is highly sensitive to the
freshwater discharges factor. Because this factor has not been fully included by many previous studies on estuary dynamics, further
examination is necessary to address the effects of changes in freshwater discharge by water engineering structures and freshwater
utilization along the river.
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4. Conclusions

This study represents the first comprehensive report on the hydrographic features of the CPE, utilizing data from public sources, our
own observations, and modeling. The CPE is a partially mixed estuary where the intra- and inter-seasonal hydrodynamics and salt
intrusion dynamics are regulated by natural forces and anthropogenic activities. The inter-seasonal dynamics of the CPE are governed
by geometry, tides, local winds, sea level fluctuation by remote winds at the seaside, and freshwater discharge in the river. Monsoons
induce seasonal changes in river discharge, wind, and seasonal sea level outside the CPE. Regional climate drivers can greatly influence
the CPE’s dynamics through the inter-annual variation in rainfall that affects river runoff. Human settlement in the CPE and its up-
stream has modified the freshwater discharge of the river by water regulation and along the river abstraction which alters the dynamics
of the estuary in terms of water flow and saltwater intrusion. The interplay between natural and anthropogenic factors as revealed by
this study illustrate the importance of considering them together. Complex processes related to estuarine circulation and saltwater
intrusion indicate the necessity to use a fine-grid three-dimensional model for the estuary.

Our results suggest that the improvement of freshwater allocation (e.g., by limiting usages from irrigation and cities sector, increase
freshwater input by diverging the freshwater from other catchment, etc.) and accurate river discharge measurement are primary ways
to effectively manage the saltwater intrusion problem because the saltwater intrusion in the CPE is very sensitive to freshwater
discharge. Winds influence saltwater intrusion via both local and remote effects. In addition, because of the clear effects of sea level
change on saltwater intrusion and the compelling evidence of relative sea level rise reported in previous studies (Trisirisatayawong
etal.,, 2011; Saramul and Ezer, 2014; Bidorn et al., 2021), we should also consider the sea level change in the Upper Gulf of Thailand.

The limitations of our simulation are the exclusion of the spatial variation in river vegetation and the irrigation system and canals
along the river, effects of direct precipitation, seasonal variation in freshwater utilization and its return to the river, agricultural and
wastewater drainage and river geometry changes over time. In the future, we want to improve the model for addressing these factors
and use our model as a platform for simulations of pollutant transport and water quality in the CPE.
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