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ABSTRACT

Based on dataset of daily water discharges and suspended sediment cencentrations of the Red
River during 2005-2011 period, we have analyzed the influence of sampling frequency on
uncertainty of suspended scdiment flux estumates and pointed out the need of adapted sampling
frequency strategies. Seven kinds of sampling frequency from monthly to one sample every two
days were tested for the Red River at LaoCai, PhuTho and SonTay stations and the Da and Lo
Rivers. The results obtained showed that the range minimum-maximum flux estimates decrease
significantly with increasing sampling frequencies and error values of simulation tended to
approach 0%. If a deviation of simulated flux estimates lower than +15% from the reference
fluxes is accepted, the Red River at T.aoCai and PhuTho sites must be sampled at least 8 samples
per month (i.e. twice-weekly) and the Red River at SonTay, the Da and Lo Rivers must be
sampled at lcast 4 samples per month (i.e. weckly).

Keywords: Red River, suspended sediment flux, sampling frequency, empirical model, crror.

1. INTRODUCTION

The fluvial transfer of sediment from the land to the coastal areas and/or the ocean reflects
the denudation of the continents and contributes to new depositional environment [1 - 4].
Furthermore, quantifying accurate the sediment flux delivery to the ocean is fundamental to (i}
establish global biogeochemical cycles (e.g. for the carbon or nutriment cycles, [5, 6]), (i)
understand many physical processes (c.g. evolution of landscape and coastal landforms, [7, 8]).
and (iil) evaluate its potental role as a pathway for pollutants from terrestrial to coastal and
marine systems [9, 10]. However, important uncertainties persist, mainly due to the non-
stationary nature of
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the sediment fluxes and the use of dated and/or questionable data (short-term sampling,
inappropriate sampling frequency and/or data collected before dam- voir construction,
deforestation or climatic change [11, 12]).

There are vanous studies on sediment load by river using a wide range of different
sampling freq; including monthly sampling (e.g. [13]), weekly sampling (e.g. [14]) and
daily samplmg (e.g [15]). However, i many rivers a great part of annual Joad is carried in only
5 or 10 days [16] and, thus, correct estimatien of sediment flux is difficult. Although many
studies outline the problem of the accuracy of annual suspended sedi flux esti only
few studies have addressed the quantification of errors-related to inadequate sampling strategy
(e.g (17,18)).

The Red River (China/Vietnam), one of lasgest rivers draining the Himalaya M
into South-East Asia, plays an important role in the economic, cultural and palmcal life of the
Vietnamese people. Based on the dataset obtained from high frequency measurements of
suspended sediment concentrations and water discharge (daily) collected between 2005 and
2011 at the five permanent observation stations along the Red River system, the aim of this
paper is to analyze the influence of samplmg frequency on the uncertainty on suspended
sediment flux estimates. We simul flux esti that would be
obtained by using lower sampling frequenues Maximum errors are quantified for different
sampling frequencies in order to determine the minimum frequency giving realistic annual load
estimates for the five key sites.
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Figure 1. Description of the Red River watershed and location of study sites.

2. MATERIALS AND METHODS

2.1. Area descriptions

195



Dang Thi Ha, Alexandra Coynel

The Red River system (Figure 1), located in South-East Asia, has a total watershed area of
169 000 km?, 50.3 % of which in Vietnam, 48.8 % in situated in China and 0.9 % is situated in
Laos and includes a fertile and densely populated delta plain. The Red River originates from the
mountainous area of Yunnan Province in China, flows 1200 km south-eastward and then flows
through seven Vietnamese provinces before flowing into the Gulf of Tonkin in the South China
Sea.

The main tributaries of the Red River are the Da River, on the right bank, and the Lo River,
on the left bank (Figure 1). The Da River has its source in the Yunnan Province, near to that of
the upstream Red River, at an elevation of more than 2000 m. The Lo River also comes from
China at an elevation of about 1100 m.

The Red River basin is characterized by two distinct seasons: the wet season from May to
October and the dry season from November to April (Figure 2). The mean annual water
discharges for the 2005-2011 period were 542 m%s, 678 m*/s and 3171 m¥s for the Red River at
LC, PT and ST sites. For the same period, the mean annual water discharges of the Da and Lo
Rivers were 1717 m’/s and 809 m’/s, respectively.
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Figure 2. Description of monthly averages of water discharge (m’/s) and rainfall (mm)
of the Red River at five strategic permanent observation sites from 2005 to 2011
(data from IMHE).

2.2. Data and methodology
Daily monitoring of water discharge and suspended sediment concentrations was

performed by the Vietamese Institute of Metrology, Hydrology and Environment (IMHE) at
five strategic permanent observation sites from 2005 to 2011 (Figure 1):
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(1) the LaoCai gauging site (simplified by LC) corresponds to the entry of the Red River in
Viemam and represents river borne material derived from the Upper Red River draining from
China;

(2) the PhuTho ganging site (simplified by PT) is situated at the outlet of the Red River
before the confluence with the Da and the Lo Rivers;

) (3) the HoaBinh gauging site (simplified by Da) is located at the outlet of the Da River
and integrates material derived from the Da system after the HoaBinh Reservoir;
(4) the VuQuang gauging site (simplified by Lo) is located at the outlet of the Lo River;
(5) the Sontay gauging site (simplified by ST), near Hanoi, is located at the downstream of
the confluence with the three main tributaries (Red, Da and Lo Rivers) and at the upstream limit

of the dynamic tide; this site is considered to be the outlet of the Red River system and the entry
point to the Red River Delta.

Annual reference suspended sedinent flux

Based on well known methods [2, 5, 7, 17], and daily water discharge and suspended
sediment concentrations, the suspended sediment fluxes have been calculated for each year at
each site as follows:

Fror= 2 Fi with Fi = Ci Qf

=1

where: Fge; is the reference annual suspended sediment flux; Fi is the instantaneous suspended
sediment flux; and Ci and Qi are the i us suspended sediment concentrations and water
discharges (daily) and n = 365 or 366.

Simulation of various temporal sampling frequencies

The suspended sediment fluxes estimated from the whole database, i.c. representing the
most accurate estimates available from our data, are considered as reference fluxes (Fred. In
order to test the effect of sampling frequency on suspended sediment flux estimates, different
fixed period strategies corresponding to lower sampling frequencies are simulated by extracting
individual sediment concentrations and corresponding discharge values from the database
{rcduced datascts). For cach simulation using reduced datasets, minimum and maximum annual
suspended sediment fluxes are retained. Then, these extreme suspended sediment fluxes are
compared to the corresponding Fr.s to quantify the range of estimate errors that would be done
when using low sampling frequencies. The different simulations correspond to different models
reflecting various sampling strategies (monthly, bi-monthly, weekly, twice-weekly, every 3
days, and every 2 days).

We have tested two kinds of simulations for monthly sampling (M1 and M1*). We have
simulated irregular monthly sampling (M1*)} by randomly selecting one sediment concentration
for each month. Each of the 12 randomly selected suspended sediment concentrations
(considered as representative of the month) is multiplied by the correspending monthly mean
water discharge. The sum of these 12 monthly sediment fluxes gives an annual suspended
sediment flux. The simulation has been repeated onc million times to obtain a statistically
representative information,

197



Dang Thi Ha, Alexandra Coyngl

The minimum and maximum suspended sedi fluxes obtained by these simulations are
kept and compared to the reference flux. The modified version (simulation M1} represents a
regular sampling frequency of on¢ sample per month with fix 30 days intervals. The first
suspended sediment concentration is randomly selected in the first month of the year. For the
rest of the year, ded sedi [ Hons are selected at 30 days intervals. Each of the
randomly selected suspended sediment concentrations (considered as representative of a period
including 15 days befote and 14 days after the sampling day) is multiplied by the corresponding
30 days mean water discharges. The sum of these suspended sediment fluxes gives the annual
suspended sediment flux estimates (29 possibilities).

Model M2 simulates a fix y of two samples per month (one sampling day in the first
d sedi

half of the month and another in the second half). The suspend
randomly selected in the half of the month, considered as representative for the respective period
of time and multiplied by the comesponding mean water discharge. Again, one million
simulations have been performed.

fons are

Model M3 represents weekly sampling. The first suspended sediment concentration 15
randomly selected in the first week of the year. For the other 51 weeks of the year, suspended
sediment concentrations are chosen at 7 days intervals to simulate a sampling realized always
the same day of the week (for example every Monday). Each selected value of suspended
sediment concentration 1s multiplied by the corresponding average weekly discharge. Model M4
simulates a sampling frequency of two samples per week. For each week, we choose two
suspended sediment concentrations with a minimum space of 24 h between the two samples. All
12 possible combinations were tested. Model M5 (one sample every 3 days); Model M6 (one
sample every 2 days). For each possible combination, the sclected suspended sediment
concentrations were multiplied by the average of discharges calculated over the cor di
sampling period.

3. RESULTS AND DISCUSSION

3.1. Suspended sediment fluxes loaded by the Red River system with different sampling
frequencies

For the three sites along the main channel of Red River and the two major tributaries Da
and Lo Rivers, seven different sampli ies have been simulated by estimating suspended
sediment fluxes from randomly extracted individual suspended sediment concentrations and
corresponding discharge values from the whole datat The annual sedi flux estimates
from different kinds of simulation and reference annual flux for each station during 2005-2011
are presented in Table 1.

During the whole observation period, the resulting range between minimum and maximum
flux estimates decrease significantly with increasing sampling frequencies for all five permanent
stations (Tables 1). For example, when simnulation M1* (irregular sampling intervals; one
sample per month) is applied to data obtained for the Red River at LaoCai in 2005, simulated
annual suspended sediment flux estimates range from 19.6 Mt/yr to 100 Mt/yr; and its values
ranged between 59.5 Mt/yr and 59.7 Mt/yr for the simulation M6 (one sample every 2 days);
whereas the reference flux was 59.7 Mt/yr (Table 1). We noted that if the extreme value was
observed in the Red River at PhuTho m 2005 when simulation M1* is applied with the
suspended sediment flux estimate varied up to 225 Mty (the reference flux of 56.7 Mt/yr, Tabie
13, while the lowest value of flux estimate (0.7 Mt/yr) was observed with model M1* for the Lo
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River vin 2005 (reference flux of 8.0 Mtfyr, Table 1). This result showed ctearly that monthly
sampling was not appropriate to get reliable annual suspended sediment flux estimates for the
Red River system.

Table 1. Results of simulations for the Red River at LaoCai, PhuTho, SonTay sites and for the Da and Lo Rivers.

e MV M M2 M3 Ma M5 M6 Fref
(x10°Uyr) (x10°Uyr) (x10%yr) (x10Whyr) (x10%Uyr) (x10%r) (x10%yr) (x10%yr)
Red River at LaoCai

2005 19.6-100 25.6-894 34.1-779 53.1-64.1 58.7-59.4 54.3-66.5 59.5-59.7 597
2006 29.3-101 353-150 53.2-121 76.6-i14 82.6-101 85.6-107 953-102 990
2007 205-100 24.5-71.7 34.3-66.8 44.8-569 44.1-563 48.0-55.8 50.5-33.0 S21
2008 6.1-81 133-504 154455 22.1-32.7 22.7-328 26.1-333 285305 206
2009 10.5-82.2 15.8-511 22.2-365 26.1-38.6 31.6-374 33.7-34.1 329359 343
2010 6.2-52.3 10.2-30.7 15.7-248 15.9-30.6 18.2-249 20.7-24.0 22.1-23.3 227
2011 59502 7.7-305 13.1-29.6 [7.3-23.1 20.6-22.5 21.022.9 22.1.22.1 222
Red River at PhuTho
2005 19.9-225 251-176 40.1-108 45.5-832 48.4-64.7 49.1-63.6 51.5-60.4  $6.7
2006 27.7-122 37.9-85.8 44.83-73.5 51.7-70.5 54.5-62.9 56.4-590 56.1-608 580
2007 8.8-64.9 14.9-449 18.9-3173 208-354 24.1-27.8 23.6-2¢.5 24.8-269 258
2008 15.4-63.6 23.2-43.3 26.9-40.7 28.0-38.7 30.1-36.2 32.1-343 33.1-333 332
2009 11.4-51.5 13.9-36.5 18.5-31.0 20.9-29.0 22.4-27.7 24.6-26.8 25.4-25.5 25.6
2010 8.6-52.4 11.1-360 15.1-28.7 18.2-29.9 22.1-243 223253 229-23.8 23.6
2011 13.9-77.0 19.4-502 284-42.7 29.5-42.0 33.8-364 33.7-356 341357 348
Red River at SonTay
2005 25.6-101 32.8-77.6 38.5-68.9 489-566 51.1-566 53.6-51.9 53.3-54.0 539
2006 40.4-185 525-155 61.4-112 68.8-966 740-892 767-844 77.1-857 822"
2007 31.9-80.5 39.0-T2.0 45.2-66.3 543-58.4 52.5-62.6 529-57.7 53.2-589 561
2008 233-67.3 289-51.0 358-46.6 36.0-48.1 384-41.8 39.5-415 399416 409
2009  234-732 311-55.6 33.7-47.1 377-47.9 403-42.0 391-42.5 40.9-41.9 416
2010 116477 170-30.9 183-31.7 21.0-26.1 22.8-25.2 21.6-27.7 23.8-244 244
2011 7.5-332 9.7-222 144-212 166-19.7 180-188 18.2-18.9 18.4-186 18.6
Da River
2005 26-101  39-81 46-73 5664 5.8-6.1 57-6.1 5.9-6.0 59
2006 43-11.9 59-10.1 66-88 73-82 7582 7679 7879 18
2007 61-15.4 8.1-145 87-13.0 100-121 102-11.5 110-115 112-114 113

2008 35-84 40-77 4669 5358 8 3455 5456 5.5
2009 3375 4460 4858 5255 5 5354 53
2010 1543 2133 2232 2429 g 2523 26
2011 0658 1247 1735 2529 9 26-2.8 27

Lo River
2005 0.7-184 34-13.8 6496 7387 7585 7882 7.8-8.5 80
2006 2.1-20.2 70-145 85-127 10.1-11.5 104-11.0 i03-10.8 10.6-10.7 10.6
2007 2.1-86 4170 4661 5057 5256 5355 5455 54

2008 1749 23545 2340 3138 3536 3.536 35
2009 20-57 2752 3145 3639 3639 3738 a7
2010 45-125 7298 7895 8489 84389 8.5-8.8 88
2011 3188 4267 43563 4857 5057 54-54 53

3.2. Sampling frequency and accuracy of SPM flux estimates
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Annual ded sedi fluxes obtained from the different models were compared to
reference fluxes in order to estimate the error range for a given sampling frequency. In order to
compare the results obtained for the Red River and two major tributaries (Da and Lo Rivers)

duning 7 years (2005-2011) eovering different hydrological conditions, we calcufated relative
errors (Eg) as follows:

Ep = (Fn — Frer)/Frer < 100 %

where Fpy is the simulated annual flux estimate and Fger is the reference annual flux. The
resuits obtaired were presented in Figure 3.
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Figure 3. Results of simulated suspended sediment flux for the Red River system at five stations. The 0%

level presents refc d fluxes calculated from the complete datat In each
sampling_ model {(M1*, M1-M6) the years 2005-2011 are presented from left to tight. Q1 and Q3 represent
precision (10 ile and 90 ile) of results obtained by different frequency simulations.

We observed, for example, Ez values for annual suspended sediment flux estimates from
irregular monthly sampling (M1*) range from -65 % to 297 % for the Red River at PhuTho site
in 2005 (Figure 3) and range from -91 % to 130 % for the Lo River in 2005. This simulation
suggests that irregular monthly sampling may produce annual sediment flux estimates with etror
between underestimation of 65% and overestimation up to 297 % for the Red River at PhuTho
and between underestimation of 91% and overestimation of 130 % for the Lo River. In addition,
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Figure 3 showed that the median values of the By distributions of suspended sediment flux
estimates for most simulated cases of low sampling frequencies (c.g. M1*, M1 or M2) lead
systematically to underestimation of suspended sediment fluxes (Figure 3). The range of
possible Eg values produced by the tested simulations is largest for the lowest sampling
frequency (M1*), and Eg ranges marrow with growing sampling frequency (Figure 3). With
increasing sampling frequency from M1 (i.e. regular sampling frequency of one sample per
month) to M6 (Le. one sample every 2 days), for all five stations and for all years, Eg values
tended to approach 0 % (i.e. flux ¢stimates are close to reference fluxes, Figure 3).

Considering that reliable annual suspended sediment flux estimates should always be
within +15 % deviation from the reference flux, the results allow defining minimum sampling
frequencies for the five stations measured. By plotting Ex values vs. samplmg frequency
(number of samples per month), we compared the simulations for the different years and sites
(Figure 4). The Figure 4 showed clearly that for the Red Ruver at SouTay and the Da and Lo
Rivers, suspended sediment flux estimates obtained from a sampling frequency with a minimum
of 4 samples per month (i.e. weekly) are always within the acceptable limits (Fig. 4). However, §
samples per month (i.8. two satmples per week — twice weekly) give reliable flux estimates for
the upstream Red River at LaoCai and PhuTho sites (Figure 4). For all sampling frequencies
lower than weekly for the Da, Lo Rivers and the Red River at PhuTho and twice-weekly for the
Red River at LaoCai and PhuTho, probabilities to obtain reliable flux estimates are not
acceptable.
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Figure 4. Comparison of maximum error per for simulated suspended sed: flux esti for

five stations in the Red River system as a function of sampling frequency (number of samples per month}.

The higher sampling frequency of the Red River at LaoCai and PhuTho stations than at
SonTay station demonstrated that the hydrodynamic of the Red River in upstream part stronger
than in downstream part. This phenomenon is common in World Rivers and was explained by a
decrease of surface slope from upstream to downstream of river basin [19, 20]. However, we
noted that hydrodynamie of the Red River system is clearly lower than other small mountainous
watersheds which require very high sampling frequency, due to important sediment transport
often occurring in short intense floods (up to 100 samples per month, i.e. one sample every 7h
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like the Nivelle River in France, {11]). This kind of sampling frequency may be only obtained
using automatic sampling systers and rarely realized [16].

4. CONCLUDING REMARKS

Based on database of daily frequency sampling of water discharge and suspended sediment
concentration, we have highlighted the important of sampling frequency for reliability of
suspended sediment flux esfimates but also for other river parameters like salt nutriments,
organic/inorganic pollutants or heavy metals transported in the particulate phase. The results
obtained showed that if a deviafion of simulated flux estimates lower than +15% from the
reference fluxes is accepted, the upstream part of the Red River (i.e. at LaoCai and PhuTho sites)
must be sampled at least 8 samples per month (i.¢. twice-weekly). Whereas, the Red River at
SonTay and the Da and Lo Rivers must be sampled at least 4 samples per month (i.e. weekly).

Below these minimum fr ies, annual sedi flux estimates may greatly differ
from reference fluxes (up to 297%) and there is high probability of systematic underestimation.
These findings underline the need of adapted ling frequency st ies for surface water

quality monitoring and sediment load controlling, especially when the particulate load in river is
strongly affected by anthropogenic impacts (e.g. dam/reservoir, industry, mining...).
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TOM TAT

XAC DINH TAN SUAT LAY MAU VADQ CHINH XAC TAILUONG CAT BUN LG

LUNG CHUYEN TAI BOI HE THONG SONG HONG (TRUNG QUOC/VIET NAMj)
Ding Thi Ha" ", Alexandra Coynel®

Khoa Héa, Truong DH Ba Ria-Ving Tdu, Tp. Ba Ria
ZUniversi!y of Bordeaux, UMR CNRS 5805 EPOC, France

“Email: lehal 645@yahoo.com

Dua trén sé liéu hang ngay vé hru hrong nuéc vi ham lwgng cét bin lo limg ca séng Hong

trong giai doan 2005-2011, ching t5i d4 phan tich anh huéng ofia tAn sudt 1Ay miu dén qué trinh
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e tinh tai ugng cét bim lo limg chuyén tai boi séng va chi ra si cin thiée ciia chién hroe Iiy
mau v&i thn sudt phit hop. Bay kiéu tin sudt iy miu khac nhau tir mét miu/thing dén mt
mawhai ngay d3 duge thir nghiém cho song Hong tai Lao Cai, Phi The va Son Ty ciing nhy
trén 2 song nhanh P vi L6. Céc két qua thu duoc da chi ra ring bién d6 dao dong cia tai Tugng
wéc tinh (gifia gid tri 16n nhét vA nho nhét) gidm dng ké khi tang tn sudt Hy miu vi gia t sai
56 cia tai lwgng mé phong so véi tai hrong déi chimg ¢6 xu huéng tién din vé 0 %. Néu d5 lach
ciia 31 lugng md phéng wéc tinh ndm trong khoang + 15 % so véi tii lugng ddi chitmg cé thé coi
nhw chip nhan duoc thi séng Héng tai Lao Cai vi Phi Tho phai iy miu it nhit 8 miwthing
(tic 13 hai lin mét tuin) va song Hong tai Son Tay, céc séng Da va Lé phai dugc 1Ay miu it nhit
4 miw/thang (tirc hing rin).

Tir khoa: Song Hong, tai lugng cat bun la g, tin suit 1y mAu, md phéng, sai sé.
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