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Abstract: The Red River basin is a typical Asian river system affected by climate and anthropogenic
changes. The purpose of this study is to build a tool to separate the effect of climate variability and
anthropogenic influences on hydrology and suspended sediments. A modeling method combining
in situ and climatic satellite data was used to analyze the discharge (Q) and suspended sediment
concentration (SSC) at a daily time scale from 2000 to 2014. Scenarios of natural and actual conditions
were implemented to quantify the impacts of climate variability and dams. The modeling gained
satisfactory simulation results of water regime and SSC compared to the observations. Under natural
conditions, the Q and SSC show decreasing tendencies, and climate variability is the main influence
factor reducing the Q. Under actual conditions, SSC is mainly reduced by dams. At the outlet, annual
mean Q got reduced by 13% (9% by climate and 4% by dams), and annual mean SSC got reduced
to 89% (13% due to climate and 76% due to dams) of that under natural conditions. The climate
tendencies are mainly explained by a decrease of 9% on precipitation and 5% on evapotranspiration,
which results in a 13% decrease of available water for the whole basin.

Keywords: Red River; SWAT model; hydrology; suspended sediment; dam impacts; climate

1. Introduction

Nowadays, the freshwater scarcity has become a global and local dramatic threat for the sustainable
development of the human society [1]. The continuous increasing water demand is growing faster than
the demographic increase, bringing the water crises as a major world risk [2]. River network plays a
critical role in hydrological cycle, and also in processing and transporting sediments and nutrients to
oceans. The suspended sediment (SS) transportation by rivers can be a reflection of land and river
degradation, and it drives nutrients to the seas which is an essential process for marine biogeochemical
cycle and diversity [3,4].

Hydrological cycle and water quality are affected by climate variability and human disturbance.
Climate variations, particularly temperature and precipitation, have effects on river systems both at
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short and long time scales, such as floods and droughts caused by typhoons and El Nino and La Nina,
especially in the tropics [5-7]. In addition, under the disturbance of human activities (such as industrial
and agricultural water consumption and dam constructions), water ecosystems are facing severe
challenge, like the increase of soil erosion, pollutants and nutrient loads, and changes of hydrology
regime and sediment fluxes (SF) [8-13].

To face the challenge of increasing water demand under uncertain variations of climate, dams have
been built globally for water storage. Globally, at least 45,000 large dams have been built, and nearly
half of the world’s rivers have at least one large dam [14]. From a Global Reservoir and Dam database,
approximate 28% dams are located in Asia [15]. In addition, future hydropower development is
primarily concentrated in developing countries and emerging economies of Southeast Asia [16]. As a
consequence, dams coupled to climate variability have an impact on water regime and fluxes of
matters, mainly SS [17]. Dam implementation can cause a significant reduction of SF; Vérosmarty et al.
(2003) [18] estimated greater than 50% of potential sediment trapping by dams in regulated basins.
However, reduced sediment transport affects estuarine and coastal communities [19]. For example, as a
result of reduced sediment delivery, many river deltas are sinking, thereby increasing the vulnerability
of human populations depending on their ecosystem services for survival [15].

Therefore, understanding and quantifying hydrology, soil and biogeochemical processes,
and budgets are essential in managing water resource, in controlling and mitigating soil and
pollutant loads. For achieving this, appropriate methods and tools are necessary, such as in-site field
measurements, empirical and simple equations, remote sensing techniques, geographic information
systems, and numerical simulations. However, field-collecting data at large spatial and temporal
scales is expensive, and often impracticable in some remote areas and underdeveloped regions.
Empirical or/and simple equations, such as sediment rating curves are sometimes applied to quantify
the SF [20-23]. However, a sediment rating curve requires discharge (Q) as an input, which might
not be available for remote and underdeveloped regions, and its parameters can vary a lot among
a big drainage basin. Therefore, this method might neither be the best choice for calculating the SF
at a daily basis nor in a large basin. Modeling is a good tool, combined with other techniques (such
as remote sensing), to compensate the above shortages. Simulations can be carried out at a large
spatial scale and at a daily time scale to quantify, analyze and forecast water resources and quality.
In particular, it can realistically represent the spatial variability of the basin, which will provide a global
view of the whole basin. Many physically based hydrological models had been used [24-27], such as
MIKESHE [28], HSPF [29] and Soil and Water Assessment Tool (SWAT) [30]. Among these models,
SWAT has been proved to obtain good hydrological predictions with a little direct calibration in many
different basins around the world [26,27,31], and more applications can be found in SWAT literature
database: https://www.card.iastate.edu/swat_articles/.

Although SWAT has been applied to many Asian basins, and also to subtropical or/and tropical
areas, most of them were at a scale of 77 to 105,000 km? [31-35]. The Red River is a typical Asian
river system, combining different land uses, affected by human activities such as intensive dam
implementations and agriculture [36,37]. Recent studies of hydrology and suspended sediment in
this basin mainly used data from gauge stations or sampling to do statistical analysis [38—41], or use
modeling to perform simulations at a local scale [42] or in the delta part [43] at a monthly scale; few
studies analyzed fluxes at daily scale, but only on a short period [37], in the delta [44] or only for
discharge or suspended sediment [45]. Both Q and SSC can vary greatly from day to day; therefore,
it would be more favourable to calculate flux at a daily scale. Also, water quality monitoring is usually
carried out during some specific days in a month, and outputs from a model at daily scale can be
practical and useful for further studies. In addition, different scenarios of global changes can be
considered to help researchers or government administrators to compare different possibilities and set
up long-term management plans.

Hence, the objective of this paper is to apply a new tool in the Red River basin to analyze hydrology
and suspended sediment transport in order to diagnose impacts of the global changes by separating the
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effect of climate variability and anthropogenic influences. The model was applied: (1) to characterize
the hydrology of the basin at daily scale; (2) to quantify the SSC in time and space; (3) to assess the
impacts of climate variability and dams in a separate way.

2. Materials and Methods
2.1. Study Area

2.1.1. General Characteristics

The Red River basin, located in the southeastern Asia, is a portion of the international border
among China, Laos and Vietnam. Of the total area, 49% lies in China, 0.9% in Laos and 50.1% in
Vietnam. The Red River originates in Dali, Yunnan Province (China), which is a mountainous region,
at an elevation of 2650 m a.s.l. [46]. Due to the accessibility of the data and considering the influence
of the tide, our study area focused only on the continental basin with a surface of 137,200 km? that
drained down to Son Tay, which is the outlet of the continental basin and the entrance of the delta
(Figure 1).

The upper part of the main river, before Son Tay;, is called the Thao River. It receives two main
tributaries: the Da River from the right bank, and the Lo River from the left bank. These two tributaries
join the Red River just 20 km upstream to the Son Tay gauging station.
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Figure 1. Map of the Red River basin: geographical location of study area in Asia; hydrological gauge
stations and dams.

Rapid increase of population and intensive agriculture activities inside the Red River basin require
more water supplies for urban, industry and agriculture use, and more and more dams and irrigation
channels are built to meet these demands both in China and Vietnam. In the upstream of the Thao
River in China, twelve cascade hydropower stations are under construction. The Nansha Dam and the
Madushan Dam started impoundment on November 2007 and December 2010, respectively, on the
Thao River. On the Da River, the biggest dam named Hoa Binh was put into use in 1989. The Hoa
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Binh dam has trapped a mass of solid materials, and sedimentation in the reservoir reduces the dam’s
efficient capacity and life [39]. Therefore, in order to mitigate the siltation of the Hoa Binh dam and to
meet the need of economic growth, the Son La dam (upstream) was built and put into use on December
2010. On the Lo River, the Thac Ba dam was implemented in 1972 and the Tuyen Quang dam was
carried out on March 2008. More details of these dams can be found in Table 1.

Table 1. Basic Characteristics of the Dams [41].

Name (Basin) Construction Operation Capacity =~ Mean Water Mean Annual Maximum
(x10°m?®  Level (m) Discharge (m3/s)  Discharge (m?/s)
Nansha (Thao) February 2006 November 2007 0.26 267 261 -
Madushan (Thao)  December 2008 December 2010 0.55 217 302 -
Hoa Binh (Da) 1980 1989 9.50 115 1780 2400
Son La (Da) December 2005 December 2010 9.26 215 1530 3438
Thac Ba (Lo) 1965 October 1971 2.90 58 190 420
Tuyen Quang (Lo)  December 2002 March 2008 2.24 120 318 750

The upstream part in China is dominated by tectonically active montane areas with steep slopes,
usually above 25° [47]. Intensive rainfall and prominent contradiction between human and land make
this area vulnerable to high erosion with steep slopes [38,48,49]. The main soil types are Acrisols, such
as latosol, red earth, yellow brown soil and fluvisol [48,50]. Therefore, high erosion plus the character
of soil types colour the water of the Thao River and the Da River into “red” [50]. In Vietnam, the same
Acrisols dominate on the slopes, and grey or alluvial soils dominate in the valleys [41]. Land use in
China is mainly forest, accounting for 62% of the area, followed by grassland and cultivated land,
accounting for 19% and 18%, respectively [1] (Li et al., 2016). Land use varies in Vietnam in different
sub-basins: in the main stream basin (Thao basin), forest is the dominant land use, accounting for 54.2%,
followed by rice paddy fields (18.7%) and industrial crops (mainly coffee, rubber, tobacco, etc.) (12.8%);
the Lo basin and the Da basin dominate industrial crops (58.1%) and forests (74.4%), respectively [37].

2.1.2. Meteorological and Hydrological General Characteristics

The whole Red River basin passes across two climate zones, from sub-tropical humid monsoon in
the upstream basin to tropical humid monsoon in the downstream part. Both zones are marked by a
strong seasonality, and controlled by monsoon intensity. The rainy seasons occur from May to October,
with precipitation accounting for over 85-90% of the whole year [37,51]. The spatial distribution of
precipitation is uneven—in China, it ranges from 700 to 3000 mm year~!, averagely around 1000 to
1600 mm year~!, and the general trend of regional precipitation distribution increases from upstream to
downstream [52,53]; and in the part of basin in Vietnam, the precipitation ranges from 1328 to 2255 mm
year~! [37]. The precipitation input used for the model, a product from the Tropical Rainfall Measuring
Mission (TRMM), presents a mean value of 1507 mm year~!, which is in the range of the precipitation
observed in whole basin. More explanations and details about TRMM is presented in Section 2.3.2.

Temperature changes follow a classic orographic pattern: the mean annual temperature upstream
in China varies from 15 to 21 °C [52], while in Vietnam it ranges from 14 to 27 °C [50]. Temperature is
lower in valley areas.

Potential evapotranspiration (PET) ranges from 880 to 1150 mm year™!, and its mean value was
1040 mm year‘1 [37]. Simons et al. [54] who used global satellite-derived data to calculate actual
evapotranspiration in the whole basin showed values in the range of 860 to 1117 mm year~'.

The hydrology in this region is affected by the monsoon climate and the runoff is mainly recharged
by precipitation, which led to large inter-seasonal variations in river flows [51,53,55]. From the
hydrology data that we collected, the mean annual discharge in Son Tay during 2000-2015 was 3082 m3
s~1. Corresponding to temporal precipitation distribution, the runoff is also uneven in intra-annual
distribution: flood season occurs from June to November during which time the accumulated runoff
accounts for more than 80% of the total annual runoff; low water seasons occur from December to May.
The lowest discharge of the upstream Thao River in China usually occurs in March, and the minimum
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discharge of the Thao River observed near the border between China and Vietnam was 28.7 m3 s7! in
1963 [56]. The lowest discharge at Son Tay generally showed up in March, and from the discharge data
we collected, the minimum daily discharge at Son Tay during 2000-2015 was 493 m? s™! (in February
2010). Peak runoff usually occurs in August, and the maximum flood was 8050 m? s~! observed at
the gauge station near the boundary in China in 1986 [52], while it was 37,800 m3 s~! at Son Tay in

1971 [44].
2.2. Modeling Approach

2.2.1. The SWAT Model

The Soil and Water Assessment Tool (SWAT) is a physically based, semi-distributed hydrological
model, which requires topography, weather, soil, land use and land management practices, to simulate
the water, sediment and agricultural chemical yields in large complex basins where there might be no
monitoring data with over long periods of time [57]. For modeling, a basin will be firstly partitioned
into sub-basins, or sub-basins which are then further subdivided into hydrological response units
(HRU) with homogeneous land use, soil type and slope.

SWAT has been applied in Asian basin and performed well in various simulations [35,58-60],
and also in tropical areas [61-66]. In South East Asia, SWAT was commonly applied to Mekong river
basin [35,60,67] or some local small-scale basins [42,58,61,65,68-71]. This paper applied the SWAT
model in a large-scale basin in the tropical South East Asia.

2.2.2. Hydrological Modeling Component in SWAT

Water balance is the driving force in SWAT regardless of what kind of problems people want to
deal with. Two major divisions are considered in simulating the hydrology of a basin: the hydrological
cycle over the lands, and in the channel network.

Over the lands, SWAT simulates surface runoff volumes and peak runoff rates for each HRU
using daily or sub-daily rainfall amounts. For computing surface runoff volume, a modification
of the Soil Conservation Service (SCS) curve number method [72] is used. Peak runoff rate is
predicted based on the water transient time in the sub-basin according to a flood event. In routing
phase, surface flow is simulated using a variable storage coefficient method developed by Williams
(1969) [73] or the Muskingum routing method [74]. In this work, SCS curve number method and
variable storage coefficient method, along with daily climate data, were used for surface runoff and
streamflow computations.

The Hargreaves method [75], which required air temperature alone, was chosen to calculate the
potential evapotranspiration (PET).

2.2.3. Suspended Sediment Modeling Component in SWAT

SWAT considers sediment transport both over the landscape component and in the
channel component.

In landscape component, the model tracks particle size distribution of eroded sediments and routes
them through ponds, channels and surface water bodies. Erosion and sediment yield are calculated with
the Modified Universal Soil Loss Equation (MUSLE) for each HRU [57,76]. This equation considers the
surface runoff volume, peak runoff rate, soil erodibility, land cover and management and topographic
and coarse fragment factor as follows:

056
sed = 11~8'(qurf'qpeak'areahru) ‘Kusre-Custe-Puste-LSus e-CFRG @D

where sed is the sediment yield on a given day (t), Qs is the surface runoff volume (mm H,O
ha 1), Gpeak 1s the peak runoff rate (m? s71), areay,,,, is the area of the HRU (ha), Kyzgrf is the USLE soil
erodibility factor (0.013 t m> h m=3 t~! em™), Cyysyf is the USLE land cover and management factor
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(dimensionless), Pys; is the USLE support (agricultural) practice factor (dimensionless), LSysi is
the USLE topographic factor (dimensionless) and CFRG is the coarse fragment factor (dimensionless).
The sources of data used to determine each parameter are reported in Section 3.3.1.

The sediment routing in the channel is a function of two processes: deposition and degradation,
operating simultaneously in the reach. The Simplified Bagnold equation (1977) [77] is used as a default
method for the sediment routing in stream channels, which determines degradation as a function
of channel slope and flow velocity. The maximum amount of sediment that can be transported is a
function of the peak channel velocity, as follows:

spexp . spexp
th/Pk) _ (Prf qch) )

Spex;
CONCsed,chmx = Csp*Uch,pk Py = Cs”.( A 2 ) i
C Cl

where concgeg o my is the maximum concentration of sediment that can be transported by the water
(tm™3), csp is a coefficient defined by the user (dimensionless), v,y is the peak channel velocity (m s7h),
spexp is an exponent defined by the user (dimensionless), gy, yx is the peak flow rate (m3s71), Ay is the
cross-sectional area of flow in the channel (m?), prf is the peak rate adjustment factor, and g, is the
average rate of flow (m3 s7!). More details on these parameters and their usual ranges are reported in
Section 3.3.1.

The maximum concentration of sediment calculated with Equation (2) is compared to the
concentration of sediment in the reach at the beginning of the time step (concseicpi, in t m™3).
If concseg i > CONCseg o my, deposition is the dominant process in the reach segment and the net amount
of sediment deposited is calculated as:

SEddep = (Concsed,ch,i - concsed,ch,mx)'vch (3)

where sed,, is the amount of sediment deposited in the reach segment (t), and V, is the volume of
water in the reach segment (m?).

If concseq cni < CONCsed chmx, the available stream power is used to re-entrain loose and deposited
material until all of the material is removed. Excess stream power causes bed degradation, and the net
amount of sediment re-entrained is adjusted for stream bed erodibility and cover as follows:

seddeg = (Concsed,ch,mx - Concsed,ch,i)'vch'Kch'Cch (4)

where sedj,, is the amount of sediment re-entrained in the reach segment (t), K, is the channel
erodibility factor and Cg, is the channel cover factor.

2.3. SWAT Data Inputs

SWAT requires inputs as topography, land cover, soils and meteorological data. All the inputs
used in this study are listed in Table 2.

2.3.1. Topography, Land Use and Soil

The landscape slopes were divided into 5 classes by SWAT based on the information from DEM
(details are shown in Figure 2a). The dominant lands are forest (27.56%, with 14.65% of evergreen
forest (FRSE in SWAT model), 12.49% of mixed forest (FRST) and 0.42% of deciduous forests (FRSD));
agriculture (ARGL, 21.16%); range-grasses (RNGE, 19.94%); wheatgrass (19.57%, with 10.03% of
western wheatgrass (WWGR) and 9.54% of crested wheatgrass (CWGR)) (Figure 2b).

There are 21 specific soils in study area (Figure 2c); however, most of them are Acrisols [78].

Resolutions and download links can be found in Table 2.
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Figure 2. (a) Slop classes; (b) land use map; (c) soil types.

2.3.2. Meteorological Data

Daily temperature data were obtained from the Global Weather Data in SWAT file format for a given
location and time period. These data come from the daily Climate Forecast System Reanalysis (CFSR).

Daily precipitation data was obtained from the Tropical Rainfall Measuring Mission (TRMM,
product 3B42 V7), which is a research satellite designed to provide needed information on rainfall
by covering the tropical and sub-tropical regions of the Earth. Simons et al. [54] compared several
satellite-based precipitation and actual evapotranspiration products in the Red River basin in order to
demonstrate that these datasets can be merged to examine hydrological processes before applying
a numerical simulation model, and they found that TRMM rainfall product could provide reliable
values in both space and time at this basin.

Table 2. SWAT Inputs and Hydrology Datasets.

Data Type Resolution/Time Scale/Period Source
Shuttle Radar Topography Mission
Topography (DEM) 1xTkm (SRTM30 30 arc-sec, http:}ngw»SZ.]ypl.nasa.gov/srtm)
Land cover 1x1km Global Land Cover 2000 database
(https://forobs jrc.ec.europa.eu/products/glc2000/g1c2000.php)
Soil types 1x1km Harmonized World Soil Database
(http://webarchive.iiasa.ac.at/Research/LUC)
Climate Forecast System Reanalysis:
Temperature daily scale June 1998 to July 2014 Global Weather Data for SWAT
(https://globalweather.tamu.edu/)
Precipitation daily scale 0.25° x 0.25° Tropical Rainfall Measuring Mission
June 1998 to December 2014 (TRMM, https://pmm.nasa.gov/TRMM)
Discharge and suspended 5 stations: Lao Cai, Yen Bai, Vu Quang, Hoa Binh, Son Tay Vietnam Ministry of Natural Resources and Environment
sediment concentration daily scale June 2000 to December 2014 (MONRE)

2.3.3. Dam Implementations

SWAT requires basic information, such as date of impoundment, reservoir surface area, emergency
volume, principal volume and initial volume. The volume of outflow can be calculated by one of
the following methods: measured daily outflow, measured monthly outflow, average annual release
rate and controlled outflow with target release. As it is impossible to get the detailed outflow of
dams, and in order to avoid the complex conditions of release operations and to enable the model
to be applied for future hydrology regime prediction, the average annual release rate method that
releases the water whenever the dam volume exceeds the principal spillway volume [57] was selected.
A minimum and a maximum average daily releases for the month were limited for the model according
to the Q data we collected and to the release information from reference [37].
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The six dams localized in Figure 1 were taken into account in the model. Two dams are located on
the main stream of the Thao River, around 150 km and 100 km upstream of Lao Cai, respectively; two
are on the Da River; and the other two are on the Lo River. However, inside this basin, there are more
dams that were put into use [79], or are under construction during simulation period; and these dams
are located more in the upper regions and most are with less capacities. Here, the model only took
these six dams with large capacity into account, and also they are located closer to the outlet of each
tributary, see Table 1.

2.4. Model Set Up

SWAT2012 and ArcGIS10.4 were used. The whole basin was divided into 242 sub-basins and then
subdivided into 3812 different HRUs.

Two scenarios were simulated: (1) actual situation and (2) natural situation. Simulation was
carried out at three temporal scale (daily, monthly and annually) during an overlapped period, from
January 2000 to July 2014.

2.5. Calibration and Validation Process

The model was calibrated at a daily scale using Q and SSC from 1 January 1998 to 31 July 2014 with
a two-year warm-up. Parameters were mainly calibrated manually, and some were automatically
calibrated by using SWAT-CUP [80]. SWAT-CUP is a tool that allows SWAT users to perform automatic
calibrations [81]. Five algorithms are proposed for calibration purpose [80,82]. The SUFI-2 (Sequential
Uncertainty Fitting 2) algorithm [82], which can identify appropriate parameters sets in a limited
number of iterations, was selected in this study. Calibration of Q was first carried out, followed by SSC.

Observed data of daily Q and SS concentration from 2000 to 2014, obtained from the Vietnam
Ministry of Natural Resources and Environment (MONRE) at Lao Cai, Yen Bai, Vu Quang, Hoa Binh
and Son Tay stations, were used to calibrate the model. Figure 1 shows the location of each gauge
station. Time series plots and statistical methods were used to evaluate the performance of model in
simulating Q and SSC.

Values from other references [37,39,43,50,51,53,83-85] are used to be validations of the water
regime and SSC.

2.6. Model Evaluation

2.6.1. The Coefficient of Determination (R?)

R? describes the proportion of the variance in measured data explained by the model. R? is

calculated as follows: _ _
n
T (0;-0)(S;i-S
R = £1(0-0)(Si =) 5)

VEL (0i-0) {EL(5:-3)’

where O; and S; are the observed and simulated values, n is the total number of values, O is the mean
of observed values and S is the mean of simulated values.

R? ranges from 0 to 1, with higher values indicating less error variance, and typically values
greater than 0.5 are considered acceptable [86].

2.6.2. The Nash-Sutcliffe Efficiency (NSE)

NSE is a normalized statistic that determines the relative magnitude of the residual variance
compared to the observed data variance [87], calculated as follows:

2
NSE — 1 2=l Oi 7S

(6)
" (0;-0)
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NSE ranges from negative infinity to 1.00, with NSE = 1 being the optimal value. A negative value
indicates that the mean value of the observed time series would have been a better predictor than the
model [88]. NSE values between 0.0 and 1.0 are generally regarded as acceptable levels of performance.
Related to the guidelines proposed by Moriasi et al. [86], NSE values above 0.5 are considered as
satisfactory in hydrological modeling. Performance ratings for statistics of monthly scale provided by
Moriasi et al. [86] are reported in Table 3.

2.6.3. The Percent Bias (PBIAS)

PBIAS provides the information of average tendency of the simulated data to be larger or smaller
than their observed counterparts. The optimal value is 0.0, with low-magnitude values indicating
accurate model simulation. Positive and negative values indicate model underestimation bias and
overestimation bias, respectively. Equation is presented as follows:

n
" (0;-5;) x 100
PBIAS = ==L~
i—1 Oi

@)

Table 3. General Performance Ratings for NSE and PBIAS of a Monthly Time Scale [86].

Performance Rating NSE 0 PBIAS SSC
Very good 0.75 < NSE < 1.00 PBIAS < +10 PBIAS < +15
Good 0.65 < NSE < 0.75 +10 < PBIAS < +15 +15 < PBIAS < +£30
Satisfactory 0.50 < NSE < 0.65 +15 < PBIAS < £25 +30 < PBIAS < +£55
Unsatisfactory NSE < 0.50 PBIAS > +25 PBIAS > +55

According to Moriasi et al. [86], these guidelines should be adjusted based on the quality and
quantity of measured data, model calibration procedure and evaluation time step.

3. Results
3.1. Q Simulation and Hydrological Assessment

3.1.1. Hydrological Parameters

Table 4 presents the calibrated parameters for Q and SSC, and their definitions and ranges.
Sensitive hydrological parameters are chosen by literature reviews [64,89-91]. Relative change
of parameters was controlled within +20%, and absolute change was done by referring to the
aforementioned literatures and theoretical documents [57,81,91,92]. Based on actual information from
the MONRE and literatures [50,83], parameters like runoff curve number (CN2), soil evaporation
compensation factor (ESCO), available water capacity of the soil layer (SOL_AWC) and parameters
related to groundwater (GW_REVAP, REVAPMN, RCHGR_DP, GWQMN, GW_DELAY) were calibrated
to fit the actual water balance. Compared to the default values, ESCO was decreased and GW_REVAP
was increased to increase the ET; SOL_AWC was increased by 20%; CN2 was decreased by 10%;
REVAPMN was increased; and RCHGR_DP and GWQMN were decreased to decrease the surface flow,
which accordingly increased the groundwater flow. Other parameters related to hydrological processes
were calibrated to fit the baseflow and peaks, and they were interpreted in the following sub-section.



Water 2019, 11, 958 10 of 26

Table 4. Parameters Used to Calibrate Flow and Suspended Sediment Concentration for Different Basins.

Parameter (Name

. . Input File Definition Range Calibrated Value
in Equations)
OV_N hru Manning’s “n” value for overland flow 0.01-30 0.4
x1.2
SLSUBBSN hru Average slope length (m) 10-150 (relative change)
HRU_SLP hru Average slope steepness (m/m) - x0.8
ESCO hru Soil evaporation compensation factor 0-1 0.7
PRF BSN Peak rate a.d]us'tment fac'tor for sediment 0-2 1
(prf) routing in the main channel
Linear parameter for calculating the maximum 0.008
SI()CC,S O)N .BSN amount of sediment that can be re-entrained 0.0001-0.01 (Per10d020%020 -2007)
P during channel sediment routing (Period .2008—201 n
SPEXP Exponent parameter for calculating sediment
BSN ; . . . 1-2 2
(spexp) re-entrained in channel sediment routing
ALPHA_BF .gW Baseflow alpha factor 0-1 0.02
GW_REVAP W Groundwater “revap” coefficient 0.02-0.20 0.03
Threshold depth of water in the shallow
REVAPMN W aquifer for “revap” or percolation to the deep 0-1000 800
aquifer to occur
RCHGR_DP .gW Deep aquifer percolation fraction 0.0-1.0 0
GWQMN W Thrgshold d(_epth of water in the shallow 0-5000 600
aquifer required for return flow to occur
GW_DELAY W Groundwater delay time 0-500 16
SOL_AWC .sol Available water capacity of the soil layer 0-1 x1.2
USLE K Thao River basin 0.3
(K —) .sol USLE equation soil erodibility (K) factor 0-0.65 Lo River basin 0.2
USLE Da River basin 0.3
Thao River basin:
upstream Yen Bai: 0.23;
CH(}(CO)Vl rte The channel erodibility factor -0.05-0.6 Yen Bai-Son Tay: 0.013
e Lo River basin 0.013
Da River basin 0.026
CH(EC?Vz rte Channel cover factor —0.001-1 1
ch
CH_N2 rte Manning’s “n” value for the main channel —-0.01-0.3 0.05
Thao River basin
0.7(agriculture)
USLE_P . . . Lo River basin
(Pusir) .mgt USLE equation agricultural practice factor 0-1 0.4(agriculture)
Da River basin
0.7(agriculture)
Thao River basin 0
FILTERW .mgt Width of edge-of-field filter strip 0-100 Lo River basin 25
Da River basin 0
. x0.9
CN2 .mgt Initial SCS runoff curve number 35-98 (Relative change)
CH_N1 .sub Manning’s “n” value for the tributary channels 0.01-30 1

3.1.2. Q simulations

Daily and monthly evaluation statistics are presented in Table 5. According to the NSE of
daily-scale Q simulations, results are acceptable (as NSE > 0) for the stations on the Thao, Lo and
Da rivers, and is satisfactory (NSE > 0.5) for Son Tay. At monthly scale, the performance of the
model is good, except at Vu Quang station where it is satisfactory. PBIAS values indicates that the
model underestimated the discharge for majority stations except for Yen Bai. The absolute values of
PBIAS were within 21.3, which is satisfactory. Hence, according to the statistic evaluations, the model
performed well simulating Q at both daily and monthly scales.

Figure 3 illustrates the observed and simulated Q comparisons at daily and monthly scale for five
stations. Simulated Q shows the same trends as observed Q. At daily scale, the model underestimated
base Q at Vu Quang station; and simulated peak Q was underestimated during some floods, especially
at Vu Quang and Hoa Binh stations. At Son Tay, at the confluence of the Thao, the Lo and the Da rivers,
the simulated Q shows a better agreement with both the base Q and peak Q. At monthly scale, peaks
fit well on the Thao River (Lao Cai and Yen Bai) and at Son Tay, while they were underestimated on
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the Lo (Vu Quang) and the Da River (Hoa Binh); and underestimation on baseflow are only largely
noticeable at Vu Quang on monthly scale.

Table 5. Evaluation Statistics of Observed and Simulated Discharge (Q), Suspended Sediment
Concentration (SSC) and Sediment Flux (SF) on Different Time Scales for Each Station.

Constituent Scale Statistics LaoCai YenBai VuQuang HoaBinh  Son Tay
NSE 0.44 0.35 0.38 0.49 0.61
2
Daily R 0.57 0.52 0.45 0.53 0.64
PBIAS 2.8 -11.2 21.2 18.1 6.0
Q3 p-value <0.01 <0.01 <0.01 <0.01 <0.01
(ex/s) NSE 0.78 0.78 0.58 0.70 0.85
2
Monthly R 0.82 0.88 0.65 0.77 0.86
PBIAS 2.8 -11.0 21.3 17.9 59
p-value <0.01 <0.01 <0.01 <0.01 <0.01
NSE 0.31 0.23 0.02 0.10 0.19
. R? 0.34 0.30 0.29 0.36 0.34
Daily
PBIAS -214 -28.7 —46.5 -26.3 -28.0
SsC p-value <0.01 <0.01 <0.01 <0.01 <0.01
(mg/L)
NSE 0.70 0.64 0.24 0.59 0.52
2
Monthly R 0.73 0.71 0.55 0.67 0.70
PBIAS =215 -27.3 —46.8 -26.5 -29.5
p-value <0.01 <0.01 <0.01 <0.01 <0.01
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Figure 3. Observed (black dot) and actual simulated (red solid line) daily (a) and monthly (b) discharge
(Q) at five stations from January 2000 to July 2014. Blue solid line represents the scenario simulation of
Q under natural conditions.

3.2. SSC Simulation

3.2.1. Calibration of SSC

As shown in Section 2.2.3, two groups of parameters were considered, and their calibrated values
are shown in Table 4.

A first group of parameters related to landscape processes are involved in Equation (1).
Among these parameters, USLE_K and USLE_P are sensitive to soil erosion. Due to the soil
characteristics (poor stability and erosion resistance), the Thao and Da basins are more vulnerable to
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soil erosion [47]. Therefore, USLE_K of the Thao and Da basins (0.3) were higher than that of the Lo
basin (0.2). The agricultural practice factor, USLE_P, is defined as the ratio of soil loss with a specific
agricultural practice (such as contour tillage, strip cropping on the contour and terrace systems) to
the corresponding loss with up-and-down slope culture [57]. In the Thao and Da basins, contour
tillage and terrace are common in mountainous regions, such as in Yuanyang County in China and
Sa Pa in Vietnam. In the Lo basin, industrial crops and rice paddy are common because of its lower
slope. Therefore, referring to the values in accordance with different slopes, 0.7 was set for USLE_P for
the agriculture land use in Thao and Da basins and 0.4 for the agriculture land use in the Lo basin.
Sediment yield from landscape can be lagged and trapped routed through grassed waterway and
vegetative filter strips before reaching the stream channel. In the Lo basin, edge-of-field filter strips,
which could be cultivated lands, grass and bush, are widely distributed along the river, while in the
other two sub-basins, there are no such filter strips due to the steep valley. From measurements on
Google Earth views, the width can range from 20 m to more than 300 m. Combining filed investigation,
expertise from local researchers and calibrations from model, a width edge-of-field filter strips of 25 m
was set for FILTERW in the Lo basin, which is considered as an average and approached value.

A second group of parameters, relating to in-stream SS process (deposition and aggradation),
is required for Equation (2), which is more familiar with a power function sediment rating curve as:

SSC = aQf 8)

where « and 3 are regression coefficients.

SPCON, SPEXP and PRF are the key parameters that control the maximum concentration of sediment
that can be transported by the flow. SPCON corresponds to « and it is a proxy to express the river bed
erodibility; the PRF parameter modulates the SPCON behavior, and the default value of PRF often equals
1. SPEXP corresponds to 3 to express the erosive power of the river [39]. According to Asselman [22],
a low a-value coupled to a high (3-value are characteristic of river sections with little sediment transport at
low discharge. During the study period (2000-2014), the Red River basin encompassed large ranges of
measured SSC values: 6.9-18,300 mg/L in the Thao River; 0.6-3350 mg/L in the Lo River; 0.4481 mg/L in
the Da River; and 2.1-4100 mg/L in the Red River at Son Tay. The Red River transports little sediment
at low discharge, and a low o-value and a high (3-value should be set for this basin. Therefore, SPEXP
was set to 2, and SPCON was calibrated after PRF and SPEXP were fixed. A value of 0.008 was set
to SPCON before dam implementations, from 2000 to 2007. After dam implementations, the coarser
particles were retained by dams, and the particle size distribution was affected downstream, leading to
a change in the channel erodibility. Then, the dynamics of downstream suspended sediment transport
decreased. Due to the complexity of dam implementations over the study period, we assume that the
hydrodynamics of SS transport by the rivers in the Red River changed after 2007. Indeed, the Nansha
dam is operational since 2008, and the Madushan dam construction started by the end of 2008; then
Tuyen Quang is operational since 2008. Therefore, a lower value of SPCON (0.002) was set for the period
from 2008. In Equation (4), two parameters are related to degradation process: CH_COV1 is the channel
erodibility factor, and CH_COV2 is the channel cover factor channel. CH_COV1 is a function of properties
of the bed or bank materials, and is conceptually similar to the soil erodibility factor used in the USLE
equation [57]. CH_COV2 was set to 1, which means there is no vegetative cover on channel.

3.2.2. SSC Simulations

Statistics evaluation of SSC simulations at daily and monthly scales are shown in Table 5.
According to the general evaluation of NSE and R?, SSC simulations at these 5 stations are acceptable
(NSE > 0, R? > 0). From the general performance ratings at monthly scale recommended by Moriasi et
al. [86], Lao Cai, Yen Bai, Hoa Binh, and Son Tay stations presented satisfactory and good performance;
and for the Vu Quang station, though the NSE is not satisfactory, PBIAS is within the satisfactory range.
PBIAS values indicate that the model overestimated SSC for all stations. Maximum absolute values of



Water 2019, 11, 958

14 of 26

PBIAS were 46.8%, which is still satisfactory following the Moriasi criteria (Table 5). Therefore, according
to the statistic evaluations, the model simulated SSC at a satisfactory range.

The simulated SSC is in the range of the observed SSC during the simulation period, and showed
similar trends to observations at the five stations (Figure 4). However, the magnitude of simulated SSC
peaks was either underestimated or overestimated during some periods. For example, daily simulated
SSC peaks were generally underestimated before 2009 at Lao Cai, Yen Bai, Hoa Binh, and Son Tay,
but monthly SSC peaks fit well with observed monthly peaks. Conversely, some monthly simulated
SSC peaks were overestimated, such as in 2011-2014 at Lao Cai, 2012-2014 at Yen Bai, 2006-2007 at Vu
Quang, 2005 at Hoa Binh, and 2003-2006 at Son Tay.

24000 1
16000 1
2 .
> .
£ .
O .
2] *e
wn %
8000 { *

16000 -

8000 A

0
2000

3000 1

2000 A

SSC (mg/L)

1000 A

2000

SSC (mg/L)

e v . 4 -1 3 “
8 138 G n()*- B¢ 9 /
0 ‘ i l‘ k"‘\ A “l'[\ ;" .\ '.L_

Lao Cai-Daily SSC

NN Nl S

2004 2006 2008

-

2002 2010

Yen Bai-Daily SSC

148l
TEY

, ‘4 3
! G| o

{8 3

]
1

2002 2004 2006 2008 2010

6000 -

4000

SSC (mg/L)

0

2000 1|

Lao Cai-Monthly SSC

—

2014

2012

6000 -

4000 -

SSC (mg/L)

2000 -

0

2000 2002 2004 2006 2008 2010 2012 2014

Yen Bai-Monthly SSC

2012 2014

2000 2002 2004 2006 2008 2010 2012 2014

Vu Quang-Monthly SSC

1000 -
)
en
E500 1
Q
[92]
wn
i
<N
i A .
2012 2014

Figure 4. Cont.

2000 2002 2004 2006 2008 2010 2012 2014



Water 2019, 11, 958 15 of 26

3000 - Hoa Binh-Daily SSC - 8000 Hoa Binh-Monthly SSC

1000 ~ r 6000
2000 A F 4000
S =
?‘) oh
£ r 4000 %500 4
&)
2 A
1000 4 F 2000
WAl |
3[4\ | .
0 ‘LO 0 ‘Ad“t“'):
2000 2002 2004 2006 2008 2010 2012 2014 2000 2002 2004 2006 2008 2010 2012 2014
3000 - Son Tay-Daily SSC 2000 Son Tay-Monthly SSC
2000 A
3 : =)
on
: g
£ | | 2000 1
Q I
Z ; M | Z
1000 4 ‘ [ \ | I |
NI MIEIEL
JON | P U
l;l"‘ J ] | Al
= L 1 L, etk i}
R ‘![. A R 33 ‘: ' -,‘|«.‘y‘ g o ‘ Y
0 _L‘ u ﬂ‘ ‘ ‘ &“AL [ '.z ‘__ e 0 4 . 2 NN A
2000 2002 2004 2006 2008 2010 2012 2014 2000 2002 2004 2006 2008 2010 2012 2014
(a) (b)

Figure 4. Observed (black dot) and actual simulated (red solid line) daily (a) and monthly (b) suspended
sediment concentration (SSC) at five stations from January 2000 to July 2014. Blue solid line represents
the scenario simulation of SSC under natural conditions.

3.3. Impacts of Climate Variability and Dams

In order to identify and separate the impacts of climate variability and dams, analysis was carried
out based on the annual mean Q and SSC of natural conditions (without dams) and actual conditions.

3.3.1. Impacts on Q

Table 6 presents the annual mean Q in each year and the variation tendency of each station under
different scenarios.

For the whole study period, under natural conditions, the biggest decreasing tendency of Q is at
Son Tay station, followed by Yen Bai station, and least decreasing tendency is at Vu Quang station;
under actual conditions, the annual mean Q decreased at almost the same degree at most stations
compared with those under natural conditions, except at Hoa Binh station and consequently at Son
Tay. During 2008-2013, the natural annual mean Q showed bigger decreasing tendencies compared to
2000-2013; actual annual mean Q decreased faster on the Thao River and Da River.

Decreasing rate was calculated from comparison between 2000-2007 and 2008-2013. The actual
annual mean Q during 2008-2013 at Son Tay reduced to 13% of that during 2000-2007 under natural
conditions; among them 9% was reduced by the climate variability, and 4% was caused by the dams
upstream. Among the three tributaries, the Thao River shows little impacts of dams; the Vu Quang
station on the Lo River actually shows positive impacts of climate and dams; the Hoa Binh on the Da
River shows almost equal impacts of climate and dams.
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Table 6. Annual mean discharge (Q) from 2000 to 2013 and the multi-year annual mean Q of 2000-2007
(before new dams’ constructions) and 2008-2013 (after new dams’ constructions). Variation tendency
of annual mean Q from 2000-2013 and 2008-2013. Impact percentages of climate variability and dams.

n® s-1) Lao Cai Yen Bai Vu Quang Hoa Binh Son Tay
Qm”s NC*  AC* NC* AC* NC* AC* NC* AC* NC*  AC*
2000 551 551 757 757 694 694 1318 1370 2910 2963
2001 778 778 1013 1013 803 803 1645 1613 3656 3624
2002 741 741 971 971 733 733 1687 1688 3489 3491
2003 796 796 1029 1029 794 794 1677 1619 3696 3637
2004 520 520 745 745 670 670 1373 1364 2936 2928
2005 405 405 644 644 717 717 1217 1198 2713 2694
2006 476 476 666 666 651 651 1455 145 2920 2921
2007 605 605 793 793 675 675 1521 1523 3123 3125
2008 693 693 995 995 975 1006 1810 1774 4019 4015
2009 406 406 623 623 722 763 1240 1391 2736 2928
2010 348 348 516 516 567 567 1110 849 2304 2043
2011 365 349 574 557 654 656 1221 1034 2603 2401
2012 351 352 566 568 723 717 1203 1093 2669 2556
2013 420 420 646 645 763 760 1452 1101 3066 2712
2000-2007 609 609 827 827 717 717 1487 1479 3180 3173
2008-2013 430 428 653 651 734 745 1339 1207 2900 2776
Ter(‘i%nsc_% 2yOeOaOr—_21())13 -274 277  -285 288  -27  -22  -222 408 515  —69.9
(celutod K% 070)  (070)  (066)  (0.66)  (0.12)  (0.09)  (043)  (0.62)  (044)  (0.54)

Tendency 2008-2013

3 1 1 —43.1 —43.5 -53.1 -53.5 -27.7 -36.6 -51.1 -116.3 -133.3 -207.8
(m”> s~ year™)

0.61) (0.61) (057) (057)  (0.38)  (046)  (0.37)  (0.66) (0.42)  (0.57)

(related R**)
_ Impacts of 30% 21% —4% 18% 13%
climate and dams
Impacts of climate 29% 21% 2% 10% 9%
Impacts of dams 0.4% 0.3% -2% 8% 4%

*NC, natural conditions; AC, actual conditions; R**, linear regression.

3.3.2. Impacts on SSC

Table 7 presented the annual mean SSC in each year and the variation tendency of each station
under different scenarios.

For the whole study period, the SSC under natural conditions showed a biggest decreasing
tendency in the Thao River, followed by the Da River, and least decreasing tendency was in the Lo
River; under actual conditions, the annual mean SSC decreased more severely at most stations than
under natural conditions, except at Hoa Binh station. During 2008-2013, the natural annual mean
SSC showed bigger decreasing tendencies compared to 2000-2013; actual annual mean SSC decreased
faster on the Thao River, then on the Lo and Da River.

The actual annual mean SSC during 2008-2013 at Son Tay reduced to 89% of that during
2000-2007 under natural conditions; among the 89%, 13% was reduced because of the climate
variability, and 76% was caused by the dams upstream. Among the three tributaries, Hoa Binh and
Vu Quang are influenced more by the dams while the Thao River basin is influenced more by the
climate variability.
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Table 7. Annual mean suspended sediment concentration (SSC) from 2000 to 2013 and the multi-year
annual mean SSC of 2000-2007 (before new dams’ constructions) and 2008-2013 (after new dams’
constructions). Variation tendency of annual mean SSC from 2000 to 2013 and 2008 to 2013.
Impact percentages of climate variability and dams.

SSC Lao Cai Yen Bai Vu Quang Hoa Binh Son Tay
(mg/L) NC* AC* NC* AC* NC* AC* NC* AC* NC* AC*
2000 1435 1435 1281 1294 241 238 1549 80 682 321
2001 1860 1860 1660 1671 279 276 1809 90 830 396
2002 1815 1815 1669 1686 287 283 1836 88 780 362
2003 1915 1915 1714 1726 277 273 1852 90 848 400
2004 1383 1383 1244 1257 221 216 1586 76 684 307
2005 1196 1196 1141 1166 236 231 1446 71 624 296
2006 1308 1308 1151 1167 225 222 1636 80 679 289
2007 1498 1498 1338 1347 246 244 1717 84 731 320
2008 1727 511 1512 576 286 94 1916 33 800 107
2009 1206 360 1068 438 224 67 1486 22 626 77
2010 1018 342 983 385 208 65 1394 19 554 77
2011 1166 388 1028 428 208 64 1455 18 612 75
2012 1085 381 1005 429 240 69 1384 20 592 78
2013 1243 409 1140 471 227 66 1597 22 655 83
2000-2007 1551 1551 1400 1414 251 248 1679 83 732 336
2008-2013 1241 398 1122 455 232 71 1539 23 640 83

Tendency 20002013
(mg L7! year™)
(related R**)
Tendency 2008-2013
(mg L™ year™!)

489  -1329 -429 -1115 -35 -199 -21.3  -67  -137  -289
0.68)  (0.89)  (0.69)  (0.89)  (0.53)  (0.90)  (049)  (0.89)  (0.62)  (0.90)

753  -115 -572 -145  -7.0 -37  -526 -17  -221  -35
(056)  (036)  (0.54)  (0A41)  (045)  (0.62) (049)  (0.58)  (048)  (0.53)

(related R**)
Impacts of climate 74% 68% 72% 9% 89%
and dams
Impacts of climate 20% 20% 8% 8% 13%
Impacts of dams 54% 48% 64% 90% 76%

*NC, natural conditions; AC, actual conditions; R**, linear regression.

4. Discussion
4.1. Uncertainties

4.1.1. Uncertainties of Hydrology Modeling

Base flow alpha factor (ALPHA_BF), which was sensitive for baseflow, was suggested by the
Baseflow Filter Program [93,94] to 0.02. Other parameters associated with groundwater and baseflow
in Table 4 were calibrated by SWAT-CUP under the range recommended by SWAT theoretical
documentation [57]. Hydrological parameters were calibrated at the whole basin, while these three
sub-basins are different in hydrogeology, soil and land use. This might cause the deviations on the
baseflow estimation at Vu Quang in the Lo sub-basin. In addition, downstream of the Red River
system, especially in the Lo River sub-basin, agriculture activities are active and intensive, and there are
many complex irrigation systems. Water is extracted for irrigation from the main stream and delivered
to ditch and canal, or water can be taken from one river and drainage to another river. This might
contribute to uncertainties for the baseflow at the Lo River sub-basin.

The simulation of the peak Q on the Thao River is more satisfactory than on the Lo and Da
Rivers. The underestimation during flood season most probably results from the errors in either
precipitation estimates or uncertainties in observed flow. Le et al. [95] indicated that due to the coarse
resolution, TRMM rainfall products cannot adequately capture extreme rainfall values. The scatter
plots of precipitation from rain gauge stations versus TRMM products from the study of Liu et al. [96]
and Simons et al. [54] also showed that high and intensive rainfall is underestimated by TRMM.
Discharge of high floods is usually extrapolated by rating curve, which can cause uncertainties.
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As shown in Table 1, two dams (the Thac Bac dam and the Hoa Binh dam) were implemented
before the beginning of the simulation period (2000), and other dams started to operate since 2008.
Upstream of Lao Cai, China has been building cascade power stations, and the first one named
Nansha dam started to be built on February 2006 and to work on November 2007, and the second
one named Madushan dam began to be constructed downstream in December 2008 and started to
work in December 2010. Upstream of the Lo River, the Tuyen Quang dam has been put into function
since March 2008. Furthermore, there are at least 10 more smaller dams that can be found on Google
Earth in Vietnam; however, when these dams were operated is difficult to figure out. Upstream of
Hoa Binh station, the Son La dam was implemented on December 2010, and at least 8 more dams
can be seen on Google Earth in Vietnam. Certainly, many dams can be also found in Chinese part
for both the Lo and Da River on Google Earth. Liu et al. [97] pointed that hydrological forecasting
effectiveness and accuracy would be affected greatly by the construction and operation of the cascade
reservoirs. It is difficult for the model to precisely simulate the complex operation of dam discharge,
which depends on the arriving water volume, on the downstream water regime, and also on the
variation of irrigation storage. Complexities can be seen in the base Q from 2010 to 2014 at Hoa Binh
station. Besides, as mentioned before, there are many small dams and irrigation systems that were not
taken into account in this model; this also contributed to deviations in simulations. These uncertainties
of anthropogenic influences, especially the dams, caused deviation on calibrations, such as the base Q
of 2010-2014 at Vu Quang station. Nevertheless, monthly simulated Q at Vu Quang is still satisfactory
with NSE of 0.58, R? of 0.65, and PBIAS of 21.3.

4.1.2. Uncertainties of Suspended Sediment Modeling

From the daily simulation, we can notice that deviations mainly occur during large floods.
Some studies [89,98] showed that modeling might underestimate SSC during high and intensive
rainfall. This underestimation can come from the landscape component when using a runoff factor
instead of rainfall energy factor, or/and from the channel component where particle-size elements
are neither tracked nor considered in the physical processes in floodplains. As already explained,
uncertainties can also be related to satellite rainfall estimations from TRMM, or/and from data
measurement and sampling strategy.

The SWAT model used a simplified version of Bagnold [77] stream power equation to calculate the
maximum amount of sediment that could be transported in a stream segment. However, this algorithm
does not keep track of particle size distribution of elements that pass through the channel, and all
are assumed to be of silt size. Further, the channel erosion is not partitioned between stream bank
and stream bed, and deposition is assumed to occur only in the main channel; flood plain sediment
deposition is also not modeled separately [57]. Therefore, this simplification can cause deviations for
sediment routing.

4.2. Water Balance and Yield

The average annual rainfall during the simulation period, using the TRMM data of precipitation,
was 1493.6 mm, of which 53% (787.7 mm) was taken away through evapotranspiration (ET) and 47%
fed the stream flow. The average potential evapotranspiration (ETP) predicted by the model was
1293 mm. Le et al. [83] used different methods to predict the ETP of this basin, and gave a range from
960 to 1289 mm for the period 1964-2008, while the actual evapotranspiration (ETA) was estimated
from 771 to 1186 mm. For streamflow, the model estimated a water yield of 696.8 mm, which is close
to the real water yield, 669 mm, calculated from the data collected from the Vietnam Ministry of
Natural Resources and Environment (MONRE) during the same period. Among the simulated water
yield, surface runoff accounted for 39% while the lateral flow accounted for 3% and the groundwater
accounted for 58%. This result is in agreement with Le [50] and Bui et al. [84]. Le [50] indicated that the
groundwater resource in Vietnam is abundant, accounting for around 58% of total streamflow, and is
a critical component river flow during the dry season. Bui et al. [84] underlined on a typical small



Water 2019, 11, 958 19 of 26

steep basin of Northern Vietnam that the deep infiltration is a key factor of the hydrological pattern in
spite of the strong slope gradient above 30%. Therefore, the model provided a credible simulation for
each component.

Simulated mean annual Q during study period at Lao Cai, Yen Bai, Vu Quang, Hoa Binh, and Son
Tay are 16.7, 23.7, 23.0, 43.0 and 94.7 km3, respectively, suggesting that the Thao River and the Lo
River account for nearly 54.6% of the total volume of Son Tay, while the Da River accounts for 45.4%.
According to the references and data we collected from the MONRE, the mean annual runoff volume
upstream in China from 1956-2000 was 14.6 km3, ranging from 8.4 km?3 in 1980 to 24.6 km3 in 1971 [53],
and the simulation at Lao Cai is within this range; and at Son Tay from 1960 to 2010, the mean annual
runoff was 105.7 km?, with a minimum value of 80.2 km? in 2010, and a maximum of 158.4 km? in 1971.
Other studies indicated that the Da River is the main flow contribution to the Son Tay, accounting for
50-57% of the total discharge [37,39,85]. Simulations are thus in good agreement with other studies
and with the observed data.

Hence, combining with the satellite date, the model performed well at both water balance
and yield.

4.3. Natural Conditions Effects

In order to find out the driving factors that decrease Q under natural conditions, we analyzed the
tendency of the annual mean rainfall, evapotranspiration (ET), and temperature of the whole basin.
From Figure 5, we can see that the annual mean rainfall shows decreasing tendencies while temperature
shows a contrary tendency. ET can come from the water body, the plants and the soil, and it can be
influenced by many factors, such as geomorphology, climate, soil water content, vegetation cover,
etc. Ignoring the possible changes of geomorphology and vegetation cover, we checked the variation
of soil water content and found that it showed a decreasing tendency though its decreasing rate is
smaller than the one of ET (Figure 5b). Not taking into account the runoff loses, the available water
yield should theoretically equal the difference between rainfall and ET. We can find in Figure 5a that
the difference between rainfall and ET shows a decreasing trend, which might indicate that the average
annual water yield decreases. During the study period, the annual mean rainfall reduces by 9%, ET
reduces by 5%, and temperature increases by 1%. These changes result a 13% decrease of available
water with a 4% decrease of soil water content.

Table 6 shows that the main impact factor is not the same in different sub-basins. This can relate
to the regional climate characteristics. From the study of Le et al. [37], among these three sub-basins,
the mean annual rainfall was highest for the Thao sub-basin, followed by the Da sub-basin, and then the
Lo sub-basin. Therefore, the different Q variation rates of each sub-basin can relate to the distribution
of rainfall, and the decrease of the rainfall might affect the Thao basin most, resulting a biggest Q
decreasing rate among the three tributaries.

Different SSC decreasing rates relate to the different soil erosion rates under different rainfall
intensity of each sub-basin. As described in Section 3.2.1, the Thao and the Da basin are more vulnerable
to soil erosion; the possible decrease in rainfall might have much less impacts on soil erosion in these
two sub-basins than in the Lo basin.

In our study;, it is impossible and difficult for us to get all the information of all the dams in this
large-scale basin, and take all of them into account in this model. Therefore, this model cannot strictly
represent the natural conditions. However, some of the dams locate quite upstream of the Da and Lo
tributaries and are with smaller capacities, and these reasons can make them have much less impact on
the SSC at the outlet of each tributary. Hence, removing the 6 dams that we considered in the model
might maximally reflect the natural conditions.

Land use changes were not taken into account. However, land use changes have been proved to
have effects on soil erosion [99]. Therefore, it would be interesting to take the land use changes into
account in the future.
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Figure 5. (a) Annual rainfall (black solid line), actual evapotranspiration (ET) (gray solid line) and
temperature (red solid line) of the whole Red River basin from 2000 to 2013. Blue solid line is the
difference between rainfall and ET, which theoretically equals to available water. Black, gray, blue and
red dash lines are the trendlines of rainfall, ET, the difference between rainfall and ET, and temperature,
respectively. Formulas in the black, gray, blue and red rectangles are the linear fit equations of rainfall,
ET, the difference between rainfall and ET, and temperature, respectively. (b) Mean annual soil water
content (brown solid line) of the whole Red River basin from 2000 to 2013. Brown dash line is the
trendline of soil water content, and formula in the black the linear fit equation of soil water content.

4.4. Impacts of Dams

Dams show different degrees of impacts on both Q and SSC. Due to the big capacity of Hoa Binh
dam, it shows bigger regulating effect on downstream flow than other dams. Liu et al. [97] addressed
that the impact of the dam on runoff increased with the dam capacity. However, even though the Hoa
Binh dam has a big capacity, its impact on Q is small. This result is in agreement with the study from
Dang et al. [39] who found that there was little or no change of Q before and after the Hoa Binh dam.

Previous studies [39,40,43] estimated the impacts on SS from dams before 2011 based on the
measurements. Dang et al. [39] and Vinh et al. [43] mainly focused on the effect of the Hoa Binh
dam, and Lu et al. [40] also considered the Thac Ba dam, the Tuyen Quang dam, and the Son La dam.
We extended the time period to 2013 and also took the dams in China into account. After 2008, at Lao
Cao and Yen Bai station, the actual annual mean SSC reduced to 74% and 68% of that during 2000-2007,
among which 54% and 48% are due to the dam effects, respectively. With the accumulation impacts
from old dams and new dams, at Vu Quang and Hoa Binh, the actual annual mean SSC reduced to 72%
and 99% of that during 2000-2007, among which 64% and 90% are due to the dam effects, respectively.
At Son Tay station, the outlet of the continental basin, the annual mean SSC reduced to 89% of that
under natural conditions during 2000-2007, and 76% of this 89% was caused by the dams upstream.
With more dams to be put into use, the SSC at Son Tay might continue to decrease, and this might
influence the downstream water system.

5. Conclusions

This is the first study trying to use a modeling approach to analyze hydrology regime and
suspended sediment concentration at a daily scale for a long period in the Red River basin, including
considering the successive implementations of dams all along the period. The SWAT model provided



Water 2019, 11, 958 21 of 26

some insights on discharge and suspended sediment concentration at daily and monthly scales,
respectively, in such a large basin. This study allowed us to understand, characterize, and quantify
the discharge and suspended sediment concentration with spatial and temporal variations. What is
more, using a modeling approach helped us to separate the impacts from climate variability and
anthropogenic impacts. However, some improvements are needed, such as dam information and
management, observed rainfall data, discharge and suspended sediment dataset of more stations and
longer period, high frequency dataset, to gain a better estimation and understanding of the impacts of
climate variability and human interferences.

Under the impacts of both climate variability and dams, the Q and SSC show a decreasing
trend. However, climate variability and dams have different influence degrees in different sub-basins.
The decrease of Q is more related to climate variability while the decrease of SSC is more related to
impacts of dams. The annual mean rainfall of the whole basin decreased 9%, evapotranspiration
decreased 5%, and temperature increased 1%; which consequently resulted a 4% decrease on soil water
content and a 13% decrease of available water for the whole basin. With the accumulated impacts
from three tributaries, at the outlet, Son Tay, from 2008 to 2013, the Q decreased to 13% of that under
natural conditions of 2000-2007, and climate variability caused 9% decrease and dams caused 4%; SSC
decreased to 89% of that under natural conditions of 2000-2007, and 13% came from the impacts of
climate and 76% was decreased by the dams.

With more dams to be implemented in this basin both in Chinese and Vietnamese part, sediment
retention would consequently increase, which could subsequently influence the transport of associated
matters, such as nutrients, metals, and pesticide, and also the habitats downstream. Based on this
study, future studies of nutrients, metal, and pesticide transports and quantification can be carried out
by using this new tool. In addition, more scenarios of the global changes, such as land use changes
and climate changes in the future and their impacts on hydrology and suspended sediment could be
quantified by using the model implemented.
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