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Abstract. There is a well-tested theory for the computation meaning that it can be applied to predict the salinity distribu-
of salt intrusion in alluvial estuaries that is fully analytical tion in any alluvial estuary provided some basic information
and predictive. The theory uses analytical equations to preen topography, tide and river discharge is known (Savenije,
dict the mixing behaviour of the estuary based on measur1986, 1989, 1993). Limitations of the theory are that it has
able quantities, such as channel topography, river dischargbeen derived for single channel estuaries and for estuaries
and tidal characteristics. It applies to single-channel topograwhere the tide experiences only modest damping or amplifi-
phies and estuaries that demonstrate moderate tidal dampingation. The Mekong Delta is an alluvial estuary that consists
The Mekong delta is a multi-channel estuary where the tideof many branches and that transports a large amount of fresh
is damped due to a relatively strong river discharge (in thewater to the sea, even during the dry season (in the order of
order of 2000 r#/s), even during the dry season. As a result 2000 n¥/s). As a result, the tide is strongly damped and the
the Mekong is a strongly riverine estuary. This paper aimsbranches of the delta are rather prolonged. This gives the
to test if the theory can be applied to such a riverine multi- Mekong estuary a clearly riverine character, putting it at the
channel estuary, and to see if possible adjustments or genefringe of applicability of this theory.

alisations need to be made. The paper presents salt intrusion Looking at other branched alluvial estuaries in the world,
measurements that were done by moving boat in 2005, tdt appears that they have similar characteristics: (i) If an es-
which the salt intrusion model was calibrated. The theorytuary is divided into two branches by an island, the branches
has been expanded to cater for tidal damping. Subsequentlyre of almost equal length. (i) There are no large differ-
the model has been validated with observations made at fixeénces between the branches in area, width and depth. Ex-
locations over the years 1998 and 1999. Finally it has beeramples of branched estuaries are the Loire estuary in France,
tested whether the Mekong calibration fits the overall predic-the Tanintharyi estuary in Myanmar, the Hau and CoChien
tive equations derived in other estuaries. The test has beepranches of the Mekong Delta in Vietnam, the Dhamra es-
successful and led to a slight adjustment of the predictivetuary in India and the Yangtze river estuary in China (see
equation to cater for estuaries that experience a sloping botrig. 1)

tom. The question now is: does the method of Savenije (2005)
also apply to these estuaries, or is there a need to extend the
theory so that it can be applied to branched estuaries as well.
In this paper, we shall demonstrate that the method is indeed
applicable to branched estuaries but that a certain procedure
needs to be followed. We also present some refinements to
dpe method for estuaries that experience strong tidal damping
fr that have a prominent bottom slope.

1 Introduction

The recent book on Salt Intrusion and Tides in Alluvial Es-
tuaries (Savenije, 2005) presents a comprehensive theory f
the modelling of steady state and unsteady state salt intrusio
in alluvial estuaries. Itis based on the analysis of some 17 es-

tuaries world-wide on the basis of which a general predictive

theory has been developed that is claimed to be predictive?2 Summary of the method

Correspondence toA. D. Nguyen Savenije (2005, p. 144) demonstrated that the steady state salt
(d.nguyen@unesco-ihe.org) balance equations for High Water Slack (HWS), Low Water
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mouth. The values ok andag; can be obtained through cal-
ibration against measured longitudinal salinity distributions
at HWS or LWS.

The longitudinal variation of the salinity can be computed
through combination of Egs. (1), (2) and (3):

[CoChien river estuary,
ek 4

WLk PSRN : 1
PR W B Soi — Sy Do;

where So; (ML~3) is the boundary salinity at the estuary
mouth (for HWS, LWS and TA conditions) ansl; is the
upstream boundary salinity of the river water. The salt in-
trusion curve derived for the TA situation, which represents
the TA longitudinal variation of the salinity, can be used for
LWS and HWS as well, by shifting the curve upstream or
Fig. 1. Some examples of branched estuaries (source: GooglgownStream over half the tidal excursm_n I

. ) The saltintrusion length; can be obtained by substitution

Earth). . .
arth) of §; = Sy in Egs. (4) and (5), yielding:
Slack (LWS) and Tidal Average (TA) situation can be written L; = aIn <i + 1) (6)
as: i
ds; WhereL; (L) is the salt intrusion length at HWS, LWS or TA.
Si—Sp=ci_— 1 Because the method has been applied in 17 different estu-

aries all over the world, particularly for the HWS situations,
it was possible to derive two predictive equations for K and
DEWS (Savenije, 1993). These relations were generalised
and improved by Savenije (2005, p. 166—169) into:

Wherei =1,2,3 indicating the three different states: HWS,
LWS and TA.S; is the steady state salinit§, is the fresh
water salinity. The coefficient; is an x-dependent coeffi-
cient defined by:

h
o= Ap, ()  DE"S=1400-/Ng WE) @)
Oy
. . ) . and
WhereD; (L2T1) is the dispersion coefficient for each state
i, O (L3T~1yis the river discharge, which is negative since _oox103(E 065 /039 g
the positive x-axis points upstream, aAd(L?) is the tidal K=0.2x H c? ®)

averaged cross-sectional area. The relationship between the p\O58 / p 0\ 014
salinity and the dispersion coefficient, based on previous (1 — §5)~2° (—) <—)
work by Van der Burgh (1972) is defined by: a Ao

dD; oy Where Ag (L?) is the cross-sectional area at the estuary
I KT () mouth,b (L) is the width convergence lengtl: (LO5/T) is

the coefficient of Chezy; (L~1) is the damping rate of tidal
range;E (L) is the tidal excursion, which is the distance that

. ) : _ 5 water particle travels between LWS and HWS, obtained
an estuary with an exponentially varying cross-section (Seefrom the observed salinity distributions;(LT 1) is the tidal

Eqg. 10) to yield the expression for the dispersion along thevelocity amplitude;H (L) is the tidal rangef(L) is the con-

WhereK (-) is the Van der Burgh’s coefficient, which has a

estuary: stant tidal average depth along the estuary(-) is the Es-
Di_q 4 (exp(f) 3 ) (4)  lvarine Richardson number given wa_z%"’ZlOQT{;, and
Do; a T (T) is the tidal period. In ideal estuaries, the tidal range,

. KaQf _ Ka Dy the tidal velocity amplitude, the tidal excursion and the depth
With: f;=— Doi Ao — @i Ao a”dO‘Oi—_Q_f are constant along the estuary, while the convergent lengths
where Dg; (LT~2) is the boundary condition at the river of the width and the cross-sectional area are equali. In
mouth (=0) for HWS, LWS or TA conditionsdg (L?) isthe  estuaries where there is a certain degree of damping or am-
tidal average cross-sectional area at the estuary mouth andplification, the ratio ofH/E is still constant, but values df
(L) is the convergence length of the cross-sectional area (seandv vary along the estuary. Finallydf£b there is a bottom
Eq. 10). agi(L~Y) is the mixing coefficient at the estuary slope and the depth is not constant. In the Mekong estuary
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Table 1. Estuarine characteristics of 4 branches in the Mekong Delta.

River Estuary Ag Bg h Hp a b d
m? () (M) (m) (km)km) (km)
Dinh An branch 18400 3400 7.1 238 100 35 55
Hau river Tran De branch 8200 1500 5.4 2.9 00 00 00
Combined Hau estuary 26500 4900 7.5 2.85 105 51 100
Co Chien branch 11100 1600 6.0 21 75 75 oo
Co Chien river Cung Hau branch 13200 2500 5.3 2.1 32 31 o0
Combined Co Chien-Cung Hau estuary 24300 4100 6.2 2.1 65 56 400

Note: The values for the width, depth and cross-sectional area were measured at Mean Sea Level (MSL).
Hy is the tidal range at the mouth.

branches these latter situations apply, and subsequently sp T ¥F T

cial procedures need to be developed. ALY LAY ke _
The assumption made in Eq. (1) to arrive at the steady state ) A <. JE T

equation for conservation of mass, requires that in the es- ! C“\ g, SN o2

tuary an equilibrium condition is reached between, onthe| . {7 - haﬁ'n,(:m..,i ﬁ?

one hand, advective salt transport through the downstream / , 7

flushing of salt by the fresh water discharge, and on the other,
hand, the full range of mixing processes. To investigate how
quickly an estuary system adjusts to a new situation, Savenije
(2005, p. 152) proposed an expression derived for the systen
response time as a function of the steady state salinity distri-
bution. If the time required for the system to adjust is not too

long in relation to the variation of the boundary conditions,

then a steady state model may be used. The expression read

2 ] : 0, el 2"
Long Xuyen X S e, Ry
ong Auyen H ] V* l:aJi branch
&K - T Ba Lai branch
4 £ / N N A - MgHam Luong branch
S oo W\ /Tra Vinh7 ACo Chien branch
S _.f{nng Hau branch

AR TUNG IDinh An branch
<_-Soc Trang

ang | W

<" Jr®Tran De branch
s

P

South China Sea

ASdx 9)

5~

L

)
QrS(L/2)

L/2

) ) ) Fig. 2. The Mekong Delta.

Where: T, (T) is the system response time, which repre-

sents the time required for the system to adjust itself from
one steady state to anothes.(-), L (L) and A (L?) are the

salinity, salinity intrusion length and cross-sectional area for

the tidal average situation, respectively.

China Sea, the Co Chien River again splits into two estu-

ary branches, Co Chien and Cung Hau (see Fig. 2). Al-

though there are more estuary branches: Tieu, Dai, Ba Lai
and Ham Luong, this paper concentrates on these four estu-
ary branches: Tran De, Dinh An, Cung Hau and Co Chien.

Tides in the South China Sea have a mixed diurnal and

3.1 Overview semi-diurnal character. The amplitude can be up to 3m.

There are generally two troughs and two peaks during a day,
The Mekong river when it enters Vietham Sp||ts into two but their relative hE|ght varies 0veraf0rtnight. When the first
branches, the Bassac (known as Hau river in Vietnam) andrough decreases from day to day, the other trough increases,
the Mekong (known as Tien river in Vietnam). The two and vice versa (See Fig. 3).
branches form the Mekong delta. The Hau river is the first As a typical delta, the Mekong delta is affected by both
branch of the Mekong. When the Hau approaches the seajver floods and tide. In the past (before 1980), every year
it splits into two branches: Tran De and Dinh An. The Tien during the dry season, agricultural areas in the Mekong delta
river is the second branch of the Mekong river system. Atwere affected by salinity, amounting to 1.7-2.1 million ha
Vinh Long, the Tien separates into two river branches: Coout of 3.5 million ha. In the 1980's and 1990’s, a num-
Chien and My Tho. At a distance of 30 km from the South ber of salinity control projects were implemented, leading to

3 The Mekong Delta in Vietham
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Table 2. River discharge and tidal range data in the Mekong estuaries.

Estuary name Date River discharge  Tidal range
(md/s) (m)
8 April 2005 1064 2.89
9 April 2005 1038 2.90
Hau 21 May 2005 930 2.62
22 May 2005 975 2.75
21 April 2005 680 2.07

Co Chien —Cung Hau ,, il 2005 655 2.14

The estuary shape of the Tran De — Dinh An and the Co
Chien — Cung Hau can be described by the exponential func-

2.5 7

| Moments of field survey |

s tions:

2 ﬂ A= Ap exp(—)—c) (10)

3 051 ] i a

(G = mew(-5) a

8 -05 ! } !

g V ' “ | ’ “ ' u I ! v l and

2 X
15 | h = ho exp(—g> (12)
25 \ \ J WhereA (L?), B (L) and k (L) are the cross-section area,

1-Apr 11-Apr Time (day) 21-Apr 1-May width and depth at the location (km) from the mouth, re-

spectively. Ag (L?), Bo (L) and kg (L) are the area, width
and at the mouth. Finally, (L), » (L) andd (L) are the area,
width and depth convergence length, respectively. It follows
thatd=al/(b — a). The cross-section area and width are ob-
tained from observations, defined at the tidal averaged water
level (this level is close to mean sea level). The convergence

closure dams and sluice gates in the navigation canals Cor{(_angth, which is the length scale of the exponential function,

necting the branches of the delta. Nowadays, salinity affects> obtained by calibration of Egs. (10), (11) and (12) against

only 0.8 million ha every year. However, the fresh water measured data. It can be seen Very clearly in Fig. 4, Fig. 5
intakes along the estuary branches are usually affected b nd Table 1 that the paired branches indeed behave as a single

high salinity (Nguyen and Nguyen, 1999). Every year, these stuary with a regular topography according to Egs. (10-12).
intakes have to be closed for considerable periods of time

(varying from several weeks to one or two months) to pre-4  pata sets of the Mekong Delta estuaries
vent salt intrusion.

Fig. 3. Water level at the My Thanh station located near the mouth
of the Tran De estuary branch (Period from 1 April 2005 to 1 May
2005).

Salinity data of the Mekong Delta used in this paper consist
3.2 The shape of the Mekong Delta estuaries of two sets: (i) The first set is from field measurements car-

ried out by the authors during the dry season of 2005 and
The Dinh An, Tran De, Co Chien and Cung Hau are four (ii) the second set is from data of a network of fixed stations
branches of a branched estuary system. We shall investialong the estuaries.
gate if it is possible to combine paired branches into a sin- The authors carried out field measurements on the Hau
gle branch, which would not only simplify the computation, river in the dry season of 2005, using the “moving boat”
but could also enhance the overall performance of the salimethod described by Savenije (1989, 1992). The method ap-
intrusion model. Moreover since we expect that the estuplied to the Mekong Delta estuaries can be summarized as
ary system functions as an entity, it could very well be thatfollows: To obtain the salt intrusion curve at HWS or LWS
combining paired branches into a single branch is more inone has to travel at the same speed as the tidal wave. Before
agreement with the physical laws that guide the formation ofthe start of the measurement one identifies clearly recogniz-
ebb and flood channels than a separate treatment. able points along the estuary at about 3 km interval (inlets,
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Fig. 4. Shape of the individual branchés) Tran De andb) Dinh An. (c) Shape of the Hau (combination of Tran De and Dinh An) estuary,
showing cross-sectional area{n{diamonds), width (m) (triangles) and depth (m) (crosses).

100 A

10 A4 A

100,000 100,000 -
10,000 'W 10,000 ’W
L
1000 M 1,000 »—@.—.._._PW
100 100 -
10 A A Ay A4 — 10 1 A AA A4 —
1 T T T T T T T | 1 T T T T T T T 1
0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Distance from the mouth (km) Distance from the mouth (km)
[ mArea(m2) ¢ Width (m) 4 Depth (m) | mArea(m2) ¢ Width(m) 4 Depth (m) |
100,000 -

L
10,000 f-*'_'\*r—-l—--___._.
4*w
1,000 - * 2

1 T T T

g8

0 10 20 30 40 50
Distance from the mouth (km)

60 70 80

‘ m Area (m2)

<+ Width (m)

4 Depth (m) \

Fig. 5. Shape of the individual branchegs) Cung Hau andb) Co Chien.(c) Shape of the Co Chien - Cung Hau (combination of Co Chien
and Cung Hau) estuary, showing cross-sectional aréa (@mmonds), width (m) (triangles) and depth (m) (crosses).

www.hydrol-earth-syst-sci.net/10/743/2006/

Hydrol. Earth Syst. Sci., 10,76432006



748 A. D. Nguyen and H. H. G. Savenije: Salt intrusion in multi-channel estuaries

30 30
‘\ Tran De estuary Dinh An estuary
25 H 25 4
\ o (branch)=4.48; o (branch)=2.13;
¢ K = 0.55; H

20 K =0.55; H 20
. ;
; N \ £ 45 Eo\\

Salinity

0
@ 0 10 20 30 40 50 60 70 80 @ 0 10 20 30 40 50 60 70 80
Distance from the mouth (km) Distance from the mouth (km)

30 30
1Y Tran De estuary Dinh An estuary
25 H 25 4
\ o (branch)=2.89; ‘\ o (branch)=1.67;
20 K = 0.55; H 20 K = 0.55; |
2 \ 2 \
£ 15 s E15
© ©
n \0 »n \
10 10
5 ‘\;\ 5 \\\‘
T T T T T T 0 T T T T T T

0 10 20 30 40 50 60 70 80

0 ;
@ 0 10 20 30 40 50 60 70 80
Distance from the mouth (km)

Distance from the mouth (km)

®

30 30
Cung Hau estuary " Co Chien estuary
25 I 25 I
\ o (branch)=4.46; \ o(branch)=3.91;

>‘20 \ K=0.50 ; i o 20 \ K=0.50; [
5 \.’.\ 3" \\ \
(] n

0N \ N \\

5 A S * 5
\N‘ \\\\\..

0 0
0 10 20 30 40 50 60 70 80 @ 0 10 20 30 40 50 60 70 80
Distance from the mouth (km) Distance from the mouth (km)

Fig. 6. Salinity distribution of individual branche¢a) Tran De on 8 April,(b) Dinh An on 9 April, (c) Tran De on 21 May(d) Dinh An on
22 May, (e) Cung Hau on 21 April angf) Co Chien on 22 April 2005, showing values of measured salinity at HWS (diamonds), and LWS
(triangles), and calibrated salinity curves at HWS (red curve) and LWS (blue curve).

piers, churches, temples, gauges, etc.). Additionally a GP$ the Tran De and Dinh An branches. The third and fourth
device is used to obtain the exact co-ordinates of the locasurvey in the Hau river were conducted on 21 May in Tran
tions. The measurement starts at the mouth in mid-streamDe and on 22 May in Dinh An. The field measurements in
While anchored one waits until the moment of slack occurs.the Co Chien and Cung Hau estuary branches were carried
The first observation is done at slack tide, measuring at dif-out on 21 and 22 April at the moments of LWS and HWS
ferent points over the depth. Travelling at a velocity of 25— during spring tide.
30km/h one can arrive at the next location just a few minutes The second data set is obtained from the network of fixed
before slack. One then stops the boat and waits until the slacktations near intakes and quays, which measure salinity val-
moment occurs (either by anchoring or by closely watchingues during the dry season at hourly intervals.
the shores or the GPS as one drifts). At slack one does a During the moving boat measurements, we managed to
quick measurement over the full depth at one meter intervalsneasure vertical salinity distribution at several points in the
Starting from the bottom with a CondUCtiVity meter with a Dinh An, Tran De, Co Chien and Cung Hau branches. It
10-m cable. Measurements are done in mid-current. appeared that these branches are partially-mixed and well-
The first and second survey were carried out at the momentnixed estuaries corresponding to the classification of Dyer
of LWS and HWS on 8 April and 9 April during spring tide (1997, chapter 2).
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River discharge and tidal data during the 2005’s field mea-

surements provided by the Vietnamese National Hydrom- 30
eteorology Services are summarized in Table 2. One can L Hau estuary
see that within two successive days river discharge and tidal 25 a =155 K=055| |
range variations are small, and therefore salinity variations 20 -
between successive HWS and LWS situations are supposed | s,
to be small as well. Z 15
&

10
5 Salinity computation for the Mekong Delta estuaries 5
In this section, two approaches are used to compute the salin- 0 . . . . . . .
ity distribution in the Mekong Delta estuaries. 0 10 20 30 40 50 60 70 80

The first approach considers every single branch as an in- @ Distance from the mouth (km)
dividual estuary and Savenije’s (2005) method is used to de-
termine the longitudinal salinity distribution. 30
Because of the similarities between the estuary branches, 25 Hau estuary |
the second approach considers the combination of paired es- a=1.21,K=055
tuary branches as a single estuary. Here, the method is ap- 20
plied under some modifications. Compared to the first ap- | > \
proach, the second approach offers better results, which is | € 15
subsequently validated against historic observations at fixed ‘_(,‘3 \ \
locations. Finally, based on calibrated and validated results 10
of the second approach, a predictive model for the Mekong \ \
Delta estuaries is proposed. 5 \\
T T T T T T T

0
5.1 Approach 1: Analysis of individual branches @ 0 10 20 30 40 50 60 70 80
Distance from the mouth (km)

The first approach considers every single branch as an indi-

vidual estuary (i.e. Tran De, Dinh An, Cung Hau, Co Chien). 30

The channel topography of each estuary is shown in Table 1. .

Using Egs. (4) and (5), we can compute the longitudinal vari- 25 Co Ch':"_'lcg"l“gK ?S"S;St“a"y L
ation of the salinity in every individual estuary. The cali- o e

brated results, based on measurement data of 8, 9, 21, 22| _ 20

April and 21, 22 May, 2005, are presented in Fig. 6. = 15 I
One other thing we can conclude from the measurement 'Tu_rg

data is that the tidal excursion, which is the distance that a 10

water particle travels between LWS and HWS (and hence

the horizontal distance between the drawn curves) is damped 5

along the estuary branches. This is due to the consid-
erable discharge of the Mekong even during dry seasons. 0
The tidal excursion in the Hau and the Co Chien — Cung @ 0 10 20 30 40 50 60 70 80
Hau branches can be described by an exponential function, Distance from the mouth (km)

i.e. E=Eoln (—%) whereE (L) is the tidal excursion at loca-

tion x (km) from th? mouth £o .(L) Is the “d"’?' excurspn at Fig. 7. Salinity distribution of(a) The Hau estuary (combination of

the mouth ana (L) is the damping lengthEy is determined Tran De and Dinh An branches) on 8 and 9 April, 200} The

by the horizontal distance between the LWS salinity curvepay estuary on 21 and 22 May, 2005: 4ojiThe Co Chien — Cung

and the HWS salinity curve at the mouth (See an exampléau estuary (combination of Cung Hau and Co Chien branches) on

in Fig. 6b). Eg ande are determined by fitting against the 21 and 22 April, 2005, showing values of measured salinity at HWS

longitudinal salinity distributions. (diamonds), and LWS (triangles), and calibrated salinity curves at
We can see from Fig. 6 that the method can be used t¢?WS (red curve) and LWS (blue curve).

describe the salinity distribution in the individual branches

of the Hau and the Co Chien — Cung Hau. The measured

data in the Dinh An estuary branch can be considered to be

www.hydrol-earth-syst-sci.net/10/743/2006/ Hydrol. Earth Syst. Sci., 10,76432006
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Fig. 8. Validation results of the Hau (combination of Tran De and Dinh An) estuajyon 01 March 1998(b) 05 April 1998;(c) 07 April
1998; (d) 02 March 1999;(e) 20 March 1999 andf) 16 April 1999, showing values of observed salinity at HWS (diamonds) and LWS
(triangles), and calibrated salinity curves at HWS (blue curve) and LWS (red curve).

the best thanks to the navigation buoys that gave the authodengitudinal variation of the salinity in every combined es-
a clear view of the occurrence of HWS and LWS. tuary. The calibrated results for the combined estuaries are
presented in Fig. 7.
5.2 Approach 2: Combination of two branches into asingle One can see that the second approach produces very good
estuary results. The overall performance is better than that of the first
approach. This underlines the assumption that the estuary

The second approach considers the combination of twdyStem functions as an entity. - N o
paired branches as a single estuary branch. The combination We can observe that the mixing coefficients of the individ-
of the Dinh An and Tran De branches is named “Hau estuary’ual branches in Fig. 6 are always higher than those values
and the combination of the Co Chien and Cung Hau branche8f the combined estuaries in Fig. 7. This is understandable
is named “Co Chien — Cung Hau estuary”. The channel to-since the river discharge is split over the two branches, while
pography of the combined estuaries is shown in Table 1 andhe tidal range remains the same. As a resigltis bigger in
F|gs 4c and 5¢c. The Sa"nity of one combined estuary isthe individual branches than in the combined branches.
taken as a weighted mean between the cross-sectional areas

of the branches. Using Egs. (4) and (5), we can compute the
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Fig. 9. Validation results of the Co Chien — Cung Hau (combination of Cung Hau and Co Chien) egtajaoy: 16 March 1998(b) 02
April 1998; (c) 15 April 1998;(d) 02 March 1999{e) 21 March 1999 andf) 19 April 1999, showing values of observed salinity at HWS
(diamonds) and LWS (triangles), and calibrated salinity curves at HWS (red curve) and LWS (blue curve).

5.3 Validation of Approach 2 The validated results are presented in Fig. 8 (for the com-
bined Hau estuary) and Fig. 9 (for the Co Chien — Cung Hau

As we mentioned in Sect. 4, in the Mekong delta, there is agstuary).

network of fixed stations near intakes and quays, which mea-  Generally, the model performs reasonably well, especially

sure salinity values during the dry season at hourly intervals 3¢ yws. At several stations, e.g. Tra Kha (4km from the

Unfortunately, this information is not ideal since it does not pinn An mouth) and Hung My (12.7 km from the Co Chien

permit the direct derivation of the longitudinal distribution qyth), the observed salinity values are too small and inac-

of the maximum and minimum salinity (i.e. salinity at LWS ¢rate. This is to be expected since these stations are located
and HWS), partly because they are often not located neaj, the mouth of a canal or close to the river banks.
the main current (sometimes they are located within a canal

opening or intake), and partly because of the timing. How-5 4 predictive model
ever, we shall use these maximum and minimum daily values
as indicators for the HWS and LWS salinity, to validate the

model Based on calibrated and validated results of the second ap-

proach (see Sects. 5.2 and 5.3), we can use Eqgs. (7) and
(8) to turn the salinity model of the Mekong Delta into a
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For the Hau estuary and the Co Chien-Cung Hau estuary,
2000 7 the predictive equation then reads:
@ 1500 | O DE"S = 14002\/N7 (voEo) (13)
£ ah
§ A s In Fig. 11, these results are plotted together with the estuaries
5 1000 - presented by Savenije (2005, page 171). What we observe in
% Fig. 11 is that the salt intrusion lengths at HWS of the Hau
8 ¢ and the Co Chien-Cung Hau computed by the modified pre-
S 500 1 A Hau estuary dictive model using Eq. (13) and Eq. (6) (blue triangles) plot
a = Line of perfect agreement very well within the set. To permit a good comparison, the
¢ Co Chien-Cung Hau estuary intrusion lengths in the other estuaries have also been com-
0 ‘ ‘ ‘ ‘ puted using Eq. (13).
0 500 1000 1500 2000
D(0) calibrated (m2/s)
6 Discussion
Fig. 10. Empirical relation forDEWS for the Hau estuary and the _ L
Co Chien-Cung Hau estuary. One thing we have to bear in mind is that the method pre-

sented in the Sect. 5is applicable to a steady state salinity dis-

tribution. Estuaries require a certain time to adjust to changes

100 - in the boundary conditions before they reach a steady state
equilibrium. Savenije (2005, p. 175) found that the system
response times for different estuaries are in the order of mag-
nitude of days to months. From Eq. (9), we computed the
system response time for the Mekong estuaries. The com-
A puted system response times for the Hau estuary on 8 April,
2005 and 21 May, 2005 and the Co Chien-Cung Hau estu-

©
o
|

(2]
o
|

Computed intrusion length
(km)

401 ary on 21 April, 2005 are 7 days, 18 days and 3 days, re-
Other estuaries spectively. In relation to the low variability of the discharge
20 y — Perfect agreement during the dry season, these values indicate that the estuary
’ A Mekong estuaries system is capable of adjusting itself to a new situation, and
0 ‘ ‘ ‘ ‘ ‘ doesn't lag far behind an equilibrium state during the dry sea-
0 20 40 60 80 100 son. Therefore, we can use the steady state method to com-
Measured intrusion length (km) pute the salinity distribution in the Mekong estuaries.

The Mekong delta has a network of fixed stations along the

Fig. 11. Salt intrusion length at HWS according to the modified pre- banks, which measure salinity values during the dry season.
dictive model, applied to the Mekong and other estuaries described’hese stations provide hourly salinity observations. Unfortu-
by Savenije (2005). nately, these values are not very adequate for the HWS-LWS

method. For validation, we took the maximum and minimum

daily values of the salinity at these stations and we assumed
predictive model. The values df, obtained from calibra- that these values are close to HWS and LWS values in the
tion, are 0.55 and 0.50 for the Hau and the Co Chien-Cungsame day. This assumption is rather weak because the sta-
Hau respectively, which compare fairly well with predicted tions are generally not located near the centre of the stream
values of 0.42 and 0.45, which are computed by Eq. (8).but rather in the lee, often near intakes of canals.
Similarly, the calibrated values @S (DEWS=aWS0 The Van der Burgh’s coefficienk’, has been taken from
where Q¢ is known from the discharge measurement andthe calibrated process from field data in 2005. These values
onHWSis obtained through calibration against the observedcompare fairly well with the predictive Eq. (8). We should
longitudinal salinity distribution) for the Hau estuary and realise that the predictive equation f&iris still rather weak
the Co Chien — Cung Hau estuary should be compared t@nd may have to be improved in the future. Therefore, the
Eq. (7). We notice that the calibrated valuesmﬁ*ws for calibratedK values for the Hau and the Co Chien — Cung
the measurement described in Figs. 8 and 9 fit Eq. (7) welHau estuaries are considered to be the most reliable. For a
(see Fig. 10) if we useé (i.e. the width convergence length) detailed explanation on Van der Burgh’s coefficient reference
instead ofa (i.e. the area convergence length) and if the av-is made to Savenije (2005, p. 133-168).
erage depth over the salinity intrusion length is taken instead There are several limitations in this study. Firstly, there is
of the depth at the estuary mouth. lack of updated topographical data of the Mekong Delta. The
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data used in this paper are obtained from the surveys carriedan help to ascertain the discharge distribution over the estu-
out between 1991 and 1998. Later, the Mekong Commit-ary branches.

tee developed a topographical database of the lower Mekong
Delta, but this database is essentially composed of the same
data with only minor modifications and updates. As we /

know, the Mekong Delta is morphologically active and the In this paper, the theory for the computation of salt intrusion

topography is contmgously chgngmg due to the h|g_h Sed"in single alluvial estuaries described by Savenije (2005) is for
ment transport capacity of the river. Hence, there still is room

for improvement of the salinity model by using more recent 'the first t'ime applied to the Mekong 'dellta, V‘etf‘am’ Whic.h
topographical data is a riverine mul_t|-channel estuary_wnh increasing depth in
' upstream direction and damped tidal excursion. Although

The predictive model is sensitive to a number of parame-the theory has not been developed for this situation, it is well
ters that have a certain degree of uncertainty. These are thgyplicable if we combine paired estuary branches and modify
mean estuary depth and the river discharg@ . There is Eq. (7) into Eq. (13).
uncertainty in the determination of the average depth over | view of the similar hydraulic, topographical and salin-
the cross-section, particularly when (for instance in the Dinhity characteristics of the branched estuaries in the Mekong,
An) there is a shallow part and a deep part, and when thet js concluded that the multi-channel estuarine system func-
estuary depth is not constant (there is a slight bottom slope}jons as an entity and that paired branches should be con-
Similarly, there is an effect of a possible error in river dis- sidered as a single estuary branch. This procedure has been
charge. In the Tien and Hau rivers, there are two dischargeyccessfully applied and tested in the Dinh An and Tran De
stations located at Tan Chau (Tien river) and Chau Doc (Halpranches (the combined estuary named the Hau estuary) and
river) (see Fig. 2). Normally, the discharge at Tan Chau is 3the Co Chien and Cung Hau branches (the combined estuary
to 5 times larger than the discharge at Chau Doc. One specigiamed the Co Chien — Cung Hau estuary). Based on salin-
thing is that just 20 km downstream of Tan Chau and Chauty measurements during the dry season of April and May
Doc, there is a connecting river called Vam Nao, which con-2005, an analytical model has been developed to compute the
veys water from the Tien to the Hau river. The discharge|ongitudinal salinity distribution (at HWS and LWS) for the
ratio between the Hau and the Tien rivers after the Vam Naq;ompined estuaries, e.g. the Hau estuary and the Co Chien —
changes substantially. Unfortunately, we do not have sufcyng Hau estuary. The model has been validated with data
ficient data to obtain the actual discharge ratio between theys the dry seasons in 1998 and 1999. The overall results
Hau and the Tien after the Vam Nao connection. However,of salinity computation indicate that the assumption of com-
there are several existing numerical models that provide amjined branches is acceptable and that the simplified method

rectly influences the dispersion coefficient, especially at thezs the Mekong delta.

mouth (Do) (see Eq. 7), which affects the salinity distribution
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