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Abstract

The Hoa Binh Dam, located on a tributary of the Red River in Vietham, has a capacity
of 9.45 x 10° m* and was commissioned in December 1988. Although being important
for flood prevention, electricity production, and irrigation in northern Vietnam, the Hoa
Binh Dam has also highly influenced the suspended sediment distribution in the lower
Red River basin, in the delta and in the coastal zone. Its impact was analysed from
50 yr dataset of water discharge and suspended sediment concentration (1960—-2010)
and the distribution of water and sediment across the nine mouths of the delta was
calculated using the MIKE 11 numerical model before and after the dam settlement.
Although water discharge at the delta inlet decreased by only 8.8 %, the yearly sus-
pended sediment flux dropped, on average from 119 to 43 x 10° tyr’1 at Son Tay near
Hanoi, and from 85 to 35 x 106tyr'1 in the river mouths. Water regulation has led to
decreased water discharge in the wet season and increased water discharge in the
dry season. Suspended sediment discharge proportionally increased in northern and
southern estuaries and decreased through the main and central Ba Lat mouth. Tidal
pumping, which causes a net sediment flux from the coast to the estuary at low dis-
charge, is high in the northern delta, as a consequence of the high tidal range (up to
4.5m in spring tide; diurnal tide). The shifts in the dynamic and characteristics of the
turbidity maximum zone in the Cam-Bach Dang estuary are probably the cause of the
enhanced sediment deposition in the Haiphong harbor. Along the coast, the reduced
sedimentation rates are coincident with the lower sediment delivery that has been ob-
served since the impoundment of the Hoa Binh Dam.

1 Introduction

Asia and Oceania contribute 70% of the global sediment supply from land to the
ocean (Milliman and Syvitski, 1992; Farnsworth and Milliman, 2003). However, re-
cent human activities on large rivers have severely altered sediment discharge, mainly
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as a consequence of artificial impoundments (Syvitski et al., 2005). Vérésmarty
et al. (2003) estimated that around 53 % of sediment flux is now potentially trapped
in reservoirs. This reduction of sediment flux dramatically affects deltas (Ouillon, 1998;
Syvitski and Saito, 2007). For example, sediment discharge decreased from 480 to
approximately 150 x 106tyr_1 over a 20yr period in the Yangtze River (Changjiang)
(Yang et al., 2006) and from 1200 to 150 x 106tyr'1 over a 40yr period in the Yellow
River (Huanghe) (Wang et al., 2006, 2008). Large rivers and their deltas in Southeast
Asia have also been impacted by other human activities such as groundwater pumping,
irrigation, dredging, and deforestation (Tran et al., 2004; Saito et al., 2007).

The Red River delta (RRD), located in the western coast of the Gulf of Tonkin, is the
fourth largest delta in Southeast Asia in terms of delta plain surface, after the Mekong,
Irrawaddy, and Chao Phraya deltas. The RRD initiated in the vicinity of Hanoi about
8000-9000yr ago. It then prograded with a triangular morphology with an apex near
Son Tay, and expanded to reach its current area of 14 300 km? (Tanabe et al., 2003,
2005; Hori et al., 2004; Luu et al., 2010). The RRD lies entirely below three meters
above sea level. Its population was estimated as 16.6 million in 2006, corresponding to
an average population density of 1160 inhabitants km ™2 (Luu et al., 2010).

The Red River (Song Hong) drains a basin area of 160 x 10° km? (Milliman et al.,
1995). Its average discharge over 1902—-1990 at Son Tay was 3740 m3s™ (To, 2000
quoted by Le et al., 2007). The Red River has two main tributaries, the Lo (or Clear)
River and the Da (or Black) River. The latter was the main sediment provider to the
Red River system, until the building of the Hoa Binh Dam (HBD) in the 1980’s (Dang
et al., 2010). Before HBD impoundment, the Red River sediment flux was estimated
to be 100-160 x 10° tyr'1 at Son Tay (Milliman et al., 1995; Pruszak et al., 2002), cor-
responding to a specific sediment delivery of 700 to 1100tkm'2yr‘1, as compared
to a global average of 120tkm’2yr’1 (Achite and OQuillon, 2007). At 160 x 106’[yr'1
the Red River was ranked as the 9th river in terms of sediment flux by Milliman and
Meade (1983). Recent studies have shown that the sediment flux drastically decreased
to around 40 x 106tyr_1 during the period 1997-2004 following the HBD impoundment
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(Le et al., 2007). The mean annual sediment trapping efficiency of the Hoa Binh reser-
voir was estimated to be 88 %, suggesting that the HBD reduces annual sediment
delivery to the delta by half (Dang et al., 2010).

The Red River water and sediment discharges are distributed amongst a complex
network of connected distributaries with nine river mouths. Despite the decrease in
sediment discharge, Haiphong harbor, located in the Cam estuary, one of the northern
distributaries, is silting up (Lefebvre et al., 2012). This silting up has huge economic
consequences rendering urgent the need for an analysis of suspended sediment flux
changes in the river basin. In the coastal zone, Van Maren (2004) showed that the de-
crease of suspended sediment downstream of the HBD affects sediment fluxes in the
Ba Lat area. After the dam impoundment, alongshore sediment transport rate in shal-
low water increased (from 200000 m? yr'1 in 1949 to 300000 m® yr'1 in 2000), while
in deeper waters (10-30m) in the Ba Lat coastal area, it decreased from a peak of
500000 m3yr~" in 1949 to 300000m3yr~" in 2000. Although Luu et al. (2010) esti-
mated the water discharge distribution in the northern, central and southern part of the
delta after HBD commissioning, the water and suspended sediment distribution of the
Red River across its nine mouths has yet to be documented.

This paper aims at completing the previous studies both in the Red River basin and
in its delta before and after the HBD impoundment. Water and sediment fluxes from the
three main tributaries were averaged over a long-term series of measurements before
and after HBD impoundment (for 20 yr before, 1960—-1979, and 22 yr after, 1989-2010).
The variability of water and sediment discharge are examined at different time scales
(seasonal, interannual) and the impact of HBD is assessed. Discharge and sediment
concentration have been continuously measured upstream, but no systematic records
exist in the Red River delta, where only water level is available at the hydrological sta-
tions. This paper also provides a first estimate of the water and sediment discharge
distribution amongst the nine distributaries, for before and after HBD, from numerical
simulations and assesses the consequences for the estuaries and coastline morpho-
dynamics.
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2 Regional settings
2.1 Geomorphology

The Red River source is located with a mean elevation of 2000m in the mountains
of the Yunnan province in China (Nguyen and Nguyen, 2001). It is named the Yuan
River in China, and flows into Vietham where it is named the Hong or Thao River
because of its reddish-brown color water, due to its huge sediment delivery and to the
richness of sediments in iron dioxide. The Red River receives two major tributaries:
the Da River and Lo River (Fig. 1). Their drainage basins are 57.2 x 10° km? for the
Thao River (of which 21 % is in Vietnam), 51.3 x 10°km? (52% in Vietnam) for the
Da, and 34.6 x 10% km? (64 % in Vietnam) for the Lo. The Da River also originates in
the Yunnan province, the elevation of its source being at 2000 m. The source of the Lo
River is located in China at an elevation of 1100 m, and joins the main branch at Viet Tri
city (Nguyen and Nguyen, 2001). The Red River flows 1200 km before it empties into
the Gulf of Tonkin (Bac Bo, in Vietnamese) in the East Sea of Vietham (South China
Sea).

After the confluence of the Da, Thao, and Lo rivers, the Red River gradient falls to
5.9 x 10~ downstream of the apex of the delta (Gourou, 1936, quoted by van Maren,
2007) and the river diverges into two major distributaries a few kilometers upstream of
Hanoi: the Red River to the southwest and the Thai Binh River to the northeast (Fig. 1).
In the southwest, the Red River system includes the Tra Ly River, the Red River, the
Ninh Co River and the Day River. On the left bank of the Red River, the Duong River is
a main distributary. At Pha Lai in the delta, the Duong-Thai Binh system receives water
and sediment from the Cau River (288 km long), the Thuong River (157 km long) and
the Luc Nam River (200 km long) and supplies water and sediment to the northeastern
parts of the Red River delta. Finally, the Red-Thai Binh river system has, from northeast
to southwest, the Cam-Bach Dang mouth (the Bach Dang combines with the Cam to
form the Nam Trieu mouth), the Lach Tray mouth, the Van Uc mouth, the Thai Binh
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mouth, the Tra Ly mouth, the Ba Lat mouth, the Ninh Co (or Lach Giang) mouth, and
the Day mouth. The Ba Lat mouth is the main mouth of the Red River.

2.2 Climate and rainfall

The Red River basin is subject to a sub-tropical climate that is characterized by a sum-
mer monsoon from the south and a winter monsoon from the northeast. The wet sea-
son (from May to October) alternates with a dry season and accounts for 85—95 % of
the total yearly rainfall. In the period 1997-2004, the mean annual rainfall was 1590 mm
in the whole basin (Le et al., 2007). It is slightly higher on the delta, with an aver-
age value estimated to be 1667 mm between 1996 and 2006 b¥ Luu et al. (2010),
who give the extreme values obtained during 10yr: 1345mmyr " with monthly peak
of 450 mm month™" in 2006, and 1725 mm yr’1 with monthly peak of 360 mm month™’
in 1996. The mean annual potential evapotranspiration from 1997 to 2004 was rather
homogeneously distributed over the whole basin area, from 880 to 1150 mmyr’1 (Le
et al., 2007). Episodically, typhoons hit the northern coastline of Vietnam principally
from July to November. They move in a northwestern direction and strike obliquely
across the coastline (Matthers and Zalasiewicz, 1999).

2.3 Hydrological regimes and sediment transport

The total water and sediment discharge of the Song Hong at Son Tay gauging station
were 120 km® yr‘1 and ~ 120 x 106tyr'1, respectively, and the average sediment con-
centration in the river was ~ 1 gL’1, before the HBD impoundment, with a maximum
estimated at 129L'1 during the highest flood ever recorded in 1971. The discharge at
the Hanoi station reached a maximum in July—August (about 23 000 m?> 3'1) and a min-
imum during the dry season (January—May; typically 700 m?> s_1). Approximately 90 %
of the annual sediment discharge flowed during the wet season (Mathers et al., 1996;
Mathers and Zalasiewicz, 1999). The Duong-Thai Binh River carries approximately
20 % of the total water discharge (General Department of Land Administration, 1996).
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The annual discharge of the Cau River is 1.6 km? yr‘1 or51.2m>s™" at the Thac Buoi
station, with an average suspended sediment concentration of 250 mg L' its average
annual sediment discharge is 0.22 x 10°tyr™' (Nguyen, 1984; Nguyen et al., 2003).
The annual discharge of the Thuong River is 1.2 kme’yr'1 (or 40 m?> 5'1) at the Cau
Son station, with an average suspended sediment concentration of 122 mg L' Its an-
nual sediment discharge is on average 0.12 x 106tyr‘1 (Nguyen, 1984; Nguyen et al.,
2003). The annual discharge of the Luc Nam River is 1.3 km3yr'1 (or 42.3 m?> 3'1) at
the Chu station, with an average suspended sediment concentration of 330 mg L.
Its annual sediment discharge averaged 0.2 x 106tyr'1 (Nguyen, 1984; Nguyen et al.,
2003). These rivers experience a flood season from June to October which brings 70—
81 % of their total annual water input and 85—92 % of their total sediment input to the
Thai Binh River system.

2.4 Dams

The last four major floods within the return period of 100 yr were caused by simultane-
ous high floods in the Lo, Da and Thao rivers. The Da River usually played the main
role, representing 53-57 % of total discharge (Le et al., 2007). During the biggest flood
ever recorded, the water level in Hanoi reached 13.3m in August 1971 (Luu et al.,
2010) and the Ba Lat river mouth shifted 10 km southwards to its current position (van
Maren, 2004, 2007).

The construction of HBD on the Da River began on 6 November 1979 and ended
on 30 December 1988. HBD has a capacity of 9.45 x 10° m® of water corresponding
to 17.8 % of the annual discharge of the Da River and has an electric power plant of
1920 MW, delivering ~ 40 % of the Vietnamese electricity production (Le et al., 2007).
In 2012, it was ranked 53rd in the world in terms of electric capacity (International
Commission on Large Dams, ICOLD, http://www.icold-cigb.org/). Since its impound-
ment, HBD has played an important role in flood prevention, electricity production, and
irrigation supply in northern Vietham. A second dam, the Son La, located upstream of
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HBD, is under construction. The Son La dam has a capacity of 9.26 x 10° m® of water,
a catchment area of 43.76 x 10° km? and will produce 2400 MW of electricity. Construc-
tion began in December 2005, it was impounded in May 2010 and it is expected to be
commissioned in 2014.

2.5 Tide and tidal influence in the estuaries

The tide in the Gulf of Tonkin is predominantly a diurnal type, with one ebb-flood cycle
occurring each day, and an amplitude gradually decreasing from 4 m to 2m from north
to south in spring tides (Fang et al., 1999; Nguyen et al., 2014). Within the spring-neap
14 days cycle, the tide amplitude at Ba Lat varies from 2.5m during spring tides to
0.5m during neap tides.

Salinity intrusion occurs for up to 40 km landwards from the Cam River mouth within
the delta, 38 km from the Lach Tray mouth, 28 km from the Thai Binh mouth and 20 km
from the Ba Lat mouth. However, the tidal influence on water level and discharge ex-
tends much farther upstream. At Phu Ly (120 km from the coast) on the Day River, daily
water levels vary by 1 m during the dry season and 0.6 m during the wet season (Luu
et al., 2010).

2.6 Fluvial, tidal and wave influences along the delta coastline

Fluvial-, tide- and wave-dominated processes appear to be important in the develop-
ment of the RRD, but their relative influence is subject to a remarkable spatial variability
(Mathers and Zalasiewicz, 1999; van Maren, 2004, 2007). The northern coastal section
of the RRD lies sheltered from strong wave action by the island of Hainan, and the river
mouths are mostly tunnel-shaped as a consequence of the prevalence of river and tidal
forces. In the southern part of the delta, the river mouths are mainly convex in shape
as a consequence of the dominant wave forces (Pruszak et al., 2005). The central part
of the delta, around Ba Lat mouth, is a mixed tide and wave-dominated coast.
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3 Data and methods
3.1 Data

Data used in this paper are daily water discharge (Q) and suspended sediment con-
centration (SSC) over the 50yr period from 1960—2010. This time period covers the
time before (1960-1979) and after (1989-2010) HBD impoundment (MONRE, 1960—
2010). The data was collected by the National Hydro-Meteorological Service (NHMS)
at the hydrographic stations of the Red River system (Fig. 1): Vu Quang (Lo River),
Yen Bai (Thao River), Hoa Binh (Da River), Son Tay (Red River), Ha Noi (Red River)
and Thuong Cat (Duong River). Calculations were carried out according to the norm
TCN26-2002 of the Vietnamese Hydrometeorology General Department. Data on
coastal erosion along the RRD from Tran et al. (2001, 2002, 2008) are also used.

3.2 Calculation of water and sediment discharge in upstream rivers

The annual water Q,,; (in m*yr™') and suspended sediment discharge M, ; (in tyr™')
for year / were calculated following norm TCN26-2002, as:

p
=ZQd,/x86400 (1)
p
; Z Qq,jj % Cy,;,j x0.0864 (2)
Jj=1
3 -1

where Qg ; ; (inm ) is the average water discharge at day j and year /, C, ; ; (in mg

L‘1) is the suspended sediment concentration at day j and year /, and p is the number
of days per year /.
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For a given distributary kK amongst the 9 distributaries of the Red River, the ratio of
its water discharge to the Gulf of Tonkin (denoted Q ratio) was calculated as:

Q
Q ratio, = g—k 3)
2 Q
/=1
In the same way, the ratio of suspended sediment delivery to the Gulf of Tonkin (de-

noted M ratio) for a given distributary k< amongst the 9 distributaries of the Red River
was calculated as:

. M,
M ratio,, = 3 (4)
2 M,
=1

Q ratio and M ratio can be calculated for a given year or from the average of yearly
values over a given period.

3.3 Calculation of water and sediment discharge in estuaries
3.3.1 The MIKE11 model

In order to estimate water and sediment discharge from estuaries into the coastal zone
before and after HBD impoundment, a data-driven modeling approach was setup using
the MIKE11 model (Vu et al., 2011). MIKE11 is a modeling package for the simulation
of surface runoff, flow, sediment transport, and water quality in rivers, channels, estu-
aries, and floodplains (DHI, 2004). MIKE11 is an implicit finite difference model for one
dimensional unsteady flow computation and can be applied to looped networks and
quasi-two dimensional flow simulation on floodplains. The model has been designed
to perform detailed modelling of rivers, including special treatment of floodplains, road
overtopping, culverts, gate openings and weirs. MIKE11 is capable of using kinematic,
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diffusive or fully dynamic, vertically integrated mass and momentum equations. The
solution of continuity and momentum equations is based on an implicit finite difference
scheme. This scheme is structured so as to be independent of the wave description
specified. Boundary types include water level (h), discharge (@), @/h relation, wind
field, dambreak, and resistance factors. The water level boundary must be applied to
either the upstream or downstream boundary conditions in the model, depending on
the hydrodynamic regime (characterized by the Froude number). The discharge bound-
ary can be applied to either the upstream or downstream boundary conditions, and can
also be applied to the side tributary flow (lateral inflow). The lateral inflow is used to de-
pict runoff. The Q/h relation can only be applied to the downstream boundary. In order
to simulate suspended sediment transport, a module of advection/diffusion of SSC is
used in which erosion and deposition are expressed as source/sink terms. This mod-
ule requires outputs of from the hydrodynamics module, namely water discharge, water
level, cross-sectional area and hydraulic radius and calibrated specific parameters.

In order to setup the model, the Red River system was designed under a network
which includes the main rivers (Fig. 2) from data such as river section and bed elevation
collected by the NHMS. In every calculation the model ran for 32 days for the spin up
before the true simulation began.

For calibration and validation purpose, the model was run with actual data, for real
situations. For studying the impact of HBD, the model was run for two typical years
as defined from the average of daily Q@ and SSC data before (1960-1979) and after
(1989-2010) HBD impoundment. The hourly boundary conditions in water elevation at
the river mouths came from measurements performed at the gauging stations in 1979
and 2006, respectively.

3.3.2 Boundary conditions

Upper boundaries were fixed across sections at Son Tay on the Red River and at Thac

Buoi (Cau River), Cau Son (Thuong River) and Chu (Luc Nam River). Daily Q and

SSC were used as inputs at these cross-sections. Hourly water levels were imposed
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as boundary conditions in the Bach Dang, Cam, Lach Tray, Van Uc, Thai Binh, Tra Ly,
Ba Lat, Ninh Co and Day River mouths. While SSC at these estuarine boundaries was
calculated by the model during ebb periods, we chose to fix it at 50 mg L during the
flood period.

3.3.3 Calibration and validation

The model was calibrated by changing the values of Manning’s roughness coefficients
(n) at different locations in the river reach. During calibration, the simulated and ob-
served water discharge at Ha Noi, Thuong Cat, Nam Dinh, Cua Cam gauging sites
were compared for different combinations of n until the simulated and observed wa-
ter levels matched closely. Optimization of the model's parameters was based on the
Nash—Sutcliffe efficiency coefficient £ (Nash and Sutcliffe, 1970) calculated for each
simulation and given by:

2
1. > (obsQ - calcQ) (5)
> (obs@ — meanQ)?

in which the sum of the absolute squared differences between the predicted and ob-
served values is normalized by the variance of the observed values during the period
under investigation. E varies from 1.0 (perfect fit) to —co, a negative value indicating
that the mean value of the observed time series would have been a better predictor
than the model (Krause et al., 2005).

The values of n used during the calibration process were within the range of 0.020—

0.035m™~"/3s as recommended by Chow (1959). To avoid model instability, appropriate

computational time step and grid size were selected. In the model setup, the compu-

tational time step and grid size were assigned as 30s and 1000 m, respectively. Initial

water level and discharge conditions were provided to avoid a dry bed situation. Ini-

tially, the model was run using a uniform roughness coefficient of 0.03 m™/3s. During

the initial runs, the model over-estimated water level at some stations. Local values
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of Manning’s n were chosen at different locations along the river to obtain the best fit
between measurements and simulations. The resulting calibration was obtained with
a decreasing roughness coefficient from 0.035 m~'%s (upstream and in the riverbeds)
down to 0.02m~"/3s (downstream and in the main channel).

Stokes’ law was used to determine the free settling velocity of the suspended par-
ticles in this study. Assuming a low concentration without hindered settling and no
flocculation, a settling velocity of 0.2 mm s~' was used in our simulations. The critical
erosion shear stress of sediment (7, ) was tested in the range 0.1-1.0N m™2 (Van Rijn,

2005); after calibration, we selected the value of 0.2 N m™~2 for our simulations. The criti-
cal deposition shear stress of sediment (7, 4) was tested in the range 0.005-0.25N m~2

(Van Rijn, 2005); after calibration, we chose to apply a value of 0.15N m~2. The rate of
erosion was set at 10~ kg m2s7".

The efficiency coefficient E was then calculated to quantify the model performance
with daily average measured water discharge and sediment concentration in Au-
gust 2006 upstream (Ha Noi, Thuong Cat) and downstream (Nam Dinh, Cua Cam).
E values for water discharge in Ha Noi, Thuong Cat, Nam Dinh and Cua Cam were
0.75, 0.72, 0.71 and 0.69, respectively. The values for suspended sediment concentra-
tion at the same stations were 0.67, 0.66, 0.65 and 0.65, respectively, thus providing
good agreement between measurements and simulations during the main period for
sediment transport (i.e. the wet season; Fig. 3).

4 Results

4.1 Water discharge in the main tributaries

The Red River discharge results from its three major tributaries, Da, Thao and Lo
Rivers (Fig. 1). Between 1960 and 2010, the Red River discharge at Son Tay varied
from year to year, over the range 80.5 (in 2010)-160.7 (in 1971) x 10%m® yr'1 (Fig. 4),
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with an average value of 110.0 x 10° m®yr~'. The average annual water discharge
was 116.1 x 10°m3yr~" and 105.8 x 10° m3yr~" for the periods 1960-1979 and 1989
2010, respectively (Table 1, Fig. 4).

Lo and Thao Rivers supply about 50 % of the total water discharge of the Red River,
the remaining 50 % being provided by the Da River (Table 1). The monthly water dis-
charge of the Da and Red Rivers is highly correlated (r2 =0.902) as are the Red and
Duong Rivers (r2 = 0.899). As a result, the HBD not only affects the discharge of Red
River but also that of the Duong River.

The measured yearly water discharge exhibited small increases per tributary af-
ter HBD commissioning (Table 1, Fig. 4): 7.3 % for the Lo River, 4.6 % for the Thao
River and 1.9 % for the Da River. Conversely, while the yearly Red River discharge de-
creased by 8.8 % from 116.1 to 105.8 x 10° m®yr™", that of the Duong River increased
by 13.9%, from 29.2 to 33.3 x 10° m3yr'1. In other words, the portion of discharge
diverted by the Duong River increased from 24.5 % of the Red River before HBD im-
poundment, to 31.5 %.

Seasonal variations of Q were high. Rainy season (June to October) water discharge
represents 71-79 % of annual total discharge with only 9.4—18 % during the dry season
(December to April; Table 1). The remaining 5—-10 % occurs during the period of lowest
rainfall (January, February, and March).

Regulation of HBD has led to changes in the water distribution of the Da, Red and
Duong Rivers. Discharge increased significantly during dry periods post HBD impound-
ment on the Da River (+47.8 %, Station 3 — see location in Fig. 1), Red River (+11.8 %,
Station 4) and Duong River (+109.4 %, Station 5; Table 1). This shows (1) that the HBD
has a marked impact on water regulation at the seasonal scale and (2) that Duong
River responds to variations in the Red River, particularly in the dry season in the
section above the connection with the Thai-Binh River.

The trends of the inter-annual variability in yearly water discharge are not straight-
forward. The coefficient of variation, denoted CV and defined as the ratio of standard
deviation to the average, is a suitable indicator of variability. While the inter-annual

346

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

HESSD
11, 333-370, 2014

Impact of the Hoa
Binh Dam

D V. Vu et al.

' III “II


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/333/2014/hessd-11-333-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/333/2014/hessd-11-333-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

variability did not change for the Red River at Son Tay after HBD impoundment (with
a CV of 15.2-15.3% amongst yearly values) and decreased by only 2.8 % for the
Duong River, it shown higher variations upstream: from 10.4 to 17.8 % for the Da River,
from 23.2 to 14.8 % for the Lo River and from 14.2 to 52.7 % for the Thao River. The
CV of Q in the Da River was multiplied by 1.75 after HBD impoundment.

4.2 Suspended sediment discharge

The total suspended sediment discharged from the Red River system depends on
water discharge as well as on the suspended sediment concentration of the Lo, Thao
and Da Rivers.

Before HBD impoudment, SSC of the Thao River was, on average, 1728 mg L™ and
was always higher than the mean SSC of the Da and Lo Rivers (1193 and 306 mg LT,
respectively; Table 2). The SSC of the Red River (at Son Tay) was 1027 mg L~'. The an-
nual total suspended sediment flux increased both in the Lo River (from 9.2 x 10° ’tyr'1
for the period 1960-1979 to 12.7 x 10° tyr™" for the period 1989-2010) and Thao River
(from 43.4 x 10° tyr’1 t0 51.7 x 10° tyr'1; Table 1, Fig. 4), whereas sediment discharge
and SSC decreased in the Da and Red Rivers.

The HBD impoundment had a strong effect on sediment discharge and SSC in the
Da, Red and Duong Rivers. While annual total suspended sediment discharge of Da
river was 65.0 x 10 ‘[yr'1 (about half of the total supply to the Red River delta) before
HBD impoundment, it dropped to 5.8 x 106tyr‘1 after (-91.1%). This is equivalent
to only 7.8 % of the cumulated contributions from Da, Lo and Thao Rivers (Table 1,
Fig. 4). At the Hoa Binh gauging station, the annual average SSC decreased from
1193 mg L~" to 105.7 mg L. As a consequence, annual total suspended sediment
of the Red River at Son Tay which averaged 119.3 x 106tyr’1 before the HBD was
reduced to 46.1 x 106tyr_1 after the impoundment (-61.3 %; see Table 1, Fig. 4), cor-
responding to a decrease in the average SSC from 1027 to 397 mg L~ (Table 2). At
Thuong Cat on the Duong River, the annual total suspended sediment which averaged
28.9 x 106tyr'1 before the HBD was also reduced to 21.6 x 106tyr'1 after (-17.3 %;
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see Table 1, Fig. 4), and the average SSC decreased by 25.4 %, from 989 mg L™ over
the period of 1960-1979 to 738 mg L~ over the period 1989-2010 (Table 2). Interest-
ingly, the total suspended sediment delivery in the Duong River slightly increased in dry
season after HBD impoundment, from 0.46 x 106'tyr‘1 10 0.74 x 106'tyr‘1 (Table 1).

The seasonal variability of SSC is high. Total suspended sediment discharge is high-
est in July and August and lowest in February and April (Table 2). Suspended sedi-
ment discharge for five months of the rainy season (from June to October) made up
from 87 % to 96 % (Table 1). While the CV amongst the monthly averaged values of
SSC was the highest in the Da River (111.9 %) before HBD impoundment and dropped
to 70 % after, it remained quite unchanged in the Lo and Thao rivers, around 90 and
80 %, respectively (Table 2). The change in the Da River sediment regime also involved
a decrease of 6-7 % of the seasonal variability of SSC in the Red and Duong Rivers.

Despite contrasted changes in the inter-annual variability of river discharge, the main
rivers of the Red River system show an enhancement of the variability of relative sed-
iment discharge on the inter-annual scale. While their respective CVs were almost
equivalent and ranged between 32.2 % (Red River at Son Tay) and 36.3 % (Thao River)
before HBD impoundment, they had much higher differences after impoundment and
varied from 38.8 % in the Duong River to 77.4 % in the Lo River. Moreover, the abso-
lute change of the standard deviation decreased significantly in the Da River by 88 %,
in the Red River by 31 % and in the Duong River by 13% due to a large decrease
in suspended load (Table 2). At the Son Tay station, sediment flux ranged between
56.0 x 10°t in 1963 and 201.0 x 10°t in 1971 before HBD impoundment and between
10.4 x 10°tin 2010 and 133.6 x 10°t in 1990 for the period after 1989.

4.3 Influences on the distributaries discharge

The water distribution across the 9 river mouths before and after HDB impoundment
was estimated from numerical simulations (Table 3). Water discharge ratio of the estu-
aries in the north of the RRD slightly increased after impoundment: from 15.5 % (before
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HBD) to 16.5 % for the Cam and Bach Dang estuaries, from 3.5 to 3.7 % for the Lach
Tray River, from 13.6 to 14.5 % for the Van Uc River, and from 6.0 to 6.4 % in the Thai
Binh River. It also increased in the Day River, at the south of the delta, from 22.1 to
23 %. Conversely, this value decreased in the central delta, especially at Ba Lat mouth
from 24.9 to 22.5 % (Table 3).

The decrease of total water discharge from all the distributaries of 10.2 x 10°m® yr-
between 1960—1979 and 1989-2010 (from 130.5 to 120.3 x 10° m®yr™", see Table 3)
calculated by the model is due to a decrease of the Red River discharge (Table 1). It
should be noted that water use for irrigation, drainage, urban and industrial purposes
were not considered in the model. Between the two periods, water discharge of the
estuaries increased slightly from 17.8 to 20.8 x 10° m® during the dry season, while
it decreased from 98.8 to 85.2 x 10° m® during the rainy season (Table 3). This lower
variability of water discharge is mainly a consequence of water regulation by the HBD.

The decrease of suspended concentration of the Red River caused a strong de-
crease in suspended sediment concentration as well as suspended sediment dis-
charge in the distributaries. Total suspended sediment delivery decreased both in the
dry and rainy season after HBD impoundment from 2.6 x 10%tto 1.7 x 10%t for the dry
season, and from 77.3 x 10°t to 30.5 x 10°t for the rainy season (Table 4). As a result,
the total average annual suspended sediment discharge decreased by 58.6 % after
1989 from 84.8 to 35.1 x 10°tyr™"'. The changes in suspended sediment distribution
mirror the changes of discharge distribution i.e. slight increases of M ratio were ob-
served in the northern part of the delta (from 15.5 to 17.1 % in the Bach Dang and
Cam Rivers) and in the southern part (from 22.1 to 22.8 % in the Day River), whereas
the M ratio decreased in the central part of the delta. Although the suspended sedi-
ment discharge in absolute value decreased in most distributaries, it slightly increased
in Cam-Bach Dang estuary in dry season due to an increase in river discharge (Ta-
ble 4).

1
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5 Discussion and conclusion

The values of water and sediment discharge calculated in this study from a 50yr
dataset of discharge and sediment concentration at five key stations of the Red River
can be compared with the previously published values. We found an average annual
water discharge of 116.1 x 10°m3yr~ or 3678 m3s™" for the period 1960-1979 and of
105.8 x 10°m°yr~ or 3353m>s™" for 1989-2010 (Table 1, Fig. 4). These values are
consistent with the previous estimates of Dang et al. (2010): 3557 m3s™" for 1960-
1988, and 3426 m3s™" for 1989-2006, and those of other reports or papers (To, 2000;
Nguyen et al., 2003; Le et al., 2005). This is to be expected as all of the determinations
are based on data provided by the same administration.

The value of 31.5 % of water diverted by the Duong River and calculated over 22 yr
is in very good agreement with the former estimate over 11 yr (1996-2006) by Luu
et al. (2010) who calculated an average diversion of 30 %, with variations from 25 %
during the wetter period 1996-2000 to 35 % during the drier 2001-2006 period.

Although the HBD does not influence yearly water discharge, its regulation has mod-
ified the range of seasonal variation. Water discharge increased by 47.7 % in the dry
season in the Da River (at Hoa Binh station), by 11.8 % in the Red River (at Son Tay)
and by 109 % in the Duong River (at Thuong Cat).

No estimates of water distribution amongst the 9 estuaries have been published for
the period before HBD impoundment, however, Pruszak et al. (2005) gave estimates
of the water discharge percentage for 6 estuaries, which are reported in Table 3. The
date is not given but they probably refer to pre-1989, as they consider a global yearly
suspended sediment flux of 116 x 10° tyr'1 . Their percentage for the Van Uc-Thai Binh
system (37 %) is very close to our estimate before 1979 for the whole Duong-Thai Binh
system (38.6 % for Cam, Bach Dang, Lach Tray and Thai Binh), and for the Tra Ly as
well (10 % by Pruszak et al., 2005, vs. 8.4 % in our calculation). The estimates for the
Ba Lat, Ninh Co and Day estuaries are the same and represent ~ 25, ~ 6 and ~ 22 %,
respectively. Our value for Ba Lat is also consistent with that of van Maren and Hoekstra
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(2004): 21 %. Other calculations were performed by Luu et al. (2007, see Table 3), for
a dry year (2006) and a wet year (1996) post-1989, while ours were calculated for an
average post-1989yr. The percentages of Luu et al. (2007) for the three main outlets
are very close to our estimates; with those for dry years being in better agreement with
our estimates than for the wet years.

The present calculations show that water distribution was affected by the impound-
ment of the HBD. While the water ratio of the northern estuaries (Bach Dang, Cam,
Lach Tray, Van Uc and Thai Binh) increased from 38.6 to 41.1 % after 1989, it de-
creased at the Ba Lat mouth from 24.9 to 22.5 %. The total water discharge from the
estuaries increased by 17.0 % in the dry season and decreased by 13.7 % in the rainy
season after the HBD impoundment, due to water regulation.

Concerning the suspended sediment discharge, it should be noted that there were
large increases in sediment discharge and concentration in the Thao and Lo rivers.
These were partly caused by human activities in the Chinese part of the Red River
(Yuanjiang river), as illustrated by the average SSC at the Manhao station during the
1960s, 1970s, 1980s and 1990s where values of 1870, 2490, 3120, 3630 mgL™ ', re-
spectively, were observed (He et al., 2007). Other impacts in China and in Vietham
such as shifts in land use and deforestation may also contribute to these changes.

The average sediment flux in Hanoi before HBD (119 x 106tyr'1) calculated over
1960-1979 is the same as that calculated by Dang et al. (2010). It is also in good
agreement with other previous estimates that ranged between 100 and 160 x 10° tyr'1 ,
with a very close estimate (116 x 10°tyr™') given by Pruszak et al. (2005). The value
calculated for 1989-2010 (46 x 10° tyr‘1) is also very close to the value calculated by
Dang et al. (2010) (49 x 106tyr’1) for the period 1979-2008. The interannual vari-
ability of sediment transport in Hanoi was higher over the period 1960-1979 (56—
201 x 106tyr’1) than during 1989-2010 (10—134 x 106tyr’1). This latter range is con-
sistent with the range estimate of between 30 and 120 x 10°t as quoted by van den
Bergh et al. (2007b), although we found a smaller lower limit due to the recent lower
sediment discharge (24.5 x 10° tyr_1 for 2003-2010; see Fig. 4).
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After the HBD impoundment, average daily SSC decreased from 1193 mg L™ to
105.7mg L™ at Hoa Binh (Da River) and from 1027 mg L™ to 397.4 mg L™ at the Son
Tay Station on the Red River. The annual total suspended sediment discharge, which
was 65 x 106tyr'1 in the Da River and represented about half of the total supply to
Red River, decreased to 5.8 x 10°tyr™". This decrease of 91 % is consistent with an
estimated sediment efficiency trapping of 88 % in the HBD (Dang et al., 2010).

The highest value at Thuong Cat station as compared to the Son Tay station may
be explained by either new sediment inputs between the two stations (from urban,
industrial, agricultural origins or from dredging activities such as observed in Hanoi), or
by riverbed and bank erosion induced by the local river load capacity (Ouillon and Le
Guennec, 1996; van Rijn, 2005).

The distribution of sediment discharge from the Red River to the RRD coast changed
both spatially and quantitatively, decreasing from 85 to 35 milliont (about 58.6 %). If we
consider the period 1989-2010, 50 % of the sediment brought by the Lo, Thao and
Da rivers is lost in the delta. Between Hanoi and the sea, 11 x 10°1 settle per year,
representing 31 % of the sediment discharge at Son Tay, the remaining part being
delivered to the ocean. This percentage is similar to that of 1960—-1979 (29 %), however,
the absolute quantity is divided by 3. This estimate should be considered as a first
guess since the model does not take into account neither flocculation nor stratification.
However, it is consistent with the value of 70 % of sediment delivered to the sea as
estimated by Haglund and Svensson (2002).

The increase of the suspended sediment discharge ratio in the northern and south-
ern estuaries and its decrease at the Ba Lat mouth influenced not only erosion and
accretion zones along the RRD coasts, they also altered the geological, morphologi-
cal, biogeochemical and ecological responses in the estuaries, delta, and coastal areas
(e.g. Rochelle-Newall et al., 2011; Bui et al., 2012; Navarro et al., 2012).

By limiting flow during floods, the HBD regulation decreased sediment transport ca-
pacity of the rivers thereby enhancing deposition in the river, with the knock-on effects
of obstructing the boat traffic and the outgoing tidal waters out (Tran et al., 2002).
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Enhanced deposition occurred in the middle estuaries, in particular the Cam-Bach
Dang, Ninh Co and Day Rivers resulting in the need for increased dredging in order
to improve navigability. In the middle and lower estuaries, deposition is mainly driven
by the dynamics of the turbidity maximum zone (e.g. tidal pumping and/or density gra-
dients; Sottolochio et al., 2001). Tidal pumping is caused by the asymmetry of tide,
with shorter and more energetic flood periods than ebb periods, and longer high slack
water periods than low slack waters, thus favoring deposition near the turbidity maxi-
mum (Allen et al., 1980; Uncles et al., 1985; Dyer, 1986; Dronkers, 1986). Fluid mud
consolidates slightly during neap tides (Dyer, 1986). Lefebvre et al. (2012) showed that
sediment deposition induced by tidal pumping in the Cam-Bach Dang estuary can be
up to three times higher during the dry season relative to the wet season. During the
dry season, the net sediment flux at the river mouth is positive from the sea to the
Cam-Bach Dang estuary, bringing back into the estuary particles brought by previous
floods (Lefebvre et al., 2012). Tidal pumping occurs when river discharge is low enough
that marine water flows into the estuary during flood and high enough so that the tidal
cycle shows a strong velocity asymmetry, with a short but highly energetic flood pe-
riod. The observed slight increases of river discharge during the dry season after the
impoundment of the HBD likely enhanced the tidal asymmetry and the associated tidal
pumping (Allen et al., 1980; Dyer, 1986). Tidal pumping is probably higher in the north-
east of the delta (Cam-Bach Dang, Lach Tray and Van Uc estuaries) than in the central
and south delta estuaries because the tidal amplitude is there much higher (Uncles
et al., 2002). Other forcing factors also modify tidal pumping. Flocculation of estuarine
suspended particulate matter is strongly dependent on the suspended sediment con-
centration, especially in low energetic episodes (Verney et al., 2009) and turbulence
has been identified as the most important factor controlling aggregation in the wet sea-
son in the Bach Dang estuary (Lefebvre et al., 2012). The changes of @, turbulence
and SSC variability caused by dam regulation and to dam retention displaced the tur-
bidity maximum zone and changed its characteristics, such as its seasonal trajectory
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and the volume of fluid mud. In the Cam-Bach estuary, it is probably a major feature of
the recent increase of sediment deposition in the middle and lower estuary.

It is not possible to test this hypothesis using hydro-sedimentary studies due to the
lack of data available prior to the HBD impoundment. However, the recent changes
in the volume of sediment dredged from the Cam-Bach Dang estuary illustrate the
enhanced silting up of the estuarine harbour of Hai Phong. This increase in silting is
probably due to the general decrease of river capacity of sediment transport or to the
modified dynamics of the turbidity maximum, both of which are directly related to the
regulation of water flow by HBD. The dredged volume of sediment in the port of Hai
Phong in 1922, 1983, 1992 was 922.6, 1256 and 1700 x 10% m?, respectively. This
is compared to about the 4-5 x 10°t of sediments annually dredged from the port in
order to guarantee the port activities today (Vietnam Administration of Hai Phong, un-
published). During the last geological period, the Van Uc, Thai Binh, Tra Ly and Ba Lat
mouths also had very rapid accretion zones with sediment accumulation rates exceed-
ing sea level rise (1-2 mmyr'1) and tectonic subsidence (2 mm yr'1, Do et al., 2007).
Typical mechanisms of delta propagation involve the forming and connecting sand
bars in front of the mouths (Do et al., 2012), thus inducing a progressive develop-
ment of the delta outward into the Gulf of Tonkin. Recently, the shorelines at these
river mouths were expanding at a rate of about 15-100 myr'1 and the rapid accre-
tion in front of the river mouths caused widespread difficulties for navigation, similar
to Haiphong bay. Conversely, sediment deficits in the adjacent areas led to shoreline
erosion. Coastal erosion causes loss of land, and the expansion of saline intrusions.
The coastal zones where rapid erosion prevails are located from south of the Ba Lat
mouth to the Hai Hau district (see location in Fig. 1), and in the nearby the mouths
(Do et al., 2012), such as north of the Ninh Co mouth. Shoreline regression in Hai Hau
can reach 15 myr’1. Shoreline changes obtained from maps suggest that the Hai Hau
erosion started around the beginning of the 20th century with a decrease in erosion
rate during the late 1960s. According to geodesic measurements from 1963 to 1985,
the Hai Hau district was subsiding with a maximum rate of up to 5mmyr_1 (van den
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Bergh et al., 2007a). Sediments from the Red River (Ba Lat) are largely transported in
a southern direction and do not reach the coastline of the Hai Hau district. Shoreline
erosion also takes place north of the Van Uc River (Haiphong city) although with lower
intensity. The reduction of sediments exported to the coastal zone due to trapping in
the HBD has already been identified as the main cause of intensified erosion in RRD
coastal line (Tran et al., 2002; Do et al., 2007, 2012).

To distinguish between various erosion levels, the intensity of erosion was noted as
“weak” (less than 2.5 myr'1 ), “mean” (2.5t0 5 myr'1 ), and “strong” erosion (more than
10 myr‘1) by Tran et al. (2002). In the period 1965—-1990, the length of eroded coastline
was 59 km, with a mean intensity covering 45.5 % of the shoreline and a strong intensity
covering 45.5 %. For the period 1991-1995, the length of eroded coastline decreased
to 25.5km due to dike consolidation and because sections in Bang La (northeast of
Van Uc River mouth) and Tien Lang (southwest of Van Uc River mouth) switched from
erosion to accretion. However, strong intensity covered up to 87.5 % of the shoreline
for this period. The Hai Hau coast became the main eroded coastline with an average
erosion rate of 8.3 myr_1 in the period 1965-1991 and up to 15.0 myr‘1 for 1991-1995
(Tran et al., 2001).

In the coastal area, recent measurements of sedimentation rate at the outer Tra
Ly Mouth based on the analysis of 21%pp in sediment cores show that the sediment
rate in this area is decreasing (Bui et al., 2012). At 10 m depth in front of the River
Mouth (station HP4 in Bui et al., 2012), the average sedimentation rate for the periods
1966-1975, 1975-1988, and 1988-2011, was 1.8, 1.24 and 1.01 cmyr‘1, respectively.
Further offshore (at about 20m depth, HP6), the average sedimentation rate for the
periods 1964—-1976, 1976-1984, 1984-2011 was 0.67, 1.0 and 0.56 cmyr'1, respec-
tively. This tendency is coincident with the reduction of sediment input from the Red
river to the sea after HBD impoundment.

In order to assess impacts of HBD on the distribution of suspended sediment along
the Red River delta, an integrated model (hydrodynamics-waves-sediment transport)
was setup with different scenarios, before and after HBD period (Vu et al., 2011). This
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model did not take into account the influence of polysaccharide polymers (extra-cellular
polymeric substances, EPS) in the aggregation which have been shown to be efficient
in the Cam-Bach Dang estuary (Mari et al., 2012). The simulations shown that, in the
Haiphong Bay area and during the wet season, the averaged SSC on water depths
<5m, 5-10, 10-15, 15-20, 20-25, 30-35m decreased by 62, 66, 65, 54, 42, 36 %,
respectively, after HDB impoundment. In front of the Ba Lat mouth and during the wet
season, averaged SSC on water depths < 5m, 5-10m, 10—15m decreased by 63, 56,
and 39 %, respectively. These results show that the reduction of sediment delivery has
a higher impact on shallow water areas, up to 15m in the north and up to 10 m in front
of the central delta, where morphologic changes are driven by wave action more than
by tidal asymmetry (van Maren et al., 2004).

River dams have been built in Viet Nam for many decades for energy supply, such
as the Day Dam in 1937 (on the Day River), the Thac Ba Dam in 1970 (on the Chay
River), and the HBD in 1989. Sediment trapping in the reservoirs was not considered
during the first decades. However, recent studies have documented their impacts on
sediment fluxes. In summary, from its impoundment, Hoa Binh Dam has played a con-
siderable role in flood control, irrigation and electricity production in North Vietnam.
However, it also significantly affected water discharge and the suspended sediment in-
put from the Red River basin to the delta and coastal areas. The estuaries of the Red
River delta are presently silting up and this is partly due to the water flow regulation
of the HBD which has led to a the decrease in sediment transport and an increase of
river discharge in the northern delta during the dry season. All of which likely enhance
deposition in the Cam-Bach Dang estuary. Moreover, the decrease of suspended sedi-
ment discharge of Red River induced a decrease of sedimentation rate along the delta
shoreline. Coastal erosion intensifies when sedimentation and accumulation no longer
balance sea level rise and tectonic subsidence and this factor needs to be taken into
account when considering dam regulation. Finally, this work underlines the need for
an integrated management plan that extends from the river basin to the coastal zone
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and that involves the close collaboration of hydrologists, coastal oceanographers, and
decision makers.
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Table 1. Average water and suspended sediment fluxes measured at five gauging stations
during the dry season (December—April), the rainy season (June—October), and per year, before
(1960-1979) and after (1989-2010) Hoa Binh Dam impoundment (see locations of stations in

Fig. 1).

River Station Parameter

Before Hoa Binh Dam

(1960-1979)

After Hoa Binh Dam

(1989-2010)

Dry Rainy total year Dry  Rainy total year
Lo 1 Q(x10°m®) 4.40 2214  30.08 577 2291 3234
M (x 10°t) 0.18 833 9.22 035 1162 1268
Thao 2 Q(x10°m® 418 17.92 2514 450 1854  26.29
M (x 10°t) 195 3866  43.45 140 46.43 5174
Da 3 Q(x10°m®) 6.64 4282  54.49 9.81 39.48 5554
M (x 10°t) 064 6236  64.98 033 5.17 5.76
Red 4 Q(x10°m® 1626 86.91  116.08 18.18 75.18  105.80
M (x 10°1) 327 10855 119.26 1.91 4032  46.13
Duong 5 Q(x10°m®) 276 2228 2925 577 2358  33.33
M (x 10°1) 046 2607  28.93 074 19.17 2157
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Table 2. Average monthly and annual suspended sediment concentration (mg L™"), and coef-
ficient of variation of mean monthly values, at five gauging stations before (1960-1979) and

after (1989-2010) Hoa Binh Dam impoundment.

River Period Monthly averages Annual

1 2 3 4 5 6 7 8 9 10 11 12 CV (%) average
Lo 1960-1979 241 251 467 66.8 3286 4847 4440 3994 2553 1511 69.4 29.5 92.2 306.5
1989-2010 329 30.3 40.1 80.7 2164 3784 4748 399.2 2551 191.0 71.0 36.0 88.1 421.4

Thao 1960-1979 404.8 3822 417.7 549.7 920.7 18049 2426.1 2908.8 2001.2 12252 868.0 521.6 80.2 1728.5
1989-2010 324.3 270.8 314.2 523.1 10127 2339.9 3150.2 2990.7 2611.4 14137 1041.0 317.3 775 2058.2

Da 1960-1979 45.6 456 34.9 2655 439.1 12491 17879 17924 978.8 509.0 319.3 925 1119 11927
1989-2010 352 314 30.1 309 412 91.4 153.1 1416 87.5 52.0 36.9 321 70.0 105.7

Red 1960-1979 183.3 163.6 156.3 211.5 538.9 1014.0 1383.1 14684 1068.6 726.2 4849 2246 74.0 1027.4
1989-2010 101.2 939 919 117.0 2622 4271 480.1 606.0 577.1 3383 2522 96.8 68.3 397.4
Duong 1960-1979 125.8 1189 103.9 196.8 556.7 1028.4 1291.1 1369.8 10252 713.3 4524 180.8 79.6 989.2
1989-2010 123.1 100.8 131.4 1463 351.0 7171 8574 8756 7728 5312 3653 1387 7238 737.6
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HESSD

Table 3. Average water discharge in the nine distributaries of the Red River in the dry season 11l SR, A

(December—April), in the rainy season (June—October), and per year, before (1960-1979) and
after (1989-2010) Hoa Binh Dam impoundment; comparison with previous estimates (Pruszak

Jaded uoissnosiq

Impact of the Hoa

l., 2 ;L l., 2010). .
et al., 2005; Luu et al., 2010) N Binh Dam
River mouth Water before Hoa Binh Dam after Hoa Binh Dam P2 Luu et al. o DV. V t al
delivery (1960-1979) (1989-2010) (2005) (2010) = - vuetal
dry rainy total dry rainy total 2006 1996 8
season season  year season season  year (dry year) (wet year) %
Bach Dang Q(x10°m® 079 639  7.96 139 600 837 S _
Q ratio (%) 4.45 6.47  6.10 6.69 7.04  6.96 o
Cam Q(x10°m®) 122 9.84 1225 2.05 798  11.47 )
Lach Tray Q(x10°m®) 045 367 457 0.74 3.21 4.48 =
Qratio (%) 253 372 350 356 377 372 i i
Van Uc Q(x10°m® 206 1389 17.76 294 1246 1745 T
Qratio (%)  11.60 14.06  13.61 1415 1462 1451 = ! !
Sub-Total NE Qratio (%)  25.45 3421  32.60 34.26 3479 3473  26.0 34.6 26.1 o
Q
Thai Binh Q(x10°m®  0.89 6.16  7.84 1.31 554  7.75 =
Q ratio (%) 5.01 624  6.01 6.30 650 644 110 3 - -
Tra Ly Q(x10°m® 168 8.04  10.94 1.63 6.60 9.33 e
Qratio (%) 946 814  8.38 784 774 776 100 5 - -
Ba Lat Q(x10°m® 501 2385 325 472 1911 27.03 Q
Qratio (%) 2821 2415 24.90 2271 2242 2247 250 =
Ninh Co Q(x10°m’) 1.1 576  7.84 118 479  6.78 = i i
Q ratio (%) 6.81 583  6.01 5.68 562  5.64 6.0
Sub-Total Center  Q (%) 49.49 4436 4530 4254 4229 4231 520 44.7 56.7 _I
Day Q(x10°m®) 445 2116 28.84 482 1953 27.62 9
Qratio (%) 2506 21.43 22.10 2320 2292 2296 220 20.8 17.2 o _
C
Total Q(x10°m® 1776 9876 130.50 20.78 8522 120.28 7
T
- ®
5
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HESSD
11, 333-370, 2014

Table 4. Average suspended sediment fluxes in the nine distributaries of the Red River in the
dry season (December—April), the rainy season (June—October), and per year, before (1960—
1979) and after (1989-2010) Hoa Binh Dam impoundment.

Jaded uoissnosiq

River mouth  Sediment before Hoa Binh Dam after Hoa Binh Dam Impact of the Hoa
delivery (1960-1979) (1989-2010) o Binh Dam
dry rainy total dry rainy total o D V. Vu et al.
season season year season season year (U%
C
Bach Dang M (x 10° t) 0.09 4.81 5.16 0.11 2.10 2.43 8
M ratio (%) 3.45 623  6.08 6.63  6.88  6.92 ~ TilePage
Cam M(x10%t) 014 743 796 017 310 357 Ay
M ratio (%) 5.36 9.62 9.38 10.24 10.16  10.16 2 - -
LachTray M (x10°t) 0.06 279  2.99 007 113  1.30
M ratio (%) 2.30 3.61 3.52 4.22 3.70 3.70 o i i
Van Uc M (x 10° t) 0.28 10.65 11.54 0.24 4.40 5.07 @] ! !
M ratio (%) 10.73 13.78 13.60 14.46 14.42 14.43 &
ThaiBinh M (x10°t) 012 472  5.10 010 195 224 @
Mot 460 611 so1  soe 63 ex & N NN
Tra Ly M(x10°t) 026  6.40 7.12 013 235 270 - 1
M ratio (%) 9.96 8.28 8.39 7.83 7.70 7.68 °
(0]
Ba Lat M(x10°t) 078  19.00 21.12 037 681 7.84 . Bk Cbse
M ratio (%) 29.89 2459 24.89 22.29 22.31 22.31 — _I
Ninh Co M(x10°t) 019 459  5.10 009 171 1.97 .
M ratio (%) 7.28 5.94 6.01 5.42 5.60 5.61 g
Day M(x10°t) 069 1687 1876 038 697 802 =  Printer-friendly Version
M ratio (%) 26.44 21.84 22.11 22.89 22.84 22.82 g- _
-]
Total M (x 108 t) 2.61 77.26 84.85 1.66 30.52 35.14 -
3
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LEGEND
¥ Hydrographic stations

1: Vu Quang; 2: Yen Bai;

3: Hoa Binh; 4: Son Tay;

5: Thuong Cat; 6: Pha Lai

R: river; M: river mouth

105°

106°

107°

107°

21°

20°

108°

Fig. 1. Red River system and the Red River coastal area.
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Fig. 2. Diagram of the network considered in the Red River delta for the MIKE 11 model.
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Fig. 3. Comparison of modeled and measured water discharge (Q) and suspended sediment
concentration (C) in August 2006 (a — Hanoi; b — Thuong Cat; ¢ — Nam Dinh; d — Cua Cam)

after calibration of the model.
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Fig. 4. Annual water and sediment discharge in the main tributaries of the Red River system
(1960—2010), and average values before and after Hoa Binh Dam impoundment.
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