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Abstract: 17 

Fluvial organic carbon (OC) transfer is an essential resource for downstream 18 

ecosystems. Multiple factors affect its transfer process, e.g., climate or anthropogenic 19 
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activities. Quantifying OC fluxes with fine spatiotemporal resolution is challenging in 20 

anthropised catchments. This study aims to quantify daily OC dynamics and to assess 21 

the impacts of short climate variability and damming on OC spatiotemporal transfer 22 

processes in a large tropical Asian river basin (the Red River) for an extended period 23 

(2003-2013) by combining empirical equations with modelling outputs. Firstly, 24 

empirical equations for calculating dissolved (DOC) and particulate OC (POC) 25 

concentrations were calibrated based on in-situ sampling data. Then, simulated daily 26 

discharge (Q) and suspended sediment concentrations were used to quantify daily 27 

OC fluxes. Results show that the parameters of the DOC and POC equations well 28 

represent the subbasins characteristics, underlining the effects of soil OC content, 29 

mean annual Q and Chlorophyll a. DOC and POC exports reached 222 and 406 kt yr-1 30 

at the basin outlet, accounting for 0.38% of the total OC (TOC) exported by Asian 31 

rivers to the ocean. However, the specific yields of DOC (1.62 t km-2 yr-1) and POC 32 

(2.96 t km-2 yr-1) of the Red River basin were ~1.5 times those of other Asian basins. 33 

By comparing a reference scenario (without dams) to current conditions, we estimated 34 

12% and 88% decreases in DOC and POC fluxes between 2008-2013 and 2003-2007, 35 

mainly due to damming. This study shows that climate variability may not impact OC 36 

dynamics in rivers as it explained less than 2% of the variations. However, dam 37 

management, especially recent ones operating since 2008, deeply influences OC 38 

variations as the POC/TOC ratio decreased from 86% to 47%. Damming significantly 39 

decreased POC exports due to sediment retention, altering the equilibrium of OC 40 

cycling downstream, which may impact the food chain. 41 
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1. Introduction 45 

Rivers are a key connection between terrestrial and marine ecosystems and play an 46 

essential role in the global transport of suspended sediment (SS) and associated 47 

elements, such as metals, contaminants and nutrients. Fluvial organic carbon (OC) is 48 

an essential component in the biogeochemical processes (Bianchi, 2011). It can be 49 

classified into two forms: dissolved (DOC) and particulate organic carbon (POC), and 50 

is mainly derived from the following three pools: (1) an autochthonous pool derived 51 

from in-situ biological production, such as phytoplankton, metabolite of animals and 52 

plants in rivers; (2) an allochthonous pool derived from terrestrial organic matter, 53 

coming from soil leaching and erosion; (3) an anthropogenic pool derived from 54 

agricultural, industrial and domestic release (Hope et al., 1994; Rizinjirabake et al., 55 

2018). Fluvial OC is also regarded as an indicator of water quality (Wen et al., 2019). 56 

Metal ions and pesticides can be adsorbed onto OC and carried to the oceans 57 

(Boithias et al., 2014; Garneau, 2014). Hence, measuring, quantifying and studying 58 

the fate of fluvial OC allows for comprehensively evaluating the degree of organic 59 

contamination in water bodies. 60 

Tropical humid ecosystems are hot spots of terrestrial carbon storage, and tropical 61 
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rivers strongly contribute to global fluvial carbon flux (Carvalhais et al., 2014; Huang et 62 

al., 2012; Zhang et al., 2019). Ludwig et al. (1996) indicated that about 45% of the OC 63 

exported to the oceans originated from tropical wet areas. Based on previous 64 

global-scale OC fluxes estimations, the Asian rivers contributed to 36%~67% of the 65 

DOC exports (Carlson and Hansell, 2015; Chaplot and Mutema, 2021; Dai et al., 2012; 66 

Fabre et al., 2020; Huang et al., 2012; Li et al., 2017; M. Li et al., 2019; Ludwig et al., 67 

1996) and ~50% of the POC exports (Beusen et al., 2005; Huang et al., 2012; Li et al., 68 

2017; Ludwig et al., 1996), with a substantial part coming from anthropogenic sources 69 

(Wen et al., 2021). Previous studies also pointed out that the rivers in mainland Asia 70 

have the highest specific export rates in terms of DOC and POC (Huang et al., 2012; 71 

M. Li et al., 2019; Luo et al., 2022). The Asian monsoon region is identified as a 72 

unique and important area to research global carbon dynamics and climate feedback 73 

(Fang et al., 2010; Shi et al., 2019; Zhang et al., 2019). Hence, quantifying OC fluxes 74 

through tropical Asian rivers is essential further to assess the balance between 75 

continental and oceanic fluxes. 76 

However, most OC flux estimations were calculated monthly or annually, and hardly 77 

any study estimated OC fluxes on a daily time scale. Sampling and modelling are 78 

usually performed at fortnightly or monthly intervals, which might induce 79 

underestimation when there is a storm or intense rainfall during the intervals since 80 

most OC export happens during flood events (Zhang et al., 2019). Hope et al. (1994) 81 

indicated that fluvial carbon flux was likely underestimated when studied only based 82 
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on seasonal data. For most rivers, the OC concentration varies with discharge and 83 

season (Coynel et al., 2005). Discharge (Q) is the primary factor controlling the output 84 

of OC (Hope et al., 1994), and suspended sediment concentration (SSC) is also the 85 

main determinant of POC flux (Boithias et al., 2014; Huang et al., 2012; Ludwig et al., 86 

1996). Q and SSC fluctuate depending on the seasons but also due to intensive daily 87 

rainfall and storms, inducing substantial variability of OC concentration and fluxes at 88 

the seasonal and daily scales. Therefore, it is essential to develop methods to quantify 89 

OC fluxes and their variability from interannual to daily scales to understand OC 90 

transport dynamics better and highlight the emergence of hot spots within a 91 

catchment. 92 

Long-term global changes at the basin scale, such as climate variability and increased 93 

damming, have altered carbon biogeochemical cycles (Hope et al., 1994; Hu et al., 94 

2015; Y. Li et al., 2019; Seitzinger et al., 2010). East and Southeast Asia are the major 95 

regions influenced by the Asian monsoon and have been considered one of the most 96 

critical and sensitive regions in the global climate system (Fang et al., 2010). At the 97 

continental scale, the greatest number of large reservoirs and the most significant 98 

summed reservoir capacities are located in Asia (Vörösmarty et al., 1997). Future 99 

hydropower development is primarily concentrated in developing countries and 100 

emerging economies of Southeast Asia (Zarfl et al., 2015). Therefore, understanding 101 

the answers of fluvial OC biogeochemical and dynamical processes to those global 102 

changes is essential to assess the impact of global changes further. Maavara et al. 103 
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(2017) showed that current and future OC burial in dams occurs in Asia. 104 

In the same way, Liu et al. (2020) showed that reservoir impoundment led to 105 

increasing DOC flux and decreasing POC flux in Asia. Nevertheless, 106 

catchment-scales studies are needed to understand local consequences of dam 107 

implementation. For example, reservoirs impact the POC dynamics in the Yangtze 108 

and the Yellow catchments (Liu et al., 2019; Wu et al., 2020; Zeng et al., 2020). 109 

The Red River basin is a tropical basin shared among China, Laos and Vietnam, 110 

affected by human activities such as intensive agriculture and damming. Previous 111 

studies, based on both in-situ sampling data and modelling, have investigated the 112 

impacts of human activities on hydrology and SS (Dang et al., 2010; Le et al., 2007; 113 

Le et al., 2020; Lu et al., 2015; Vinh et al., 2014; Wang et al., 2011; Wei et al., 2019; 114 

2021). These studies especially found strong retention of SS caused by dams. 115 

Studies about nutrients associated with Q and SS, such as organic carbon, have also 116 

been conducted. Most of these studies analysed the concentrations and fluxes of 117 

nutrients based on the sampling data (Dang et al., 2013; Le et al., 2018, 2017a, 2010, 118 

2005); few used numerical modelling (Le et al., 2017b; Nguyen et al., 2018). In-situ 119 

sampling is a direct and accurate way to quantify fluvial carbon at the local or regional 120 

scale. From sampling data, Le et al. (2017a) estimated that the average export of total 121 

OC (TOC) during 2008-2010 was 270 kt yr-1 at Hanoi, of which 142 kt yr-1 was DOC, 122 

and 128 kt yr-1 was POC; Dang et al. (2013) quantified the annual POC flux of 243 kt 123 

yr-1 at Son Tay during 2006-2009 (see Figure 1 for sampling locations). However, 124 
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in-situ field sampling at large spatial and temporal scales is expensive and often 125 

impracticable. Combined with available in-situ data, a numerical modelling approach 126 

allows for overcoming these shortages. Le et al. (2017b) and Nguyen et al. (2018) 127 

used a modelling approach to identify a seasonal OC variation and estimated a TOC 128 

export of 324 kt yr-1 at Son Tay during 2013-2014. However, as explained above, 129 

simulations at a seasonal scale do not represent the whole range of OC flux variability 130 

and might induce underestimations (Hope et al., 1994). Therefore, assessing and 131 

calculating OC flux at a daily time step would be more precise using daily Q, SSC and 132 

OC concentrations.  133 

This work aims to understand the DOC and POC transport dynamics and quantify 134 

DOC and POC fluxes and variabilities based on a daily time step through the Red 135 

River basin. The specific objectives of this paper are: (1) to quantify DOC and POC 136 

fluxes through the basin during a long-term period (2003-2013) on a daily time step; (2) 137 

to assess the influence of short climate variability and damming on DOC and POC 138 

transport and fluxes; (3) to propose a new approach to evaluate DOC and POC at 139 

different points in the basin with accessible environmental parameters. 140 

 141 

2. Materials and Methods 142 

2.1. Study area 143 

The Red River basin covers a total area of approximately 159,000 km2. Our study 144 

area focuses on the continental drainage catchment at Son Tay, which is also the 145 
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apex of the delta, resulting in a surface of 137,200 km2 (Figure 1). 146 

The Red River is comprised of three main tributaries: the upper part of the main river 147 

before the confluence (the Thao River), which is the current main sediment load 148 

contributor (~80%) to Son Tay (Le et al., 2007; Vinh et al., 2014; Wei et al., 2021); the 149 

Da River, on the right river bank; the Lo River, on the left riverbank (Figure 1). 150 

The elevation in the basin ranges from 20m to 3000m. Most areas are mainly 151 

mountainous, with slopes mainly above 6%. The upper part of the Red River basin is 152 

formed by tectonically active mountains vulnerable to high erosion with intensive 153 

rainfall (Bai et al., 2015; Barton et al., 2004; He et al., 2007; Wei et al., 2021). 154 

Land use is presented in Figure 2. Forest and agriculture account cover most of the 155 

Red River basin. Land use change during 2000-2010 was insignificant, as only less 156 

than 4% of the bare land in the Red River basin was converted to agricultural land (Le 157 

et al., 2018). 158 

Concerning the hydrological cycle, the whole Red River basin is influenced by the 159 

monsoon system, from the humid subtropical monsoon in the upstream basin to the 160 

humid tropical monsoon in the downstream part, and associated with strong 161 

seasonality. The mean annual rainfall is 1590 mm in the Red River basin, and over 162 

85-90% of the yearly precipitation falls during the southwest monsoon season (May to 163 

October; Le et al., 2007; Li et al., 2016). The rainfall is unevenly distributed (Li et al., 164 

2008; Luu et al., 2010; Xie, 2002). Runoff shows high inter-seasonal variations, with a 165 

flood season occurring between May and October, with over 80% of the total annual 166 
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runoff. The discharge at Son Tay is about 3,000 m3 s-1, with floods exceeding 20,000 167 

m3 s-1 (Vietnam Ministry of Natural Resources and Environment; MONRE). The 168 

annual water volumes within the catchment are 20.7, 28.2, 51.9, and 99.0 km3 yr-1 at 169 

Yen Bai, Vu Quang, Hoa Binh and Son Tay stations, respectively. 170 

Concerning suspended matter, sediment fluxes were strongly affected by the 171 

construction of dams (Le et al., 2007; Lu et al., 2015; Vinh et al., 2014; Wei et al., 172 

2021). This basin has six important dams with large storage capacities (Figure 1). The 173 

two dams on the Thao River started operating in 2008 and 2011. The two dams on the 174 

Lo River were impounded in 1972 and 2008. Two larger dams on the Da River started 175 

to operate in 1989 and 2011. More details about these dams can be found in Wei et al. 176 

(2019). 177 

2.2. Data sources 178 

Daily Q and SSC data were obtained from the Vietnam Ministry of Natural Resources 179 

and Environment at Yen Bai, Vu Quang, Hoa Binh and Son Tay stations from 2003 to 180 

2013 (see Figure 1).  181 

Modelling inputs such as topography (digital elevation model), land use, soil map, 182 

rainfall and temperature were used to simulate daily Q and SSC using the Soil and 183 

Water Assessment Tool (SWAT; Neitsch et al., 2009), as detailed in the previous work 184 

of Wei et al. (2019). Land use and soil map are presented in Figure 2. 185 

POC and DOC data come from Dang (2011) and Le et al. (2017a). Dang (2011) 186 

provided POC and DOC concentrations at Yen Bai, Vu Quang, Hoa Binh and Son Tay 187 
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during 2008-2009, with sampling frequency generally monthly or bimonthly. POC was 188 

determined using a LECO CS 125 analyser, and DOC was measured with a TOC 189 

5000 Shimadzu. Analytical accuracy was evaluated between 3 and 5 % (Dang et al. 190 

(2010). 191 

Le et al. (2017a) sampled DOC and POC one to three times per month from 192 

2003-2004, 2008-2010, and 2012-2013 at Yen Bai, Vu Quang, Hoa Binh and Son Tay. 193 

Due to the sampling difficulties, data are missing for some years or months. In the 194 

same way, POC was measured with a LECO CS 125 analyser, while DOC was 195 

determined with an ANATOC II TOC analyser. Detailed information about these 196 

sampling and laboratory measurements can be found in Dang (2011) and Le et al. 197 

(2017a). 198 

2.3. Organic carbon calculation 199 

2.3.1. DOC equation 200 

The equation for calculating the DOC concentration [DOC] from daily Q was taken 201 

from the work of Fabre et al. (2019): 202 

       
      

     
          (1) 203 

where [DOC] is in mg L-1, Q in mm d-1; the parameter α (mg L-1) represents a potential 204 

of maximum [DOC] at the outlet of each sub-basin, and the parameter β (mm d-1) is 205 

the Q when [DOC] is half of α. 206 

2.3.2. POC equation 207 

The equation for calculating the POC concentration was proposed by Boithias et al. 208 
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(2014), who generalised the relation between the POC and suspended sediment 209 

concentration (SSC) as follows: 210 

 
      

    

     
               

                         
  (2) 211 

where %POC is the percentage of POC in the suspended sediment, %POCmax is the 212 

maximum value over the basin, SSC is in mg L-1, and parameters a and b are linked to 213 

environmental variables related to each sub-basin (see details in section 3.1.4). The 214 

parameter a (in mg L-1) is the vertical asymptote corresponding to a low SSC with 215 

organic matter rich in OC, such as phytoplankton and residuals. The parameter b 216 

(in %) is the horizontal asymptote representing the suspended matters with low OC 217 

concentration, nearly equals to soil organic carbon content (Boithias et al., 2014; 218 

Fabre et al., 2019). When SSC is smaller than a, %POC equals its maximum 219 

value, %POCmax. 220 

2.4. Modelling strategy 221 

2.4.1. Parameters calibration for DOC and POC 222 

The four parameters (α, β, a, b) in Equations 1 and 2 were manually calibrated based 223 

on the discrete OC sampling data and the observed daily Q and SSC at each station. 224 

It allowed determining values of specific parameters associated with each sub-basin, 225 

which are representatives of the characteristics of these sub-basins. The values of 226 

each parameter were calibrated separately in order to obtain simulated values as 227 

close as possible to the observed values. The maximum value of %POC was set by 228 

considering covering 99.9% of the dataset. 229 
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2.4.2. Scenarios setting 230 

The SWAT is a physically-based model used to simulate the quality and quantity of Q, 231 

SSC and nutrients over the river basin and to predict the environmental impacts of 232 

human activities and short climate variability (Neitsch et al., 2009). The version of 233 

SWAT we used in this study (SWAT 2012) cannot compute the DOC and POC 234 

concentrations. Wei et al. (2019) applied the SWAT model on the Red River, obtaining 235 

simulated daily Q and SSC from 2000 to 2013 in good agreement with in-situ 236 

measurements (scenario of current conditions, with dams). A reference scenario 237 

(without dams) was also implemented to assess separately the impacts of short 238 

climate variability and dams on Q and SSC, respectively. Current conditions and 239 

reference scenario settings are presented in Figure 3. More detailed information on 240 

simulated Q and SSC can be found in Wei et al. (2019).  241 

This study aims to apply the simulated daily Q and SSC of the current conditions and 242 

the reference scenario (without dams) to calculate the simulated DOC and POC 243 

fluxes under those conditions (Figure 3). 244 

2.5. Model evaluation and validation for DOC and POC 245 

The simulated OC fluxes of current conditions from modelling would be validated by 246 

comparing them to the results from the Load Estimator (LOADEST) regression model, 247 

which U.S. Geological Survey developed for estimating constituent loads in rivers 248 

(Runkel et al., 2004) and had been applied to many studies (Huntington and Aiken, 249 

2013; McClelland et al., 2007; Sickman et al., 2007; Tamm et al., 2008). Daily water 250 

releases and OC concentrations are available in both high and low flow periods, which 251 
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makes the LOADEST approach consistent. LOADEST model will provide a more 252 

consistent dataset of data based on observed values, which will allow calculating 253 

monthly observed fluxes. LOADEST model is calibrated through regression analysis 254 

based on discrete OC sampling data and observed daily Q. The best regression 255 

model (Approximate Maximum Likelihood Estimator) is used with LOADEST to 256 

estimate daily DOC and POC fluxes, respectively. The mean annual DOC and POC 257 

fluxes from other studies in the same basin (Dang, 2011; Le et al., 2017a) were also 258 

used as references for validating the simulations from this study. 259 

The coefficient of determination (R2) and the Nash–Sutcliffe efficiency (NSE) were 260 

used as statistical tests to evaluate the quality of our calculation by comparing the 261 

results from LOADEST with ours (Moriasi et al., 2007; Nash and Sutcliffe, 1970). R2 262 

values greater than 0.3 or 0.4 are considered satisfactory for monthly nitrogen or 263 

sediment loads, respectively (Moriasi et al., 2015). NSE values greater than 0.35 and 264 

0.45 are generally considered satisfactory for monthly nitrogen or sediment loads, 265 

respectively (Moriasi et al., 2015). We assumed we could use these thresholds for 266 

organic carbon studies. 267 

3. Results 268 

3.1. DOC and POC concentrations 269 

3.1.1. DOC equation application 270 

The value of parameters α and β in Equation 1 obtained for each station and the 271 

number of sampling DOC used for inferring the parameters are listed in Table 1. The 272 
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values of parameter α vary from 4.5 to 5.5; parameter β ranges from 0.7 to 2.5, 273 

geographically increasing from the upstream to the downstream. 274 

3.1.2. DOC concentrations temporal variations 275 

The daily variations of observed and simulated DOC concentrations at four stations 276 

from 2003 to 2013 are presented in Figure 4. The observed DOC concentrations were 277 

measured over some short periods and did not show apparent seasonal variations. 278 

The simulated DOC concentrations are in the range of the observations (values of the 279 

range are presented in the following sub-section), with most sampling points captured 280 

by our simulations. Generally, simulated DOC concentration varies following Q 281 

variations, increasing from May to July, staying high during the highest floods in 282 

August and September, and decreasing from October to April. 283 

Simulated mean annual DOC concentrations increase in the following order: Yen Bai 284 

(1.39 mg L-1) < Vu Quang (1.50 mg L-1) < Hoa Binh (1.60 mg L-1) < Son Tay (1.81 mg 285 

L-1). 286 

3.1.3. DOC concentration ranges and spatial variations 287 

Simulated DOC concentrations at four stations varied slightly (Figure 5a). At Yen Bai 288 

station, DOC concentration ranges from 0.01 to 4.13 mg L-1 with an average of 1.25 289 

mg L-1 (observations from 0.20 to 5.90 mg L-1); at Vu Quang, DOC was in the range of 290 

0.03 to 4.01 mg L-1 with an average of 1.50 mg L-1 (observations from 0.33 to 5.70 mg 291 

L-1); at Hoa Binh, DOC concentration varied from 0.05 to 4.05 mg L-1 with an average 292 

of 1.60 mg L-1 (observations from 0.12 to 5.65 mg L-1); at Son Tay, DOC shifted from 293 
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0.05 to 4.11 mg L-1 with an average of 1.81 mg L-1 (observations from 0.36 to 6.00 mg 294 

L-1). 295 

3.1.4. POC equation application 296 

Figure 6 shows the percentage of POC in suspended sediment (%POC) against the 297 

suspended sediment concentration (SSC) computed from available measurements in 298 

2003-2013. %POC shows a significant negative relationship with SSC, following well 299 

Equation 2. 300 

We obtained different values for the parameters a, b, and %POCmax for the four 301 

stations (Table 1). The parameter a varies broadly, with a maximum value of 40.0 mg 302 

L-1 at Yen Bai and a minimum of 5.0 mg L-1 at Hoa Binh. Parameter b varies from 1.0 303 

to 1.7%, with a maximum at Hoa Binh and a minimum at Yen Bai. %POCmax varies 304 

strongly, with a minimum of 10 mg L-1 at Yen Bai and a maximum of 40 mg L-1 at Hoa 305 

Binh. 306 

3.1.5. POC concentrations temporal variations 307 

Figure 7 illustrates the daily variations of simulated and observed POC concentrations 308 

at four stations from 2003 to 2013. POC concentrations showed great seasonal and 309 

inter-annual variations. POC peak flows occurred from May to October. Seasonal 310 

variations strongly weakened during more recent years (2008-2013), and the POC 311 

peak flows decreased. For Yen Bai, Vu Quang, Hoa Binh and Son Tay stations, the 312 

standard deviation is 10.11, 2.75, 0.84, and 3.55 mg L-1, respectively, over 2003-2007, 313 

and 3.76, 0.83, 0.53, and 0.96 mg L-1, over 2008-2013; and the maximum POC 314 
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concentration is 82.77, 18.86, 7.91, 22.72 mg L-1 during 2003-2007 and 30.12, 9.50, 315 

12.31, and 6.52 mg L-1 respectively during 2008-2013. 316 

Simulations are in the same range as discrete samplings (values of the range are 317 

presented in the following sub-section) and produce acceptable results. Comparing 318 

the simulated POC concentrations to the observations, simulated POC peaks can be 319 

underestimated for some years. Simulated POC base values are generally in good 320 

agreement with in-situ observations. 321 

3.1.6. POC concentration ranges and spatial variations 322 

Figure 5b presents the simulated POC concentration ranges at the four stations. From 323 

the simulations, POC concentrations vary from 0.85 to 82.77 mg L-1 with an average 324 

of 8.35 mg L-1 at Yen Bai (observations from 0.14 to 67.20 mg L-1), from 0.40 to 18.86 325 

mg L-1 with an average of 2.30 mg L-1 at Vu Quang (observations from 0.20 to 5.17 mg 326 

L-1), from 0.36 to 12.31 mg L-1 with an average of 0.96 mg L-1 at Hoa Binh 327 

(observations from 0.18 to 3.27 mg L-1) and from 0.43 to 22.72 mg L-1 with an average 328 

of 3.03 mg L-1 at Son Tay (observations from 0.20 to 23.78 mg L-1). Our simulations 329 

have larger ranges compared to observations because our simulations period covers 330 

the years before dam implementation when the POC concentrations were high. The 331 

POC low concentrations at these four stations do not differ much, but significant 332 

differences occur at POC peak fluxes. 333 

3.2. Fluxes of DOC and POC 334 

3.2.1. DOC flux variations 335 

Daily variations of DOC fluxes at four stations are presented in Figure 8a. Simulated 336 
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DOC fluxes fit well with the observations during low flow periods. Daily simulations 337 

represent the DOC flux fluctuations realistically during flood seasons. 338 

As described in section 2.5, the LOADEST model results are used as references to 339 

validate our simulations. Figure 8b shows the DOC fluxes from LOADEST and our 340 

simulations at a monthly scale. Compared to the results from LOADEST, the 341 

simulated base DOC flux is lower, and the peak DOC flux is higher for some years; 342 

the R2 at these four stations varies from 0.65 to 0.74, and the NSE is in the range of 343 

0.02-0.56, which indicates that our simulations of DOC fluxes at monthly scale are 344 

acceptable to good. At Son Tay outlet, 85% of the total export of DOC happened in the 345 

southwest monsoon seasons (from May to October). 346 

Annual DOC simulated fluxes variations are presented in Figure 9. The mean annual 347 

DOC flux during the study period at Yen Bai, Vu Quang, Hoa Binh and Son Tay 348 

stations are 44, 53, 88 and 222 kt yr-1, respectively. The maximum annual DOC flux 349 

occurred in 2008, the maximum flood year during the study period. The minimum 350 

annual DOC flux occurred in 2010, the drier year during the study period. 351 

3.2.2. POC flux variations 352 

Figure 10a illustrates the daily variations of POC fluxes at four stations. As for daily 353 

DOC fluxes, simulated POC fluxes are in the range of the observations. 354 

The observed data were sampled after 2007, and some dams (the Nansha, 355 

Madushan, Tuyen Quang and Son La dams) were under construction during the 356 

2003-2007 period and have been operating since 2008. The POC conditions before 357 
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and after 2008 were hence different because of the impacts of dam constructions on 358 

suspended sediment. The POC sampling concentrations before 2008 are few and 359 

limited. Here we thus only compared the POC fluxes from LOADEST and our 360 

simulation over the 2008-2013 period. Our simulation results during 2003-2007 were 361 

plotted to provide insight into POC fluxes during this period (Figure 10b). Generally, 362 

the results from LOADEST and our simulation fit well on both POC peak and base 363 

fluxes: R2 is between 0.50-0.59, while NSE varies from 0.34 to 0.56, indicating a 364 

satisfactory performance. At Son Tay, 88% of the total POC fluxes are exported to the 365 

delta from the southwest monsoon season. 366 

Figure 11 shows the simulated annual POC flux variations for the four stations 367 

between 2003-2013. The mean annual POC fluxes of Yen Bai, Vu Quang, Hoa Binh 368 

and Son Tay stations are 318, 83, 55 and 406 kt yr-1, respectively. The Thao River 369 

exported the highest POC loads among the three tributaries, followed by the Lo River. 370 

Contrary to what was obtained for the DOC export, the Da River exported the smallest 371 

POC flux. The POC flux was the highest at the confluence (Son Tay station). The 372 

maximum annual POC flux generally occurred in 2007, while the minimum annual 373 

POC flux occurred in 2011. 374 

3.2.3. Spatial variations of new dams impacts on DOC and POC dynamics 375 

The effects of dams implementation on each main tributary were assessed by 376 

comparing values obtained during the period 2003-2007 and the period 2008-2013. 377 

Table 2 shows the effects of the new dams on OC dynamics. New dams induce a 378 
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spatially homogeneous decrease between 64 and 71% for POC while it shows slight 379 

variations (between -9% and +5%) for DOC. 380 

Concerning the contribution of the main tributaries to the outlet, the implementation of 381 

the new dams seems not to impact the balance of the contributions by the tributaries. 382 

For POC, the Thao River is responsible of 70% of the export followed by the Lo River 383 

with about 20% and by the Da River with 10%. For DOC, the main contributor is the 384 

Da River with 46% of the exports, followed by the Lo River with 30% and by the Thao 385 

River with 24% of the exports. 386 

3.2.4. TOC flux variations 387 

Annual simulated TOC fluxes showed significant inter-annual variations (Figure 12). 388 

The mean annual TOC fluxes for the study period were 350, 136, 143 and 628 kt yr-1 389 

at Yen Bai, Vu Quang, Hoa Binh and Son Tay stations, respectively. Comparing the 390 

TOC export among the three tributaries, TOC fluxes exported by the Lo and Da rivers 391 

were of the same order, and the Thao River exported around 2.5 times higher TOC 392 

than the Lo and Da rivers. The highest TOC fluxes were generated in 2007 and the 393 

lowest in 2010. 394 

3.3. TOC fluxes variations under the reference scenario 395 

Figure 13a presents simulated monthly TOC flux variations under the reference 396 

scenario and current conditions at Son Tay station. The differences between the 397 

reference scenario and current conditions for monthly DOC fluxes are slight (p=0.5), 398 

while they are significant for monthly POC fluxes (p<0.001). The differences in the 399 
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dynamic processes between the reference scenario and current conditions occur 400 

during the flood seasons and are much more significant for POC than DOC: the 401 

average monthly fluxes during June and August under the reference scenario and 402 

current conditions for DOC are 42.0 and 40.3 kt month-1. They are 271.5 and 72.4 kt 403 

month-1 for POC. 404 

The annual fluxes of POC under the reference scenario and current conditions also 405 

differ considerably compared to the DOC fluxes (Figure 13b). When comparing the 406 

period after new dams (2008-2013) to the previous period (2003-2007), the annual 407 

DOC flux was reduced by 12%: a 1% increase due to Q change induced by short 408 

climate variability and a 13% decrease due to dam constructions. The annual POC 409 

flux decreased by 87%, of which 2% was due to Q variation caused by short climate 410 

variability and 85% due to damming. POC variations resulted in the variations of POC 411 

percentage in TOC (POC/TOC) at Son Tay station (Figure 14). 412 

The POC/TOC ratio under the reference scenario is higher (from 81 to 89% with an 413 

averaged value of 85%, standard deviation=1.7%) than that under current conditions 414 

(from 33 to 90% with an averaged value of 58%, standard deviation=13.6%); 415 

moreover, the POC/TOC ratio under reference scenario shows a weaker seasonal 416 

variability than under current conditions (Figure 14a). 417 

The ratio POC/TOC under current conditions decreased after 2007, and its seasonal 418 

variability also changed afterwards (Figure 14a). During 2003-2007, the maximum 419 

POC/TOC generally occurred in September and October, whereas the minimum 420 
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POC/TOC showed up during February and March. During 2008-2013, the maximum 421 

POC/TOC showed up generally in February and March and the minimum in 422 

December, January or June. 423 

There is a clear negative POC/TOC ratio shift in 2008 under current conditions (Figure 424 

14). The mean annual POC/TOC ratio under the reference scenario stayed the same 425 

(86%) during 2003-2007 and 2008-2013, while under current conditions, it decreased 426 

from 74% during 2003-2007 to 47% during 2008-2013. 427 

4. Discussion 428 

4.1. Parameter analysis 429 

4.1.1. Parameters of DOC 430 

The parameter α is the potential maximum fluvial DOC concentration at each station, 431 

and it can be related to its sources. Previous studies indicated that DOC increased 432 

with increasing soil carbon content (Manninen et al., 2018). The soil organic matter, 433 

through soil erosion and leaching, was the main source of fluvial DOC (Dang, 2011; 434 

Le et al., 2017a; Lloret et al., 2016). Figure 15a presents the soil organic carbon 435 

content through the Red River basin. The average soil organic carbon contents (% 436 

soil weight) of the drainage area of Yen Bai, Vu Quang, Hoa Binh and Son Tay are 437 

1.60%, 1.79%, 1.92% and 1.77%, respectively. Figure 15b shows that the relationship 438 

between the parameter α and the average soil organic carbon content of the drainage 439 

area of each station is significant, indicating a positive correlation. The increasing 440 

order of mean annual DOC concentration during 2003-2013 at the outlet of each river 441 
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is consistent with the increasing order of the average soil organic carbon content: Yen 442 

Bai < Son Tay< Vu Quang < Hoa Binh. 443 

The parameter β corresponds to the discharge Q when the DOC concentration is half 444 

of α, so it is linked to α. Besides, β increases in the following order: Yen Bai < Vu 445 

Quang < Hoa Binh < Son Tay (Table 1), and the annual mean Q for these four stations 446 

(Yen Bai: 608 m3 s-1, Vu Quang: 848 m3 s-1, Hoa Binh: 1529 m3 s-1, Son Tay: 3052 m3 447 

s-1) increase in the same order. We assume that within the same basin, the parameter 448 

β can be positively correlated with Q. However, this needs further study and 449 

confirmation from other basins worldwide. 450 

Equation 1 was also applied at the outlet of the Yenisei River basin, located in the 451 

Arctic region with a watershed surface of 2,540,000 km2. The parameters α and β 452 

were 15.0 and 1.29, respectively (Fabre et al., 2019). The α at the outlet of the Yenisei 453 

River basin is higher than at the Red River outlet due to the high soil OC contents in 454 

the Yenisei basin. It agrees with the relationship between the parameter α and the soil 455 

organic carbon content (% soil weight; Figure 15). 456 

4.1.2. Parameters of POC 457 

The maximum %POC decreases in the following order (Table 1): Hoa Binh (40) >= 458 

Son Tay and Vu Quang (15) > Yen Bai (10). The SSC at Hoa Binh station was the 459 

lowest (annual mean during 2003-2013 is 34 mg L-1) compared to other stations 460 

(annual mean SSC for Yen Bai, Vu Quang, and Son Tay is 631, 99 and 137 mg L-1, 461 

respectively) due to the retention by the dams, especially by the Hoa Binh dam (Dang 462 
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et al., 2010; Wei et al., 2019). Besides, algae and phytoplankton in the reservoir can 463 

contribute to high particulate organic carbon. Therefore, these two factors induce a 464 

high maximum %POC at Hoa Binh station. On the contrary, at Yen Bai station, the 465 

SSC is the highest with low autochthonous organic production compared to other 466 

stations (Dang et al., 2010; Dang, 2011; Nguyen et al., 2018). Therefore, the 467 

maximum %POC is small. 468 

The parameter a is a basin-specific constant that includes anthropogenic impacts and 469 

corresponds to low SSC values and to matter rich in OC, such as phytoplankton and 470 

residuals. Comparing the minimum SSC values of the three tributaries, the Thao River 471 

presents the highest concentration (15.2 mg L-1). In contrast, at Hoa Binh station on 472 

the Da River, the lowest concentration (0.6 mg L-1) is observed, which explains the 473 

corresponding values of a - high at Yen Bai (40, Table 1) and low at Hoa Binh (5). 474 

Besides, thanks to the Nansha and Madushan dams constructions, local villagers 475 

have entered into extensive fish farming (Rousseau, 2014), while fish feed and faeces 476 

are rich in organic matter (Beristain, 2005). Moreover, near the Nansha dam, a 477 

sugarcane processing plant often releases chemicals and wastes into the Red River 478 

(Rousseau, 2014). These factors make the water quality downstream of the 479 

Madushan dam very bad (Rousseau, 2014), which contributes to explaining the high 480 

parameter a value at Yen Bai. In addition, the concentrations of Chl-a of these three 481 

tributaries from large to small was in the following order: Yen Bai (1.9 μg L-1) > Vu 482 

Quang (1.3 μg L-1) > Hoa Binh (1.1 μg L-1; no data for Son Tay in Le et al., 2017a), 483 
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which is in the same order as the values of parameter a (Figure 15d). Therefore, the 484 

parameter a accurately expresses the characteristics of each tributary in this study. 485 

As described in subsection 2.3.2, parameter b is the horizontal asymptote 486 

representing the suspended matters with low OC concentration near soil content. 487 

From Figure 15e, we can see that parameter b shows a positive and significant 488 

correlation with the average soil organic carbon content of the drainage area of each 489 

station. Hence, the values of the parameter b well represent the characteristics of 490 

each sub-basin. 491 

The parameters a and b were set to 5 mg L-1 and 2.1%, respectively, in an agricultural 492 

basin in southeast France (Boithias et al., 2014); and to 0.95 mg L-1 and 3.9%, 493 

respectively in an Arctic basin (Fabre et al., 2019). The minimum SSC observed in the 494 

study river of Boithias et al. (2014) is 5 mg L-1, while it is around 1 mg L-1 of Fabre et al. 495 

(2019); hence, they set the parameter a to 5 mg L-1 and 0.95 mg L-1. In our study, the 496 

parameter a is higher than the minimum SSC observed at each station, which 497 

indicates the contributions from phytoplankton and residuals in the Red River that 498 

were not observed in the study rivers of Boithias et al. (2014) and Fabre et al. (2019). 499 

In the study area of Boithias et al. (2014), the topsoil organic matter content is about 500 

2%, which is higher than our basin (1.6-1.9%). In the study case of Fabre et al. (2019), 501 

the permafrost stores abundant soil OC, leading to a high parameter b. Therefore, the 502 

parameter b from their study is higher than ours (from 1.0% to 1.7%). From the above, 503 

the parameters a and b obtained from Boithias et al. (2014), Fabre et al. (2019), and 504 
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this study seem to represent the specific characteristics of various local basins. 505 

4.1.3. Application: a new method to evaluate the DOC and POC concentrations 506 

Our results also enable us to propose a new method to evaluate the DOC and POC 507 

concentrations at any point within the Red River basin. If one knows the values of 508 

average soil organic carbon content of the drainage area, mean annual discharge and 509 

the Chl-a concentration in the river, using the relationships in Figure 15 allows to 510 

determine α, β, a and b; Equation 1 and 2 can then be used to evaluate the DOC and 511 

POC concentrations. 512 

4.2. Comparison of the OC contents with other studies 513 

4.2.1. Comparison with other studies for the Red River 514 

We first compared our simulations with results from other studies based on in-situ 515 

sampling in the Red River basin (Table 3). To make things comparable, we performed 516 

our comparison over the 2008-2009 period. 517 

Our simulated results are slightly lower (about -17%) for the mean annual DOC 518 

concentration compared to the other two studies (Dang, 2011; Le et al., 2017a). In 519 

both studies, discrete samplings were just taken once or twice per month, and at dry 520 

seasons the frequency was even lower, while our results were calculated based on a 521 

daily time step simulation. Those different temporal scales can induce differences in 522 

mean annual DOC concentration estimations. The mean yearly DOC flux of 523 

2008-2009 at Vu Quang and Hoa Binh stations estimated by Dang (2011) is around 524 

60% higher than that of Le et al. (2017a). Note that the LOADEST results are close to 525 

the ones of Le et al. (2017a; Table 3) as a large proportion of sampling data used by 526 
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the LOADEST comes from their dataset. Comparing our results to the LOADEST, the 527 

DOC fluxes are 17-28% higher at the three tributaries and 3% higher at the outlet Son 528 

Tay station. Hope et al. (1994) indicated that low-frequency sampling led to 529 

underestimating the fluvial carbon flux due to the under-representation of storm flow 530 

conditions. Finally, our study produces an estimation of 222 kt yr-1 of DOC flux at Son 531 

Tay (Table 3) over 2003-2013, which accounts for 0.26% of the total DOC export by 532 

Asian rivers to the seas, estimated to 85.45 Mt yr-1 by Li et al. (2019). 533 

Significant differences in mean annual POC concentration during 2008-2009 can be 534 

found between Dang (2011) and Le et al. (2017a): POC concentrations from Le et al. 535 

(2017a) are only 31% of that from Dang (2011); our results are between theirs (Table 536 

3). POC concentrations are strongly linked to SSC, which can vary significantly from 537 

sampling location and time. Le et al. (2017a) estimated that the POC fluxes are about 538 

59% of the values Dang (2011) estimated, especially at Yen Bai station, where the 539 

SSC is very high. Comparing our results to the LOADEST, our estimations are 10-31% 540 

lower on the three tributaries and 34% lower at Son Tay. Since POC fluxes 541 

transported by the Asian rivers are 76.90 Mt yr-1 (Li et al., 2017), the export of POC at 542 

Son Tay (406 kt yr-1 over 2003-2013 in our study) accounts for 0.37% of the total POC 543 

export by the Asian rivers. 544 

The estimated TOC flux during 2003-2013 at Son Tay equals 628 kt yr-1. Regardless 545 

of the time, the mean annual TOC at Son Tay was estimated from 324 to 506 kt yr-1 546 

(Dang, 2011; Nguyen et al., 2018), and our simulation is higher than theirs (94% 547 
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higher than Nguyen et al. (2018) and 24% higher than Dang (2011), again due to the 548 

difference of calculation time step: our simulations at a daily time step consider all 549 

flood events. Finally, our results suggested that the Red River exported 628 kt yr-1 of 550 

TOC over 2003-2013, i.e. contributed approximately 0.38% of TOC exported by the 551 

Asian rivers (164 Mt yr-1, Li et al., 2017). 552 

4.2.2. Comparison with other rivers 553 

Compared with other Asian and tropical rivers, the exports of DOC and POC through 554 

the Red River are not that large, especially for POC (Table 3). However, when 555 

comparing specific yields, the Red River basin yields high DOC and POC values. It is 556 

in agreement with some previous studies, indicating that the rivers in mainland Asia, 557 

especially those originating from the Himalayan plateau, have the highest specific 558 

POC and DOC export rates worldwide (Aucour et al., 2006; Galy et al., 2007; Huang 559 

et al., 2012; M. Li et al., 2019). 560 

The DOC flux of the Red River is 58% and 10% higher than that of the Pearl and 561 

Mekong Rivers, respectively, which are geographically close to the Red River (Table 562 

3). In the same way, the DOC exports of the Red River are 14%, 171% and 370% 563 

higher than that of the Yangtze, Godavari and Yellow Rivers. Compared to other large 564 

rivers, the specific fluxes are in the same range as that of the Amazon and Congo 565 

rivers, the two largest basins in the world. 566 

However, the DOC yield of the Red River basin (1618 kg km-2 yr-1) is about twice that 567 

of the Pearl and Yangtze basins and around half that of the Mekong and Congo 568 
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basins (Table 3). Though the DOC flux of the Red River is smaller than those of the 569 

Pearl and Yangtze Rivers, its specific DOC yield is higher than theirs. The high DOC 570 

yield of the Red River basin comes from high leaching from soil and rocks. Previous 571 

studies pointed out that the DOC in the Red River is mainly allochthonous during rainy 572 

seasons, e.g. soil leaching, and anthropogenic during dry seasons (industrial and 573 

domestic wastewater; Dang, 2011; Le et al., 2017a). Infiltration is a key factor in the 574 

hydrological pattern of this basin (Bui et al., 2014), accelerating leaching processes. 575 

Soil erosion is high within the Red River basin, ranging from 1.6 to 174 t ha-1 yr-1 (Mai 576 

et al., 2013; Nguyen et al., 2012; Podwojewski et al., 2008; Tuan et al., 2014). 577 

Though the POC flux of the Red River is relatively low compared to other Asian rivers 578 

(from -1% for the Yellow River to -76% for the Mekong River, Table 3), its specific yield 579 

(2959 kg km-2 yr-1) is high compared to the Mekong (41%) and the Pearl River (+148%) 580 

basins which are two basins close by. Le et al. (2017a) emphasised that the main 581 

source of the POC was soil leaching and erosion, not phytoplankton. The soil erosion 582 

in this basin is high. Besides, POC is related to SSC, and the SSC in the Thao River is 583 

very high, with annual mean concentrations of 631 mg L-1 at Yen Bai and 137 mg L-1 at 584 

Son Tay from 2003 to 2013. 585 

4.3. Controls and influences on OC fluxes 586 

Figure 9, Figure 11 and Figure 12 show the annual evolution of simulated DOC, POC 587 

and TOC fluxes at four stations. The interannual variability of DOC flux is significant 588 

but not massive (standard deviations equal to 14, 11, 26, and 55 kt yr-1 for Yen Bai, Vu 589 
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Quang, Hoa Binh and Son Tay, respectively). The DOC flux was the highest in 2008 590 

(Figure 9), which is the flood year and was relatively low during 2010-2013 (averagely 591 

33, 49, 61 and 176 kt yr-1 for Yen Bai, Vu Quang, Hoa Binh and Son Tay, respectively) 592 

which are the drought years. Comparing DOC fluxes under the reference scenario 593 

and current conditions allows quantifying the impacts of Q variations associated with 594 

short climate variability and dam constructions (Figure 13). Under the reference 595 

scenario, due to the Q variation associated with short climate variability, the DOC flux 596 

during 2008-2013 only increased by 1% compared to 2003-2007, and the flood year 597 

2008 was the main contributor. Under current conditions, dams induced a 13% 598 

reduction of DOC flux, allowing peak flow regulation during flood seasons. Previous 599 

studies also revealed that short climate variability and dam constructions within the 600 

Red River basin impacted Q. However, they showed that Q was more influenced by 601 

short climate variability than dams (Wei et al., 2019). They found that the annual mean 602 

Q was reduced by 13% from 2000-2007 to 2008-2013 at the outlet, with 9% due to 603 

short climate variability and 4% due to the dams. 604 

A distinct decrease in POC flux can be noticed after 2007 at all four stations (Figure 11) 605 

when some new dams started to operate. At the outlet (Son Tay), the POC flux in 606 

2008 was only 45% of that in 2007, even though 2008 was a flood year, and the 607 

average POC fluxes decreased by 88% in 2008-2013 compared to 2003-2007. These 608 

dams have trapped the suspended sediment and changed the grain size distribution 609 

of downstream sediment (Wei et al., 2019), consequently affecting the POC transfer. 610 
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Indeed, SSC decreased drastically by 67% in 2008 (Wei et al., 2019). Similarly to 611 

DOC fluxes, POC fluxes under the reference scenario varied little (2%) between 612 

2003-2007 and 2008-2013. Dams caused an 85% decrease in POC flux. Our study 613 

reveals that dams induced severe sequestration of POC fluxes in the Red River basin 614 

due to suspended sediment retention. This sediment retention due to damming (up to 615 

90%) was already assessed in Wei et al. (2021). Reducing water and nutrient fluxes 616 

might influence aquatic ecosystems and water and nutrient availability for human 617 

activities in the dams and further downstream (Trinh et al., 2015). 618 

Dams in this basin have different degrees of influence on DOC and POC fluxes. Our 619 

conclusions are in agreement with other studies in other basins, showing that: the 620 

water-sediment regulation of dams had no significant influence on DOC fluxes (Xia et 621 

al., 2016a) but a substantial impact on the POC fluxes (Li et al., 2015; Xia et al., 622 

2016b). 623 

Due to the drop in POC flux, the TOC flux decreased by 31% at the outlet in 2008 624 

compared to the previous year (Figure 12). At Son Tay, the POC flux accounted for 74% 625 

of the TOC flux during 2003-2007, while it only accounted for 47% during 2008-2013, 626 

with the main part of organic carbon in the dissolved phase (Table 4). Previous studies 627 

indicated that the Asian rivers draining erosion-prone mountainous terrain deliver 628 

more POC than DOC, particularly during the rainy seasons (Ludwig et al., 1996; Park 629 

et al., 2018). However, with the construction and operation of new dams, the 630 

composition ratio of TOC changed from POC-dominating to DOC-dominating (Table 631 



31 

4). Besides, the dynamic variations of POC/TOC were also modified by dam 632 

regulation (Figure 14a). Before new dam constructions, the POC/TOC ratio was low 633 

around March and high in the flood season. However, after the impoundment of new 634 

dams, the dams fulfilled flood-control functions during June and July, retaining water 635 

and SS. Therefore, the POC/TOC ratio also decreased during the flood season. 636 

Moreover, dams discharge water for irrigation around March, releasing SS, which 637 

induces high POC/TOC. 638 

A fundamental change in POC/TOC was observed in 2008. Two new dams (Nansha 639 

on the Thao River and Tuyen Quang on the Lo River) started operation in 2008, and 640 

two new dams (Madushan on the Thao River and Son La on the Da River) were 641 

impounded in 2011. Compared to the other two tributaries, the POC/TOC ratio at Yen 642 

Bai on the Thao River did not decrease that sharply (Table 4). The Madushan and 643 

Nansha dams are around 230 km upstream of Yen Bai station. Therefore, the 644 

terrestrial inputs and the river bed degradation can regulate the suspended sediment 645 

and POC over this distance. At Hoa Binh station, before the new Son La dam became 646 

operational, the POC/TOC percentage was already low because of the Hoa Binh dam, 647 

which was impounded in 1989. Therefore, the most significant impact on the 648 

POC/TOC ratio at Son Tay is due to the change of the POC/TOC from the Lo River, i.e. 649 

Tuyen Quang dam contributes most to the decrease of POC/TOC at Son Tay. Dam 650 

impoundments impact the hydrological cycle and nutrient cycling, which could 651 

unbalance more aquatic ecosystems. Other factors related to human influence on 652 
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aquatic ecosystems, such as increased nutrient inputs, should be evaluated to 653 

understand their impacts on OC dynamics. In the same way, modelling the full carbon 654 

cycling may help identify interactions between organic and inorganic carbon within the 655 

catchment (Tian et al., 2015; Nakayama, 2022). Quantifying the effects of human 656 

pressures on freshwater ecosystems and the interactions between organic and 657 

inorganic carbon may refine our estimates of OC exports. 658 

4.4. Errors and uncertainties in the estimation 659 

Parameters in Equations 1 and 2 were calibrated based on discrete sampling data. 660 

However, sampling cannot be carried out when discharge is very high. Therefore, 661 

sampling DOC and POC concentrations at high discharge were lacking. More 662 

intensive sampling during flood season would help to obtain more precise parameters. 663 

Some DOC sampling data can be scattered during low discharge periods due to the 664 

uncertainty source, such as industrial and urban discharge. Along the Red River, the 665 

inhabitants are mainly farmers and villagers who might discharge the waste into the 666 

river. Moreover, %POC can vary greatly even on the same day due to the 667 

instantaneous suspended sediment concentration. Hence, the data from Le et al. 668 

(2017a) and Dang (2011) can differ even under a similar SSC concentration. 669 

Errors in estimating OC concentration and flux can also come from the simulated Q 670 

and SSC. Figure 16 presents the deviations between observed and simulated Q and 671 

SSC, focusing on dates where DOC and POC sampling were conducted. It shows that 672 

the POC and DOC equation parameters are determined based on a dataset not 673 
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representative of the different hydrological conditions, especially at Son Tay station. It 674 

leads to biases, as explained in the previous paragraph. 675 

Simulated Q and SSC errors are within acceptable limits (Wei et al., 2019). 676 

Nevertheless, even acceptable simulated Q and SSC may lead to high biases, 677 

especially at a daily time step where offsets in water or sediment transport may lead to 678 

a bad representation of the peaks. Moreover, LOADEST was used to validate our 679 

simulation, which can produce high biases when calculating long-term loading (Hirsch, 680 

2014; Stenback et al., 2011). 681 

As mentioned in section 3.1.5, POC parameters calibration was based on the data 682 

sampled since 2008 when new dams started operating. Therefore, the POC 683 

concentration and flux before 2008 were an insight to estimate the potential retention 684 

of POC in the reservoirs roughly. According to Wei et al. (2019), the dynamic transfer 685 

processes of SS before and after new dam constructions were different. Therefore, 686 

POC dynamic transfer processes and fluxes would be different before and after the 687 

new dam construction. Hence, the parameter b related to POC (Equation 2) should be 688 

different before 2008. 689 

4.5. Perspectives 690 

In this study, we used the original version of SWAT and used simulated discharge and 691 

suspended sediment fluxes combined with empirical equations to estimate organic 692 

carbon loads in the Red River. We showed that a simple approach with easy-to-obtain 693 

variables is limited in representing daily fluctuations of DOC and POC concentrations 694 
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in a watershed presenting multiple anthropogenic pressures, even if monthly 695 

variations are well represented. Nevertheless, some catchment-scales models can 696 

simulate carbon cycling within the watershed, including DOC and POC transport, 697 

which may lead to a better representation of daily variations in DOC and POC 698 

concentrations. ORCHIDEE MICT-LEAK can capture DOC dynamics and be applied 699 

in large Arctic rivers (Bowring et al., 2019; 2020). In the same way, INCA-C, a revised 700 

version of the INCA model, can simulate DOC fluxes in catchments (Futter et al., 701 

2007). 702 

Concerning SWAT, the CENTURY model (Parton et al., 1994) was recently 703 

implemented in SWAT, refining the simulation of soil organic matter dynamics (Yang et 704 

al., 2016; Zhang et al., 2013; Zhang, 2018). This new version of SWAT is called 705 

SWAT-C. SWAT-C was further developed by implementing modules simulating POC 706 

and DOC loading and transport processes (Du et al., 2020, 2023; Qi et al., 2019, 707 

2020). Applying SWAT-C on the Red River may refine the results presented in this 708 

paper. 709 

Moreover, a better understanding of the processes influencing OC in soils and rivers 710 

and its interactions with other nutrients and a better quantification of the human 711 

influence on OC transport from soils to rivers will help capture OC dynamics at the 712 

outlet of watersheds under anthropogenic pressures. As an example, deeper analysis 713 

on the isotopy or the stoichiometry balance of the DOC and POC within the basin may 714 

help in understanding the origins of the OC transported in the Red River catchment. 715 
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The main contributors for POC and DOC are the Thao River and the Da River, 716 

respectively. This difference in contribution may be explained by various factors such 717 

as a diversity in aquatic ecosystems functioning, land use, dam management, or soil 718 

type that may impact the characteristics of the organic carbon exported from the 719 

tributary to the main outlet, and further its interaction with other biogeochemical cycles 720 

in the delta and the sea (Luu et al., 2010). 721 

5. Conclusions 722 

Based on a hydrological model already set up, calibrated and validated over the Red 723 

River basin and on DOC and POC samplings, this paper estimates DOC and POC 724 

exports for ten years (2003-2013) in the large tropical Red River basin based on a 725 

model of OC dynamics. Intra-annual and inter-annual variations are difficult to assess 726 

from discrete in-situ samplings and only possible at the hydrometric stations. Based 727 

on the daily simulated OC concentration, discharge, and suspended sediment from a 728 

modelling study, daily OC fluxes were simulated considering all short-term events at 729 

hydrometric stations and anywhere within the basin. It allows an understanding of the 730 

spatiotemporal variations of OC in this basin. 731 

Discharge and suspended sediment are crucial factors for fluvial OC fluxes. However, 732 

the OC fluxes and specific yield have been altered by short climate variability and 733 

intensive human activities in this basin. Especially, dam impoundments clearly 734 

trapped POC, reducing TOC export and a different OC composition ratio, impacting 735 

the food chain downstream. 736 
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This study reveals that during 2003-2013, at the outlet of the Red River basin, the 737 

exports of DOC and POC were 222 and 406 kt yr-1, respectively, accounting for 0.38% 738 

of the total OC export by Asian rivers. However, the specific yields of DOC (1618 kg 739 

km2 yr-1) and POC (2959 kg km2 yr-1) of the Red River basin were high (more than 740 

double) compared to other Asian basins such as the Yellow, Yangtze, and Pearl. By 741 

comparing the scenario of reference scenario (without dams) to current conditions, we 742 

found a 12% and an 88% decrease in DOC and POC fluxes, respectively, mainly due 743 

to dams regulations (less than 2% of variations were explained by short climate 744 

variability). The percentage of POC in TOC decreased from 86% to 74% until 2007 745 

and 47% with new dams. Dam constructions altered the TOC yield and its constituent 746 

ratio. 747 

The corresponding parameters of the DOC and POC equations well represented the 748 

characteristics of each sub-basin, showing the effect of soil OC and Chlorophyll a. 749 

Further research may better represent daily variations of DOC and POC 750 

concentrations and the interactions with other elements to better understand the 751 

anthropogenic influence on OC dynamics. 752 

Finally, this study shows that climate variability may not impact OC dynamics as much 753 

as damming. The latter significantly decreased POC exports due to sediment 754 

retention, altering the equilibrium of OC cycling downstream, which may impact the 755 

food chain. If this statement is valid for the other Asian Rivers, the quality of OC inputs 756 

to the oceans may be drastically altered. 757 
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 1067 

Figure 1. The Red River watershed (red outline), with its three main tributaries (the Thao River, the Da 1068 

River and the Lo River): sampling sites and gauge stations (blue points); large dams locations (red 1069 

triangles). 1070 

  1071 
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 1072 

Figure 2. Land use and soil map of the Red River basin (Wei et al., 2019). 1073 
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 1075 

Figure 3. The setting for Current Conditions and Reference Scenario: grey triangles are the old dams 1076 

impounded before the study period, and black triangles are the new dams impounded since 2008. By 1077 

comparing current conditions to the reference scenario during 2008-2013, the impacts of these dams can 1078 

be quantified; by comparing the period 2008-2013 to 2003-2007 under the reference scenario, the impacts 1079 

of short climate variability can be quantified. 1080 

  1081 



56 

 1082 

Figure 4. Daily variations of dissolved organic carbon (DOC) concentration (mg L
-1

) at four stations from 1083 

2003 to 2013. Observation 1 (orange dots) shows the DOC measured by Le et al. (2017a); observation 2 1084 

(orange and black dots) indicates the DOC measured by Dang (2006); calculations from Equation 1 based 1085 

on the simulated discharge (Q, m
3
 s

-1
) from Wei et al. (2019) with the values of the parameters given in 1086 

Table 1 are the solid grey line. 1087 
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 1089 

Figure 5. Box plot of daily simulated dissolved organic carbon (DOC) and daily particulate organic carbon 1090 

(POC) concentration (mg L
-1

) at four stations during 2003-2013 in the Red River basin. IQR represents the 1091 

interquartile range. 1092 
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 1095 

Figure 6. Relationship between the percentage of POC concentration (%POC) in the suspended sediment 1096 

concentration (SSC, mg L
-1

) and observed SSC (mg L
-1

). Observation 1 (black dot) corresponds to the 1097 

measurements from Le et al. (2017a); observation 2 (black and brown dots) corresponds to the 1098 

measurements from Dang (2006); brown dots were the calculations from Equation 2 based on the 1099 

observed SSC data collected from the Vietnam Ministry of Natural Resources and Environment 1100 

(MONRE). %POCmax, the maximum limit of %POC, was set as 10%, 15%, 40% and 15% for Yen Bai, Vu 1101 

Quang, Hoa Binh and Son Tay, respectively. 1102 
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 1105 

Figure 7. Daily variation of particulate organic carbon (POC) concentration (mg L
-1

) at four stations from 1106 

2003 to 2013. Observation 1 (brown dots) was observed POC from Le et al. (2017a); observation 2 (brown 1107 

and black dots) was the observed POC from Dang (2006); simulation (solid grey line) was calculated from 1108 

Equation 2 based on the simulated suspended sediment concentration (SSC, mg L
-1

) from Wei et al. 1109 

(2019). 1110 
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 1113 

Figure 8. (a) Mean daily variation of dissolved organic carbon (DOC) fluxes (kt day
-1

) at four stations from 1114 

2003 to 2013. Observation 1 (orange dots) was calculated from the measured DOC concentration from Le 1115 

et al. (2017a); observation 2 (orange and black dots) was calculated from the measured DOC 1116 

concentration from Dang (2006); the solid grey line was the simulated DOC fluxes (kt day
-1

) calculated 1117 

based on the DOC concentrations from Equation 1 and the Q from SWAT model. (b) Mean monthly DOC 1118 

fluxes (kt month
-1

) comparison between results from LOADEST and our calculations. 1119 
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 1121 

Figure 9. Simulated annual dissolved organic carbon (DOC) fluxes (kt yr
-1

) at four stations from 2003 to 1122 

2013. 1123 
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 1126 

Figure 10. (a) Mean daily variation of particulate organic carbon (POC) flux (kt day
-1

) at four stations from 1127 

2003 to 2013. Observation 1 (brown dots) was calculated from the measured POC concentration from Le 1128 

et al. (2017a); observation 2 (brown and black dots) was calculated from the measured POC 1129 

concentration from Dang (2006); the solid gray line was the simulated POC flux (kt day
-1

) based on the 1130 

POC concentrations from Equation 2 and the Q from SWAT model. (b) Mean monthly POC flux (kt month
-1

) 1131 

comparison between LOADEST results and our calculations during 2008-2013. 1132 
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 1134 

Figure 112. Simulated annual particulate organic carbon (POC) fluxes (kt yr
-1

) at four stations from 2003 to 1135 

2013. 1136 

 1137 

 1138 

Figure 12. Simulated annual total organic carbon (TOC) flux (kt yr
-1

) at four stations from 2003 to 2013. 1139 
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 1141 

Figure 13. Simulated dissolved organic carbon (DOC) and particulate organic carbon (POC) fluxes at Son 1142 

Tay station under reference scenario and current conditions: (a) Monthly variations; (b) Annual budgets. 1143 

The solid black line displays the total decrease caused by short climate variability and dams between 1144 

2003-2007 and 2008-2013; the grey dashed line indicates the decrease related to short climate variability, 1145 

and the black dashed line displays the reduction caused by dams. 1146 
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 1149 

Figure 14. Simulated particulate organic carbon (POC) percentage in total organic carbon (TOC) during 1150 

2003-2013 under reference scenario and current conditions: (a) mean monthly variations; (b) mean 1151 

annual values. 1152 
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 1155 

Figure 15. (a) Soil organic carbon content (% soil weight) within each sub-basin; (b) relation between the 1156 

parameter α in DOC equation (Equation 1) and the average soil organic carbon content of the drainage 1157 

area of each station; (c) relation between the parameter β in DOC equation (Equation 1) and the mean 1158 

annual discharge (Q) of each station; (d) relation between the parameter a in POC equation (Equation 2) 1159 

and Chl-a (μg L
-1

; Le et al., 2017a); (e) relation between the parameter b in POC equation (Equation 2) 1160 

and the average soil organic carbon content of the drainage area of each station. 1161 
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 1164 

Figure 16. Comparison between observed and simulated discharge (top; mm.yr
-1

) and SSC (bottom; 1165 

mg.L
-1

). Coloured circles correspond to dates where DOC or POC data are available. 1166 

 1167 
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Table 1. Values of the parameters α and β for dissolved organic carbon (DOC, Equation 1) and of the 1169 

parameters a, b, and %POCmax for particulate organic carbon (POC, Equation 2) at different stations, and 1170 

number (N) of sampling data (DOC and POC) used to calibrate the parameters. 1171 

 Variables Parameter  Yen Bai Vu Quang Hoa Binh Son Tay 

DOC 

N (DOC) 94 94 96 73 

α (mg L
-1

) 4.5 5.0 5.5 5.0 

β (mm d
-1
) 0.7 0.8 1.7 2.5 

 R² (DOC concentrations) 0.04 0.00002 0.02 0.0001 

POC 

N (POC) 63 58 54 49 

a (mg L
-1

) 40.0 7.0 5.0 20.0 

b (%) 1.0 1.5 1.7 1.5 

%POCmax 10 15 40 15 

 R² (POC concentrations) 0.07 0.02 0.06 0.38 

 1172 

Table 2. Impacts of the new dams on the organic carbon dynamics (in kt.yr
-1

) in the main tributaries of the 1173 

Red River. The values in parentheses represent the contribution of the three main tributaries. 1174 

Variables Period Yen Bai Vu Quang Hoa Binh Son Tay 

POC 
2003-2007 490 ± 66 (69%) 132 ± 8 (19%) 87 ± 10 (12%) 662 ± 66 

2008-2013 175 ± 93 (71%) 43 ± 14 (18%) 28 ± 12 (11%) 193 ± 75 

 Difference -64 % -67% -68% -71% 

DOC 
2003-2007 44 ± 7 (24%) 53 ± 3 (29%) 88 ± 12 (47%) 222 ± 18 

2008-2013 42 ± 20 (24%) 56 ± 16 (31%) 80 ± 34 (45%) 216 ± 79 

 Difference -5 % +5% -9% -3% 

 1175 
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Table 3. Comparisons of organic carbon concentrations and fluxes between the present study and other studies in the Red River and in other rivers 

River Station 
Drain Area 
(10

3
 km

2
) 

Period 

DOC POC 

Reference Concentration 
(mg L

-1
) 

Flux 
(kt yr

-1
) 

Specific Yield 
(kg km

-2
 yr

-1
) 

Concentration 
(mg L

-1
) 

Flux 
(kt yr

-1
) 

Specific Yield 
(kg km

-2
 yr

-1
) 

Red 

Yen Bai 48.50 
2008-2009 

1.9 47 969 24.7 274 5649 Dang, 2006 

2.2 44 866 2.6 59 1258 Le et al., 2017a 

- 46 - - 197 - LOADEST (this study) 

1.51 59 1216 5.21 253 5216 This study 

2003-2013 1.39 44 907 8.35 318 6557 This study 

Vu Quang 30.37 
2008-2009 

2.4 78 2568 1.8 84 2766 Dang, 2006 

1.9 49 1613 0.8 47 1218 Le et al., 2017a 

- 59 - - 50 - LOADEST(this study) 

1.77 69 2272 1.33 55 1811 This study 

2003-2013 1.50 53 1745 2.30 83 2733 This study 

Hoa Binh 52.78 
2008-2009 

2.3 131 2482 1.3 55 1042 Dang, 2006 

1.7 82 1497 0.5 54 758 Le et al., 2017a 

- 98 - - 58 - LOADEST(this study) 

1.84 119 2255 0.62 40 758 This study 

2003-2013 1.60 88 1667 0.96 55 1042 This study 

Son Tay 137.23 
2008-2009 

2.5 263 1916 3.95 243 1771 Dang, 2006 

- 286 - - 259 - LOADEST(this study) 

2.03 296 2157 1.66 255 1858 This study 

2003-2013 1.81 222 1618 3.03 406 2959 This study 

Mekong 
My Thuan (DOC) 
Phnom Penh (POC) 

795 
1972-1998 (DOC) 
2006 (POC) 

n.a. 2200 2767 2.01 1670 2100 
Li et al., 2013 
Ellis et al., 2012 

Pearl n.a. 452 2005-2006 1.7 380 840 1.5 540 1195 Ni et al., 2008 

Yangtze Datong 1830 2009 2.03 1580 863 n.a. 1520 831 Wang et al., 2012 

Godavari Rajahmundry 313 2003-2005 1.24 130 415 n.a. 756 2414 Balakrishna et al., 2006 

Yellow Lijin 752 2008-2012 3.3 60 80 1.39 410 545 Ran et al., 2013 

Amazon Obidos 6000 1994-2000 7.18 26900 4483 0.85 5800 967 Moreira-Turcq et al., 2003 

Congo Kinshasa-Brazzaville 3700 2009-2010 9.2 12480 3373 1.46 1960 530 Spencer et al., 2016 
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Table 4. The percentage of particulate organic carbon (POC) in total organic carbon (TOC) in two periods (before and after the new 

dam constructions) at each station 

Variables Period Yen Bai Vu Quang Hoa Binh Son Tay 

POC/TOC 
2003-2007 91% 72% 47% 74% 

2008-2013 81% 44% 26% 47% 

 

 


