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Abstract21

A large portion of freshwater and sediment is exported to the ocean by a small number22

of major rivers. Many of these mega-rivers are subject to substantial anthropogenic pres-23

sures, which are having a major impact on water and sediment delivery to deltaic ecosys-24

tems. Due to hydrodynamic sorting, sediment grain size and composition varies strongly25

with depth and across the channel in large rivers, complicating flux quantification. To26

account for this, we modified a semi-empirical Rouse model, synoptically predicting sed-27

iment concentration, grain size distribution, and organic carbon (%OC) composition with28

depth and across the river channel. Using suspended sediment depth samples and flow29

velocity data, we applied this model to calculate sediment fluxes of the Irrawaddy and30

the Salween, the last two free-flowing mega-rivers in Southeast Asia. Deriving sediment-31

discharge rating curves, we calculated an annual sediment flux of 326+91
−70 Mt/yr for the32

Irrawaddy and 159+78
−51 Mt/yr for the Salween, together exporting 46% as much sediment33

as the Ganges-Brahmaputra system. The mean flux-weighted sediment exported by the34

Irrawaddy is significantly coarser (D84 = 193±13 µm) and OC-poorer (0.29±0.08 wt%)35

compared to the Salween (112±27 µm and 0.59±0.16 wt%, respectively). Both rivers36

export similar amounts of particulate organic carbon, with a total of 1.9+1.4
−0.9 Mt C/yr,37

53% as much as the Ganges-Brahmaputra. These results underline the global significance38

of the Irrawaddy and Salween rivers and warrant continued monitoring of their sediment39

flux, given the increasing anthropogenic pressures on these river basins.40

1 Introduction41

Rivers are the main conduits of dissolved and particulate matter from the conti-42

nents to the oceans. Accurate quantification of material exported by rivers is thus of-43

ten the most reliable and efficient way to constrain such key processes as continental ero-44

sion, chemical weathering, and organic carbon cycling (e.g., Meybeck, 1987; Gaillardet45

et al., 1999; West et al., 2005; Viers et al., 2013; Galy et al., 2015; Horan et al., 2019),46

leading to an improved understanding of the long-term controls on Earth surface con-47

ditions (e.g., Mackenzie & Garrels, 1966; France-Lanord & Derry, 1997; Berner & Kothavala,48

2001; Godderis et al., 2009; Maher & Chamberlain, 2014; Hilton et al., 2015), as well as49

the anthropogenic perturbation of these processes (e.g., Wilkinson & McElroy, 2007; Al-50

lison et al., 2007; Syvitski & Kettner, 2011; Best, 2019). On a global scale, the world’s51

30 largest rivers by discharge are estimated to account for ∼50% of all freshwater and52
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∼25% of all particulate matter export to the ocean (Milliman & Farnsworth, 2011). South-53

east Asian rivers in particular dominate the global sediment flux, delivering about 2/354

of the supply to the ocean, due to a combination of active tectonics and monsoonal cli-55

mate (Milliman & Farnsworth, 2011). The sediment fluxes of the Ganges-Brahmaputra,56

Mekong, Irrawaddy, and other major Southeast Asian rivers maintain extensive and fer-57

tile deltas, supporting large natural and agricultural ecosystems – the primary food source58

for several hundred million people. In addition, the tropical monsoonal climate enables59

high net primary productivity and efficient export and oceanic burial of biospheric car-60

bon – an important sink for atmospheric CO2 (e.g., Galy et al., 2007; Hilton et al., 2008;61

Galy et al., 2015). Constraining the sediment and particulate organic carbon flux of large62

Southeast Asian rivers can help significantly reduce uncertainties in the global exogenic63

carbon cycle, helping both determine the importance of natural feedback processes, as64

well as the scale of human perturbation in these river basins.65

Accurately measuring the total sediment flux and its mean physicochemical com-66

position is difficult in large rivers due to hydrodynamic sorting of sediments, which re-67

sults in strong gradients in sediment grain size, concentration and mineral composition68

with depth (Rouse, 1950; Dietrich, 1982; Jordan, 1965). Although turbulent shear forces69

affect all particles equally, heavier (larger and denser) particles have higher settling ve-70

locities (Rouse, 1950; Dietrich, 1982). Suspended sediment concentration (SSC) at the71

surface is therefore not representative of the total sediment flux, which may be assessed72

by collecting discrete instantaneous samples at different depths, or by collecting a sin-73

gle depth-integrated sample, where the sampler is filled at a constant rate while being74

vertically lifted through the water column; however, it is often unclear how representa-75

tive single depth-integrated samples are, as the quality of integration strongly depends76

on sampler geometry, the speed at which the sampler is lifted through the water column,77

and the ability to maintain isokinetic sampling conditions (e.g., Murray Hicks & Gomez,78

2016). The point-sampling approach has a major advantage, in that it allows an empir-79

ical calibration of sediment concentration as a function of flow conditions specific to each80

sample in the river reach of interest, potentially enabling the mapping of sediment load81

synoptically (with depth and across the river channel).82

To date, most sediment flux and composition estimates of large rivers still rely on83

surface samples, with the notable exceptions being the Amazon and its major tributaries84

(Bouchez, Lupker, et al., 2011), Ganges (Lupker et al., 2011), Changjiang (Guo & He,85
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2011), Mekong (Darby et al., 2016), Huanghe (Wang et al., 2007), Orinoco (Meade, 1994),86

and Mississippi (Meade & Stevens, 1990) rivers, which all have estimates derived via depth-87

and cross-channel sampling. A previously reported Irrawaddy River flux is also based88

on depth sampling, however, primarily using data collected in the 19th century using tech-89

niques which have since been significantly refined (Gordon, 1880; Robinson et al., 2007);90

see discussion below. All of the above-mentioned point-sampling studies of large rivers91

have revealed large variations in sediment concentration and composition with depth,92

indicating the need for depth (and lateral) sampling to obtain accurate estimates of sed-93

iment concentration and flux.94

With the advent of Acoustic Doppler Current Profiler (ADCP) technology, it is now95

relatively simple and routine to measure flow velocity distribution in two dimensions (lat-96

erally and with depth) with sub-meter resolution in large river channels (e.g., Yorke &97

Oberg, 2002; Thorne & Hanes, 2002; Parsons et al., 2013). As a result, a number of at-98

tempts have been made to obtain a fully parametrized law for hydrodynamic sorting,99

which would allow the use of flow velocity data to predict sediment distribution across100

a river channel, with the need of just a few reference point samples. These attempts have101

revealed that the original Rouse model (Rouse, 1950) is unable to properly parametrize102

sediment distributions as function of velocity and depth, whether in large rivers (Bouchez,103

Métivier, et al., 2011; Lupker et al., 2011), or in flume experiments (Muste et al., 2005,104

and references therein). The possible reasons are the complex distribution of particle sizes105

and shapes (Lupker et al., 2011), particle aggregation due to organic matter (Bouchez,106

Métivier, et al., 2011), and the complex variation of the water and sediment diffusivity107

coefficients with sediment concentration (Muste et al., 2005; Pal & Ghoshal, 2016).108

As an alternative, a number of indirect (surrogate) methods to determine riverine109

suspended loads, relying on optical and acoustic detection of sediments, have been tested110

(e.g., Gray & Gartner, 2009; Armijos et al., 2017). In particular, ADCP instruments de-111

termine water flow velocity by using the acoustic echo from suspended particles, poten-112

tially allowing the simultaneous quantification of SSC with depth and across the river113

channel with high resolution (e.g., Thorne & Hanes, 2002). ADCP backscatter signal was114

successfully calibrated to calculate sediment flux of the Mekong River (Darby et al., 2016)115

and more recently, the Paraña River (Szupiany et al., 2019). A number of complications116

have so far limited the applicability of this approach, however. Firstly, acoustic instru-117

ments have variable sensitivity to different particles, most strongly impacted by grain118
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size. Therefore, a single-frequency instrument is often unable to capture SSC variations119

in large rivers with complex, often multi-model particle size distributions and/or vari-120

able hydrodynamic conditions (e.g., Latosinski et al., 2014). Secondly, the calibration121

is typically instrument-specific such that raw data between two instruments (even of the122

same model) may not be comparable, requiring individual calibration for each acoustic123

instrument.124

As a result, a hybrid empirical-theoretical approach based on the Rouse equation125

(Rouse, 1950, see Section 3) has emerged as a robust way to quantify suspended sedi-126

ment flux and chemical composition in large rivers with complex particle size distribu-127

tions and/or highly variable hydrodynamic conditions (Bouchez, Lupker, et al., 2011; Lup-128

ker et al., 2011). Instead of attempting to calibrate acoustic or optical sensing instru-129

ments, or to determine particle settling velocities for a fully theoretical prediction of SSC,130

point depth samples are collected to empirically calibrate the SSC-depth relationship un-131

der known hydrodynamic conditions (determined using ADCP). This approach assumes132

that instantaneous point samples are representative of equilibrium conditions (i.e., there133

is no net sediment suspension/deposition within the immediate channel reach). Any re-134

sulting error due to short-term turbulent fluctuations (e.g., Diplas et al., 2008) can be135

mitigated by collecting and averaging a larger number of samples (keeping in mind lo-136

gistical constraints). This empirical calibration is repeated under different hydrodynamic137

conditions, which enables the construction of a SSC-discharge rating curve. Lupker et138

al. (2011) have demonstrated how point depth-sampling coupled with ADCP velocity139

measurements can enable more robust estimates of sediment flux, especially in kilometer-140

scale wide river channels with complex hydrodynamics and large lateral variations in flow141

velocity and sediment flux.142

Here, we present an alternative approach to empirically calibrating the Rouse equa-143

tion describing the SSC vs. depth vs. flow velocity relationship, and apply this frame-144

work to the Irrawaddy and the Salween rivers in Myanmar. In contrast to previous ef-145

forts, this method makes fewer averaging assumptions and allows us to synoptically map146

high-resolution spatial variations in sediment concentration and composition both across147

the river channel and with depth. We use this approach to provide new estimates of the148

sediment and particulate organic carbon export flux by the Irrawaddy-Salween river sys-149

tem and compare them to values obtained using simple averaging approach, as well as150

previously published estimates.151
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2 Methods152

2.1 Study site153

The Irrawaddy (also known as Ayeyarwady) and the Salween (also known as Thanl-154

wein) are believed to be among the largest rivers in terms of water and sediment flux glob-155

ally, although previous data are scarce (Robinson et al., 2007; Furuichi et al., 2009; Chap-156

man et al., 2015). The headwaters of the Irrawaddy originate in the southern margin of157

the eastern Himalayan Syntaxis. It runs for about 2000 km, spanning the whole length158

of Myanmar and forming a large delta distributary network in the south prior to discharg-159

ing into the Andaman Sea, with a basin surface area (taking topographic roughness into160

account using a 90m-resolution DEM) of 437,000 km2. The Salween originates in the Ti-161

betan Plateau, traverses the Syntaxis, and flows south across the Shan Plateau in south-162

eastern Myanmar. It has a length of around 2800 km and a basin surface area of 283,000163

km2 (Fig. 1a). The Irrawaddy basin has a large central (relatively dry) valley, with a164

mean and maximum elevation of 862 and 5798 m, respectively, and a median slope of165

7.1 degrees. In contrast, the Salween catchment is steep and narrow for such a large basin,166

with a mean and maximum elevation of 3515 and 6857 m, respectively, and a median167

slope of 16.4 degrees.168

Both river basins are comprised of a wide variety of sedimentary, igneous and meta-169

morphic rocks, ranging from Pre-Cambrian to Cenozoic in age and transposed by a com-170

plex network of sutures and faults (e.g., Searle et al., 2007; Mitchell et al., 2012; Licht171

et al., 2013; Khin Zaw et al., 2017; Zhang et al., 2018; Westerweel et al., 2019; Najman172

et al., 2020). The climate of both basins is dominated by the southwest Asian monsoon173

(and to a lesser degree the northeast monsoon), with most precipitation and discharge174

taking place in June through September (Khin Zaw et al., 2017). Mean annual precip-175

itation rates vary from <800mm/yr up to >4000 mm/yr within the Irrawaddy basin, de-176

pending on the location (e.g., Chen et al., 2017; Sein et al., 2018). Most water to both177

rivers is supplied by the monsoon precipitation, with additional (unquantified, but likely178

minor and further diminishing) inputs from mountain glacier melt and snowmelt in the179

north.180

In terms of water and sediment flux and their chemical composition, the Irrawaddy181

and the Salween have very little data available compared to other Asian megarivers, largely182

due to historically difficult access to the country of Myanmar, which contains the ma-183
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jor portions of both catchments (Fig. 1). The little data that are available point to the184

Irrawaddy-Salween system being a globally significant source of sediment and POC to185

the ocean but these estimates have a large uncertainty (Robinson et al., 2007; Bird et186

al., 2008; Furuichi et al., 2009). The Irrawaddy-Salween have remained largely undammed,187

with free flowing mainstems (Grill et al., 2019) and only several small dams on minor188

tributaries, totalling around 2500 MW generation capacity across both basins. However,189

over 40 dams, ranging from small to very large (>5000 MW) have been announced and190

are either in planning or construction stage on the two rivers, with a total capacity of191

more than 45000 MW (Kirchherr et al., 2017; Lazarus et al., 2019), which will signifi-192

cantly alter their water and sediment discharge dynamics. In addition, Southeast Asian193

river sand is a major construction resource that is often unsustainably dredged and be-194

coming increasingly scarce, resulting in bank erosion and collapse downstream and con-195

demning low-lying river deltas to seawater intrusion and inundation (Xiqing et al., 2006;196

Kondolf et al., 2018; Best, 2019; Bendixen et al., 2019; Hackney et al., 2020). All together,197

damming, sand mining, and climate change will likely have a large impact on the Irrawaddy-198

Salween sediment fluxes, with negative consequences for downstream ecosystems and com-199

munities. It is therefore crucial to establish a baseline of the current sediment flux and200

composition, so that any impact from potential future environmental change can be ac-201

curately assessed.202

2.2 Discharge measurements using ADCP203

Flow velocity measurements and sediment samples of the Irrawaddy-Salween rivers204

were collected during two monsoon seasons, in August 2017 and 2018, and two dry sea-205

sons, in February 2018 and May 2019. Both rivers were sampled just upstream of their206

delta distributary networks (Fig. 1). Depth profiles of suspended sediments were collected207

each time, except in February 2018, when only surface samples were collected.208

Flow velocity was measured using an Acoustic Doppler Current Profiler (ADCP)209

Rio Grande II (1200 kHz) made by Teledyne Instruments, deployed on a moving boat.210

The ADCP was attached on a rigid frame close to the bow, in a down-facing orientation,211

and the transducer submerged at 40-60 cm depth. Data were collected while the boat212

crossed the river perpendicular to the flow. Boat position during the transect was recorded213

using an external GPS unit with horizontal accuracy better than 5m. Between 1 and 5214

such transects were collected, depending on the site, with discharge reproducibility typ-215
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Figure 1. Map indicating the location of the study sites. a) Topographic map of the Ir-

rawaddy and the Salween river basins, outlined in red and purple, respectively; country borders

are shown as thin gray lines. The two sampling locations (Pyay on the Irrawaddy and Hpa-An on

the Salween) are shown as a circle and a square, respectively. b, c) Detailed view of the ADCP

transects (dashed gray lines) and the constructed mean cross sections (solid yellow and red lines)

at each sampling location. Sediment depth sample locations are shown as black circles. Note

that the exact channel course and width fluctuates seasonally and inter-annually and the channel

shown in blue is an approximation.
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Figure 2. Examples of channel mean cross-sections (MCS) showing the water velocity dis-

tribution in the wet and the dry season at each site. Note the differences in axes scales of each

panel. The squares and the circles show suspended sediment depth sample locations, projected

flow-wise onto the MCS (see Fig. 1b-c for a top-down view of actual sampling locations). The

white dashed lines show the regions where flow velocity data were extrapolated at the top (above

ADCP transducer depth and blanking distance) and the bottom (below sidelobe interference) of

each cross-section (see Section 2.2) .

ically better than 6%, in agreement with previous applications of moving-vessel ADCP216

(e.g., Szupiany et al., 2007).217

ADCP data were collected and initially processed using WinRiver II software. The218

data were then exported and further processed using Velocity Mapping Toolbox (Parsons219

et al., 2013). Using multiple river cross-sectional transects, a mean cross-section (MCS)220

was created for each sampling date (Fig. 2), ensuring it was perpendicular to river chan-221

nel, and calculating the average stream-wise flow velocity field across the river channel222

(Fig. 1b,c). The data were then additionally processed in MATLAB 2019b, interpolat-223

ing data gaps and removing erroneous outlier data (e.g., due to excessive pitch and roll)224

and extrapolating to the river surface (above ADCP transducer) and bottom (below side-225

lobe interference) using inpaint nans function (D’Errico, 2018).226
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2.3 Sediment sample collection and processing227

Sediment samples were collected at various depths using a modified 8.5L capacity228

Van Dorn depth sampler (a Perspex acrylic tube open at both ends, with pneumatically229

triggered doors, modified from Wildco, USA). Depth was determined either from mea-230

sured rope length (August 2017) or a pressure transducer (August 2018, May 2019). Ap-231

proximately 30kg of metal weights (hammer heads) were attached below the sampler to232

ensure vertical position of the sampler relative to the boat. The samples were collected233

isokinetically, i.e. with the boat drifting with the flow. Once at the required depth, the234

sampler doors were pneumatically shut using a bicycle pump. Additional bedload sam-235

ples were collected by dredging river bottom sediments using a weighted metal bucket.236

Samples were collected into 10 L sterile polyethylene bags, ensuring complete trans-237

fer of all sediment particles. The bags were weighed and the samples filtered within 24h238

using 0.2 µm PES membrane. The sediments were immediately washed off the filter and239

into an opaque glass jar, using filtered river water collected at the same site. The sam-240

ples were kept sealed in the dark during transport back to the lab (between 1 and 2 weeks).241

They were then allowed to settle and were decanted (except very clay-rich samples), fol-242

lowed by freeze-drying using a Thermo Scientific ModulyoD freeze dryer. Suspended sed-243

iment concentration was calculated by dividing the dried sample weight by the weight244

of the total water sample prior to filtration, ignoring the <1% error due to sediment mass245

(<10g / kg) in the original sample.246

Particle size distributions of dried samples were measured using a Malvern Mas-247

tersizer 2000 laser diffractometer, at a 20-bin resolution ranging between 0.35-2000 µm.248

Each sample amount was adjusted to achieve 10-20% obscuration and ranged from 50249

to 5000 mg, depending on the coarseness. Each sample was dispersed in tap water and250

sonicated for 2-5 min until grain size distribution appeared stable. Each measurement251

was repeated 3-5 times. Typical uncertainty was better than 10% for each grain size bin,252

with most of the uncertainty due to subsampling errors of the coarse particles.253

To measure the organic carbon concentration (weight %), carbonate was removed254

from the samples by a liquid HCl phase, within capsules with no rinse step (Komada et255

al., 2008). In detail, crushed sediment powders were weighed (approx. 5-10 mg sample256

for suspended sediments and 20 mg for bedload, attempting a target mass of organic car-257

bon of ∼100 µg C) into 8 × 5 mm silver capsules that had previously been combusted258
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(450 °C for 4 hours, within 3 days of processing) and loaded open into a PTFE sample259

tray. Around 50 µL of 1N HCl was added to each capsule, with the liquid reactant evap-260

orated at 65 °C to dryness in an oven. Acid addition and drying was repeated three times261

in total. Capsules were folded close and analysed by EA-IRMS at Elemtex with a range262

of international calibration standards and external standards (IAEA 600, IAEA CH3)263

and to check for full carbonate removal (NCS-DC73319). Measured %OC values were264

corrected for a full procedural blank (<5% of the sample carbon mass) and repeat mea-265

surements of samples and external standards had a precision of 0.05%.266

3 Revised hydrodynamic sediment transport model267

River sediment is transported in suspension when turbulent shear stress (which can268

be expressed as shear velocity) is sufficient to overcome the particle settling velocity (e.g.,269

Miller et al., 1977). Because turbulent shear stress affects all particles equally, whereas270

settling velocity depends on particle size, the ratio of these two parameters can theoret-271

ically predict how the concentration of particles of a given size would vary with depth272

(Rouse, 1950):273

Ci(zr) = Ci
0 · zRi

r (1)

where274

zr =
(H − z)/z

(H − z0)/z0
(2)

Ci is the sediment concentration in grain size class i and z0 is a reference height,275

defined here as fixed fraction of total water depth 0.001·H (Lupker et al., 2011). The276

sediment concentration at this reference height is Ci
0. The ”Rouse depth”, zr, is the sam-277

ple depth z, non-dimensionalized relative to the reference height z0 and total water col-278

umn height H.279

The power exponent in Eq. 1 is commonly referred to as the Rouse number:280

Ri =
wi

β · κ · u∗
(3)
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The value of Ri is dependent on particle settling velocity wi of sediment grain size281

i, the ratio of sediment and water momentum diffusion coefficients, β, and shear veloc-282

ity u∗ (see Supp. Text Eq. S2); κ = 0.41 is the von Karman constant. The higher Ri,283

the stronger the increase in sediment concentration with depth.284

Attempts to obtain Ri from fully theoretical considerations have so far been un-285

successful, due to a number of reasons. Firstly, it is difficult to accurately determine par-286

ticle settling velocity, especially for natural sediments composed of mixtures of mineral287

and organic matter of variable density and shapes (Dietrich, 1982), with potential par-288

ticle aggregation adding further complication (Bouchez, Métivier, et al., 2011). Secondly,289

while many simpler treatments take β to be equal to 1, experimental data have shown290

it to vary considerably with sediment concentration (Muste et al., 2005), likely the rea-291

son for the complex variations in β observed in real rivers (Lupker et al., 2011). For these292

reasons, previous workers were unable to apply Eq. 3 to large rivers, instead turning to293

empirical calibration of Ri using measured variations in sediment concentration with depth294

(Eq. 1) (Bouchez, Métivier, et al., 2011; Lupker et al., 2011).295

In these previous applications of the Rouse model to large rivers, Eq. 1 was used296

to either obtain one average Ri across a river channel, effectively averaging laterally (Bouchez,297

Métivier, et al., 2011; Bouchez, Lupker, et al., 2011), or applied to depth profiles collected298

under varying hydrodynamic conditions and establishing an empirical fit between depth-299

averaged sediment flux and u∗ (Lupker et al., 2011). In other words, Bouchez, Métivier,300

et al. (2011) and Bouchez, Lupker, et al. (2011) applied a single shear velocity value per301

cross-section, therefore only integrating the geometry of the channel to calculate the flux,302

without modeling the lateral variation in hydrodynamic conditions. This approach worked303

well for Bouchez et al. because they were modeling very deep (up to 60 m) river chan-304

nels in relatively straight sections of the Amazon River and its major tributaries, where305

the lateral variation in shear velocity was minimal. This, however, is not the case for many306

rivers with more complex channel cross-section morphologies, such as the lower Irrawaddy307

and Salween rivers studied here (Fig. 2).308

In contrast, Lupker et al. (2011) collected eight sediment sample depth profiles (n309

= 3-9 per profile) at the same site on the Ganges River, but under strongly varying hy-310

drodynamic conditions over the course of several years. They then applied Eq. 1 indi-311

vidually to each depth profile, obtaining a vertically integrated sediment flux, relating312
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Figure 3. An example of three-dimensional fits to Eq. 4 (gridded curved surfaces in panel a)

for two grain size fractions of measured Salween River suspended sediment concentrations (circles

and squares). Rouse depth (zr, as defined in Eq. 2) equals 1 at the river bed and 0 at the water

surface. Panels b and c show the same fits and sample data in 2D representation separately for

each grain size fraction. The colored lines in the bottom panels are projections (or ”slices”) of the

three-dimensional gridded surfaces shown in (a) at selected u∗ values, as indicated by the colored

lines in (a). The sample symbols are also colored according to u∗ associated with each sample

(Supp. Table S1).
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it to local u∗, and then using this relationship to laterally and temporally extrapolate313

the vertically-integrated sediment flux. While robust, this approach requires a large num-314

ber of suspended sediment samples and was enabled by a continuous field effort over the315

period of several years, and is therefore not ideal for the smaller sample set of our study.316

Here, we employ a different approach from these previous studies to address the317

highly dynamic flow conditions of the rivers studied here, while using a smaller number318

of sediment depth samples. We do this by explicitly factoring u∗ out of the fitted expo-319

nent in the Rouse equation:320

Ci(zr, u
∗) = Ci

0 · zbi/u
∗

r (4)

where zr is calculated from sample depth recorded during collection, u∗ is calcu-321

lated from the depth-integrated flow velocity during sample collection (see Supp. Text322

S1 for details), and Ci
0 and bi are fitted parameters (obtained separately for each grain323

size bin i).324

Because bi is strongly dependent on sediment grain size, and grain size distribu-325

tion is known to vary widely with depth and hydrodynamic conditions in large rivers,326

measured sediment concentrations are divided into five grain size bins (i = 0.2-4, 4-16,327

16-63, 63-250, 250-2000 µm) and Eq. 4 is then fitted individually to each one (Fig. 3;328

see Supp. Text S1). The empirically calibrated Ci
0 and bi values can then be applied to329

ADCP-measured velocity data to calculate and map high-resolution variations in sed-330

iment concentration Ci with depth and across the river channel (Fig. 4). Combining the331

five Ci values also yields the variation in sediment grain size across the channel (Fig.4).332

The suspended sediment flux [kg m−2 s−1] distribution across the channel is then cal-333

culated for each ADCP data bin as334

qs(z, x) =
∑
i

Ci(z, x) · u(z, x) (5)

which can be summed up to obtain the total instantaneous suspended sediment flux335

[kg s−1]:336

QS =
∑
z,x

qs(z, x) ·A(z, x) (6)
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where z and x are the bin coordinates in vertical (depth) and horizontal (lateral337

distance across the channel) direction, respectively, u is flow velocity, and A is the cross-338

sectional area of a given ADCP bin (e.g., 0.25 m × 0.5 m).339

In summary, the method described here has certain advantages over previous ap-340

plications of the point sampling approach to integrate sediment variation with depth in341

large rivers:342

1. Despite the additional degree of freedom (u∗) in the regression model (Eq. 4), it343

utilizes all sample data simultaneously (n = 30-37 in our case), rather than fit-344

ting sediment depth profiles one-by-one as done by Lupker et al. (2011) (n = 3-345

9), therefore improving the overall error minimization of the model fit to the data.346

2. Because it relies on the Rouse equation, it does not require the explicit calibra-347

tion of the ADCP sonar equation (Kostaschuk et al., 2005; Darby et al., 2016; Szu-348

piany et al., 2019) and different ADCP instruments can be used to obtain flow ve-349

locity measurements during different field campaigns.350

3. It enables a two-dimensional synoptic map of sediment concentration, flux, and351

grain size distribution across morphologically complex river channels, where depth352

and flow velocity often show significant lateral variations (Fig. 4) and where av-353

eraging across the channel (Bouchez, Lupker, et al., 2011; Morin et al., 2018; San-354

tini et al., 2019) would likely result in significant errors of the calculated sediment355

flux and mean composition.356

The above model applies only to sediment transported in suspension, and does not357

include sediment carried as bedload below the reference height z0. To calculate the bed-358

load flux, we adopted the semi-empirical bedload transport equation of van Rijn et al.359

(2007), as previously employed by Lupker et al. (2011), described in detail in Supp Text360

S2. The total instantaneous and time-averaged sediment flux values reported below are361

given as the sum of the suspended and the bedload sediment fluxes.362

The sediment modeling procedure described above was applied to the Irrawaddy363

and the Salween rivers separately, calculating the mean sediment concentration, grain364

size, and %OC distribution, as well as the total instantaneous sediment and POC flux365

for each of the four ADCP cross-sections measured at each site. The results are summa-366
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Figure 4. Results of the hydrodynamic sediment transport model for Salween at Hpa-An

(2018 August 24), showing the depth and lateral variability in sediment composition and flux.

The square colors reflect the measured sample compositions that were used to calibrate the

model, demonstrating the model’s ability to recover the initial values. Results for the other

cross-sections are given in the Supp. Material.

rized in Table 1 and the figures equivalent to Fig. 4 for the other seven cross-sections367

are given in the Supplementary Material.368

4 Results369

The measured water discharge of the Irrawaddy and the Salween at each of the four370

sampling dates are given in Table 1. Measurements were performed at the peak of the371

monsoon season, as well as in mid- and late dry season, and therefore span about an or-372

der of magnitude range in discharge (3000-42100 m3/s for the Irrawaddy and 1800-14300373

m3/s for the Salween). Importantly, these values bracket almost the full range of monthly374

mean discharge for both rivers (Supp. Table S4), allowing us to interpolate the results375

of this study for each month, yielding long-term average sediment composition and an-376

nual flux (see discussion below and Supp. Text S3).377
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Table 1. Measured instantaneous discharge and modeled sediment flux and composition of the

Irrawaddy and Salween rivers.

Sed. flux 
(kg/s)

Sed. flux 
(Mt/d)

Mean SSC 
(mg/L)

Mean D50  
(µm)

Mean D84  
(µm)

Mean OC 
(wt%)

POC flux 
(109 g C/d)

Irrawaddy (Pyay) 2017-08-23 42100 n = 10 56300 ± 5600 4.9 ± 0.5 1340 ± 130 41 ± 6 219 ± 22 0.23 ± 0.13 11.0 ± 1.1
2018-02-03 3000 n = 1 720 ± 140 0.063 ± 0.013 240 ± 50 10 ± 1 71 ± 19 0.58 ± 0.15 0.36 ± 0.07
2018-08-22 32100 n = 11 45500 ± 4430 3.9 ± 0.4 1360 ± 130 43 ± 6 228 ± 35 0.22 ± 0.13 8.7 ± 0.8
2019-05-21 5300 n = 15 1490 ± 280 0.13 ± 0.02 280 ± 50 11 ± 1 93 ± 15 0.55 ± 0.14 0.70 ± 0.13

Salween (Hpa-An) 2017-08-21 11900 n = 7 25200 ± 2980 2.2 ± 0.3 2120 ± 250 32 ± 3 165 ± 7 0.46 ± 0.25 10.0 ± 1.2
2018-02-01 1800 n = 1 400 ± 110 0.035 ± 0.009 230 ± 60 11 ± 1 37 ± 2 0.90 ± 0.30 0.31 ± 0.08
2018-08-24 14300 n = 10 25200 ± 3060 2.2 ± 0.3 1760 ± 210 25 ± 2 136 ± 8 0.53 ± 0.26 12.0 ± 1.4
2019-05-19 2700 n = 12 1230 ± 250 0.11 ± 0.02 460 ± 90 12 ± 1 41 ± 2 0.85 ± 0.29 0.9 ± 0.18

*Based on repeat transects, uncertainty better than 6% and in most cases better than 2%.

Hydrodynamic model results
River (site) Date

Discharge 
(m3/s) *

Sed. 
samples

The measured suspended sediment concentrations (SSC) ranged from 55 to 5500378

mg/L in the Irrawaddy and 47 to 10200 mg/L in the Salween (all individual sample de-379

tails and measured values are given in the Supp. Table S1). The median grain size (D50)380

ranged from 5 to 150 µm in the Irrawaddy and 8 to 130 µm in the Salween. The most381

concentrated (and coarsest) samples were collected during the monsoon and typically382

closer to the channel bottom, indicating the influence of hydrodynamic sorting. How-383

ever, a significant number of coarse, high-concentration samples in both rivers were col-384

lected at mid-depth (Fig. 5). Because our depth sampler collects instantaneous samples385

without time-averaging, the variable vertical dispersion of sand in our samples reflects386

the complexity of hydrodynamics in these rivers (e.g., non-steady state turbulent sed-387

iment suspension events, secondary flow, bedform effects, etc.). As discussed above, this388

complexity prevents simple spatial averaging with depth or across the river channel to389

calculate the total sediment flux and requires a fully spatially-resolved sediment trans-390

port model (Section 3).391

To estimate the flux of particulate organic carbon (POC) by these rivers, we anal-392

ysed the organic carbon concentration in a subset of the suspended sediment samples.393

As in many other rivers, in the Irrawaddy and Salween most organic carbon is associ-394

ated with finer particles, and sediment OC (wt%) is closely correlated with median sed-395

iment grain size (Fig. 6). This relationship can be used to convert the spatial D50 dis-396

tribution into %OC and subsequently, the POC flux (Fig. 4) can be calculated using equa-397

tions equivalent to Eqs. 5 and 6.398

–17–



manuscript submitted to JGR: Earth Surface

0 5000 10000 15000
SSC (mg/L)

0

5

10

15

20

D
ep

th
 (

m
)

2017-08-21

100 101 102 103

Diameter (µm)

0 5000 10000
SSC (mg/L)

0

2

4

6

8

D
ep

th
 (

m
)

2018-08-24 (left)

100 101 102 103

Diameter (µm)

1000 2000 3000
SSC (mg/L)

0

2

4

6

8

D
ep

th
 (

m
)

2018-08-24 (right)

100 101 102 103

Diameter (µm)

Figure 5. An example of measured variations in SSC (upper panels) and grain size distribu-

tions (lower panels, shown as relative probability density functions) with depth (darker colors

reflecting deeper samples) at three locations across the Salween river channel during high dis-

charge stage. The two profiles on 2018-08-24 correspond to the samples collected on the left and

the right side of the channel, respectively, as shown in upper left panel of Fig. 2.
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carbon content in each river, using samples collected across all seasons (incl. bedload). The
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50 for Irrawaddy and

%OC = (4.11 ± 0.97)D
(−0.63±0.08)
50 for Salween, with parameter uncertainties given as 68%

confidence intervals.

–19–



manuscript submitted to JGR: Earth Surface

5 Discussion399

5.1 Instantaneous sediment flux and composition400

The calculated total instantaneous sediment flux ranged from 700 to 56,000 kg/s401

and from 400 to 25,000 kg/s for the Irrawaddy and the Salween, respectively (Table 1).402

The grain size distribution was generally coarser and more variable in the Irrawaddy (D50403

range 10-43 µm) relative to the Salween (D50 range 11-32 µm). Although the Irrawaddy404

discharge and sediment flux is about 50% higher than the Salween, due to the higher %OC405

of Salween sediments, the POC fluxes were similar in both rivers, ranging from 0.3 to406

12 ·109 g C / day. The calculated bedload sediment flux ranged from 11 to 1500 kg/s407

in the Irrawaddy and 6 to 740 kg/s in the Salween, representing only 1-3% of the total408

sediment flux in each case, regardless of the hydrodynamic conditions. These results agree409

well with the similarly small portion (∼1.5%) of total sediment flux carried in the bed-410

load in the Ganges River (Lupker et al., 2011), as well as the Mekong River (Hackney411

et al., 2020), both similar in size to the Irrawaddy in their lower reaches. The total in-412

stantaneous (Table 1), monthly (Fig. 7; Supp. Table S4), and annual (Table 2) sediment413

flux values are all given as the sum of the suspended and the bedload sediment fluxes.414

The bedload POC flux is ignored, given that coarse sand contains low %OC (Fig. 6) and415

that the majority of sediment is carried as suspended load, this approximation should416

result in a negligible underestimation of the total POC flux.417

5.1.1 The performance of the hydrodynamic sediment transport model418

To assess the performance of the model, the measured sample compositions can be419

compared to values calculated using the model at the equivalent locations (depth and420

lateral) in each channel cross-section. An example of a visual comparison between the421

measured and calculated parameters for the Salween in August 2018 is given in Fig. 4,422

with other cross-sections shown in Supp. Material. A more detailed comparison is shown423

for all sediment samples at both sites in Fig. 8. The degree of misfit between measured424

and modeled values (represented as a mean relative standard error) was less than 5% for425

SSC and D50 in both rivers, while the %OC relative standard error was -35% for the Ir-426

rawaddy and +30% for the Salween. The higher and more systematic misfit of %OC is427

likely due to the considerably smaller number of data available to calibrate the model428

(Figs. 6, 8c) compared to SSC and D50 and should be improved with additional anal-429

–20–



manuscript submitted to JGR: Earth Surface

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

2

4

D
is

ch
ar

ge
 (m

3 /s
)

104

a

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

2

4

6

Se
di

m
en

t f
lu

x 
(M

t/d
)

b

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
0

5

10

15

PO
C

 fl
ux

 (1
09  g

 C
 /d

)

c

Irrawaddy (Pyay)
Salween (Hpa-An)

Figure 7. Average monthly discharge (a), sediment (b), and particulate organic carbon (c)

fluxes in the Irrawaddy and Salween rivers. Our ADCP-measured discharge and Rouse-calculated

flux values are shown as circles and squares for the Irrawaddy and Salween, respectively (see Sec-

tion 5.1.1). Thin lines in (a) show discharge data reported by the Department of Hydrology and

Meteorology in Myanmar (1966-1996 for the Irrawaddy; May-Oct 2004 for the Salween, previ-

ously published by Furuichi et al. (2009) and Chapman et al. (2015), respectively). For discharge,

the thick line represents the 31-year monthly averages for the Irrawaddy, whereas the Salween

monthly discharge was calculated using the Irrawaddy/Salween discharge ratio determined in the

wet and dry seasons in this study (see Supp. Text S3 for details). In (b) and (c), the thick line

shows the best estimate with shaded area as the 68% confidence interval propagated through all

calculations (see Supp. Text S3).
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yses. We also note that this is not a strict test of the model, as it uses the training dataset430

to assess the performance. A more rigorous assessment can be performed in the future431

against similar additional datasets (i.e., sediment samples coupled to ADCP flow veloc-432

ity measurements) at these sites.433

We propose that there are three main reasons for the misfit between the modeled434

and the measured values:435

1. In some cases, large deviations from expected sediment sorting were observed, with436

several coarse, high-SSC samples collected at mid-depth (Fig. 5), likely due to non-437

steady state suspension events during sampling as discussed above.438

2. There is some degree of mismatch between the ADCP velocity measurements (which439

integrate over a increasingly larger horizontal area with increasing depth) and the440

exact location of the collected sediment samples.441

3. The location and the shape of the channel cross-section varied slightly from year442

to year at both sites (Fig. 1b,c; Supp. Figures).443

These factors inject substantial noise into our sample set, resulting in an offset be-444

tween the sampled sediments and the local hydrodynamic conditions (represented by shear445

velocity) assigned to each sample (see Supp. Text S1). Finally, an additional source of446

uncertainty is the possible change in sediment supply to each river (e.g., seasonal hys-447

teresis, or inter-annual variations caused by landsliding or land-use changes upstream)448

during the time-span over which samples were collected for this study. However, such449

effects are typically local and we expect them to be minor compared to the immediate450

turbulence-induced noise (point no. 1 above), and to be mostly averaged out on the large451

basin-scale considered here. Ultimately, the spatial distribution of sampled sediment com-452

position cannot be fully reconciled using a model that implicitly assumes constant sed-453

iment supply, constant channel structure, and equilibrium hydrodynamic conditions. De-454

spite these complications, the sediment transport model presented here recovers the ini-455

tial sample sediment composition for both the Irrawaddy and the Salween, without any456

large systematic errors (Fig. 8). The relative standard error (i.e., the mean residual of457

measured vs. modeled values) was better than ±5% for both SSC and D50 (Fig. 8a-b)458

and was -35% for %OC in the Irrawaddy and +30% in the Salween (Fig. 8c), likely due459

the smaller number of available data and error propagation in the D50−%OC calibra-460

tion (Fig. 6). The utility and need for such a model is further evaluated below, by com-461
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paring the flux and mean sediment composition values calculated here with estimates462

derived using simpler approaches.463

Table 2. Properties of the river basins and the mean annual sediment composition and fluxes

calculated in this study (see text). Except for elevation, the calculated values in parentheses

represent a 68% confidence interval. The elevation and median slope were determined using the

hydrologically conditioned MERIT HYDRO digital elevation model (Yamazaki et al., 2019).

Irrawaddy Salween
Basin properties units
Planimetric area 422,400 266,500 km 2

DEM surface area a 436,500 282,300 km 2

Mean elevation 
(range) 862 (0-5790) 3515 (0-6860) m

Median slope 7.1 16.4 degrees

Geology
Marine silic. sedim., 

some metamorphic and 
igneous rocks; large 
central alluvial valley

Mixed limestones, 
granitoids, and 

metamorphic rocks

Results b

ADCP discharge 
measurements n = 4 n = 4

Susp. sed. samples n = 37 n = 30
Water discharge c 379 ± 9 149 km 3  yr -1

Runoff d 900 ± 20 560 mm yr -1

Sed. flux 326 (256-417) 159 (109-237) Mt yr -1

POC flux 0.95 (0.55-1.55) 0.94 (0.46-1.79) Mt C yr -1

Erosion rate e 0.28 (0.22-0.35) 0.21 (0.14-0.31) mm yr -1

Sed. yield e 750 (590-960) 560 (390-840) t km -2  yr -1

POC yield e 2.2 ± 1.2 3.3 (1.6-6.3) t C km -2  yr -1

Mean SSC 0.9 (0.7-1.1) 1.1 (0.7-1.6) g L -1

Mean D50 28 (23-34) 21 (17-26) µm
Mean D84 183 ± 13 112 ± 27 µm
Mean OC 0.29 ± 0.08 0.59 ± 0.16 wt%
a Based on MERIT HYDRO DEM (Yamazaki et al., 2019), down-sampeld to 90m resolution.
b See Supp. Text for details of calculations.

d Calculated using planimetric area.
e Calculated using DEM surface area.

c Using previously published data from the Department of Meteorology and Hydrology in Myanmar 
(see Supp. Text).

5.1.2 The need for a hydrodynamic sediment transport model464

Our results indicate that, at least in the case of the Irrawaddy and the Salween,465

the sampled sediments frequently deviate from the expect Rousean behaviour, that is,466

sampled sand concentration does not always increase with depth (Fig. 5). It is there-467

fore reasonable to ask whether a Rouse-based hydrodynamic sediment transport model468
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Figure 8. Comparison of measured sediment composition with values re-calculated using

the sediment transport model described in Section 3 for all Irrawaddy (red circles) and Salween

(purple squares) River samples. Dashed lines show 1:1 relationship. The horizontal error bars

represent analytical uncertainty, while the vertical error bars were calculated using a 68% con-

fidence interval of the Rouse model fit (Eq. 4; Fig. 3). Measured and recalculated values for all

samples are given in the Supp. Table S1.
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is required, and whether a simple averaging of all sediment samples, such as employed469

previously by Robinson et al. (2007) for the Irrawaddy, would yield flux and mean sed-470

iment composition estimates that are indistinguishable from the more complex hydro-471

dynamic modeling approach employed in this study. A comparison of the instantaneous472

sediment and POC fluxes, as well as mean grain size parameters calculated using the dif-473

ferent approaches (including previously published rating curves and %OC values) is shown474

in Table 3. Given that we collected sediment samples at roughly consistent depth per-475

centiles (typically 5-25-50-75-95% or 5-50-95% of total depth), as well as at several dif-476

ferent lateral locations across the channel, we consider our sample set to be reasonably477

uniform in both dimensions of the channel cross-section. Taking a simple average of the478

sampled SSC values and multiplying by the total ADCP-measured discharge has yielded479

sediment flux estimates that ranged from ∼40% lower during the dry season to ∼50%480

higher during the wet season, compared to Rouse model results for both rivers. Simi-481

larly, the mean grain size parameters (D50 and D84) were frequently over- or under-estimated,482

depending on the particular cross-section, reflecting the fact that simple-mean estimates483

fail to accurately account for sand transport in the near-bed region. Finally, using sim-484

ple means of measured values significantly overestimated the POC flux by anywhere be-485

tween 40 and 95% during the wet season for both rivers. Given the large size and dis-486

charge of the two rivers, this would result in a non-negligible error of riverine carbon ex-487

port on a globally relevant scale. This comparison shows how crucial it is to accurately488

account for hydrodynamic sorting of sediments in large and morphologically and hydro-489

dynamically complex rivers.490

Although the chemical composition of the transported sediments is outside of the491

scope of this study, similar averaging errors can significantly affect the calculated fluxes492

of chemical elements which are highly sensitive to particle grain size, such as silicon (mostly493

contained in coarser quartz sand grains) and aluminum and iron (mostly contained in494

clay particles). These sorting bias effects were well exemplified and quantified on an element-495

by-element basis by Bouchez, Gaillardet, et al. (2011) and Lupker et al. (2011) for the496

Amazon and the Ganges rivers, respectively. Given the importance of hydrodynamic sort-497

ing for the SSC and POC values in the Irrawaddy and Salween, we therefore expect sim-498

ilarly significant bias in elemental (and isotopic) fluxes, to be explored in follow up stud-499

ies.500
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Table 3. Comparison of hydrodynamic Rouse-based model results with simple mean-derived

estimates using the sample set presented here, as well as previously published fluxes (Robinson et

al., 2007; Bird et al., 2008).

Date Parameter
Previous 
estimate a

Simple 
mean b

Rouse 
model c Error d

Irrawaddy (Pyay)
2017-08-23 3.5 7.4 4.9 52%
2018-02-03 0.06 0.04 0.06 -31%
2018-08-22 2.3 3.4 3.9 -13%
2019-05-21 0.14 0.08 0.13 -36%

2017-08-23 470 218 129 69%
2018-02-03 11 -- 4 --
2018-08-22 308 157 97 62%
2019-05-21 26 -- 8 --

2017-08-23 -- 65 41 60%
2018-02-03 -- -- 10 --
2018-08-22 -- 23 43 -46%
2019-05-21 -- 10 11 -11%

2017-08-23 -- 216 219 -1%
2018-02-03 -- -- 71 --
2018-08-22 -- 134 228 -42%
2019-05-21 -- 27 93 -71%
Salween (Hpa-An)
2017-08-21 -- 2.1 2.2 -2%
2018-02-01 -- 0.02 0.03 -38%
2018-08-24 -- 3.3 2.2 52%
2019-05-19 -- 0.08 0.11 -29%

2017-08-21 227 226 116 95%
2018-02-01 26 -- 4 --
2018-08-24 227 185 134 38%
2019-05-19 26 -- 11 --

2017-08-21 -- 35 32 9%
2018-02-01 -- -- 11 --
2018-08-24 -- 31 25 21%
2019-05-19 -- 9 12 -23%

2017-08-21 -- 105 165 -37%
2018-02-01 -- -- 37 --
2018-08-24 -- 114 136 -17%
2019-05-19 -- 43 41 5%

c Calculated using the Rouse modelling approach described in Section 3.
d Calculated as the relative difference between the simple mean-calculated value and 
the Rouse model-calculated value.

Total sed. 
flux (Mt/d)

POC flux 
(kg/s)

D50 (µm)

a Sediment and POC fluxes recalculated for instantaneous discharges measured in this 
study (Table 1), using the SSC rating curve determined by Robinson et al. (2007) and 
the season-average wt% OC determined by Bird et al. (2008)
b Calculated as product of discharge and a simple mean of SSC and POC for all 
samples collected and analyzed on a given date, where n > 1 (Table S1).

D84 (µm)

D50 (µm)

POC flux 
(kg/s)

Total sed. 
flux (Mt/d)

D84 (µm)
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5.2 Temporal integration of sediment flux and composition501

The mean SSC and POC values calculated at the four different sampling dates and502

discharge (Qw) conditions for each river allowed SSC-Qw rating curves to be constructed503

(Fig. 9). Using previously published monthly Irrawaddy discharge data over a 31-year504

period (1966-1996) (Furuichi et al., 2009), we can calculate the monthly sediment and505

POC fluxes (Fig. 7) and mean sediment concentration, grain size, and organic carbon506

content (Fig. 10), which can then be summed to obtain long-term average annual val-507

ues, summarized in Table 2. Unfortunately, other than our measurements presented here,508

the only Salween discharge data available cover a period between May-Oct in 2004, pre-509

viously published by Chapman et al. (2015). The only annual discharge value available510

for the Salween is 210 km3/y given by Meybeck and Ragu (1997), which has since been511

used in a number of publications on rivers in Myanmar, as well as global compilations512

of water, sediment, and chemical fluxes (e.g., Gaillardet et al., 1999; Robinson et al., 2007;513

Chapman et al., 2015). For this reason, we used our ADCP-measured discharge values,514

along with the average monthly Irrawaddy discharge, to re-estimate the monthly discharge515

of the Salween in proportion to Irrawaddy discharge, yielding a revised annual Salween516

discharge of 149 km3/y (see Supp. Text S3 for details).517

Applying the rating curves shown in Fig. 9 to the monthly discharge timeseries,518

we are able to calculate the monthly suspended sediment and particulate organic car-519

bon concentrations, median grain size (Fig. 10) and the sediment and POC fluxes (Fig.520

7; all values given in Supp. Table S4). As expected, the sediment composition and flux521

varies by more than an order of magnitude in both rivers, with the coarsening of the trans-522

ported sediment and the highest fluxes during the monsoon: monthly mean SSC ranged523

from 0.20 to 1.1 g/L in the Irrawaddy and from 0.22 to 1.6 g/L in the Salween, with an-524

nual flux-weighted means of 0.9±0.2 and 1.1+0.5
−0.4 g/L, respectively (1σ uncertainty; Ta-525

ble 2). Overall, the Salween sediments are finer (D50 from 11 to 25 µm, compared to the526

Irrawaddy’s 10 to 42 µm, with flux-weighted annual means of 21+5
−4 and 28+6

−5 µm, respec-527

tively.528

Due to its lower discharge, the Salween sediment flux of 159+78
−51 Mt/y is about half529

of the Irrawaddy’s 326+91
−70 Mt/y, with bedload comprising ∼2% of each. However, be-530

cause organic carbon concentration in the Salween is about twice that of the Irrawaddy531
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Figure 9. Rating curves used to calculate monthly and annual sediment average composi-

tion and flux for the Irrawaddy River at Pyay (a) and the Salween River at Hpa-An (b). The

symbols show the mean suspended sediment concentrations calculated using the hydrodynamic

sediment transport model, for five different grain size fractions (Section 3, Table 1). The lines

and envelopes show best fit and 68% confidence interval of the fit. The fitted rating curves and

the goodness-of-fit statistics are given in Supp. Materials.

(0.59±0.13 vs. 0.29±0.08 %), both rivers deliver a similar POC flux of ∼1 Mt C/yr to532

the ocean.533

5.3 Comparison to previously published annual flux estimates534

Compared to other major global rivers, prior to this study there existed very lit-535

tle modern data on the water and sediment discharge in the Irrawaddy and the Salween.536

The most significant dataset was published in the 19th century by Gordon (1880), pre-537

senting 10 years of discharge and suspended sediment measurements on the Irrawaddy538

at a location close to our sampling site at Pyay. More recently, Robinson et al. (2007)539

collected additional sediment depth samples and re-evaluated the original Gordon dataset,540

determining annual estimates of water discharge of 422±41 km3/y and sediment flux of541

364±64 Mt/y. Subsequently, Furuichi et al. (2009) used 31 years of discharge data pub-542

lished by the Department of Hydrology and Meteorology (DHM) in Myanmar (the same543

dataset was used in this study) to calculate annual discharge of 379±47 km3/y, where544

the uncertainty was given as 1 standard deviation of inter-annual variability and is there-545

fore an overestimate of actual uncertainty on the long-term average, which we recalcu-546

late here as 1 standard error of the mean, equal to 9 km3/y (Table 2) for the same 31547

–28–



manuscript submitted to JGR: Earth Surface

year period. Furuichi et al. (2009) further used a sediment rating curve for the Irrawaddy548

developed by DHM to estimate an annual sediment flux of 325±57 Mt/y, in good agree-549

ment with our results. However, it must be noted that neither the sampling protocol nor550

the data used to establish the rating curve given in Furuichi et al. (2009) are publicly551

available.552

Similarly, we revised the Salween sediment flux from 180 Mt/y previously estimated553

by Robinson et al. (2007) using the Irrawaddy sediment rating curve, down to 159+78
−51554

Mt/y, using the first rating curve for the Salween, presented here. We note that discharge555

monitoring of the Salween is necessary to further improve this estimate.556

Finally, our determined annual POC fluxes are significantly lower than the values557

previously presented in Bird et al. (2008): 0.55-1.55 vs. 2.2-4.3 Mt C/y for the Irrawaddy558

and 0.46-1.79 vs. 2.4-3.4 Mt C/y for the Salween, a two-to-five-fold reduction in each559

case. It is partly explained by the reduction in water discharge estimates but the main560

reason appears to be significantly lower %OC measured in this study (Table 2, also see561

Supp. Material for individual sample values), compared to the values determined by Bird562

et al. (2008). One possibility is that this difference represents an actual decrease in %OC563

over the past decade. However, a change of this magnitude is difficult to defend, con-564

sidering the large area of both river basins, and the fact that the difference is of simi-565

lar order for both rivers. We suggest that this discrepancy is likely the result of sampling566

methodology differences between Bird et al. (2008) and the present study. Bird et al. (2008)567

used a 2L horizontal Van Dorn sampler, collecting sediment samples at 1 m depth from568

the surface, mid-depth, and 1 m depth from the bottom, measuring OC of 1.1-1.6 wt%569

during high-discharge monsoon conditions, with similar values in both Irrawaddy (at Pyay)570

and Salween (at Hpa-An) and almost constant throughout the water column, suggest-571

ing negligible hydrodynamic sorting. This observation is in stark disagreement with both572

the results presented in this study, as well as the similar increase in SSC with depth ob-573

served by Gordon (1880). Although it is difficult to determine the exact reason for this574

discrepancy, we speculate that sand may not have been adequately sampled by the smaller575

2L volume sampler used by Bird et al. (2008) (vs. our 8.5L sampler, where we took ex-576

treme care to rinse out and collect all sand particles during sample transfer). This re-577

inforces why thorough depth sampling and sediment flux modeling that accounts for hy-578

drodynamic sorting is crucial for accurate flux estimates in large rivers, especially for el-579
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ements such as carbon, whose concentrations are strongly coupled to sediment grain size580

(Fig. 6).581
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Figure 10. Average monthly SSC (a), median grain size D50 (b), organic carbon wt% (c), and

POC concentration (d) in the Irrawaddy and Salween rivers. Our model-calculated flux values

that were used to construct rating curves are shown as circles and squares for the Irrawaddy and

Salween, respectively (see Section 5.1.1, Table 1). The thick line shows the best estimate with

a 1σ uncertainty indicated by the envelope. Details of calculations are given in Section 5.2 and

Supp. Text S3 and the calculated monthly values are given in Supplementary Material.

5.4 Global significance of the Irrawaddy-Salween system582

Globally, using the values presented in this study, the Irrawaddy and the Salween583

exhibit some of the highest sediment fluxes (fifth and seventh worldwide, respectively;584
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Fig 11) and area-normalized sediment yields (third and fourth, respectively, among world’s585

30 major global rivers with annual discharge > 100 km3 y−1 as compiled by Milliman586

and Farnsworth (2011), and lower only than the Fly and Brahmaputra rivers). Compared587

to the nearby Ganges-Brahmaputra system, which is the main conveyor of Himalayan588

erosion products to the ocean, the Irrawaddy-Salween system sediment yield is very sim-589

ilar and sediment flux is about 46% that of Ganges-Brahmaputra. In comparison, the590

Mekong River, also originating in the eastern Himalayan Syntaxis, used to deliver ∼150591

Mt y−1 (Milliman & Farnsworth, 2011), which has decreased to 87 ± 28 Mt y−1 (∼2592

and ∼4 lower than the current fluxes of the Salween and the Irrawaddy, respectively) over593

the past several decades due to damming and changes in precipitation across the basin594

(Darby et al., 2016).595

Although it is difficult to assess the global significance of the Irrawaddy-Salween596

system due to uncertainty of the global sediment flux, comparing to the estimate of Milliman597

and Farnsworth (2011), the two rivers are an important source of sediment to the ocean,598

delivering 2-3% of the 19,000 Mt y−1 total sediment and 0.8-1.2% of the 200 Mt C y−1
599

total (biospheric and petrogenic) POC (Galy et al., 2015) export to the ocean. It must600

be noted, however, that current sediment flux estimates may be inaccurate for a num-601

ber of large global rivers, where values are derived from sparse sample sets, often of sur-602

face sediments only, lacking the depth sampling and hydrodynamic data required to ob-603

tain robust values. The significance of our results is further underlined by the fact that604

the Irrawaddy and the Salween are some of the last large rivers basins still relatively un-605

affected by damming. Only a few small dams have been built on some minor tributaries606

of both rivers, with their mainstems flowing freely from source to outlet (worldwide, the607

only other megarivers with free-flowing mainstems are the Amazon and the Congo; Grill608

et al. (2019)). Currently, the main anthropogenic pressures on these river basins, such609

as deforestation, agriculture, and sand mining, are likely to be net erosive, enhancing the610

sediment flux (Syvitski et al., 2005). However, large dams are planned on both rivers,611

which, if built, will trap large amounts of sediment, strongly reducing the net export to612

the deltas. Our results presented here thus establish an important pre-dam baseline of613

sediment export by the Irrawaddy-Salween system.614
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Figure 11. Comparison of the Irrawaddy and Salween (a) total sediment and (b) POC fluxes

to other major global rivers.

6 Conclusions615

In this contribution, we have presented a new semi-empirical hydrodynamic Rouse616

modeling approach to synoptically predict the two dimensional distribution suspended617

sediment concentration, physicochemical composition (grain size and organic carbon con-618

tent), and flux in large, turbulent rivers with geomorophologically complex channels. We619

have applied this model to obtain spatially- and temporally-integrated estimates of the620

sediment composition and export flux of the Irrawaddy and Salween rivers in Southeast621

Asia. In comparison to the model, flux estimates derived from using simple means of evenly-622

spaced depth point samples can result in errors of up to 50%. This demonstrates that623

synoptic (i.e. spatially highly-resolved) sediment transport modeling is crucial for the624

accurate quantification of sediment composition and flux in large river channels, where625

wide sediment grain size distributions and variable hydraulic conditions result in com-626

plex sediment transport patterns.627

Using the approach outlined above, we have calculated a total sediment flux of 485628

(68% confidence interval of 364-654) Mt/yr and a particular carbon flux of 1.9 (1.0-3.3)629

Mt C/yr for the Irrawaddy-Salween system, accounting respectively for 2-3% and 0.8-630

1.2% of the total global riverine export to the ocean. These new estimates represent a631

∼20% and a 60-80% reduction of sediment and POC fluxes, respectively, compared to632

previously best estimates, which were partly based on 19th century data. While some633

of this difference may potentially be accounted for by actual changes in deforestation,634

land-use, and other anthropogenic pressures in the river basins, we suggest that most635
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of the difference is likely methodological, stemming from the use of a robust hydrody-636

namic sediment transport model in the current study. We expect that the methods and637

results described here, when combined with chemical and isotopic analyses of sediments638

at these and other sites in the Irrawaddy and the Salween basins, will enable a deeper639

understanding of the sediment provenance, erosion, and chemical weathering dynamics640

in the region, with the ultimate aim of fully constraining the regional organic and inor-641

ganic carbon cycle.642

While the upstream sediment supply remains relatively constant, our calibrated643

Rouse-model fits presented here allow the use of ADCP data to predict the spatial dis-644

tribution of SSC and POC across each river channel in the future. In turn, our calibrated645

SSC rating curves allow the prediction of total sediment flux with varying discharge. How-646

ever, given that a number of large dams are planned on major tributaries and mainstems647

of both rivers, sediment supply to their respective lower basins are expected to change,648

if and once these dams are constructed. In this case, active, depth-sampling based mon-649

itoring of sediment fluxes will be required to accurately quantify the changing sediment650

flux and composition. In this case, the results of our current study provide an impor-651

tant pre-dam baseline against which future changes can be evaluated.652
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