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Abstract: It was believed that the construction of large dams in the upper tributary basin of the Chao Phraya
River (CPR) has caused sediment load reduction in the CPR system by 75-85%. Based on historical and
observed river flow and sediment data measured during 1922-2019, we investigated the effects of three large
dams, the Sirikit, Naresuan, and Khwae Noi dams, on river runoff and sediment loads supplied to the CPR
using Mann-Kendall (MK) test and the double mass curve (DMC). Results from this study revealed that the
Nan River contributed approximately 40% and 57% of the runoff and total sediment load (TSL) to the CPR,
respectively. The water regulation by the Naresuan diversion dam has mainly caused the reduction on annual
runoff and TSL downstream of each dam. The results from this study also reveal that the sediment load
observed at the headwater (C.2) of the CPR still increased after the construction of the Sirikit dam due to the
expansion of irrigation areas downstream of the dam and the channel improvement in the lower reach of Nan
River. After the three major dams were operated, the sediment load at C.2 reduced by 31% compared that
discharging during the pre-construction period.

Keywords: runoff; environmental impact of dams; sediment transport; hydrological regime;
environmental change

1. Introduction

Rivers are an important link between continents and oceans as they transport large amounts of
land-derived materials such as fresh water, sediments, elements, nutrients, and mainly carbon into
the global ocean [1-4]. Streamflow and sediment load changes can significantly affect fluvial
processes, delta evolutions, and riverine and coastal biogeochemical processes [5,6]. Previous studies
suggested that variations in river discharge and sediment load, which are primarily influenced by
climate change and human activities, can cause the serious socio-economics consequences [7,8].
During the past several decades, human activities such as deforestation, damming, water diversion,
and sand mining have been linked to the changes in runoffs and riverine sediment fluxes [9-13],
which directly affect sediment load to the ocean [5,6,14].

Dam is one of the most common structures widely used in water management systems
worldwide. However, construction of a dam causes the sediment accumulation in the reservoir,
altering river flow and sediment load downstream [15-21]. Significant sediment reduction of 40-98%
has been found in many major rivers around the world with insignificant change in annual river
runoff due to damming, such as the Three Gorges Dam on the Yangtze River [17,19,22], the High
Aswan Dam on the Nile River [9,23], the Hoa Binh Dam on the Red River [15,21], and the Manwan
Dam on the Mekong River [18]. However, the effects of dam construction on sediment load in each
river depends varies from place to place depending on geological setting, hydrological conditions,
dam locations, and water management [24-26]. Since riverine sediment is one of the common
sediment sources controlling coastal morphology and shoreline evolution, changes in runoff and
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sediment load responding to damming is a crucial information for the sustainable river and coastal
management [14,27,28].

The Chao Phraya River (CPR) is a major river of the Greater Chao Phraya River basin, which is
the largest river basin in Thailand and the fifth largest in Southeast Asia (Figure 1) [14]. During the
past two thousand years, it has delivered fluvial sediments into the Gulf of Thailand, forming the
Chao Phraya Delta (CPD) at a progradation rate of 1.5 km?/y [29]. However, the CPD has experienced
severe shoreline retreat over the past six decades with an average recession rate of more than 7 m/y
[14,30]. In 1952, the Greater Chao Phraya Project, which was then the most extensive water
development project in Asia, was undertaken including the Bhumibol Dam on the Ping River
(completed in 1964), the Sirikit Dam on the Nan River (completed in 1972), and many other water
distribution systems throughout the Greater Chao Phraya River basin [28]. Based on historical
sediment data measured at hydrological station C.2 (Figure la), several studies suggested that
shoreline recession along the CPD was caused by the construction of two large dams (the Bhumibol
and Sirikit Dams) resulting the reduction of annual sediment yield into the CPR by 75-85% [31-34].
Namsai et al. [12] recently reported that the construction of the Bhumibol Dam caused about a 5%
reduction in annual sediment supply and no obvious change in the river discharge from the Ping
tributary (P.17) to the CPR. Similarly, the construction of three major dams (Kiew Lom, Mae Chang,
and Kiew Koh Ma Dams) in the Wang River did not significantly affect streamflow and sediment
load of the Wang River (W.4A) into the CPR [25]. Moreover, the sediment load of the Yom River
(Stations Y.16) was not affected by the large barrage construction (Mae Yom Barrage) on the
mainstream of the river [35].
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Figure 1. Map of the Greater Chao Phraya River basin, Thailand: (a) Nan River basin and location of
major dams in the Chao Phraya River system; (b) locations of hydrological stations operated by the
Royal Irrigation Department (RID) and observation sites in this study.

Based on the previous studies, no statistical trend was observed in long-term annual runoff and
sediment load supplied from the Ping and Wang Rivers to the CPR [12,25], while the significant
increasing trend has been found in the annual runoff and sediment load in the Yom River [35].
However, the long-term sediment load at C.2 of the CPR showed a significant decrease trend [12,25].
Since the Nan River is the largest tributary of CPR, the decline of sediment load at C.2 possibly be
caused by some changes in the sediment flux in the Nan River due to large dams in the Nan River
basin, such as the Sirikit Dam, Naresuan Diversion Dam, and Khwae Noi Dam. However, sediment
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characteristics and variation of sediment load along the Nan River have not been systematically
studied yet.

Rivers are highly complex nonlinear dynamic systems [36], and river sediment data are essential
to enhance sustainable practices in water resources management and environmental impact
assessment. Therefore, the objectives of this study were to (1) investigate the sediment characteristics
along the Nan River, (2) analyze the temporal and spatial variations of streamflow and sediment load
along the Nan River, and 3) systematically examine the impacts of construction of three major dams
(Sirikit, Naresuan Diversion, and Khwae Noi Dams) on runoff and sediment load in the Nan River
discharging into the CPR. This study expects to provide a better understanding of the impacts of
damming and human activities on sediment transport along the Nan River and CPR system.

2. Materials and Methods

2.1. Study Area

The Nan River basin, which is the largest basin of four major basins (Ping, Wang, Yom, and Nan
River basins) forming the CPR system with a drainage area of approximately 34,680 km?, is located
in the northern portion of Thailand, roughly between latitudes 15° 42" and 18° 37" N, and from
longitudes 99° 51’ to 101° 21" E [37], as shown in Figure 1a. The north and east basins are bounded by
the mountains of the Laotian border, and the split dividing the Yom and Nan River basins is the
western boundary of the basin [38]. The Nan River originates in the Luang Phra Bang Mountain (the
easternmost range of the Thai highlands) and flows southward through major upper north valleys
before traversing the lowland areas in the lower north, merging with the Ping River, and forming the
CPR at Pak Nam Pho, Nakhon Sawan Province [39-41] (Figure 1b). The river gradient varies from
1:500 to 1:14,300, as shown in Figure 2, with a mainstream length of approximately 770 km [41-44].

The basin can be divided into three distinct terrain systems, the upper, middle, and lower basins,
shown in Figure 2 [37,42]. The upper basin located upstream of the hydrological station N.13A is
dominated by mountainous features. The mainstream channel of this portion is 100-200 m wide and
7-12 m deep, while the river slope ranges between 1:500 and 1:3000. Meanwhile, the middle basin is
situated between Stations N.13A and N.5A. Itis characterized by highland areas with a river gradient
from 1:1430 to 1:5000. The river of this portion width varies between 150 and 220 m with a depth
between 8 and 10 m. The lower basin located downstream of Station N.5A comprises a floodplain
area with a slope of about 1:14,300. The width and depth of the river range between 100 and 150 m
and 10 and 17 m, respectively.
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Figure 2. Longitudinal profile of the Nan River showing locations of RID hydrological stations (red
triangles) and observation sites (blue diamonds). The zero mark on the x-axis represents the
confluence of the Ping and Nan Rivers.
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The Nan River basin is also located in a tropical monsoon region. The northeast monsoon
influences the climate from November to mid-March causing the dry season, while the wet season is
dominated by the southwest monsoon from mid-May to mid-October. The average annual rainfall is
1287 mm, and almost 90% of the total rainfall occurs during the wet season [37]. The average annual
runoff is about 12,000 million cubic meters per year (x 10° m3/y), as 38% of the CPR’s annual runoff
[37]. More than 920 water resources development projects have been constructed in the Nan River
basin for irrigation, hydroelectric power generation, flood mitigation, fisheries, and saltwater
intrusion control. Three of them are large water resources development projects including the Sirikit
Dam, Naresuan Diversion Dam, and Khwae Noi Dam.

The Sirikit Dam located about 460 km from the river basin outlet is the second-largest dam in
the CPR system and the third-largest dam in Thailand with normal storage of 9510 x 106 m? [37]. The
dam was constructed on the middle reach of the Nan River (Figure 1b) and completed in 1972 as a
major component of the Greater Chao Phraya Project [45]. The purposes of the dam are for irrigation,
hydroelectric power generation, flood mitigation, fisheries, and saltwater intrusion control [46,47]. In
1985, the Naresuan Diversion Dam located approximately 275 km from the river basin outlet was
completely constructed in the middle reach to support the water management of the Sirikit Dam,
especially diverting water for irrigation purposes [37]. The diversion dam has been used to divert
water to the irrigation area and to regulate the river discharge downstream of the diversion dam. In
2011, the Khwae Noi Dam with a normal storage of 939 x 10° m®was constructed to mitigate flooding
in the Nan River basin and to supply water to some existing agricultural areas, in 2011 on the Khwae
Noi River, which is the major tributary of the middle Nan River and located about 240 km upstream
of the Nan River basin outlet [48].

2.2. Measurement of River Discharge and Sediment Data

Bedload (BL) and bed material data in Thailand’s river are rarely available. Meanwhile
suspended sediment load (SSL) data have been collected only at the hydrological stations in some
major rivers of the country but generally insufficient for analyzing sediment dynamics. To evaluate
the impact of the large dams in the Nan River basin, hydrographic surveys were conducted twice in
2018 (during wet and dry seasons) at 7 sites along the Nan River (XN.1-XN.7 in Figure 2). XN.1 and
XN.2 were located on the upper reach, while XN.3-XN.5 and XN.6-XN.7 were situated along the
middle and lower reaches, respectively. The measured parameters consisted of river discharge (Qw),
river flow area, flow velocity, water depth, suspended sediment concentration, bedload, and bed
material. An Acoustic Doppler Current Profiler (ADCP), Sontek River Surveyor M9 (M9), was used
to measure Qw and river flow area with an accuracy of +0.25 cm/s for river velocity measurement and
1% for water depth measurement. The flow velocity and water depth measurement resolution were
0.001 m/s and 0.001 m, respectively.

To assess the SSL (Qs) along the river, at each observation site, a depth-integrating suspended-
sediment sampler, US D-49, was utilized to assemble water samples. On the other hand, a US DH-48
was used to obtain samples only when the river section was shallow enough for the investigator to
wade across. The river was split into 5-11 sections with equal-width increments for sampling the
suspended sediment data. Depth-integrated samples vertical were collected at the center of each
increment by lowering the device to reach the riverbed and then immediately raising it to the surface
to collect water samples at about 90% of the sampler volume [49]. Water samples were sent to the soil
laboratory to analyze suspended sediment concentration described in Namsai et al. [12]. The SSL at
each river section was calculated by multiplying the suspended sediment concentration by the
corresponding river discharge.

The BL (Qb) along the Nan River was measured using the standard Helley-Smith (U.S. BL-84)
sampler, which is a pressure-different sampler [50]. The sediment samples were collected at the same
locations as the suspended sediment sampling, with a sampling period ranging from 1 to 3 min. The
samples were sent to a soil laboratory to be dried at 105°C and weighed. Each dried sample was
sieved and weighed to determine the distribution of sediment grain using a standard soil particle-
size analysis test (ASTM D422). The BL was then determined by calculating, as described in Namsai
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et al. [12] and others [51,52]. The bed materials at each site were gathered at the left, middle, and right
locations of a river cross-section in this study. A Van Veen grab was used to collect approximately 1-
2 kg of surface bed material, with a sampling depth of approximately 20 cm. Each sample was sealed
in a plastic bag. All samples were then delivered to a soil laboratory for grain size distribution
analysis, which followed the same procedures as the BL sample analysis.

2.3. Detection of Variation and Trend on River Discharge and Sediment Loads

To investigate the variability of river discharge and sediment load along the Nan River, historical
daily river discharge and SSL data between 1922 and 2019 were obtained from the RID. Daily
streamflow and suspended sediment data were collected at eight hydrological stations (N.64, N.1,
N.13A, N.5A, N.7A, N.8A, N.67, and C.2 in Figure 1b). Stations N.64, N.1, and N.13A are in the upper
Nan River basin, while Station N.5A is in the middle basin. Moreover, Stations N.7A, N.8A, and N.67
are in the lower basin. In this study, data recorded at Station C.2 (5 km downstream from the
confluence of the CPR) was used to assess the effects of the dams on sediment supply from the Nan
River to the CPR. Details of river discharge and SSL data at each station are summarized in Table 1.
Due to the lack of BL data, the total sediment load (TSL) in the Nan River system was calculated using
the sediment rating curves and bed-to-suspended sediment ratios from the river survey data
described in Namsai et al. [12].

A non-parametric statistical method, the Mann-Kendall (MK) test, was used to investigate long-
term trends in annual streamflow and sediment data along the Nan River [53,54]. The yearly
streamflow and sediment data are the sums of daily data between 1+t April and 31st March of the
consecutive year (Thailand’s water year). The MK test has been widely used to determine the
significance of trends in skewness and missing data in hydro-meteorological time series [11,55-57].
For a given time series of X(x1, x2, ..., xn), the MK statistic, S, is defined as Equation (1).

n-1 n
S = Z Z sgn(X]- —Xi) 1)
i=1 j=i+1

where the Xj is the sequential data values, 7 is the length of the dataset, and sgn(8) can be calculated
using Equation (2).

Table 1. Detailed hydrological record of RID hydrological stations on the Nan River, and Chao Phraya

doi:10.20944/preprints202312.0017.v1

River (CPR).

Station  'Dist. Drainage . .

(Riven (am) e Data Period Max. Ave. Min. +S.D.
N.64 +667 3432 2Q, (m’s)  1994-2019 2281 82 2 135
(Nan) > Q, (t/d) 2007-2019 199,765 3053 ~0 10,038

N.1 +635 4609 Q,, (m?/s) 1922-2019 2636 100 1 171
(Nan) Q; (t/d) 1978-2019 324,347 2966 ~0 12,853

N.13A +590 8784 Q,, (m?/s) 1959-2019 4764 197 3 335
(Nan) Q, (t/d) 1994-2007 230,624 5593 19 14,138
N.5A +223 25,286 Q,, (m?/s) 19512019 2159 244 3 263
(Nan) Q; (t/d) 1978-2019 141,502 2641 10 6018
N.7A +140 29,153 Q,, (m?/s) 1944-2019 1786 320 5 320
(Nan) Q; (t/d) 2001-2019 56,373 3566 155 5356
N.8A +72 31,472 Q,, (m?/s) 1952-2019 2116 327 1 323
(Nan) Q, (t/d) 1997-2019 54,619 3711 135 5015
N.67 +35 57,384 Q,, (m?/s) 1998-2019 1579 418 33 340
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(Nan) Q; (t/d) 1999-2019 30,267 5620 84 5904
Cc2 -5 109,973 Q. (m3/S) 1956-2019 5450 711 15 695
(CPY) Q, (t/d) 1965-2019 493,805 13,705 236 27,596
! Distance from the Wang River outlet: + sign is distance from the outlet toward upstream; — sign is
distance from the outlet toward downstream; 2 Qw is river discharge (m?/s); * Qs is suspended sediment
load (t/d); * S.D. is the standard deviation.
1,if 6 >0
sgn(8) =4 0,if 0 =0 (2)
-1,if 6 <0

When n > 8, the statistic S is approximately normally distributed, with the mean and the
variance as follows Equations (3) and (4).

E[S]=0 o
v(s) = n(n—1)(2n +5) —128?=1 ti(i —1)(2i +5) "

where ti is the number of ties of extent i.
Equations (5) to (7) give the standardized test statistic (z) for the MK test and the corresponding
p-value (p) for the one-tailed test.
S—-1
—,if S>0
JV(S)
Z=x 0, ifS=0 ®)

S+1 .
Z_—_ifS<0

VV(S)
p=05-2(|Z]) (6)
1z] _¢2

(@)Z)) = ez dt )

)
2 0

A positive Z value indicates an upward trend, while a negative Z value indicates a downward
trend. If p < 0.05, the existing trend is considered statistically significant at the significance level of
0.05 [55].

2.4. Assessment of the Effects of Large Hydraulic Structure on River Flow and Sediment Load

Double mass curve (DMC) has been most widely used to quantify the contributions of human
activities on streamflow and sediment load [17,58]. A DMC is a graph that compares the cumulated
values of one variable to another related variable over time [59]. If the two cumulated variables show
constant proportionality, a straight line will be plotted, whereas the inflection of the curve represents
a change in the constant proportionality or DMC'’s slope [60].

In this study, the DMCs of cumulative annual rainfall versus cumulative annual runoff were
plotted in the prior to and after dam construction to mainly assess the effects of three large dams on
yearly runoff along the Nan River. Additionally, the DMCs of cumulative annual river discharge
versus cumulative annual TSL were plotted covering pre-and post-dam construction for mostly
evaluating the large dams impacts on sediment load along the river. The yearly rainfall data are the
sum of daily data for each year (Thailand’s water year). The daily rainfall data were analyzed with
quality control in account, with data that deviated significantly from historical records being
removed and missing data getting interpolated using data from nearby stations or time series. The
Thiessen polygon method was used to calculate the catchment-average rainfall for the catchment area
of each hydrological station [61].

3. Results
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3.1. River Flow and Sediment Characteristics along the Nan River in the 2018 Surveys

River flow and sediment characteristics data along the Nan River observed at XN.1-XN.7 during
the dry and wet seasons in 2018 are summarized in Table 2. Meanwhile, the variations of river
discharge, SSL, BL, and bed material at each observation site are illustrated in Figure 3. The results
from observation at the upper (XN.1 and XN.2), middle (XN.3-XN.5), and lower reaches (XN.6 and
XN.7) are summarized as follows.
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Figure 3. Observations along the Nan River during 2018: (a) river discharge; (b) median size (dso) of
bed material; (c) suspended sediment load and bedload.

In the dry season of 2018, the streamflow in the upper Nan River (upstream the Sirikit Dam)
increased downstream with a discharge of 8.1-18.1 m3/s. In the middle course, the river flow between
the Sirikit Dam and the Naresuan Diversion Dam rose from 6.7 to 259.2 m3/s, then declined to 137.7
m3/s downstream of the Naresuan Diversion Dam. In the lower basin the river flow increased from
236.8 to 241.6 m3/s (Figure 3a). Figure 3b illustrates that the upper reach was characterized by very
coarse sand to very fine gravel, with a median grain size (dso) of 1.79-3.89 mm, while the middle and
lower reaches mainly composed of coarse to very coarse sand (dso ranging 0.66—2.07 mm) and coarse
sand (dso ranging 0.66-2.07 mm), respectively. In Figure 3c, the observed SSL in the upper basin
increased downstream from 6.2 to 7.7 t/d. Similar to the streamflow, the SSL in the middle basin rose
toward downstream from 11 to 502 t/d, but the SSL decreased to 229 t/d downstream of Naresuan
Diversion Dam. The SSL in the lower basin increased downstream from 814 to 1169 t/d. Table 2
indicated that the BL was below detectable in the upper reach during the dry season. In the middle
reach, the BL increased downstream from 0 to 25 t/d. On the other hand, the BL decreased
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downstream from 311 to 13 t/d in the lower reach (Figure 3c). The results also indicated that the BL
to SSL ratio varied from 0-0.11, and 0.01-0.38 in the middle and lower reaches, respectively (Table 2).

Table 2. Observed streamflow and sediment data along the Nan River in 2018.

Dist. 1A 2V 3Qw 4Qs 5Qb 6Qt Ob/Qs  Qb/Qt dso

Site um) m) (ms) (m¥s)  (Wd)  ®d)  (t/d) (%) (%)  (mm)
Dry season

XN.1 650 55 0.5 8.1 6.2 0 6.2 0 0 179
XN.2 590 96 019 181 7.7 0 7.7 0 0 3.89
XN.3 455 143 0.05 6.7 10.8 0 10.8 0 0 112

XN.4 310 577 0.45 259.2 501.7 18.4 520.1 3.7 35 0.66
XN.5 270 263 0.52 137.7 228.5 24.5 253.0 10.7 9.7 2.07
XN.6 140 302 0.78 236.8 814.2 310.6 1124.8 38.2 27.6 0.80
XN.7 35 478 0.51 241.6 1168.9 12.7 1181.6 1.1 1.1 0.94
Wet season

XN.1 650 654 1.34 8734  75,391.8 6.8 75,398.6 ~0 ~0 1.49
XN.2 590 1512 095 14398 82,3932 1729  82,566.1 0.2 0.2 0.90
XN.3 455 194 0.23 44.6 608.5 0 608.5 0 0 1.05
XN.4 310 523 0.52 272.4 2452.6 45.8 2498.4 1.9 1.8 0.25
XN.5 270 133 1.69 224.7 1681.6 1.5 1683.1 0.1 0.1 0.15

XN.6 140 435 0.80 349.2 3269.6 67.2 3336.8 21 2.0 0.56
XN.7 35 656 0.81 532.0 8380.3 22.0 8402.3 0.3 0.3 0.38

1 A is flow area; 2 V is flow velocity; 3 Qw is river discharge; * Qs is suspended sediment load; > Qv is

bedload; ¢ Qs total sediment load. dso is median grain size of the bed materials.

The data measured in the wet season indicated that the river flow in the upper basin tended to
increase downstream with a flow rate of 873.4-1439.8 m3/s, then decreased to 45 m3/s in the middle
river reach at XN.3 due to the operation of the Sirikit Dam. The river flow rose to 272.4 m3/s at XN.4
(upstream of the Naresuan Diversion Dam). However, the streamflow slightly dropped to 224.7 m3/s
downstream of the diversion dam (XN.5). The decrease in the streamflow likely caused by the water
diversion upstream of the diversion dam. Meanwhile, the river flow in the lower basin increased
from 349.2 to 532 m%/s from upstream to downstream (Figure 3a). During wet season, the bed material
along the Nan River were generally smaller than those compared to the dry season. The upper and
middle reaches were defined by coarse to very coarse sand (dso of 0.9-1.49 mm) and fine to very coarse
sand (dso of 0.15-1.05 mm), respectively. In the lower reach, the river characterized by medium to
coarse sand, with ds ranging between 0.38 and 0.56 mm. Similar to the dry season, the SSL
transported along the upper reach increased downstream from 75,392 to 82,393 t/d. In the middle
basin, the SSL rose from 609 to 2453 t/d before falling to 1681.6 t/d. However, in the lower basin, the
SSL increased from 814 to 1169 t/d (Figure 3b). Unlike in the dry season, in the upper reach, the BL
transported at the rate of 7-173 t/d and tended to increase downstream. In the middle reach, the BL
increased downstream from 0 to 46 t/d, then fell to 2 t/d downstream of the Naresuan Diversion Dam.
The BL decreased downstream from 67 to 22 t/d in the lower reach (Figure 3c). Furthermore, the
results showed that the BL to SSL ratio in the upper basin varied 0-0.002. The ratios increased to 0—
0.019 and 0.003-0.021 in the middle and lower reaches, respectively (Table 2).

doi:10.20944/preprints202312.0017.v1


https://doi.org/10.20944/preprints202312.0017.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2023 doi:10.20944/preprints202312.0017.v1

3.2. Historical River Flow and SSL along the Nan River

The statistical analysis of historical daily river discharge and SSL data at several RID
hydrological stations from 1922 to 2019 is summarized in Table 1. Additionally, Figure 4 and Figure
5 depict time series of annual streamflow and SSL, respectively.

Figure 4 reveals that the river discharge increased downstream, ranging from 82 m3/s (N.64) to
418 m3/s (N.67; 35 km upstream from the river basin outlet). Results from daily river flow analysis
(Table 1) also indicated that the river flow in the upper basin increased downstream with the
average discharge varying from 82 (N.64) to 197 m3/s (N.13A). The river discharge raised to 244 m?/s
in the middle basin (N.5A), while the river flow along the lower reach (N.7A, N.8A, and N.67)
increased toward downstream with the average flow rate from 320 to 418 m?/s. The river flow data
measured at C.2 (located 5 km downstream the confluence of the Ping and Nan Rivers forming the
CPR, Figure 1) indicated that the river discharge notably rose to 711 m3/s (Table 1).
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Figure 4. Time series of annual streamflow at the RID hydrological stations between 1922 and 2019:
(a) N.64, N.1, and N.13A; (b) N.5A, N.7A, N.8A, N.67, and C.2.
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Figure 5. Time series data of annual suspended sediment load at the RID hydrological stations
between 1965 and 2019: (a) N.64, N.1, and N.13A; (b) N.5A, N.7A, N.8A, N.67, and C.2.

Based on the results from historical sediment analysis (Table 1), the SSL slightly increased
downstream. The average SSL in the upper basin increased from 3053 (N.64) to 5593 t/d (N.13A) but
then declined to 2641 t/d in the middle basin (N.5A). In the lower basin, the average SSL observed
along the lower reach showed that the average SSL increased downstream from 3566 to 5620 t/d.
Meanwhile, the SSL at C.2 averaged 13,700 t/d, which is about 2.4 times higher than average SSL
supplied from the Nan River.

By plotting historical daily river flow versus SSL data at each hydrological station, the
relationship between SSL and streamflow along the Nan River can be obtained as shown in Figure
S1. The plots indicates that the daily SSL along the upper and middle reaches of the Nan River
generally had a strong correlation with daily river flow with coefficient of determination (R?) of
greater than 0.82. However, the SSL measured at N.7A, N.8A, N.67, and C.2 (after 1972) had moderate
correlation with R? between 0.6-0.7 (see Figure Sle,f,gh). However, statistical values are generally
accepted in hydrology analysis when R? is greater than 0.5 [62]. Relationships between daily
streamflow and SSL analyzed by the linear regression method are presented as Equations (8)—(17):

Station N.64 Q. = 0.274QL80%* R2=0.82 (8)
Station N.1 0, = 0.222Q18%6 R2=084 (9)
Station N.13A 0, = 0.405Q1602 R2=0.88 (10)
Station N.5A (from 1978 to 1997) Qs = 0.062Q%°%*¢ R2=0.93 (11)
Station N.5A (from 1998 to 2019) 0, = 0.638QL*2* R2=058 (12)
Station N.7A Q. = 1.249QL3%° R2=0.60 (13)

Station N.8A Qs = 2.656QL2%7 R2=0.63 (14)
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Station N.67 Qs = 2.684QL216 R2=0.69 (15)
Station C.2 (from 1965 to 1971) Qs = 0.026Q%%% R2=0.89 (16)
Station C.2 (from 1972 to 2019) Qs = 1.221QL316 R2=0.63 (17)

where @srepresents daily SSL (t/d), and Qwrepresents daily streamflow (m?¥/s).
3.3. Variability of Annual Streamflow and Sediment Load along the Nan River

3.3.1. Temporal and Spatial Variation of Annual River Discharge

Results from statistical analysis and MK test on long-term annual streamflow and annual TSL
data measured during 1922-2019 are summarized in Table 3. Figure 6 depicts annual river flow and
TSL averaged over the considered periods such as 1964-1971 (pre-construction of the Sirikit Dam),
1972-1984 (post-construct Sirikit Dam and pre-construction of Naresuan Diversion Dam), 1985-2010
(post-construction of Naresuan Diversion Dam and pre-construction of Khwae Noi Dam), and 2011-
2019 (post-construction of Khwae Noi Dam).

Table 3 shows that the annual streamflow in the upper basin (N.64, N.1, and N.13A) varied from
1.34-13.83 x10° m3/y without significant increasing of decreasing trend. In contrast, annual runoff in
the middle basin (N.5A) ranged 3.20-15.55 x10° m¥/y with a significant decreasing trend. The annual
river discharges in the lower basin varied from 4.00 to 22.72 x 10° m3/y with no significant trend at
N.7A and N.8A, but the statistic decreasing trend was found at N.67 near the Nan basin outlet. The
annual streamflow at C.2 in CPR ranged 7.30-56.68 x 10° m3/y without statistical trend (p-values >
0.05). The results also revealed that the significantly higher discharges found at all stations occurred
during the flood events, such as in 1995, 2002, 2006, 2011 and 2017 (Figure 4).

Table 3. Results of the Mann-Kendall test for annual streamflow (Qw) and estimated total sediment
load (Qt) at RID hydrological stations on the Nan River, and Chao Phraya River (CPR) (significance
accepted at p-value < 0.05).

Station 'Dijst. Drainage
(River) (km) (km?)
N.64 +667 3432 Q, (x10°m¥y) 1994-2019 4568 2599 1338 0.294 Decreasing

Data Period Max. Ave. Min. 2p-Value 3Trend

(Nan) Q, (x 100 t/y) 2.826 1.155 0239 0.760 Decreasing

N.1 +635 4609 Q, x10°m¥y) 1922-2019 6.079 2964 1342 0.893 Decreasing
(Nan) Q, (x 100 t/y) 4733 1.158 0.188 0929 Decreasing
N.13A  +590 8784 Q, (x10°m¥y) 1959-2019 13.830 6.211 2384 0.093 Increasing
(Nan) Q, (x 100 t/y) 4528 1400 0.258 0.218 Increasing
N.5SA  +223 25,286 Q, x10°m¥y) 1951-2019 15548 7.709 3.199 0.027 Decreasing
(Nan) Q, (x 100 t/y) 6.882 1.767 0.299 <0.0001 Decreasing
N.7A +140 29,153 Q, (x10°m3y) 1944-2019 20.119 10.104 4.001 0.578  Decreasing
(Nan) Q, (x 100 t/y) 4176 1261 0344 0.087 Decreasing
N.SA +72 31,472 Q, (x10°m?y) 1952-2019 20.801 10.308 4.608 0.525 Decreasing
(Nan) Q, (x 100 t/y) 3.833 1239 0254 0564 Decreasing
N.67 +35 57,384 Q, x10°m¥y) 1998-2019 22.725 13.185 4.264 0.048 Decreasing
(Nan) Q, (x 100 ty) 3435 1.875 0.313 0.021 Decreasing

Cc2 -5 109,973 Q, x10°m¥y) 1956-2019 52.675 22.437 7.296 0.313  Decreasing
(CPY) Qe (x 100 tfy) 21.811 4.825 0.600 0.003 Decreasing

! Distance from the Wang River outlet: + sign is the distance from the outlet toward upstream; — sign
is the distance from the outlet toward downstream; 2 p-value; ° trend refer to the Mann-Kendall test;
statistically significant trend is marked as bold text.
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Based on the average annual river flow (Table 3), the stream flow in the Nan River increased
toward downstream from 2.6 x 10° m3/y at the headwater to 13.2 x 10° m3/y at the outlet, while the
river flow at C.2 averaged 22.44 x 10° m3/y. Figure 6a illustrates the average annual runoff during the
pre- and post-construction of major hydraulic structures (Sirikit Dam, Naresuan Diversion Dam, and
Khwae Noi Dam) along the Nan River. It was found that average annual runoff significantly
increased from upstream to downstream (Figure 6a). The results also revealed that the average
annual runoff along the Nan River before Sirikit Dam construction (1963-1971) was lower than that
after the construction of the dam (1972-1984). After the construction of Naresusn Diversion Dam in
1985, the average annual runoff during 1985-2010 observed at the stations (N.5A, N.7A, N.8A, N.67,
and C.2) downstream of the Sirikit Dam was obviously lower than that before the construction of the
diversion dam, even though the average annual streamflow at stations upstream of the dam (N.1,
N.13A) increased. Figure 6a also shows that the construction of Khwae Noi Dam in the Khwae Noi
River, a major tributary of the Nan River, did not obviously affect the river runoff in the lower reach
of Nan River (N.7A and N.8A). Based on the comparison on average river discharge between the
outlet of the Nan River basin (N.8A) and the headwater of the CPR (C.2), the water discharged from
the Nan River accounted for about 60% of the CPR’s runoff (Figure 4).
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Figure 6. Plots of (a) average annual river runoff and (b) annual total sediment load (TSL) along the
Nan River.

3.3.2. Temporal and Spatial Variation of Annual TSL

The sum of SSL and BL represents the TSL transported along the Nan River. To evaluate the
variability of sediment load along the Nan River, including the effects of damming on sediment loads
in this river and sediment supply to the CPR system, the TSL at each hydrological station was
estimated. Because measured SSL data were discontinuous and available only in some locations for
a few recent decades, the relationship between river discharge and SSL at each station (Equations (8)-
(17)) were used to estimate missing daily SSL data during the past decades. Then, the BL to SSL ratios
BL obtained from our field surveys was used to estimate the BL corresponding to daily SSL data. In
this study, the long-term BLs at N.5A, N.7A, N.8A, and N.67 were calculated using the BL to SSL
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ratios of 0.05, 0.20, 0.20, and 0.01, respectively, whereas the BLs in the upper basin (N.64, N.1, and
N.13A) were very low (~0). Moreover, the BL to SSL ratio of 0.03 studied by Bidorn et al. [63] was
used to estimate the BL of C.2. Figure 7 depicts the estimated annual TSL in the upper, middle, and
lower reaches of the Nan River during 1922-2019, and the results from basic statistics and trend
analyses of annual TSL data are summarized in Table 3.

Based on the results from MK test (Table 3), no significant trend (p-values < 0.05) has been found
in annual TSL at N.64, N.1, N.13A, N.7A, and N.8A, whereas significant decreasing trend has been
found in annual TSL at N.5A and N.67 (p-values < 0.05). In the upper and middle basin, the annual
TSLs varied from 0.19-4.73 x 10¢ t/y and from 0.30 to 6.88 x 10¢ t/y, respectively. In the lower basin,
the annual TSLs varied from 0.25 to 4.18 x 10¢ t/y. Meanwhile, the annual TSL data at C.2 ranged 0.6—
21.811 x 10¢ t/y with a significant decreasing trend (p-values < 0.05). The results indicated that the
annual TSLs of all stations were noticeably high during flood events, like those in 1995, 2002, 2006,
2011 and 2017 (Figure 7).
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Figure 7. Time series data of annual total sediment load (TSL) at the RID hydrological stations
between 1922 and 2019: (a) N.64, N.1, and N.m13A; (b) N.5A, N.7A, N.8A, N.67, and C.2.

The spatial variation analysis of annual TSL revealed that the average long-term annual TSLs at
N.64, N.1, N.13A, N.5A, N.7A, N.8A, N.67, and C.2 were 1.155, 1.158, 1.400, 1.669, 1.476, 1.372, 1.875,
and 4.825 x 106 t/y, respectively (Table 3). Unlike the annual river discharge, the average annual TSLs
after the dams’ building fluctuated along the river. In the river upstream of the Sirikit Dam, the
average sediment load of all time periods (1964-1971, 1972-1984, 1985-2010, and 2011-2019)
increased upstream to downstream (Figure 6b). Meanwhile, the average annual TSLs downstream of
the Sirikit Dam rose along the river (Figure 6b). However, the average yearly TSL of N.7A was greater
than N.8A after the construction of the Naresuan Diversion Dam in 1985. Additionally, the averages
annual sediment load of all time periods significantly climbed at C.2 (Figure 6b). Based on Figure 6b,
prior to the construction of the Sirikit and Naresuan Diversion Dams, there was an observed increase


https://doi.org/10.20944/preprints202312.0017.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 1 December 2023 doi:10.20944/preprints202312.0017.v1

14

in the average annual sediment load along the river from upper to lower reaches. The data reveal
that the average annual TSLs at N.1 and N.13A, located upstream of the Sirikit Dam, were higher
during 1972-2019 compared to the pre-dam construction period of 1964-1971. Furthermore, post-
construction observations indicate a significant reduction in average annual TSL at N.5A: a 30%
decrease following the construction of the Sirikit Dam (1972-1984), a 57% decrease post-Naresuan
Dam (1985-2010), and an 83% decrease following the Khwae Noi Dam (2011-2019). Conversely, the
average annual TSL at Station C.2 exhibited an initial increase of 17% during 1972-1984, followed by
reductions of 40% and 61% in the periods 1985-2010 and 2010-2019, respectively. The sediment data
reveals that average annual TSL at N.67 between 1998 and 2019 accounted for 70% of the C.2 (Figure
7).

3.4. Effects of Three Large Dams on Streamflow and Sediment Load along the Nan River

3.4.1. Effects of the Dams on the Annual Streamflow

To assess the effects of the Sirikit Dam, Naresuan Diversion Dam, and Khwae Noi Dam dams
on streamflow and sediment loads in rivers, a double mass curve (DMC) of cumulative annual
rainfall and cumulative annual runoff as well as cumulative annual runoff and cumulative annual
TSL were used. Figures 8 and 9 depict the DMCs of annual rainfall versus annual runoff and annual
runoff versus TSL at six stations along the Nan River over 1944-2019.

Figure 8 revealed that the DMC slope of the stations located along the Nan River (Figure 8a—e)
wavered during 1975-1994, while the DMC slope of C.2 slightly decreased during 1985-1994. The
shift of DMC slope at all stations were found in 2011 due to the Thailand great flood of 2011.
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the Khwae Noi Dam, and post-construction of the Khwae Noi Dam, respectively.
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Figure 9. Plots showing cumulative annual runoff and TSL of the Nan River: (a) N.1; (b) N.13A; (c)
N.5A; (d) N.7A; (e) N.8A; (f) C.2; black, blue, green, and red points represent data during pre-
construction of the Sirikit Dam, pre-construction of the Naresuan Diversion Dam, pre-construction of
the Khwae Noi Dam, and post-construction of the Khwae Noi Dam, respectively.

3.4.2. Effects of the Dams on the Annual TSL

Figure 9 illustrates the plots of DMCs of annual runoff and annual TSL, which illustrate the effect
of three dam construction on sediment load along the Nan River and sediment supply to the CPR.
The DMC’s slope of N.1 and N.13 (Figure 9a,b) indicate that the sediment load in the upper reach of
the Nan River (upstream the Sirikit Dam) varied regarding the change in river runoff pattern during
1975-1994. In contrast, the reduction of the DMC’s slope of N.5A (Figure 9c) located in the middle
basin (downstream of dams were found after 1972 for a couple years, followed by the increase slope
during 1975-1984. The decline slope was found at N.5A again since 1985 (after the construction of the
Naresuan diversion dam). Meanwhile, the DMC plots of N.7A and N.8A located in the lower basin
(Figure 9d,e) show insignificant change of the slope during 1997-2019. Figure 9f illustrated the DMC
at C.2, which notable increase slope was found during 1972-1995, and the slope slightly declines after
1996.

4. Discussion

4.1. Sediment Characteristics along the Nan River

The Nan River is one of four major tributaries (Ping, Wang, Yom, and Nan Rivers) forming the
CPR, but the sediment transport characteristics along the river have never been thoroughly studied
and documented [37]. Based on the observed sediment data in 2018 (Table 2), the upper Nan River
(gradient 1:3000) contained coarse sand to fine gravel, the middle reach (gradient less than 1:5000)
had fine to very coarse sand, and the lower reach (1:14,300) comprised medium to coarse sand.
Although all tributaries of the upper CPR basin are neighboring and are similar in terms of climate
[12,25,64], the bed materials of each river were different. The Nan River’s bed material, which
contains larger size of sediment than other tributaries, possibly was influenced by the operation of
the major Sirikit, Naresuan Diversion, and Khwae Noi Dams. The clear water released from the dams
has a high potential to move fine sediment from the riverbed. Therefore, the
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The Nan River's TSL is mostly suspended sediment, similar to the Yom River but different from
the Ping and Wang Rivers. Downstream of the Bhumibol Dam, the SSLs in the Ping River fluctuate
between 2% and 70% of the TSL [12]. In the Wang River, following the Kiew Koh Ma and Kiew Lom
Dams, SSLs constitute 20% to 22% of the TSL [25]. Conversely, in the Nan River, below the Sirikit
Dam, SSLs comprise a higher percentage, ranging from 72% to 100% of the TSL. This is attributed to
the Sirikit Dam's role in sediment trapping and the accumulation occurring upstream of the Naresuan
Diversion Dam. Downstream of the diversion dam, reduced river flow decreases the ability to
transport bed sediment at each cross-section. The increase in SSL is due to fine sediments from major
tributaries (Pat River, Tron Canal, Khwae Noi River, Wang Thong River, Yom River) and nearby
agricultural areas (Figure 1b). This increase and the change in flow dynamics diminish the correlation
between daily SSL and river discharge in the lower Nan River and CPR (N.5A, N.7A, N.8A, N.67,
and C.2), as depicted in Figure S1. The moderate correlation between daily SSL and discharge results
from decreased flow velocity, attributable to a lower river gradient (Figure 2), leading to significant
sedimentation in the lower reaches [42]. A similar weak correlation between daily SSL and runoff is
observed in the lower Yom River [35] and the lower Yangtze River [17].

In non-mountainous rivers (gradient flatter than 1:500), BL typically makes up 10-20% of TSL,
while in mountainous rivers (gradient steeper than 1:500), it's about 20-30% [65]. In Thailand, the
Royal Irrigation Department (RID) estimates BL as 30% of SSL or 23% of TSL for water resource
projects [66]. However, in the Nan River, despite some mountainous sections, the river's gradient
classifies it as non-mountainous (Figure 2). This study found BL in the upper, middle, and lower Nan
River to be 0-0.2%, 0-9.7%, and 0.1-27.6% of TSL, respectively, differing from traditional estimates
due to dam regulation and irrigation projects [65]. In the upper Nan basin, BL is lower than expected
as TSL is mostly in suspension including the wash load dominates SSL. Riverbed slope changes from
1:500 to 1:3000 reduce flow velocity and sediment transport, causing deposition [42]. Small dams in
the upper basin may trap BL from tributaries [37]. Similar low BLs are found in the upper reaches of
the Ping, Wang, and Yom Rivers [12,25,35]. In contrast, BLs in the middle and lower Nan River
increase due to dam operations, with BLs downstream of the Bhumibol Dam in the Ping River
exceeding 80% of TSL [12], and those in the Wang River affected by the Kiew Koh Ma and Kiew Lom
Dams reaching 78-80% of TSL [25]. In the Yom River, without large dams, BLs in the middle and
lower reaches are under 5% of TSL [35].

The study's results show that sediment characteristics vary significantly across different rivers
and even within different reaches of the same river, highlighting their area-specific nature.
Consequently, consistent and ongoing monitoring is essential to gather accurate sediment data,
which is crucial for effective and sustainable water resource management and development.

4.2. Runoff and Sediment Load Dynamics along the Nan River

Climate factors and human activities, particularly rainfall, influence runoff and sediment load
variability [19,22,67]. The Mann-Kendall (MK) analysis of streamflow in the upper Nan River basin
showed no significant trend in annual runoff (p-value > 0.05), suggesting that climate, especially
rainfall, dominates discharge variations here [8,11,56]. However, a declining trend in streamflow was
observed in the middle reach at station N.5A (p-value = 0.027), likely due to the Naresuan Diversion
Dam impacts, as evidenced by the reduction in the DMC of cumulative rainfall and discharge
between 1985 and 2011 (Figure 8c). In the lower river, no significant streamflow decrease was found
at stations N.7A, N.8A, and C.2, although the DMCs indicated a decreased slope after 1985 and 2011
(Figure 8d,e,f). This also suggests the Naresuan Diversion may have influenced the lower-reach flow
reduction, while tributaries and irrigation canals might have compensated the runoff. Additionally,
Station N.67 showed a significant decline trend in streamflow (MK test, p-value = 0.048), reflecting
the Naresuan Diversion Dam's impact. High streamflow during flood years (1966, 1975, 1995, 2002,
2006, 2011, 2017) contrasted with a declining trend in 1981-1993 across all stations, mirroring a low-
water period in Thailand [35].

Analysis of average daily water discharge and yearly runoff at various stations showed an
increase in discharge downstream along the Nan River, correlating with catchment area expansion.
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From 1972-1984, post-Sirikit Dam and pre-Naresuan Diversion Dam, annual streamflow increased
more than in the 1964-1971 pre-Sirikit Dam period, attributed to increased rainfall [57]. However,
post-1985, post-Naresuan Diversion Dam, average annual discharge upstream of the Sirikit Dam
continued to rise, while it decreased downstream due to the Naresuan Diversion and Khwae Noi
Dams' operations. The impact of the Khwae Noi Dam on streamflow was minimal, as storage dams
typically release yearly discharge downstream close to natural conditions (Figure S2a,c). Notably,
yearly runoff at station N.7A exceeded that at N.8A after 1985, likely due to side flow from irrigation
canals and the Wang Thong River (Figure 6a, S3).

Sediment analysis (Table 3, Figure 7a) indicates no significant trend in the TSL of the upper Nan
River basin (MK test, p-value > 0.05), paralleling streamflow patterns. The DMCs for cumulative
annual runoff and TSL at stations N.1 and N.13A also showed no significant changes from 1922-2019
(Figure 9a,b), linking TSL variations to river discharges. However, the middle river (N.5A) displayed
a marked decline in annual TSL (MK test, p-value < 0.0001), with significant DMC slope reductions
since 1985 (Figure 9c¢), influenced by the operation of the Naresuan diversion dam since 1985, and
post-1995 flood management structures. In the lower basin, a significant TSL decrease at stations
N.7A, N.8A, and N.67 (p-value < 0.05) was noted. Contrastingly, the C.2 station in the Chao Phraya
River showed a significant TSL decrease, with notable high TSL during flood years like 1995, 2002,
2006, and 2011 (Figure 7). Since construction of storage dams in the Ping, Wang, and Nan seems
insignificantly reduced sediment loads at the river outlets, the decrease in sediment load found at C.2
during the past several decades may be caused by the changes in sediment regime due to water
regulation, which intensely operated to support irrigation activities [30,41,63].

Spatial variation analysis revealed an increase in average annual TSL from upstream to
downstream in the upper Nan River (Figure 6b), similar to patterns in the upper Ping River [12] and
upper Yangtze River, China [8]. Downstream of the Sirikit Dam, TSL fluctuated due to large dam
operations. Post-1985, TSL rose in the lower Nan River (N.7A) due to sediment influx from irrigation
canals and the Wang Thong River (Figure S3), but decreased in N.8A, a sediment sink area.
Sedimentation and annual dredging by the Marine Department (200,000-700,000 m3/y) contribute to
TSL reduction in the lower reaches [39,42]. However, TSL at N.67 increased, potentially influenced
by sediment from the Yom River, agricultural areas, and drainage canals. At C.2 in the Chao Phraya
River, TSL significantly increased due to contributions from the Yom and Ping Rivers (Figure 6b).

4.3. Effects of Large Dams on Runoff and Sediment Load along the Nan River

The impact of large dams on riverine streamflow and sediment supply has been widely reported
[3,10,24,33,68-70]. The Three Gorges Dam, for example, significantly reduced sediment load in the
Yangtze River, affecting its delta [5,8,17,22,36]. Similarly, the effects of dams in the Chao Phraya River
basin (including Ping, Wang, Yom, and Nan Rivers) on sediment load have been studied due to
coastal erosion in the upper Gulf of Thailand [12,25,31-34]. However, the Bhumibol Dam on the Ping
River did not affect the river's streamflow and sediment load [12], nor did the dams in the Wang
River basin and the barrage on the Yom River [25,35].

This study found that while the Sirikit Dam on the Nan River (completed in 1972) didn't change
annual runoff, the Naresuan Diversion did, as indicated by the declining slope of the Double Mass
Curve (DMC) of annual rainfall and runoff post-1985 (Figure 8c,d,e) [37,48]. The outflow of the
Naresuan Diversion Dam into the mainstream varied between 43-77% of the inflow, altering water
extracted from the river [37]. Large storage dams had a minimal impact on annual streamflow due to
their operation balancing the ecosystem downstream [71].

The study also showed a decline in TSL downstream of the Sirikit Dam after the construction of
the three dams, as sediment was trapped in reservoirs and diverted for irrigation, leading to sediment
deposition upstream of the diversion dam (Figure 9c,d,e) [26,47]. Despite this, sediment load
increased in the lower Nan River due to agricultural activities and contributions from tributaries and
irrigation areas, with sediment loss from rice cultivation estimated at 4.32 x 106 t/y [37,72]. The
movement of bed load downstream of the dams also contributed to changes in river processes (Table
2).
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4.4. Impacts of Major Dams on Runoff and Sediment Supply into the CPR

The streamflow and sediment supply into the CPR system were assessed at station C.2,
summarizing the Ping and Nan Rivers' contributions. C.2's average annual streamflow was 22.473 x
10° m3/year with no trend, while its TSL significantly decreased to 4.83 x 10¢ t/y, particularly after the
construction of three large dams in the Nan River basin (Figure 7, Table 3). Annual river discharge
and TSL data (1954-2019) at P.17 (Ping River), N.67 (Nan River), and C.2 showed that N.67 and P.17
contributed 60% and 35% to C.2's runoff, respectively (Figure 10a). The Yom River (Y.16) contributed
about 33% to N.67's discharge, equating to 20% of C.2's flow, while the Wang River basin provided
about 15% and 5% to P.17's and C.2's runoff, respectively [25,35]. The Nan (N.67) and Ping (P.17)
Rivers accounted for 70% and 26% of the CPR's annual TSL at C.2 (Figure 10b). The sediment
concentration was higher in the Nan River, especially during the wet season (Figures 54, S5).
Therefore, the Nan River basin emerged as the largest contributor of both water (40%) and sediment
(57%) to the CPR system.
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Figure 10. Time series data of annual streamflow (a) and total sediment load (b) at the RID
hydrological stations P.17, N.67, and C.2 between 1954 and 2019.

The construction of the Naresuan Diversion and Khwae Noi Dams resulted in reduced annual
streamflow in the Chao Phraya River (CPR), as shown by the decreased slope of the cumulative
annual rainfall and runoff DMC at station C.2 after 1985 and 2011 (Figure 8f). This reduction was due
to the diversion of Nan River flow for irrigation by the Naresuan Diversion Dam (Figure 52b) and
water allocation from the Khwae Noi Dam to nearby irrigation areas [48]. These dams also
significantly lowered the annual TSL in the CPR, indicated by the reduced DMC slope of cumulative
annual runoff and TSL post-1985 and 2011 (Figure 9f), with sediment either being trapped or
redirected to irrigation areas.
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In contrast, TSL at C.2 increased after the 1972 construction of the Sirikit Dam (Figure 9f). While
this dam trapped upstream sediment, downstream agricultural expansion [37,40] and intensified rice
cultivation (2-3 crops/year) in the Nan River basin [72] led to increased sediment loads, contributing
around 4.32 x 10° t/y to the downstream Nan River (Figure S3). These changes, coupled with
improvements by the Royal Irrigation Department (RID) in the lower Nan River during 1973-1975
[73], boosted sediment load after 1972.

The remote location of the Sirikit Dam from C.2 (465 km) meant its impact on TSL and
streamflow at C.2 was minimal. The Kiew Lom Dam on the Wang River also had little effect on TSL
at the river basin outlet due to its downstream agricultural expansion [25]. Conversely, the Bhumibol
Dam slightly reduced TSL after 1966 (Figure 9f) due to sediment trapping, with increased
sedimentation downstream from expanded irrigation (approximately 97,600 ha). Soil loss from
agricultural activities in the lower Ping River basin added approximately 2.135 x 106 t/y of sediment
(Figure 9f) [72]. The TSL increase during 1964-1966 was influenced by the RID's river enhancements
and agricultural growth following the Bhumibol Dam's construction [73].

The study revealed a significant decrease in the slope of the DMC at station C.2 post-1995,
attributed to the construction of additional hydraulic structures for flood control and agricultural
water supply in the lower Ping, Yom, and Nan River basins, along with extensive dredging in the
lower Nan River downstream of N.67, which removed approximately 360,000-1,260,000 t of sediment
annually [25,42] (Figure 9f). This increase in cross-sectional area reduced flow velocity and sediment
transport, leading to more sediment deposition before reaching the CPR. Generally, large dams trap
most upstream sediment [74], reducing TSL downstream, yet their role in altering sediment load at
river basin outlets is significant. The expansion of irrigation and agricultural areas following the
construction of the Sirikit and Bhumibol Dams substantially increased TSL at C.2, whereas the Khwae
Noi Dam and other flood control structures significantly decreased it, a pattern similar to sediment
load reductions in major rivers like the Yangtze [8], Yellow [56], and Nile [23] due to dam
constructions. Compared to earlier studies at C.2, this analysis found only a 31% reduction in CPR
sediment load post-2011, as opposed to the 75-85% reduction observed in the pre-1995 period, before
the construction of these mega-dams [31-34,44] (Figure 9f).

5. Conclusions

In this study, we examined sediment characteristics, streamflow variation, and the impact of
three large dams in the Nan River basin on the runoff and sediment load in the Nan River and the
Chao Phraya River (CPR) at C.2. Our findings indicate that the Nan River is a significant contributor
to the CPR, providing 40% of the water outflow and 57% of the TSL. The river, primarily an alluvial
system with fine sand to very fine gravel, transports most sediment in suspension. Notably, the
Naresuan Diversion Dam obviously led to a decrease in both runoff and TSL in the Nan River,
particularly downstream, while the Sirikit Dam primarily reduced TSL. Post-construction of the
Bhumibol and Sirikit Dams, TSL at C.2 increased due to expanded irrigation and agricultural
activities downstream, contrasting with the decline after 1985 due to intensive water regulation in
the upper CPR basin. The sediment load at C.2 decreased by only 31% post-dam construction
compared to the pre-dam period (1956-1963). This study underscores the nuanced impact of dam
construction on river basin sediment dynamics, revealing how dams for irrigation expansion can
increase sediment load, while those for flood control and water use can decrease it. These findings
offer valuable insights for sustainable food and water management in developing countries, amidst
the environmental challenges of large-scale reservoir projects.

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org. Figure S1: Sediment rating curves at eight RID hydrological stations: (a) N.64; (b)
N.1; (c) N.13A; (d) N.5A; (e) N.7A; (f) N.8A; (g) N.67; (h) C.2, Figure S2: Annual inflow and outflow of dams (a)
Sirikit Dam; (b) Naresuan Diversion Dam; (c) Khwae Noi Dam, Figure S3: The streamflow and sediment supply
into the middle and lower reaches of the Nan River from the tributaries and drainage canals, Figure S4:
Comparison between the concentration of sediment in the Ping and Nan Rivers: (a) 1985; (b) 2003; (c) 2010; (d)
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2014; (e) 2017; (f) 2020, and Figure S5: Comparison between the sediment concentration in the Yom and Nan
Rivers: (a) 2008; (b) 2010; (c) 2014; (d) 2017; (e) 2018; (f) 2020.
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