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Abstract  11 

In this paper, we provide a holistic view of the hydro-sedimentological regimes of the Chao 12 

Phraya River (CPR) Basin, the fifth largest basin in Southeast Asia. Our analysis of daily 13 

discharge and sediment data from 42 major gauge stations showed high seasonal variation in 14 

the suspended sediment discharge (Qs), with the maximum discharge occurring in October on 15 

an inter-annual average. At Nakhon Sawan, the river discharges 304x104 tons of sediment 16 

every year, 60% of which is transported in the peak flooding months (September to November). 17 

The peak sediment discharge in October is dramatically attenuated at a station 150 km 18 

downstream from Nakhon Sawan, mainly due to discharge diversion to irrigation canals, 19 

distributaries, and branches, as well as seasonal flooding over the Central Plain. 20 

Sediment yield (SY) calculated at major stations showed spatial variability across the basin, 21 

generally decreasing in a downstream direction (i.e. as drainage area increases) (R2=0.55). 22 

Some stations in the upper basin’s watersheds showed SY as high as >700 tons/km2/yr, which 23 

is comparable to upstream catchments of other large rivers with high sediment production. Two 24 
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significant sediment sinks were identified in this study: the Bhumibol and Sirikit dams (each on 25 

Ping and Nan Rivers) - which trap ~236x104 tons of sediment each year (~90% trapping rate) - 26 

as well as the floodplain of the CPR which stores 176 x104 tons annually along the 150 km 27 

downstream reach from Nakhon Sawan (~60% of Qs at Nakhon Sawan). By extrapolating the 28 

floodplain sediment budget, we estimate that around 300x104 tons/yr of suspended sediment 29 

can be stored downstream of Nakhon Sawan (to the Gulf); comparable to the total annual 30 

storage of the two mega dams upstream. Although these dams have been previously reported 31 

to cause substantial sediment starvation in the CPR Delta, this study is the first to recognize the 32 

important role of lowland storage on the CPR’s basin’s sediment discharge to the Gulf of 33 

Thailand, and how it contributes a similar degree of threat to the shrinking delta. 34 

 35 

Highlight 36 

● Over 50-years of discharge and sediment data were assessed for 211 stations in the CPR. 37 

● For the first time, sub-basin scale sediment yields (42 stations) are reported. 38 

● Spatial distribution of sediment yield is analyzed using lithology, climate and human impacts. 39 

● Sediment yields were high, but the majority were trapped in dams and floodplains. 40 

● This study will be an important reference for future researches in the CPR. 41 

 42 
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  45 

1. Research gap and motivation  46 

The Chao Phraya River (CPR) in Thailand, is the fifth largest river basin in Southeast Asia with 47 

a drainage area and mean annual discharge of close to 160,000 km2 and 1,000 m3/s, 48 
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respectively (Gupta et al., 2012). It originates from the Central Cordillera, near the border with 49 

Myanmar and Laos, flows 1,300 km across the basin and eventually drains into the Gulf of 50 

Thailand near Bangkok. The crucial role played by seasonal flooding of the CPR in supporting 51 

ecosystems and high biodiversity along its vast floodplains has been recognized (Hungspreug 52 

et al., 2000). The CPR is fundamental to Thailand’s agricultural sector – one of the country’s 53 

major economic sectors which constitutes around 8.1% of the GDP in 2018 (World Bank, 2020). 54 

In addition, it is a major food source for numerous inhabitants along the riverine environment 55 

and serves as one of Thailand’s major transportation routes (Hossain and Iamtrakul, 2007). 56 

Historically, the CPR has connected numerous parts of the country through its extensive 57 

network. Hence, the etymology of the CPR is “river of mother” in Siamese (central and south 58 

Thais) in tribute to its significance in Thailand’s history. Besides its historical significance, the 59 

CPR also experiences numerous natural hazards and anthropogenic pressures. For example, 60 

the 2011 Thailand flood in CPR Basin was globally considered one of the most catastrophic 61 

flood disasters recorded in recent history, resulting in 813 casualties, and incurring US$ 46 62 

billion in economic losses (DHI, 2013; World Bank 2011). The CPR delta, the third largest delta 63 

in Southeast Asia, is presently sinking dramatically. This is mainly attributed to intensive 64 

dredging, upstream mega dams, groundwater extraction around Bangkok, ongoing sea level 65 

rise and rapid coastal erosion which has destroyed more than 100 km2 of mangrove forest over 66 

the past 30 years (Saito et al., 2007; Winterwerp et al., 2005).  67 

While there are existing studies contributing to the understanding of the hydrological and 68 

sediment regimes of the CPR, the former is mainly focused on the numerical simulations of 69 

discharge under the future climate change (e.g. Kure and Tebakari et al., 2012; Kotsuki et al., 70 

2014; Ligaray et al., 2015; Watanabe et al., 2014; Hunukumbura and Tachikawa, 2012) and 71 

land cover change (Thanapakpawin et al., 2006; Petchprayoon et al., 2010) in the CPR Basin. 72 

Most of the GCM-based discharge regime studies predict future increases in discharge, while 73 
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Kim et al. (2005) expected a decrease due to crop field expansion. In contrast, Wilk et al. (2011) 74 

reported no findings of a solid relationship between deforestation and discharge through a 75 

catchment-scale study in north-eastern Thailand despite an 80 to 27% decrease in forest cover 76 

over the last 30 years. In the 2010s, there was a spike in the number of hydrological studies on 77 

the CPR Basin pertaining to the increased flooding frequency, including the deadliest flood of 78 

2011 (e.g. Mateo et al., 2014; Komori et al., 2012; Jamrussri and Toda, 2017; Tebakari et al., 79 

2012). However, almost no research articles have been dedicated to conceptualizing the basin-80 

scale hydrology and sediment regimes of the CPR. 81 

Knowledge of the CPR sediment regime is still nascent. One of the pioneer studies of sediment 82 

regime by Alford (1992) focuses on the northern mountainous catchments. The first basin-wide 83 

scale assessment by JICA (2000), calculated Qs at Nakhon Sawan prior to and during the 84 

construction of the Bhumibol and Sirikit dams until 1972 (Figure 1A) averaged 25.3 million tons 85 

per year (Mtons/yr). Thereafter it decreased to 6.6 Mtons/yr. Bidorn et al. (2016) reconstructed 86 

historical Qs from the 1950s by using discharge-based rating curves at major gauge stations, 87 

concluding that there was no significant decrease of Qs between 1950s and 1995; possibly due 88 

to intensified erosion/runoff from agricultural expansion which negated the effects of the dam. 89 

Instead, they reported a reduction in Qs only after 1995, which may have been due to a large-90 

scale flood reduction infrastructure development after the severe flood of 1995. Hovius (1998), 91 

through the compilation of available gauge station data from different sources, reported that the 92 

CPR at Nakhon Sawan used to transport 11 Mtons/yr prior to the dams - this is less than half of 93 

JICA’s estimation. In spite of discrepancies in reported Qs values and their trends among the 94 

small number of existing articles, there is a general consensus on the dramatic decrease in Qs 95 

delivered to the Gulf of Thailand over the past century (Gupta, 2012). The serious shift of delta 96 

accretion rate from ~1.5 km2/yr to that of an erosional phase (Saito, 2007) is also a testament to 97 

this. Collectively, our literature review here is indicative of the current rudimentary 98 
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understanding of the CPR’s sediment regime, showing a clear necessity for a consolidated 99 

characterization of the Qs regime (refer to SI Figure 1 for the available literature about the CPR 100 

compared to other large rivers in Southeast Asia). 101 

In this study, we characterize the basin-wide patterns of the hydrology and sediment fluxes/yield 102 

across the CPR Basin. We first obtained hydrological data from 211 stations across the CPR 103 

Basin and analyzed daily discharge (Q, since the 1970s) and Qs (since 2000s) data. Among 104 

them, we selected stations based on the three criteria: 1) location, for example, the lowermost 105 

station that represents the catchment regimes or upstream stations in the headwater area to 106 

assess the sediment sourcing (erosion and weathering); 2) data quality, filtering outliers in order 107 

to obtain representative trends in inter-annual seasonality; and 3) data availability, using at least 108 

five years of record to ensure the accuracy of the seasonal trends whilst ensuring continuity in 109 

data. Using the Q and Qs data from our selected 42 major stations, we first report their Q and 110 

Qs regimes by presenting the inter-annual average based on long-term data and discuss in 111 

detail the intra-annual (seasonal) patterns of Q and Qs over six major stations that either 112 

represent the CPR Basin or its sub-basins. Sediment yields of sub-basin scale are also 113 

computed, and their heterogeneous spatiotemporal patterns across the CPR Basin are 114 

analyzed. Since the CPR is a large basin with heterogeneous hydroclimatic regimes, geological 115 

setting, as well as different degrees of human-induced environmental impacts, the spatial 116 

patterns of sediment yields are further investigated in relation to surface geology, rainfall trends 117 

and land cover data. Finally, we discuss the sediment budget of the mega dams in the upper 118 

basin and the Central Plain in the lower basin and identify them as key sediment sinks that 119 

determine the sediment flux arriving at the coast.  120 

   121 
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2. The Chao Phraya River (CPR) Basin   122 

The Chao Phraya River (CPR) originates near the Central Cordillera around the Thailand 123 

Myanmar-Laos borders (Daen Lao Range along the Northeast and Luang Prabang Range along 124 

the Northeast), flowing across nearly 160,000 km2 (almost 40% of the country), draining into the 125 

Gulf of Thailand (Figure 1A). The overall basin relief is not high compared to other large rivers 126 

which drain the Himalayas in Southeast Asia (e.g. Mekong or Ganges-Brahmaputra). More than 127 

80% of the total area in the CPR Basin lies below 600 m asl. At the elevation threshold of ~300 128 

m, it transits from hanging intermontane valleys of the cordillera draining steep highlands to the 129 

lowland of the CPR Basin that occupy a broad graben. 23% of the basin (37,000 km2) lies below 130 

50 m asl; these areas are referred to in this study as the Central Plain of Thailand (Figure 1B). 131 

The basin is broadly divided at Nakhon Sawan into an upper and lower CPR basin. The upper 132 

basin contains four large tributary catchments, which we refer to in this study as sub-basins: 133 

Ping (34,537 km2), Wang (10,793 km2, tributary of Ping), Yom (24,047 km2, tributary of Nan) 134 

and Nan (34,682 km2). The Ping and Nan Rivers merge at Nakhon Sawan. From that point until 135 

it drains into the Gulf, the river is referred to as the CPR. Two major tributaries along the CPR in 136 

the lower basin are Sakae Krang (4,907 km2) and Pa Sak (15,626 km2). There are also 137 

distributaries such as Tha Chin which diverge at Chai Nat, and smaller branches such as Noi 138 

and Lop Buri, along with several irrigation canals (Loc et al., 2020).   139 

Although the relief of the basin is generally low, the slope of the upper tributary catchments is 140 

generally high (>1m/km). The Ping River upstream of the Wang confluence has a channel slope 141 

close to 2 m/km (Figure 1C). The slope in the Central Plain is very low with approximately 0.2 142 

m/km on average. The cordilleran sub-basins (Ping, Wang, Yom, and Nan) consist of broad, 5-143 

25 km wide intermontane valleys that are mostly above 300m elevation, incised parallel to the 144 

regional geological fabric defined by north-south striking Permotriassic sutures assembling 145 

Paleozoic predominantly marine sedimentary sequences (Metcalfe 2011; Geologic map of 146 
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Thailand 2013). Abundant arc granites, associated felsic metavolcanics, and proximal marine 147 

sequences are associated with these sutures, as is the predominantly north-south fabric of the 148 

landscape that governs drainage patterns. Precambrian, mostly amphibolite-grade 149 

metamorphics are abundant in the upper Ping drainage around Chiang Mai. The headlands of 150 

the Pa Sak sub-basin are along the western margin of the Khorat Plateau, a region of 151 

northeastern Thailand dominated by flat lying, undeformed Cretaceous fluvial sequences 152 

(Saminpanya et al., 2014). Isolated Neogene and Quaternary volcanic centers occur throughout 153 

the region with the largest concentration in the lower Pa Sak sub-basin, some 5,000 km2 in size. 154 

The Pitanulok and Chao Phraya Basins form a 100-150 km wide composite graben extending 155 

from the Sukhothai region south to Bangkok and the Gulf of Thailand. These basins contain 156 

extensive Quaternary cover underlain by kilometres-thick basin fill dating back to the Miocene. 157 

The large size of these basins accounts for the steep hypsometric curve in Figure 1B for 158 

elevations below 200 m while the minor irregularity in this curve at approximately 200-300 m 159 

reflects the recent activity of basin-marginal graben structures.   160 

Typical of monsoonal regimes, the CPR Basin has a typical tropical-savanna climate with two 161 

distinct seasons that are characterized by great seasonal variability of rainfall (total annual 162 

around 800,000 million m3 (Simachaya, 2000). Every year, storms cause large floods across the 163 

CPR Basin during the rainy season (typically May - October). These are associated with tropical 164 

depressions developed from typhoons in the South China Sea, moving westward across the 165 

Indochina Peninsula (Wood and Ziegler, 2008). Therefore, the annual hydrographs in the CPR 166 

show peak discharge, usually around October (Figure 1D). The highest discharge in the basin is 167 

observed in Nakhon Sawan, where the Ping and Nan Rivers converge. Downstream of Nakhon 168 

Sawan, the river starts diverting water through distributaries, branches, or floodplains. For this 169 

reason, Nakhon Sawan is considered the most important gauge station in the CPR since the 170 

basin’s flux is the largest at this station (Mean annual discharge (MAD) ~946 m3/s). The 171 
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discharge variability is significant because the mean monthly discharge at C.2 ranges from 400 172 

(April) to 2,500 (October) m3/s, with only four months a year (August-November) above 1,000 173 

m3/s on average. Another interesting seasonal discharge pattern observed in the Nan, Ping and 174 

Sakae Krang Basins (all along the mountain range along the western boundary of the basin) is 175 

the secondary peaks of Q around May, which reflect the heterogeneous seasonal climatic 176 

patterns within the basin. 177 

The seasonal flood regime in CPR is mainly controlled by the two mega dams at upstream sub-178 

basins: The Bhumibol (construction completed in 1965) along the Ping River and Sirikit 179 

(construction completed in 1972) along the Nan River with reservoir areas of 364,000 and 180 

13,100 km2, respectively. Collectively, their storage capacities total up to ~23 billion m3. 181 

Although there are nine other reservoirs in the CPR Basin, the sum of their total storage is only 182 

around 4 billion m3. Operation of the dams during the rainy season is particularly important since 183 

it aids in controlling flooding downstream and also determines the availability of water for the 184 

subsequent dry season. In terms of sediment regime, these dams in the upstream basin have 185 

been regarded as the main cause of the drastic reduction of sediment delivered through Nakhon 186 

Sawan and eventually to the delta (refer to Introduction). However, given that 1) the basin area 187 

of the two sub-basins without impoundments (Wang and Yom) are comparable to the two other 188 

sub-basins, 2) surface geology across the upstream basin is heterogeneous, 3) upstream 189 

basins have undergone a substantial land cover change recently (Sriwongsitanon and 190 

Taesombat, 2011; Paiboonvorachat and Oyana, 2011), and 4) the sediment regimes of these 191 

sub-basins have yet to be well-studied, the real impact of these dams on the sediment delivery 192 

downstream in terms of flux and budget remains uncertain. Other than the two mega dams in 193 

the basin, the CPR Dam at Nakhon Sawan and the Pa Sak Dam could be considered locally 194 

important. CPR Dam is a run-of-the-river dam that produces hydropower, while Pa Sak Dam 195 

(finished in 1998) is an impoundment that serves irrigation purposes in the eastern CPR Basin.   196 
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  197 

 198 

 199 

Figure 1. A: Map of the Chao Phraya River (CPR) Basin and its seven sub-basins (Ping, Wang, 200 

Yom, Nan, Sakae Krang, Tha Chin and Pa Sak), along with the 42-gauge stations analyzed in 201 

this study. The background is a hill-shaded topographic map driven from the SRTM DEM. 202 

Definition of zoning of Central Plain varies depending on the management purposes. In this 203 
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study we refer to the area indicated in the map. B: Longitudinal profile of each river and the 204 

average channel slope calculated for the basin. C: Elevation frequency distribution (1m bin) and 205 

hypsometric curve of the CPR Basin. Lowland area is calculated as elevation <50 m above sea 206 

level. D: Mean monthly discharge and the mean annual discharge at the lowermost stations in 207 

each basin.  208 

 209 

 210 

3. Data and methods  211 

3.1. Gauge stations, measurement protocols and data availability   212 

Daily Q (m3/s) and Qs (tons/day) data across 211-gauge stations over the Chao Phraya River 213 

(CPR) Basin were obtained from the Hydrology Division of the Royal Irrigation Department 214 

(RID) of Thailand. Measurements of water levels began in the early 1900s. These were mostly 215 

for stations located in the Central Plain. Measurements gradually expanded to other locations. 216 

Discharge and sediment fluxes have been measured at selected stations since around the 1948 217 

and the 2000s, respectively. The organization of data follows the Thai water year system, which 218 

starts in April and ends in March of the following year. Q is frequently measured, mostly by the 219 

cross-section area-velocity approach. In this approach, velocity is measured by the current 220 

meter at multiple depths across the channel width, and occasionally using an Acoustic Doppler 221 

Profilers (ADP). Then, water level-discharge rating curves were developed for each station to 222 

reconstruct an estimate of historical daily Q. Daily Q is then multiplied by the average 223 

suspended sediment concentration (SSC), where SSC is measured mostly using the grab 224 

sampler at the water surface close to the channel center. Rating curves (logarithmic, re-225 

calibrated once a year) are then developed with Q to estimate daily Qs at each station.  226 
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The availability of Q and Qs data varies widely among stations; on average, Q data has been 227 

available since 1973. On the other hand, major stations such as C.13 in the downstream reach 228 

have discharge data from 1948. However, it is important to note that most stations have missing 229 

records throughout the available period. For example, Q data at P.17 spans from 1955 to 2013; 230 

however, there are 18 years with missing records. There are several reasons for these gaps in 231 

data: malfunction or loss due to flood or landslides, insufficient manpower for maintenance for 232 

certain years, or simply the loss of record during the archiving process. Sediment samples for 233 

concentration in the CPR have been collected mostly after 2007. Likewise, not all stations have 234 

complete years of sediment sampling record. Since data availability is of utmost concern, we 235 

tried to secure data from the lowermost stations of the basins, and up- and downstream of major 236 

tributaries for analysis of hydro-sedimentological impacts of upper catchments.  237 

3.2. Data quality control  238 

We first averaged daily Q and Qs into monthly averages. To ensure consistency in the quality of 239 

data, we applied the following filters: 1) we only used years with more than ten months of 240 

records, i.e. a year with only nine months of data would be omitted from the analysis; if a year 241 

had less than two months of missing data, a moving average was used to interpolate the data, 242 

2) only stations with at least two years of records were chosen, i.e. if a station only has one 243 

year’s worth of records, it is excluded from the analysis, 3) data from 2011, the year of the 244 

greatest flood (Loc et al., 2020), was removed from the Q and Qs analyses because their values 245 

in the flood peak month (usually October) is more than three times of other years with typical 246 

hydrological conditions. Since the main objective of the paper is to characterize the general 247 

hydrology and sediment transport regimes of the river, we deemed that using records from an 248 

anomalously wet year would distort the results. This also stems from the recognition that 249 

records from 2011 would inevitably have large margins of errors since the discharge-water level 250 

rating curve method is used to estimate Q and in turn, Qs. During the peak flow of 2011, the 251 
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water levels greatly exceeded the bankfull capacity of the channel in the lower CPR reach. 252 

Therefore, a significant volume of water was lost to the floodplain through overbank dispersion, 253 

and the floodplain water budget in 2011 is still unknown (Loc et al., 2020). Also, there must have 254 

been a significant reorganization of channel bedforms due to the abnormally high sandy 255 

material transport during the flood (Bidorn et al., 2015), hence adapting previous year’s rating 256 

curve may not be valid for estimating Q for that particular year. Nevertheless, we report the 257 

annual sediment discharge of 2011 (Qs2011) calculated from the gauge station records (where 258 

available) for reader’s reference.  259 

We only used records of Qs after 2007, when SSC data were collected at the gauge stations. 260 

While in theory, more than 50 years of daily Qs record could be constructed using rating curves 261 

between water level-Q-Qs, this process contains some major uncertainties related to non-262 

stationarity due to changes in driving factors. These may include regional-scale climate regimes, 263 

geological characteristics of the watershed, local channel geometry, as well as land use/cover 264 

change. Among these, the last two have undergone significant changes over recent decades 265 

(Bidorn et al., 2015; Paiboonvorachat and Oyana, 2011; Sriwongsitanon and Taesombat, 2011).  266 

Finally, we chose 42 stations which are well-distributed across the CPR basin (Figure 1A) with 267 

the assurance that their data are by far the most reliable and geographically representative. 268 

Among them, 28 (68.7%), 13 (31.0%) and 14 (33.3%) are from the upper-, lower basins and the 269 

Central Plain, respectively. The number of stations in each sub-basin ranges from 5 to 7, except 270 

for Tha Chin which only has 1. In terms of the data period used to calculate the annual Qs, there 271 

are variations between stations, with an average of 9 years overall. Both the Ping and Wang 272 

sub-basins are relatively well-gauged (with the exception of P.78, which only has one-year 273 

record), with many of their stations having 18 years of time series (on average 14 years for the 274 

two sub-basins). The Nan and Yom are comparatively less well-gauged, with 6 stations 275 

collectively (Y.6, Y.14, Y.16, N.2B, N.81 and N.1) having only one year’s record, i.e. after 2018. 276 
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The most downstream station in the Ping River (N.67), which is also the largest sub-basin in the 277 

upper basin (21% of the CPR Basin), has 8 years of record (2007-2014). Therefore, the Qs 278 

regime of the Ping Basin is well-represented. Qs at the stations along the CPR downstream of 279 

Nakhon Sawan have 7 years on average.   280 

3.3. Water and sediment yield analysis across the basin  281 

After the quality of the collected data had been reviewed, mean monthly Q and total monthly Qs 282 

were calculated for the 42 selected stations across the CPR Basin. We reconstructed the 283 

monthly Qs-Q rating curve for each major station using power functions since their phases are 284 

strongly correlated (Bidorn et al., 2016). Since sediment was primarily sampled using grab 285 

samples at the surface, and it has been measured by Bidorn et al. (2015) that the bedload 286 

generally constitutes less than 5% of the total load transport in the CPR (though the ratio varies 287 

among rivers), it is inferred that the sediment discharge in this study is predominantly wash load 288 

(clay and silty materials) with only a small fraction of suspended sand; both of which are at least 289 

semi-permanently in suspension (Colby, 1963). To characterize the intensity of source fluxes 290 

across different sub-basins in the CPR, we calculated sediment yield (tons/km2/yr) for the basins 291 

of selected stations. Each sub-basin and watershed were delineated based on the flow direction 292 

raster derived from the Multi-Error Removed Improved-Terrain DEM (MERIT DEM) (Yamazaki 293 

et al., 2017). The period used for the calculation of Q and Qs, drainage area for each basin and 294 

catchment, and sediment fluxes/yields are provided in Table 1.   295 

3.4. Analysis of factors controlling sediment yield  296 

To further assess the regional variations of sediment yield, we considered mean elevation and 297 

elevation above 300 m asl, surface geology as it relates to erodibility of various rock types, 298 

precipitation, and land cover. An elevation threshold of 300 m was selected as it represents the 299 

approximate transition between the hanging intermontane valleys which drain steep highlands, 300 

and the lowlands of the southern CPR. River slopes above 300 m are, on average, much 301 
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steeper (Figure 1). The abundance of Quaternary sediments is an important parameter because 302 

these unlithified deposits are easily mobilized, making them part of the dynamic erosional 303 

landscape. Proportions of each geologic unit in respective subbasins were determined as a 304 

percentage area based on the geologic map supplied by the Coordinating Committee for 305 

Geoscience Programme (http://www.ccop.or.th/). Erosivity of bedrock was considered in the 306 

context of the erodibility index proposed by Moosdorf et al. (2018) which offers an estimate of 307 

the sediment production potential of various rock types, normalized to granite, which is assigned 308 

an index value of “1”. The erodibility index offers an estimate of the sediment yield of different 309 

rock types, and this estimate was weighted by the percentage area of different lithic rock types 310 

within each sub-basin to obtain a basin-wide erodibility index. We processed the freely available 311 

3B43 Monthly Precipitation Estimates product from the Tropical Rainfall Measuring Mission 312 

(TRMM) to obtain rainfall over the CPR Basin (TRMM, 2011). The data was resampled from 313 

0.25° to 1km via Google Earth Engine. Land cover data (300 m) from the European Space 314 

Agency’s (ESA) Climate Change Initiative (CCI) was downloaded (https://www.esa-landcover-315 

cci.org/) for the years 1992, 1996, 2000, 2005, 2010, 2015 and 2018. The numerous land cover 316 

classes were broadly aggregated into 4 classes: cropland, forest, urban, grass and or shrubland 317 

and water. 318 

We adopted a two-step multivariate analysis, i.e. Principal Component Analysis (PCA) and 319 

multi-variable linear regression analysis. PCA is a widely used dimensionality-reduction method 320 

for large datasets that transforms a set of variables into a smaller one that still contains most of 321 

the information in the original dataset (e.g. Loc et al. 2018). PCA is used to explore the 322 

underlying correlations of the latent variables, in this case five measurements, including 323 

Quaternery Sedimentary Rocks, Erodibility Index, % catchment areas of urban and crops, % 324 

catchment areas of forests, % Areas with elevation greater than 300m, and rainfall. We included 325 

the estimated SY as the supplementary variable to visualize its relationships with the six 326 

http://www.ccop.or.th/
http://www.ccop.or.th/
https://www.esa-landcover-cci.org/
https://www.esa-landcover-cci.org/
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aforementioned latent variables. In the second step, we developed a multilinear regression 327 

model to verify the contributions of the six latent variables to the dependent variable, the SY of 328 

the CPR.  329 

3.5. Sediment budget of the Central Plain  330 

We hypothesize that the Central Plain of Thailand is an important sediment sink, although the 331 

magnitude of the sediment trapping and its contribution to the total CPR discharge remains 332 

unknown. Most of the Central Plain is seasonally flooded, and it contains most of Thailand’s 333 

paddy fields; this extensive conversion started since the early 20th century. Around 20% of the 334 

country had been converted to paddy fields before the 1960s, which then increased to about 335 

40% in the early 1980s (Center for Agricultural Statistics, 1994; Charuppat, 1998). We focused 336 

on the Central Plain of the lower basin to calculate the monthly and annual sediment budget of 337 

the 150 km long reach between C.2 and C.7A (Figure 1A). With a low channel gradient and 338 

relief, this reach is where the CPR is mostly embanked and meandering, with an average 339 

sinuosity index of approximately 1.46. The floodplain in the reach is highly susceptible to 340 

seasonal flooding and was also largely inundated during the 2011 flood (Liew et al., 2016; Loc 341 

et al., 2020). By conceptualizing the complex hydrographic network (tributaries, distributaries, 342 

and irrigation canals diversion) in this reach, we derived the following equation for the sediment 343 

budget of the reach (reach-scale map provided in Section 4.4.1):  344 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑖𝑖𝑎𝑎 𝑠𝑠𝑎𝑎𝑠𝑠𝑖𝑖𝑠𝑠𝑎𝑎𝑎𝑎𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑎𝑎𝑎𝑎 = (𝐶𝐶. 2 + 𝐶𝐶𝑠𝑠. 19) − (𝑇𝑇. 12 + 𝑁𝑁𝑖𝑖. 2) −�𝐶𝐶𝑎𝑎𝑎𝑎𝑎𝑎𝐶𝐶𝑠𝑠 − 𝐶𝐶. 7𝐴𝐴 345 

where all terms are cumulative sums of daily Qs to represent total monthly Qs (in million tons), 346 

at respective gauge stations. Canals denote the Qs of the two important irrigation canals, 347 

Makamthao-Uthong and Chainat-Ayutthaya, which merges with the downstream main channels. 348 

Monthly SSC at C.2 were used to estimate Qs at the canals. Since there are more than 30 other 349 

small to medium irrigation canals along the river between C.2 and C.7A, we hypothesize that 350 
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majority of water and sediment in the Central Plain floodplain is transferred through the canals. 351 

We did not consider the Qs diversion to the Lop Buri branch because most of the floodplain 352 

along that branch is upstream of C.7A. Moreover, it eventually re-joins the main CPR 353 

downstream.  354 

 355 

4. Results and discussion  356 

4.1. Properties of the measured sediments at the gauge stations  357 

Although it is mentioned above that the measured sediment is predominantly washload, possibly 358 

with some suspended sand, we first present an in-depth discussion on the properties of the 359 

measured sediments at the gauge stations. Like other large anabranching rivers which flow in 360 

low gradient landscapes with islands, the CPR could also be considered a washload (clay and 361 

silt) dominated river. In terms of sediment properties, however, there are significant variations 362 

within the basin. These are attributed to the heterogeneous surface geology and topography 363 

that control weathering intensity, hydrological regimes and land cover. Therefore, it might be 364 

difficult to make basin-scale generalizations based on only one property of the sediments. 365 

Moreover, several existing studies have reported contrasting results. Some local-scale studies 366 

based on field measurements have reported that rivers in the upper basins can have only up to 367 

30-40% of the total load consisting of bed load (Chanyotha and Chadchawan, 1995; Tae-368 

Sombat, 1988). However, Kitisuntorn (1994) estimated the proportion of bedload to be around 369 

1-2% in the northern part of the Nan Basin. Later on, Bidorn et al. (2015) reported that bedload 370 

generally constitutes less than 5% of the total load transport in the CPR; this was based on the 371 

17 bedload samples that were collected across the four sub-basins in the upper CPR. They also 372 

posited that bedload fraction increased with increasing Q. However, 13 of the samples 373 

constituted <5%, 10 of which had <1% of bedload. Most recently, based on field measurement 374 

during 2011-2013, Namsai et al. (2020) also showed that the bedload fraction was <5% in the 375 
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Yom River. Regardless of the bedload fraction in the upper basin, we believe that almost no 376 

coarse load is transported in the lower basin, as most of the sandy load is trapped in the 377 

reservoirs in the Ping and Nan Basin. The formation of muddy tidal flats of the CPR through the 378 

accumulation of clay sediment (Tanabe et al., 2003, Uehara et al, 2010) is also a testament to 379 

the absence of coarse material being transported. 380 

4.2. Sediment yield (SY) of sub-basins and determinant factors  381 

Sediment yields calculated at major stations showed spatial variability across the basin and we 382 

analyzed the patterns using different factors (Figure 2). There is a clear difference in the 383 

magnitude of sediment production between the upper eastern and western basins. The Nan has 384 

a much higher sediment yield (SY) than Ping. The highest SY recorded at Nan is 268.8 385 

tons/km2/yr at N.81, while the highest at Ping is 58.9 tons/km2/yr at P.75. Overall, when plotted 386 

against drainage basin area, SY showed a decreasing pattern in the downstream direction (i.e. 387 

as drainage area increases) with R2=0.47 (not including the stations downstream the dams, i.e. 388 

N.2B, N.67, P.17, and S.9) (Figure 2D). When removed two stations on the 3rd order tributaries 389 

(i.e. Ct.20 and P.78), that drain the relatively small area along the western cordillera of the CPR 390 

Basin, it further increased the R2 to 0.55 (as indicated in Figure 2D). 391 

Here we report the watershed-scale PCA and multiple linear regression analysis results using 392 

18 stations located upstream of the dams that overlap with the cordillera (at least partially) 393 

(Figure 3 and Table 1). We excluded W.17 in the analysis; because the watershed area (729 394 

km2) is even smaller than the size of a single TRMM pixel; hence the actual amount of on the 395 

W.17 watershed is unknown. The PCA results show the effective representation of the original 396 

data using 2 principal components with the accumulated explained variances of 78.9 %. The 397 

projection of the latent explanatory variables onto the two-dimensional plane (PC1 x PC2) is 398 

therefore effective in revealing their underlying relationships. Specifically, the latent variables 399 

Quaternary Surface, and Erodibility Index are closely correlated with the SY as illustrated by the 400 
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bundled position of the respective vector arrows in Figure 3. Annual Rainfall is also associated 401 

with SY, albeit to a much lesser degree. It should be noted since Sediment Yields are the 402 

dependent variable, it was not included in PCA. On the other hand, three other latent variables: 403 

Urban, Forests, and elevation>300m are not significantly correlated with the Sediment Yields. 404 

Our multiple regression analysis including 6 latent variables confirmed the statistical significance 405 

(p-value<0.01, at 99 % confidence level) of the Quaternary Surface and Erodibility Index in 406 

controlling the watershed-scale SY in the CPR Basin. Similarly, Annual Rainfall contribution is 407 

slightly less significant with p-value<0.05. The other remaining variables are not statistically 408 

significant, which is in-line with the assessments from PCA. The multilinear regression model 409 

itself is also significant at p-value<0.01 with the adjusted R2 of 0.87. The summary statistics of 410 

the model is presented in Table 1. 411 

The sediment yield of Ping River – measured at P.73 upstream of the dam – showed a relatively 412 

low average SY of 27.4 tons/km2/yr among sub-basins. Although Ping Basin is relatively high in 413 

elevation, the western cordillera along the Thong Chai Range are mostly composed of Triassic 414 

Felsic Plutonic rocks which are resistant to erosion, and also the average rainfall (4.90x107 415 

mm/yr) was below the average of CPR Basin. The extensive intra-cratonic basin around Chiang 416 

Mai may also efficiently trap sediment. The overall SY, Quaternary surface and erodibility index 417 

of the Wang Basin are high, while the basin-wide average rainfall is moderate at 1.46x107 418 

mm/yr. This may indicate that other local-scale factors such as flash floods may induce episodic 419 

sediment fluxes into the river from landslides or bank erosion. The Yom Basin has relatively low 420 

SY and other factors, including average rainfall. The northern part of the basin where it overlaps 421 

with the cordillera is mostly resistant rocks such as Triassic Sedimentary rocks. For the Nan 422 

Basin, there were only two stations analyzed in terms of SY (N.81 and N.1), which may not 423 

properly represent the basin. Although there is regional variability of sediment production, SYs 424 

of mountainous areas in the Nan and Ping Basins are comparable to SY measured at upstream 425 
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catchment of other highly productive rivers around the world such as the Mississippi, New 426 

Zealand, along with the Andes or even Taiwan (Milliman and Farnsworth 2013). For instance, 427 

SY in the Wang Basin can be as high as 705.1 and 623.7 tons/km2/yr at W.17 and W.25, 428 

respectively, and up to 268.8 tons/km2/yr in the Nan Basin at N.81.  429 

 430 

 431 

  432 

Figure 2. A: Surface geology map of the CPR Basin. Abbreviations in the legend are Q_S 433 

(Quaternary Sedimentary rocks, 42% of the CPR Basin area), J_S (Jurassic Sedimentary rocks, 434 

8.9%), TrJ_Pf (Triassic to Jurassic Felsic Plutonic rocks, 8.8%), P_S (Permian Sedimentary 435 

rocks, 6.5%), Tr_S (Triassic Sedimentary rocks, 5.9%), SD_MI (Silurian to Devonian Law Grade 436 

Metamorphic rocks, 5.1%), and C_S (Carboniferous Sedimentary rocks, 4.1%). These seven 437 

classes comprise 81% of the basin. A complete surface geologic unit map with a complete 438 
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legend is provided in SI Figure 2. B: Average rainfall map of the CPR Basin derived from the 439 

TRMM data from 2010-2015, excluding 2011. C: Sediment yield (SY) map of the CPR Basin. 440 

SY has been calculated for 34 stations. Central Plain is superimposed in light grey. D: Negative 441 

relationship of SY and the drainage area. E: Basin-scale relationship of SY and lithological 442 

factors analyzed in this study (mountainous area, i.e. 300m asl, areal portion of Q_S, and area-443 

corrected erodibility index for lithified rocks).  444 

  445 

 446 

Figure 3. Watershed-scale Principal Component Analysis (PCA) of the latent variables 447 

(Quaternary surface, erodibility index, rainfall, forest, urban and elevation >300m) and sediment 448 

yield (SY).  449 

 450 

Table 1. Multiple regression analysis results of sediment yield and controlling factors over sub-451 

basins. 18-gauge stations upstream of the four large dams (Bhumibol, Sirikit, CPR and Pa Sak) 452 

in the CPR Basin were chosen for analysis.  453 
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Variables Coefficients Standard 
Errors 

p-value a 

>300m 4.0343 2.4563 0.129 

Annual 
Rainfall 

1.1265 0.5023 0.047* 

Urban  430.2968 226.8611 0.08 

Forest -469.4051 335.5437 0.18 

Erodibility 
Index 

208.76 65.5435 0.008** 

Quaternary 
Surface 

271.2410 61.1655 0.001** 

a significant at 95% (*) and 99% (**) confidence level. 454 

 455 

4.3. Discharge and sediment load in the CPR at key stations  456 

Among the 42 stations are 6 important stations deserving of special attention because they are 457 

representative of the CPR basin or their respective sub-basins. These stations - P.17, N.67, 458 

Ct.19, S.9, C.2 and C.7A in Figures 4 - all showed Q and Qs to be in phase with each other. 459 

Differences in the shape of the rating curves are related to the characteristics of each watershed 460 

(Asselman, 2000), i.e. size of the basin (hence discharge), surface geology and erodibility, as 461 

well as rainfall regimes, all of which are exhaustively discussed in the previous section. Effective 462 

discharge (peak sediment discharge) is observed during the peak flow, which is mainly driven 463 

by the monsoonal regime of the basin. As such, erosion and transport of materials are 464 

concentrated in a few months every year. In the case of the C.2 and C.7A, about 59 and 75% of 465 

the annual sediment discharge occurs only during the three months (September, October and 466 

November) respectively (Figure 4). During the dry season (especially February to June), 467 

sediment discharge is almost zero at C.7A. In other words, a very low amount of sediment 468 

reaches the delta during the dry season (Jarupongsakul et al., 2007). 469 

Approximately 45 km upstream of the confluence of the CPR is P.17, the lowermost station in 470 

the Ping River. It is, therefore, representative of the tributary basin's total fluxes, covering 98.9% 471 
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of the basin. The Q and Qs are 359.1 m3/s and 99x104 tons/yr respectively, accounting for 38% 472 

and 32.5% of the water and sediment fluxes of the CPR Basin at C.2. Bidorn et al. (2015) 473 

estimated the Qs of Ping River at P.2A as 60x104 tons/yr based on historically reconstructed 474 

daily Qs data (1952-2010). P.2A is approximately 150 km upstream of P.17. Between both 475 

stations are several small-scale tributaries (most of them width<10 m) which drain the western 476 

mountainous area (close to Myanmar border), where sediment yields can be relatively high 477 

(details in the next section). However, floodplain water storage is limited (with narrow fluvial belt 478 

and steeper slope) as inferred from the maximum flood extent map during the 2011 flood (Loc et 479 

al., 2020) in this reach. This explains the downstream increase of Qs from P.2A to P.17.  480 

The Nan basin is the largest in the upper CPR Basin. N.67, about 30 km upstream from Nakhon 481 

Sawan (representing 96.7% of the basin), is the lowermost station immediately downstream of 482 

the Yom confluence. Q and Qs at N.67 are 499 m3/s and 216x104 tons/yr, respectively. Relative 483 

to the Ping, Q is around 28% larger, while Qs is 54.2% larger, indicating higher rates of 484 

sediment production in the Nan Basin. The Nan Basin contributes around 72% of the sediment 485 

discharge at C.2 and is therefore considered the most important tributary in terms of sediment 486 

transport. However, the Nan Basin’s sediment discharge has yet to be reported. Interestingly, 487 

most of the Qs recorded at N.7A is not contributed from the Nan River itself, but a tributary 488 

draining eastern watershed through N.81. Without accounting for the Yom Basin, Bidorn et al. 489 

(2015) estimated Qs at N.7A, which is about 120 km upstream from N.67, at 138x104 tons/yr. 490 

Approximately 100 km upstream of N.7A, and immediately downstream of the Sirikit Dam is 491 

N.2B, which has Qs of 16x104 tons/yr. On the other hand, Qs at N.81 is 137x104 tons/yr. Given 492 

that the drainage area of N.2B is about 5 times larger than that of N.81, it is inferred that there is 493 

significant sediment trapping in Sirikit Reservoir. The total Qs of these two stations, 153x104 494 

tons/yr, exceeds that of N.7A by 20x104, as reported by Bidorn et al. (2015). This is likely due to 495 

the diversion of water for agricultural purposes and seasonal flooding in that reach.  496 
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As mentioned previously, C.2 is regarded as the most important station in the CPR Basin 497 

because it has the largest Q and Qs. The MAD and annual Qs at C.2 are 946 m3/s and 304x104 498 

tons/yr, respectively. Due to water loss downstream of Nakhon Sawan resulting from the 499 

diversion of water to floodplain and canals, it is interesting to note that the MAD at C.7A (i.e. 500 

480m3/s) is almost half of C.2’s. Another noteworthy aspect is that peak discharge at C.7A 501 

almost simultaneously occurs with C.2 (Figure 1D), despite the gentle channel slope of the 502 

Central Plain. In fact, the peak discharge at C.7A is reached a month earlier than P.17, which is 503 

almost 300 km upstream from C.7A. This phenomenon has been recently analyzed by Loc et al. 504 

(2020), who attributed it to the substantial amounts of local rainfall received by the lower CPR 505 

during the early rainy season.  506 

Sakae Krang and Pa Sak are the two main tributaries of the CPR. Sakae Krang’s Q and Qs are 507 

estimated at Ct.19 to be 242 m3/s and 25x104 tons/yr, respectively. They are also the most 508 

important hydrological input between C.2 and C.7A. The R2 of the Qs-Q rating curve at Ct.19 509 

was 0.74, the lowest among major stations (Figure 4C). This may be due to the relatively small 510 

size of the sub-basin, which renders it unable to accommodate climatic variability, as well as its 511 

poorly developed floodplains, cannot effectively attenuate flood waves. The non-correlative 512 

relationship between SSC and Q in Figure 4C, along with the fact that peak Q and Qs in Sakae 513 

Krang both occur in September (while all others were in October), also attests to the 514 

unpredictable Qs and flash flood regimes of the sub-basin. Pa Sak is the largest and the 515 

lowermost tributary of the CPR, contributing an average of 73 m3/s and 16x104 tons of sediment 516 

annually. While the basin area of Pa Sak is more than four times that of the Sakae Krang, Q and 517 

Qs are substantially lower (around 30 and 64% respectively). We attribute this to the Pa Sak 518 

Dam located along the middle-reach of the main channel (discussed in the next section). 519 

Stations downstream of the CPR confluence with Pa Sak River are affected by tidal influences - 520 

as such, they were not analyzed in this study.   521 
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  522 

  523 

Figure 4. Total monthly suspended sediment discharge (Qs) versus mean monthly discharge 524 

(Q) over the six major stations in the CPR Basin (black solid square). Monthly-averaged 525 

suspended sediment concentration (SSC) is calculated as Qs/Q (blue hollow circle). Annual 526 

total suspended sediment discharge is given in the graph. The rating curves were constructed 527 

using power functions; however, a linear scale is presented in the graph to show the standard 528 

error (SE) of Q and Qs for each month.   529 

 530 

Table 2. Summary of 42 stations. The raw data presented in this table is obtained from the 531 

Royal Irrigation Department (RID) of Thailand.  532 

Basin/
Station 
code 

Lat/long River Drainage 
area (km2) 

Qmean 
(m3/s) 

Qs (x104 
tons/yr) 

Data 
period 
(Qs)a 

Data 
period 
(Q) 

Qs2011(x104 
tons/yr) 

Sediment 
yield 
(tons/km2

/yr) 
Chao Phraya River Basin (20,523 km2 b) 
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C.2 15.67/10
0.11 

Chao 
Phraya 103,602 946 304.2 2007-2014 - 325 (1.07 e) 29.3 

C.56 15.43/10
0.13 

Chao 
Phraya 104,971 819.3 176 2011-2014 2013 351 (1.99) 16.8 

C.13 15.16/10
0.19 

Chao 
Phraya 107,009 328 170 2011-2014 1948-

2013 428 (2.52) 15.9 

C.3 14.90/10
0.40 

Chao 
Phraya 107,943 613 135.6 2011-2014 2008-

2013 271 (1.99) 12.5 

C.7A 14.59/10
0.45 

Chao 
Phraya 116,669 479.7 146.1 2011-2014 2006-

2016 339 (2.32) 12.5 

C.35 14.37/10
0.53 

Chao 
Phraya 129,341 394 - - 2004-

2013 - - 

Sakae Krang River Basin (4,907 km2) 

Ct.5A 15.93/99.
50 

Nam 
Mae 
Wong 

823 11.6 5.9 2007-2014 1970-
2013 12 (2.03) 72.1 

Ct.7 15.64/99.
51 

Khlong 
Pho 1,695 4.2 5 2007-2014 2004-

2013 - 29.9 

Ct.8 15.54/99.
89 

Nam 
Mae 
Wong 

6,639 203.7 12.2 2007-2014 1978-
2019 11 (0.9) 18.5 

Ct.20 15.45/99.
59 

Huai 
Thap 
Salao 

618 4.9 1.3 2007-2014 2007-
2013 - 21.4 

Ct.19 15.45/10
0.03 

Huai Tak 
Daet 4,591 241.9 25.1 2007-2014 2006-

2013 33 (1.31) 31.9 

Nan River Basin (34,682 km2) 

N.1 18.77/10
0.78 Nan 5,984 26 77.3 2018 1923-

2013 - 129.3 

N.13A 18.55/10
0.76 Nan 7,109 163 - - 1988-

2013 - - 

N.2B 17.61/10
0.10 Nan 14,668 139 16.1 2019 1978-

2013 - 10.9 

N.81 17.13/10
0.59 

Khwae 
Noi 5,111 17.4 137.3 2019   - 268.8 

N.67 15.87/10
0.26 Nan 33,545 499 216 2007-2014 1998-

2013 304 (1.41) 64.4 

Ping River Basin (34,537 km2) 

P.75 19.15/99.
01 Ping 3,358  24.8 19.8 2000-2017 1999-

2013 19 (0.96) 58.9 

P.1 18.79/99.
01 Ping 6,421  49.9 25.5 2000-2017 1933-

2013 77 (3.02) 39.7 

P.73  18.29/98. 
65  

Ping  15,519   133.6  42.5  2000-2017  1998- 
2013  

-  27.4  

P.12C 17.24/99.
02 Ping 19,076 184 - - 1996-

2013 - - 

P.7A 16.48/99.
52 Ping 28,261 233 - - 1978-

2013 - - 

P.78 16.18/99.
60 

Khlong 
Khlung 2,811  10.6 1.2 2018 2005-

2013 - 4.3 

P.17 15.94/99.
98 Ping 34,157 359.1 99 2007-2014 1955-

2013 169 (1.71) 28.9 

Wang River Basin (10,793 km2) 

W.25 18.99/99.
62 Wang 854  6.6 53.3 2000-2017 - 77 (1.44) 623.7 

W.16A 18.79/99.
63 Wang 1,997  9.9 41.2 2000-2017 1995-

2013 - 206.3 

W.17 18.72/99.
57 

Nam 
Mae Soi 802  7.4 56.5 2000-2017 1980-

2013 - 705.1 
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W.1C 18.30/99.
51 Wang 4,009  24 101 2007-2017 1991-

2013 - 251.9 

W.3A 17.64/99.
23 Wang 8,769  49 117.8 2000-2017 2001-

2013 103 (0.87) 134.4 

W.4A 17.20/99.
10   10,161 37.4 89 d 2000-2013 1972-

2013 - - 

Yom River Basin (24,047 km2) 

Y.20 18.59/10
0.15 Yom 6,147  51.2 45.9 2000-2017 1973-

2013 87 (1.89) 74.7 

Y.1C 18.13/10
0.12 Yom 7,264  77.1 55.5 2007-2017 1979-

2013 - 76.4 

Y.37 17.90/99.
61 Yom 11,246  106.4 42.8 2000-2017 1999-

2013 - 38.1 

Y.14 17.60/99.
72 Yom 13,109  122.9 40.8 2018 1964-

2013 - 31.2 

Y.6 17.44/99.
79 Yom 13,758  115.3 55.4 2018 1954-

2013 - 40.2 

Y.16 16.76/10
0.12 Yom 18,926  165.9 39 2018 1995-

2013 - 20.6 

Y.41 15.92/10
0.25 Yom 23,844 141 68.7 2007-2008 2009-

2010 - 28.8 

Pa Sak River Basin (15,626 km2) 

S.4B 16.42/10
1.16 Pa Sak 3,815 19.9 - 

 
1969-
2013 - - 

S.43 15.33/10
1.21 Pa Sak 9,600 65.9 30.3 2011-2017 - - 31.6 

S.39 15.26/10
1.19 Pa Sak 10,098 83.8 48.9 2007-2014 2006-

2008 - 48.5 

S.9 14.63/10
1.01 Pa Sak 14,525 73.1 16 2007-2014 1974-

2013 46 (2.88) 11.1 

S.5 c 14.36/10
0.58 Pa Sak 16,021 267 - 

  
2010-
2013 - - 

Tha Chin River Basin (13,477 km2) 

T.12A 15.01/99.
62 

Huai Kra 
Sieo 1,737 6.5 6.5 2007-2014 2006-

2013 12 (1.85) 37.5 

a For convenience, start and end years are given though some missing years exist; unless there 533 

is Qs data, the stated period is for Qmean.   534 

b Total basin area is provided.  535 

c Although S.5 is located downstream of the confluence with the adjacent basin, the basin area 536 

is calculated only for the Pa Sak. 537 

d Estimated from W.3A proportional to mean annual discharge. 538 

e Ratio as Qs2011/Qs.  539 

  540 

4.4 Major sediment storage in the CPR Basin  541 
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4.4.1. Dam trapping of sediment 542 

The combination of large seasonal variability of discharge stemming from the monsoonal regime 543 

and the generally flat terrain makes the lower CPR Basin extremely vulnerable to seasonal 544 

flooding. The two mega dams along the main stem of the Ping and Nan Rivers play an 545 

important role in controlling floods (Mateo et al., 2014, Komori et al., 2012, Tebakari et al., 546 

2012). While these dams have managed to mitigate flooding, they have also resulted in a great 547 

decrease of sediment load being transported to the delta. It has been estimated by JICA (2000) 548 

that prior to the dams, the CPR used to transport 25.3 Mt of sediment per year, which has now 549 

decreased by almost 75% to the current 6.6 Mtons/yr. Hovius (1998) reported that sediment 550 

transport of the CPR at Nakhon Sawan prior to the dam construction was 11 Mtons/yr (i.e. 551 

~43% of the estimation by JICA (2000)) which then decreased to 3 Mtons/yr after the 552 

construction of dams. In contrast, Bidorn et al. (2016) stated that based on historical 553 

reconstruction of daily Qs at Nakhon Sawan, there had been no significant decrease in 554 

sediment discharge until 1995, which is almost two decades since the construction of the 555 

Bhumibol dam. Beyond differences in reported Qs values is the indisputable dramatic decrease 556 

in Qs delivered to the Gulf of Thailand over the past century. In this section, we provide the 557 

most updated and refined values based on sediment samples collected after 2007 to assess the 558 

present rate of sediment trapping at the two mega dams.   559 

We calculate the trapping rate by taking the Qs differences at the two nearest stations that are 560 

upstream and downstream of the dam; a simple longitudinal approach. To estimate sediment 561 

trapping at Bhumibol Reservoir, we integrated Qs records from the two stations, W.4A (89x104 562 

tons/yr) and P.17 (99x104 tons/yr). Theoretically, the sum of Qs at W.4A and Bhumibol’s Qs 563 

should be the Qs at P.17, assuming no sediment input/output between the dam and P.17 (which 564 

is located about 270 km downstream from the dam). This assumption holds because the 565 

floodplain in that reach is poorly developed, and the terrain is generally characterized by 566 
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hummocky structures with inselbergs of Mesozoic and Paleozoic bedrock protruding through the 567 

thin Quaternary cover. It is likely that minor tectonic uplift of this area has also occurred from 568 

motion along with basin-marginal graben structures to the east. Moreover, the sediment input 569 

from the tributaries, whilst unknown, may be considered minor because their drainage area 570 

along the western cordillera (part of Western Thongchai Range) is very small (Figure 2A). For 571 

these reasons, we estimate the Qs along the reach between the dam and P.17 to be stable. 572 

Therefore, Qs immediately downstream from the Bhumibol Dam is estimated as 10x104 tons/yr 573 

(i.e. the difference between Qs at P.17 and W.4A). The lowermost station located upstream 574 

from the dam is P.73 (42.5x104 tons/yr) (~115 km upstream from the dam). There is one major 575 

tributary that drains the alluvial gorge between the two north-eastern cordilleras with highly 576 

erodible areas (Western Thongchai and Thongchai Ranges) (Figure 2A). The Qs input from this 577 

tributary is estimated from the P.73 record based on the area-load approach (Milliman et al., 578 

1999). We used Qs at P.73 and extrapolated this value based on area, i.e. upstream of the dam 579 

area is 134% of the area of P.73 watershed. Therefore, Qs of 56.9x104 (42.5x104 x 134%) tons 580 

was assumed to flow into the reservoir each year. Comparing this to the annual dam sediment 581 

discharge of 10x104 tons yields a trapping rate of 82.4%. 582 

Regarding the Sirikit Dam, the only station upstream with available data is N.1, where Qs is 583 

77.3x104 tons/yr. N.1 is located about 150 km upstream from the dam, accounting for three 584 

major tributaries which drain the Luang Prabang Range and Phi Pan Nam Mountains (Figure 585 

2A). Both regions are characterized by high erosion. Applying the same area-load approach as 586 

that of the Bhumibol Reservoir, we extrapolated Qs from N.1 to estimate the sediment load 587 

entering the Sirikit Reservoir. The area of the watershed upstream of the Sirikit dam is 265% of 588 

the N.1 watershed. Therefore 204.8x104 (77.3x104 x 265%) tons of sediment was assumed to 589 

flow into the reservoir each year. From this, we calculated the trapping rate to be 92.1% by 590 

comparing with the Qs downstream at N.2B (16.1x104 tons/yr). However, the actual trapping 591 
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rate exceeds our calculated value since N.2B is about 50km downstream along the flat terrain, 592 

where water and washload sediment can be lost due to irrigation and seasonal flooding.   593 

Similar to what has been observed after the construction of reservoirs worldwide (e.g. Syvitski et 594 

al., 2005; Vörösmarty et al., 2003; Walling and Fang, 2003,), the existence of these reservoirs is 595 

the primary cause of the reduction in suspended sediment in the CPR. Still, it is fortunate that 596 

both mega dams are located upstream of confluences where large tributaries from the upper 597 

basin converge (Wang and Yom, each discharge 117.8x104 and 68.7x104 tons annually at W.3A 598 

and Y.41, respectively). Hence, Qs from those tributaries is delivered to the lower basin without 599 

interference from the dams. The Nan Basin, a watershed draining the eastern cordillera (Luang 600 

Prabang Range) through N.81, also has a high Qs of 137.3x104 tons/yr. The total Qs from these 601 

three tributaries is 323.8x104 tons/yr, which is even higher than the annual Qs at Nakhon Sawan 602 

(304.2x104 tons as measured at C.2). This indicates that although suspended sediment is 603 

stored in the floodplains which are downstream of the Ping and Nan Rivers, there is still a 604 

significant volume of sediment - which remains unaffected by dams - that is being supplied to 605 

the lower basin. Whether planned or inadvertently in the CPR Basin, the strategic placement of 606 

dams outside of tributaries with high sediment contribution downstream has been recently 607 

suggested in the neighbouring Mekong Basin (Schmitt et al., 2018; Schmitt et al., 2019). 608 

This finding leads to the following conclusion: If these two dams did not exist, the Qs at C.2 609 

would increase by 77% to be ~539.8x104 tons/yr. This is based on the sum of Qs at C.2 610 

(304.2x104 tons/yr), trapped Qs of 46.9x104 and 188.7x104 tons/yr at the dam sites of Ping and 611 

Nan, respectively. Therefore, we estimate that dams in the upper CPR basin have caused a 612 

44% reduction in sediment (i.e. ratio of total dam trapping budget, 613 

(46.9x104+188.7x104)/539.8x104). Sediment influx of the reservoirs, dam discharge (Qs), budget 614 

and trapping rates derived in this section are summarized in Table 3. 615 

 616 
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Table 3. Reservoir sediment influx, discharge (Qs), budget and trapping rates. 617 

 Catchment area 
(km2) interrupted (%) 

Reservoir influx 
(x104 tons/yr) 

Dam Qs 
(x104 tons/yr) 

Dam reservoir 
budget (x104 

tons/yr) 

Trapping 
rate (%) 

Bhumibol 22,087 (64%) 56.9 (42.5a x 
134%) 

10 (99b-89c) 46.9 (56.9d-10) 82.4 

Sirikit 11,521 (33.2%) 204.8 (77.3e x 
265%) 

16.1f 188.7 (204.8g-
16.1) 

92.1 

aQs at P.73.; bQs at P.17; cQs at W.4A; dBhumibol reservoir influx; eQs at N.1; fQs at N2B; 618 

gSirikit reservoir influx. 619 

 620 

4.4.2. Central Plain sediment budget and its magnitude  621 

The Central Plain of Thailand can be divided into the upper and lower Central Plain at Nakhon 622 

Sawan. The upper Central Plain is only ~29% of the lower Central Plain area. The trunk rivers in 623 

the upper Central Plain have a higher slope (0.33 m/km) that flow on the hummocky terrain, and 624 

the floodplain is poorly developed compared to the lower Central Plain. The Yom and Nan 625 

consist mostly of the upper Central Plain (29 and 52%, respectively), while the Ping’s areal 626 

contribution is only 12%. Along the ~100 km reach from Y.16 to Y.41 which covers most of the 627 

Yom Basin within the upper Central Plain, it is estimated that there is 8.2x104 tons/yr of 628 

sediment input from small tributaries (those ungauged, some of them drain from watersheds 629 

outside of the Central Plain) (Figure 1A and Table 2). For the Nan Basin, the available Qs 630 

records upstream of the N.67 are N.2B and N.81, both of which are outside of the upper Central 631 

Plain. Therefore, we could not provide an estimate for the Nan Basin within the upper Central 632 

Plain. However, we deem that similar to Yom River; there can be some additional sediment 633 

inputs from the small rivers draining Luang Prabang Range. Therefore, we consider that 634 

sediment storage of the upper Central Plain to be limited.  635 
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Downstream of Nakhon Sawan, the river flows across the vast Central Plain and loses 636 

discharge and sediment load for two main reasons: storage and loss of sediment and water in 637 

the floodplain and distributary channels such as the Tha Chin River. Although the Tha Chin 638 

River eventually flows into the Gulf of Thailand (and therefore can be considered as part of Qs 639 

of the CPR reaching the ocean), water and sediment are lost to the floodplain during seasonal 640 

flooding and irrigation. This means less water and sediment is discharged into the ocean (in 641 

addition to the dams in the upper basin).  642 

We quantify the seasonal storage of sediment in the Central Plain in a 150 km reach between 643 

C.2 and C.7A; the reach most vulnerable to seasonal flooding (Liew et al., 2016) (Figure 5A). 644 

There is a prominent Qs peak at C.2 in October (Figure 5B), which exceeds the Qs in 645 

September by 150%. Moving downstream, the Qs difference between both months decreases 646 

and becomes similar at C.7A. In terms of Qs, C.7A’s is slightly less than half of C.2, which 647 

suggests significant loss of suspended sediment in the reach. However, quantifying the 648 

sediment budget of the floodplain by directly comparing Qs at C.2 and C.7A is not possible, due 649 

to sediment inputs from the tributaries and distributaries between the two stations. Figure 5C 650 

shows the seasonal sediment input (Ct.19 from Sakae Krang) and outputs (T.12 and Ni.2 to Tha 651 

Chin and Noi, respectively, as well as diversions through the irrigation canals) from the CPR. 652 

Accounting for the complex hydrographic network between C.2 and C.7A, the monthly floodplain 653 

storage of the reach is computed (Figure 5D). The total annual sediment budget (an average 654 

net transfer to the floodplain) of the reach is 176x104 tons. The sediment budget of the Central 655 

Plain’s floodplain in October makes up ~34% (59.1x104 tons) of the annual floodplain budget, 656 

showing very high seasonal variability. When comparing the channel geometry, the bankfull 657 

width and depth of the CPR at C.2 are 360 and 12.3 m, while it is much smaller at C.7A – 120 658 

and 16.5 m (channel cross-section data obtained from the RID). The river in this reach is 659 

partially embanked in order to control the overbank flow at certain thresholds of water level, and 660 
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the excessive flood water is attenuated by additional retention reservoirs connected through the 661 

extensively developed canals in both sides of the CPR (Figure 5E). This flood-control 662 

philosophy is locally known as the “monkey cheeks” (in Thai: pronounced as Kaem Ling), based 663 

on the observation of King Bhumibol Adulyadej of Thailand that monkeys store bananas in their 664 

cheeks, conserving them to eat later (The Government Public Relations Department, 2016). The 665 

monkey cheeks can be the seasonal storages of flood water, as well as paddy fields or 666 

detention basins, most of them efficiently connected to the main channel through the irrigation 667 

canals (mostly with silty and sandy materials). We have not further decoupled the floodplain 668 

sediment budget into the loss through the canals or overbank dispersion, due to the lack of data 669 

(e.g. daily discharge data at each canal). However, given the extensively canaled landscape of 670 

the Central Plain (Figure 5A), we regard the irrigation canals to be the main mechanism 671 

delivering a significant portion of sediment to floodplain. There are also hardly any topographic 672 

variations in the Central Plain. For this reason, both the peak water and sediment discharges in 673 

this reach are effectively attenuated, as clearly observed in Figures 1D and 5B. No outstanding 674 

peak sediment discharge in C.2 is observed in C.7A due to extensive floodplain sediment 675 

storage. 676 

The annual floodplain storage of suspended sediment in this reach (176x104 tons) is indeed 677 

high, comprising almost 60% of Qs at C.2. We compared the relative magnitude of the Central 678 

Plain’s sediment budget to other large sediment-laden rivers which are known for their inland 679 

sediment storage over naturally developed floodplains, such as the Amazon and Mekong 680 

Rivers. We calculated the floodplain’s suspended sediment deposition per unit distance along 681 

the lower reach of the rivers, to assess the River Sedimentation Magnitude (RSM, tons/km/yr) 682 

based on published values (Dunne et al., 1998; Park and Latrubesse, 2019; Binh et al., 2020). 683 

The RSMs of the Amazon, Mekong and CPR were reported as 650,000 (in between Negro 684 

River confluence and Obidos), 120,000 (in between Pakse and Tan Chau) and 17,000 685 
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tons/km/yr (in between C.2 and C.7A) on average, respectively. The RSMs were further 686 

normalized by their respective mean annual discharges (i.e. 150,000, 10,000 and 1,000 m3/s for 687 

each river) to enable the comparison of the RSM across rivers with different scales. The 688 

normalized RSMs for the Amazon and Mekong were 4.3 and 12, respectively and the CPR’s 689 

was 17, which is substantially higher than the other two large rivers (Figure 5F). It is therefore 690 

concluded that the Central Plain reach of the CPR is an important sediment sink, given its 691 

geographical scale. It is interesting to note that this high rate of sediment storage in Central 692 

Plain is largely happens through the canals, while in the lower Amazon floodplain channels are 693 

limited (compared to overbank dispersion) in transferring sediment to floodplain (Park and 694 

Latrubesse, 2017; Park, 2020).  695 

Since the Central Plain stretches further downstream from C.7A to the Gulf of Thailand (~120 696 

km), the actual floodplain budget of the CPR in the lower basin is expected to be much larger. In 697 

this study, we did not use gauge station data downstream of C.7A due to the possible tidal 698 

influences. When applied to the same RSM over this reach (C.7A to mouth), roughly 150x104 699 

tons of extra loss of suspended sediment is calculated. Nevertheless, based on crude 700 

extrapolation, the annual floodplain sediment storage between C.2 and the CPR mouth could 701 

reach around 300x104 tons. This value is comparable to the annual storage sum of the two 702 

mega dams upstream (i.e. 302x104). In fact, the significant role of the dams on sediment deficit 703 

in the CPR delta area has been analyzed by several studies (e.g. Saito et al., 2007; Winterwerp 704 

et al., 2005). However, the importance of floodplain storage on basin discharge to the Gulf of 705 

Thailand has yet to be recognized even though it poses a similar level of threat to the delta.  706 

 707 

 708 
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 709 

 710 

Figure 5. Annual floodplain suspended sediment budget of the Central Plain. A: Hydrographic 711 

map of the CPR between C.2 and C.7A. Irrigation canals in this reach is also shown (data from 712 

Royal Thai Survey Department, Royal Thai Armed Forces Headquarters). The canals are 713 

regularly dredged by the local government to maintain a constant bed slope. B: Total monthly 714 

Qs of the stations along the CPR main channel. C: Daily Qs calculated at the stations also the 715 

tributary (Sakae Krang), distributaries (Tha Chin and Noi) and the two irrigation canals, in this 716 
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reach. D: Monthly floodplain sediment budget calculated inter-annually. E: Example of 717 

embankment within the study reach, near Nakhon Sawan. The picture is prior to the overbank 718 

flow during the middle of wet season, and the crest of the levee is indicated by the white dashed 719 

line. Photo by D. Chitwatkulsiri. F: Normalized sedimentation rate of the Amazon (AM), Mekong 720 

(MK) and the CPR. MADR is the mean annual discharge of each river.   721 

 722 

5. Summary and concluding remarks 723 

In this paper, we provide a holistic view of hydro-sedimentological regimes of the Chao Phraya 724 

River (CPR) Basin, the fifth largest basin in Southeast Asia. Our analysis is based on daily 725 

discharge of water (since 1948) and sediment data (since 2000) over 42 major stations across 726 

the basin. All of them showed high seasonal variations in the sediment discharge, with the 727 

maximum discharge occurring in October on an inter-annual average. In the case of the C.2, 728 

which has largest sediment flux in the CPR, the peak flooding months (September to 729 

November) contribute almost 60% of the annual sediment load, with the highest monthly Qs of 730 

79x104 tons in October (26% of the annual load at C.2). The peak Qs in October is dramatically 731 

attenuated in C.7A, 150 km downstream from C.2, mainly due to discharge diversion to 732 

irrigation canals, distributaries and branches, and seasonal flooding over the Central Plain.  733 

Sediment yield calculated at major stations varied spatially across the basin with a clear 734 

difference between eastern and western upper basins. There is a decreasing pattern of SY in 735 

the downstream direction (i.e. as drainage area increases). The PCA results indicated that 736 

quaternary surface, erodibility index and average rainfall are closely associated with the 737 

watershed-scale SY. Multiple regression model including other factors, such as elevation and 738 

land cover yielded R2 of 0.87 with a p-value<0.01. Some stations in the upper basins’ 739 

watersheds showed very high sediment yields. However, the two mega dams, Bhumibol and 740 

Sirikit (each on Ping and Nan Rivers), trap ~82-92% from the upstream sediment fluxes. 741 
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Nevertheless, since both dams are located upstream of the confluences with large tributaries in 742 

the upper basin (Wang and Yom), Qs from those tributaries are still delivered to the lower basin 743 

without interference from the dams. Seasonal storage of sediment in the Central Plain in a 744 

reach between C.2 and C.7A was quantified to be 176x104 tons/yr comprising almost 60% of Qs 745 

at C.2. When this sedimentation magnitude is applied to the downstream reach, a sediment 746 

budget of approximately 300x104 tons/yr for the whole lower CPR Basin was estimated. 747 

Although the significance of the dams on sediment deficit in the CPR delta area has been 748 

reported previously (e.g. Saito et al., 2007), we recognize for the first time in this study, the 749 

important role of floodplain storage on the basin’s discharge to the Gulf of Thailand and 750 

therefore how it poses a similar level of threat to the delta in terms of sediment starvation.  751 

This study contributes to the scientific and non-scientific communities in several aspects. Firstly, 752 

this paper reveals the basin-scale patterns of hydrology and sediment yields in the CPR based 753 

on analysis of a large volume of raw data from the Thai government agencies. Secondly, we 754 

identified the mega dams and the Central Plain as two comparably important inland sediment 755 

sinks in the CPR Basin. Finally, we hope that the spatial patterns of sediment source and 756 

deposition across different sub-basins in CPR reported in this study will aid in improving the 757 

management strategies of the water and sediment resources in Thailand. Since optical satellite 758 

images since the 1970s are publicly available, remote sensing can be used to estimate the SSC 759 

in the channel, floodplain, and reservoirs (Bernardo et al., 2019; Park and Latrubesse, 2014), 760 

and hence over the past 40-years Qs can be reconstructed in the CPR. This will enable further 761 

basin-wide assessment of long-term Qs trends driven by human activities in the basin. 762 
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