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ABSTRACT

Based on a database of daily water discharge ailg suspended particulate matter
concentrations along the Red River and at the toatléhe main tributaries (Da and Lo) during
the 2005 - 2010 period, covering contrasting hyalymal conditions, the water and sediment
fluxes transported by the Red River system werertdehed. The results showed that only 21 %
of the discharge is derived from the upper Red Ri&¢ % and 25 % being derived from the Da
and the Lo Rivers, respectively. In contrast, tigridbution of suspended particulate matter
(SPM) load is very different of that observed faater discharge: most SPM were eroded from
the upstream catchment located in China (78 %) elher, annual SPM fluxes (FSPM) showed
a strong spatial variability between upstream vedied and the outlet of the river. The mean
inter-annual FSPM was 30 Mt/yr (i.e. specific flofik741 t/km2/yr) at the Lao Cai site, 38 Mt/yr
(i.e. 792 t/km?/yr) at the Phu Tho gauging site, 8yr (i.e. 193 t/km?/yr) at the Son Tay
gauging station. Its values were 4.1 Mt/yr (i.e.t&®n2/yr) and 6.6 Mt/yr (i.e. 191 t/kmz/yr) for
the Da and Lo rivers, respectively. Between the Cad and Phu Tho sites, both erosion and
sedimentation processes occurred together, bunhgiyrodepended on the hydrological
conditions. Between the Phu Tho and Son Tay ditesimportant loss of SPM flux suggested a
dominant deposition process in the floodplain dyitmgh water before the delta. These results
proved the complex processes of erosion/sedimentaticurring on the Red River watershed.

Keywords: Red River, erosion, suspended particulate matteiceasarations, fluxes, spatial
variability, transport, deposition.

1. INTRODUCTION

The fluvial transfer of sediment from the land e toastal areas and/or the ocean reflects
the denudation of the continents and contributesyéws depositional environment [1, 2].
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Furthermore, quantifying accurately the sedimeriveley to the ocean is fundamental to (i)
establish global biogeochemical cycles (e.g. fer ¢arbon cycle [1, 3]), (ii) understand many
physical processes (e.g. evolution of landscapecaastal landforms [2, 4]) and (iii) evaluate its
potential role as a pathway for pollutants fronrdstrial to coastal and marine systems [4, 5].
Clarifying the variation of sediment flux throughet riverine sediment routing system is
necessary to assess the mechanism and sourceeheiwsediment flux load to the ocean [6].
The understanding of the hydro-sedimentary transfecesses are also essential for improved
sustainable management of continental surfacesenhenan societies are concentrated.

The Red River (China/Vietnam) plays an importare rim the economic, cultural and
political life of the Viethamese people. Based dargy-term observation (1960-2008), the mean
annual river sediment transport in the Red Rives wstimated to 90 Mt/yr and the temporal
variability (24-200 Mt/yr) was attributed to hydegjical conditions and anthropogenic activities
(e.g. reduction by half due to the commissioningaahajor dam reservoir [2]). However, the
previous study of Dang et al. (2010) [2, 7, 8] mad localised sediment sources and identified
physical processes because it relied on daily wiseharges and SPM concentrations measured
at the outlet of the River System and the upstrgaimof the dynamic tide, just before the Delta
System. This present study is based on recent aiebsurements collected at different strategic
sites in the Red River System between 2005 and.ZlM® objectives of this study are to: (i)
guantify the SPM fluxes along the Red River systéiiy, analyse the spatial variability of
sediment transport in order to identify the souroésvater and SPM flux, and (iii) clarify
physical processes of erosion, transport and déposiof sediment by proposing a
erosion/transport model for the Red River basin.

2. MATERIALSAND METHODS
2.1 Areadescriptions

The Red River system, located in South-East Asis h total watershed area of
169 000 krf, 50.3 % of which in Vietnam, 48.8 % in situateddhina and 0.9 % is situated in
Laos and includes a fertile and densely populateltadplain (14,000 kA). The Red River
originates from the mountainous area of Yunnan iRoavin China, flows 1200 km south-
eastward and then flows through seven Vietnameseénues before flowing into the Gulf of
Tonkin in the South China Sea (Figure The main tributaries of the Red River are the Da
River, on the right bank, and the Lo River, onlgfebank (Figure 1).

The Red River basin is characterized by two distseasons: the wet season from May to
October and the dry season from November to Aquié to the South West monsoon in summer
and the North East monsoon in winter, respectivélye summer season is warm and very
humid, with mean temperatures ranging from 27 °QadC whereas the winter season is cool
and dry with mean monthly temperatures ranging fidghfC to 21 °C [9]. The average annual
rainfall in the Red River System is 1600 mm, with% - 95 % of this falling during the summer
season [10].
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Figure 1.Description of the Red River system and locatibstody sites.
2.2 Data and methodol ogy

Daily monitoring was performed by the Viethamesstitate of Metrology, Hydrology and
Environment (IMHE) at five strategic permanent alsagon sites from 2005 to 2010 (Figure 1):

(1) the Lao Cai gauging site (simplified by LC) msponds to the entry of the Red River in
Vietnam and represents river borne material derivech the Upper Red River draining from
China;

(2) the Phu Tho gauging site (simplified by PTximiated at the outlet of the Red River
before the confluence with the Da and the Lo Rivers

(3) the HoaBinh gauging site (simplified by Da)asated at the outlet of the Da River and
integrates material derived from the Da systenr #dfie HoaBinh Reservoir;

(4) the VuQuang gauging site (simplified by Lo)asated at the outlet of the Lo River;

(5) the Son Tay gauging site (simplified by ST)anklanoi, is located at the downstream
of the confluence with the three main tributariBeq, Da and Lo Rivers) and at the upstream
limit of the dynamic tide; this site is considettedbe the outlet of the Red River system and the
entry point to the Red River Delta.

Daily SPM concentrations were manually collected time per day and filtered using pre-
weighted filters according to the Viethamese nati@tandard criteria: during low water levels,
daily water samples were collected at 20 - 30 @mfthe surface water and 4 m from the right
riverbank; during high water discharges, daily sk®pvere collected from depth-integrated
vertical profiles. Daily water discharges are eatea from daily measurements of river stage
and the stage-discharge rating curve (MONRE, 195942

2.3. Annual reference SPM flux
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Based on the daily database of water dischargeS&M concentrations, the annual SPM
fluxes were calculated by summing the daily SPNkdkiwhich are established by multiplying
the daily water discharge with the correspondinlyl®&8ncentration:

Fspva = ZFSPMd with Fspma= [SPM]d XQd
i=1
where: kpy, is the annual SPM flux (expressed in t/yrdpg are the daily SPM fluxes (t/day);
[SPM]; and Q are the daily SPM concentrations (mg/l) and watechhrges (fits), with
n = 365 or 366.

3. RESULTS AND DISCUSSIONS
3.1. Variability of thewater dischargesin the Red River System

Based on daily water discharge measurements d@irygars (2005-2010), two main
hydrological features are observed at the five gausgites which reflect the rivers’ response to
seasonal rainy distribution and runoff: the dryseeg from November to April, is characterized
by low water discharges whereas the rainy seasom May to October, is characterized by
high water discharges, as classically observedyfucal wet river systems with a pronounced
monsoon (Figure 2, [11]). As a consequence, dadiewdischarges in the main channel of the
Red River varied between 123/mto 5500 rifs (temporal variation factor = 45) at the Lao Cai
site, between 132 s to 10 100 s (factor = 76) at the Phu Tho site and betwedhriss to
14 600 n¥s (factor = 20) at the Son Tay site. In the twgangibutaries, daily water discharge
ranged from 221 to 10 200%s (factor = 46) for the Da River and from 92 t@®6 /s (factor =
74) for the Lo River.

The annual water discharges highly varied from pear/site to another (Table 1). The
annual water discharges ranged from 363 to 638 at Lao Cai, from 568 to 900*m at Phu
Tho and from 2724 to 4095°%m at Son Tay for the Red River System. Concernindi bot
tributaries, annual values ranged from 1551 to 19%8and from 576 to 1172 s for the Da
and Lo Rivers, respectively. The annual water disghs measured at the Son Tay site are
similar to the sum of the corresponding annual naischarge of the three major tributaries (the
Red River at Phu Tho, the Da and Lo Rivers) extmphe 2003 year at which the sum of water
of three tributaries was higher (>17 %) than tHahe Red River at the Son Tay site. The Red
River System can be considered as one balancedlfepstem for freshwater fluxes (i.e. water
inputs ~ water outputs).

The mean annual water discharges for the 2005-petiod were 542 s, 678 nis and
3171 nils for the Red River at Lao Cai, Phu Tho and Sonsies and 1717 #s and 809 rits
for the Da and Lo Rivers, respectively. The Da Rplays a major role of water source for the
Red River system, contributing more than half of tbtal water discharge. The freshwater
derived from the Red River at Phu Tho and the LeeRrepresented, for the study period, 21
and 25 %, respectively. The sub-basin have theviitlg mean specific discharge rate (i.e.
water discharge per unit area of the sub-basin)RDar (33 I/s/lkm?) > Lo River (23 I/s/km?) ~
Red River at Son Tay (21 I/s/km?) > Red River atl Fho (14 I/s/km?) ~ Red River at Lao Cai
(13.5 I/s/km?). These results showed that the fipatischarges of the Red River are comparable
to the Mekong River (~19 I/s/lkmz [14]) and lowéiah the Ganges — Brahmaputra System
(=35 I/slkm? [12]), except for the Da River.
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Figure 2. Evolution of daily SPM concentrations (SPM, maitid daily water discharge
(Q, nt'/s) for the Red River at the Lao Cai (A), Phu TBY, Gon Tay (C), and at the outlet of
the Da River (D) and Lo River (E) during the 20052 period.
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Table 1 Flow and SPM transport regime characteristiciiferRed River System at five stations
(Q-water discharge in #s; SPM: suspended particulate matter in mg/l; FS&nual of SPM flux
in 10%, Y: specific erosion yields in t/kityr; Hyd.: Hydrologycal condition).

Year Q3 SPM Fspéw v Hyd. Q SPM
m®s (mah) (*10°) (/kmalyr) (min-max) (min-max)
Red River at LaoCai
2005 608 931 29.6 722 Mean (+10%) 222 - 1660 18 -9 667
2006 631 1,070 34.3 837 Mean (+14%) 184 - 2 260 44 -9 672
2007 420 937 22.7 554 Dry (-24%) 128- 2160 25 -9 870
2008 363 950 22.2 541 Dry (-35%) 123- 3100 27 -9 340
2009 592 1,112 46.9 1,144 Mean (+7%) 130 - 3820 22-16 700
2010 638 536 22.2 541 Wet (+15%) 127 - 5500 6.9 - 13 200
Red River at PhuTho
2005 590 697 20.7 431 Dry (-22%) 167 - 3240 53 -5 528
2006 652 931 30.9 644 Mean (-13%) 146 - 4500 159 - 7 980
2007 668 777 33.1 690 Mean (-11%) 140 - 6 080 21 -7 250
2008 568 734 27.6 575 Dry (-25%) 144 - 3650 15- 10 200
2009 693 1,265 56.4 1,175 Mean (+8%) 132- 4670 36- 15 100
2010 900 835 60 1,250 Wet (+20%) 196 - 10 100 90 - 13 300
Red River at SonTay
2005 2,724 189 25.8 172 Dry (-23%) 1030 - 10 200 4.1-1673
2006 2,955 232 33.2 221 Dry (-23%) 870 - 14 600 5.3-1270
2007 3,097 163 25.6 171 Mean (13%) 987 -11 100 2.1-1720
2008 2,850 160 23.6 158 Dry (-20%) 870 - 13 300 6.2- 2070
2009 3,303 214 34.8 232 Mean (7%) 830 - 12 100 6.6- 1850
2010 4,095 144 30.2 201 Wet (+15%) 730 - 14 400 2.4- 2350
Da River
2005 1,733 74 55 107 Mean (+3%) 589 -6 920 16 - 309
2006 1,650 75 53 104 Mean (-2%) 283 - 9650 167 - 264
2007 1,628 38 26 51 Mean (-4%) 238 - 8 060 41-178
2008 1551 26 27 53 Mean (-8%) 317 -10 200 05 - 306
2009 1,777 43 5.4 106 Mean (+5%) 221- 9440 05 - 296
2010 1,962 31 32 63 Wet (+16%) 265 - 8020 13-195
Lo River
2005 878 170 8 235 Dry (-16%) 195 - 4130 15 -1 929
2006 764 186 10.6 312 Dry (-27%) 165 - 6 780 13 -3 350
2007 636 119 5.4 159 Dry (-39%) 102- 4110 6.5- 1450
2008 576 83 35 103 Dry (-45%) 92 -6 530 2.0-979
2009 831 74 37 109 Dry (-21%) 99 -3 970 22 -491
2010 1,172 125 8.6 253 Mean (+12%) 238 - 5630 6.6 - 842

3.2. Variability of the SPM concentrationsin the Red River System

The evolution of SPM concentrations at the five-babins of the Red River showed high
seasonal and inter-annual variations which areeblosinked to the variability of water
discharges with the highest values observed duhiegainy season (Figure 2). The daily SPM
concentrations of the Red River ranged from 6.9800 mg/l, from 15 to 15,100 mg/l and
from 2.1 to 2,350 mg/l at the Lao Cai, Phu Tho 8ond Tay sites, respectively. Concerning both
tributaries, the daily values varied between 0.8 309 mg/l for the Da River and between 2.0
and 3,350 mg/l for the Lo River. The SPM concerdratvariability, expressed as the ratio
between the maximum and minimum SPM concentratianged from 618 (for the Da River) to
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2420 (for the Red River at the Lao Cai site); thasiability range is one to two orders of
magnitude higher than that for the water dischafges section 3.1).

The mean SPM concentrations of the Red River at@aip Phu Tho and Son Tay sites in
the dry season were 275, 306, and 77 mg/l, respeéetiThese mean values can increase up to
1,555, 1,430 and 290 mg/l in the rainy seasontlferRed River at Lao Cai, Phu Tho and Son
Tay sites, respectively. For both tributaries, ttean SPM concentrations were 22 mg/l and 32
mg/l during the dry season and were 72 and 217 dugihg the rainy season in the Da and Lo
Rivers, respectively.

3.3. Variability of the annual SPM fluxes and specific erosion yields. localisation of
sediment sour ces

The main branch Red River annually carried verydrtamt SPM loads ranging from
22.2x16 tlyr to 46.9x16 t/yr at Lao Cai, from 20.7x£a/yr to 60x16 t/yr at Phu Tho and from
23.6x10 t/yr to 34.8x16t/yr at Son Tay. For the study period, the intemsa SPM fluxes
were estimated at 30x30yr, 38x16 t/yr and 29x10t/yr at the Lao Cai, Phu Tho and Son Tay
sites, respectively (Table 1). The high annual SRiM estimated at the Lao Cai site (i.e. the
entry of the Red River in Vietnam) tend to demaatstithat a significant sediment supply comes
from the upstream watershed located in China. Theua SPM fluxes from the Da and Lo
Rivers were clearly lower than that of the mainniorawith inter-annual SPM fluxes accounting
for 4.1x16 t/yr and 6.6x10t/yr, respectively.

The sum of the inter-annual SPM fluxes transpobiethe three main branches of the Red
River System (Red River at Phu Tho, Da and Lo) ihoRed River Delta was calculated. If the
water discharge into the Red River Delta is derifreth the Da River (superior to 50 %), SPM
flux into the Red River Delta is dominated by thedRRiver (at Phu Tho) with the contribution
of 78 % (varied from 61 to 86 %). The Da and LodRigontributed 8 % and 14 % of SPM flux
into the Red River Delta, respectively. Howevee sum of the mean annual fluxes from three
main branches is higher than the mean annual fitkeaSon Tay site suggesting significant
sedimentation before the entry to the Delta. Thdimentation phenomenon is more developed
in section 3.3.

3.4 Erosion/ Transport Model for the Red River System

Erosion and transport processes in the middle eaati the Red River System

If the inter-annual SPM transport on the 2005 -@@&riod measured at the Lao Cai is
lower than that of the Phu Tho site (30 versus 88tfiyr), SPM flux can show significant
difference at the annual scale. For example, tnei@drSPM flux at Lao Cai was slightly higher
than that at Phu Tho in 2005 and 2006, when theanmater discharge at the two sites were
comparable (Table 1). In contrast, in the years72@D08, 2009 and 2010, when the annual
water discharges at the Phu Tho site were higlaer those at Lao Cai, the annual SPM fluxes
measured at Phu Tho were superior to those at leadT@ble 1). This phenomenon is more
marked in 2008 with a SPM flux at Phu Tho whicB ismes higher than that at Lao Cai.

Based on this observation, we proposed two comasprocesses of erosion/re-
mobilisation and sedimentation occurring along®eel River System between the Lao Cai and
Phu Tho sites, depending on the hydrological camtht(Figure 3):
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- Case 1: when annual water discharges at the laa@i@ Phu Tho sites are similar, the
annual SPM flux have decreased between the Laoca@diPhu Tho section, reflecting the
sedimentation/deposition process between two sites estimated at ~6x3@/yr (example
2005-2006, Figure 3A). This sedimentation may bplared by a limitation of the sediment
transport may be due to the decrease of the chalops. This result demonstrates that the slope
erosion is the dominant process occurring in thetrepm system and a decrease of erosion rate
is observed downstream as observed in another hwogital watershed in Costa Rica [13];

- Case 2: when the annual water discharge at PbusThigher than that at Lao Cai, the
annual SPM flux at Phu Tho is also higher, reffegtboth erosion/re-mobilisation processes
between the Lao Cai and Phu Tho section (examp@¥-2008, Figure 3B) and suggests
preponderant channel erosion. This increase isegpent to runoff occurring in this section due
to the rainfall in the middle part of the Red Syste

Case 1: QaLC ~QaPT Case2: QaLC<QaPT
(Example 2005-2006) (Example 2007-2008)
Al B ‘Red River
Q,=392
Fspma=22 Mt

HoaBinh

. HoaBinh
Reservoir

Reservoir

Da,

Fspma= 45 Mt* Fspma= 22.5 Mt*

- =821 Q,=1590
Fom=5.aMt | Oc a

Fspma=9.3Mt Fspma=2.7 Fspma=4.5 Mt
I \st
ST
Q,=2840 =2074
AFgp,=-11 Mt R 2% - Q
sPMa Fopna=30 Mt AFspya=-12 Mt \ FC =25 Mt

Red River Delta Red River Delta

Figure 3 Model of Water discharge (Q in*fa) and SPM flux transported by the Red River betwe
Lao Cai and Son Tay, showing (A) the depositioreaiging 2005-2006E ) or (B) the erosiorecas
during 2007-200 ). (*[2])-

Deposition processes in the low reach of the RedrRBystem

Unlike the conservation of water discharge betwagstream (i.e. at the outlet of the Red,
Da and Lo Rivers) and downstream from the conflaeoicthe three main tributaries (i.e. the
Red River at Son Tay site, and see the sectiontBd)5SPM flux of the Red Rivers at Son Tay is
always lower than the sum of SPM flux of three mévégenerally from 8 to 42 Mt; Table 1),
showing an important loss of suspended matterignriter section. This loss of material along
the lower courses of the Red River has been alreadgrved in other rivers in the world, like
the Negro, Tapajos and Xingu rivers in the Braailfamazon [14], the Indus River [15], the Rio
Itenez-Guopore River in Bolivia [16], the YellowwRir [17] and the Mississippi River [18]. This
phenomenon has been attributed to three main wesediffuse riverbank settling, channelized
floodplain sedimentation and/or riverbed deposifitay .
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The inter-annual duration curves (e.g. the meanutatme water and SPM fluxes as a
function of the time) were established for the tgmih (Da, Lo and Red River) and the
downstream (Son Tay) to clearly identify processmived in SPM transport (Figure 4). We
observed that the cumulative water flux at the $ag site was similar with the cumulative
water flux from the three main tributaries. The cletive SPM flux measured at the Son Tay
site was comparable with the sum of the three taities for the November — April period,
corresponding to the dry season, while a greatwdiffce was found during the May to October
period, corresponding to the rainy season. In faeting the rainy season, the sum of fluxes
from the three main tributaries is higher than tlie measured at Son Tay. The difference
between these two fluxes highlighted a large sedintess occurring during this period
attributed to sediment deposition on the low reagdt,before the delta.
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Figure 4.(A) Cumulative Water flux v.s time and (B) CumulegiSuspended particulate matter flux vs.
time; Comparison between the water and SPM fluxeasured at the Son Tay site (in grey) and the
water and SPM fluxes calculated as the sum ofupel&®s from the Red River at Phu Tho and the h an
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Figure 5.(A): Relationship between the annual deposition SRband the annual water discharge
of the Red River at the Son Tay gauging statiorttfer2005-2010 period; (B): Floodplain map of the
Red River Delta (Source: [20]).

622



River hydrology and suspended sediment flux in the red river system: implication for ...

Moreover, a very good relationship was observediden the deposited SPM flux and the
annual discharge (R = 0.96; Figure 5A), showing tha water discharge plays an important
role on alluvial deposition flux along the Red Riybetween the outlets of main rivers and the
Son Tay site) and clearly reflects substantialreedtation on the floodplains during the rainy
season and high water discharges (Figure 5B).

4. CONCLUSIONS AND PERSPECTIVES

Annual water discharge measured at the outleteoftiitee main tributaries and at the outlet
of the System (just before the entry to the Dedtagwed that the Red River is one balanced
fluvial for freshwater with 50 % water flux delivet from the Da River. The annual SPM fluxes
showed a strong spatial variation between the e@strwatershed and the outlet of the river. In
addition, the source of SPM into the Red Riveralelas determined: the majority of the SPM
comes from the upstream catchment in China. Threr-aminual SPM fluxes in the Red River
were 30 Mt/yr at the Lao Cai site, 38 Mt/yr at tleu Tho site and 29 Mt/yr at the Son Tay site.

Finally, SPM flux measured along the Red River anthe outlet of the Da and Lo proved
the complex processes of erosion/sedimentationrooguon the basin. Between the Lao Cai
and Phu Tho sites, both erosion and sedimentatiocepses occurred together, but strongly
depended on the hydrological condition. BetweenRthe Tho and Son Tay sites, the important
loss of SPM flux suggested a dominant depositimtess in the floodplain during high water
before the delta. Further erosion studies (quaatifin and modelisation) should at a minimum
use and analyse SPM load with a long-term obsenvet better understand SPM transport
dynamic.
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