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Abstract. Performance of empirical models has been com-
pared with extensively observed data to determine the most
suitable model for prediction of salt intrusion in the Sumjin
River estuary, Korea. Intensive measurements of salt intru-
sion were taken at high and low waters during both spring
and neap tide in each season from August 2004 to April
2007. The stratification parameter varied with the distance
along the estuary, tidal period and freshwater discharge, in-
dicating that the Sumjin River estuary experiences a transi-
tion from partially- or well-mixed during spring tide to strat-
ified during neap tide. The salt intrusion length at high water
varied from 13.4 km in summer 2005 to 25.6 km in autumn
2006. The salt intrusion mostly depends on the freshwater
discharge rather than spring-neap tidal oscillation. Analysis
of three years observed salinity data indicates that the scale
of the salt intrusion length in the Sumjin River estuary is pro-
portional to the river discharge to the−1/5 power. Four em-
pirical models have been applied to the Sumjin River estuary
to explore the most suitable model for prediction of the salt
intrusion length. Comparative results show that the Nguyen
and Savenije (2006) model, developed under both partially-
and well-mixed estuaries, performs best of all models studied
(relative error of 4.6%). The model was also applied under
stratified neap tide conditions, with a relative error of 5.2%,
implying applicability of this model under stratified condi-
tions as well.

1 Introduction

An estuary, which is a semi-enclosed transitional waterbody
where freshwater meets saltwater, is known to be one of the
most valuable natural, economic and cultural resources. The
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salinity intrusion in an estuary is maintained by the com-
petition between two opposing longitudinal salt fluxes – an
advective flux resulting from freshwater outflow, tending to
drive salt out of the estuary; and a gradient salt flux (fluxes
from high to low salinity) tending to drive salt landward (Fis-
cher et al., 1979; Geyer and Signell, 1992). Although fresh-
water discharges, along with tides, largely control the dis-
tribution of salinity in an estuary, transport and mixing pro-
cesses can also be significantly affected by wind if the estu-
ary is wide (Ji, 2008). However, the flow in a narrow estuary
may be predominantly tidal, where the wind has minimum
impact on the flow in the long term. Uncles and Stephens
(1996) found that the salt intrusion is a strong function of the
spring-neap tidal state, but a weaker function of the freshwa-
ter inflow in the Tweed Estuary, UK. In many rivers, water is
withdrawn for irrigation and drinking purposes, and if con-
taminated by salt from the sea, is no longer useable (Aerts et
al., 2000). The recommended threshold values of salinity for
agriculture and drinking purposes are less than 1 and 0.5 ppt,
respectively.

The Sumjin River estuary is one of the few natural es-
tuaries located on the south coast of Korea. The Sumjin
river water supply system consists of two multipurpose and
four small water supply dams. Due to seasonal fluctuations
in precipitation and runoff (decreasing trend in winter and
spring; increasing trend in summer), dams in the Sumjin river
play a vital role in supplying water to Domin AC (Agri-
cultural Cooperation) for irrigation of the nation’s leading
rice fields (Kim, 2000). Increasing upstream seawater in-
trusion is the major environmental problem in this estuary,
which may be caused by upstream dam construction decreas-
ing stream flow, and extraction of sand and gravel, which
lowers the stream bottom level (Lee, 2005). Therefore, a
model is essential to assess the salt intrusion length as a func-
tion of directly measurable parameters, such as geometry,
freshwater discharge and tide, to mitigate these problems.
There are three main study methods for detecting saltwater
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intrusion: the material analysis method, the empirical corre-
lation method and the use of numerical simulation technol-
ogy. In the material analysis method, the surveyed hydrolog-
ical and water resources data, as well as the water flow vari-
ation and saltwater intrusion states are analyzed. Based on
the material analysis method, Pritchard (1956) and Bowden
(1966) explained the distribution of saltwater and the mix-
ing characteristics of saltwater and freshwater. The empirical
correlation method refers to searching for an empirical for-
mula, using a large number of historical data relating to the
river discharge and salinity in estuaries, and forecasting the
effect on saltwater intrusion due to changes in discharge. Nu-
merical simulation based on the advective-diffusive equation
of salinity combined with hydrodynamic equations, and pre-
dictive equations for salt intrusion can be used to determine
the different influences on saltwater intrusion under different
boundary conditions.

Water managers require a predictive model for the man-
agement of estuarine water resources as functions of geom-
etry, freshwater flow and tide (Savenije, 1993). Two types
of predictive models currently exist: those based on labora-
tory experiments in channels of constant cross-section, and
those based on real estuaries. Van der Burgh (1972), Fischer
(1974) and Savenije (1993) performed an empirical analy-
sis when predicting salinity intrusion. The models of Van
der Burgh (1972) and Savenije (1993) were based on real
estuaries, whereas the model of Fischer (1974) was based
on laboratory experiments. Savenije (1993) used an expo-
nential function to describe the estuarine geometry, whereas
Thatcher and Harleman (1972) used observed cross-sections
of the estuary. In 2005, Savenije slightly improved and gen-
eralized his 1993 model based on an enlarged database of
well-mixed alluvial estuaries. Nguyen and Savenije (2006)
further elaborated this method for partially- and well-mixed
estuaries, using observation in the Mekong delta branches.

The main purpose of this study is to (i) examine the varia-
tion in the salinity intrusion length in response to freshwater
input and tide in the Sumjin River estuary, (ii) compare the
performance of empirical models, with three years of obser-
vation data, to determine the most suitable model for pre-
dicting the salt intrusion length, and (iii) examine whether
the model developed by Nguyen and Savenije (2006) for
partially- and well-mixed estuaries is applicable under strat-
ified neap tide conditions.

The rest of this paper is organized as follows. The data
sources are briefly presented in Sect. 2. Empirical models are
described in the Sect. 3. Observed and model salt intrusion
lengths, and a statistical analysis for the model performance
are presented in Sect. 4. A discussion follows in Sect. 5, with
the conclusions summarized in Sect. 6.

Fig. 1. Map of the study area. The solid circles indicate CTD sta-
tions. The star mark denotes the Gwangyang tidal station.

2 Data sources

The Sumjin River estuary enters the Gwangyang Bay located
on the south coast of Korea (Fig. 1). The length of the Sumjin
River estuary is 212 km, with a watershed area of almost
4900 km2, including farmland. The Sumjin River splits into
the east and west channels near the POSCO (Pohang Iron
and Steel Company) before it enters the Gwangyang Bay.
The flow in the east channel is northward during the flood
tide and southward during the ebb tide. However, this pat-
tern is reversed in the west channel of the POSCO. There-
fore, the east channel is chosen as estuary mouth. The bay is
connected in the south to the coastal sea (South Sea) and in
the east to Jinjoo Bay through the narrow Noryang Chan-
nel (Fig. 1). Topographic information has been collected
from the Regional Construction and Management Office of
the Construction Department, the Ministry of Construction.
The cross-sectional area (m2), width (m) and mean depth (m)
of the Sumjin River from the mouth (station 1) to a land-
ward location (station 25) are shown in Fig. 2. The conver-
gence lengths of the cross-sectional area (a) and width (b) are
12 600 and 87 200 m, respectively.

The river discharge data from the Songjung gauge station,
located about 10 km upstream from CTD station 25, were
used in this study. The river discharge and tidal range on the
date (s) of the field observations from July 2004 to June 2007
are given in Table 1. The climate of Korea is characterized

Hydrol. Earth Syst. Sci., 13, 923–933, 2009 www.hydrol-earth-syst-sci.net/13/923/2009/



D. C. Shaha and Y.-K. Cho: Comparison of empirical models with observed data 925

Table 1. River discharges and tidal ranges during the three years of field observations.

Year Season
Spring tide Neap tide

River discharge (m3 s−1) Tidal range(m) Salt Intrusion length (km) River discharge (m3 s−1) Tidal range (m) Salt Intrusion length (km)
2004 Summer 46 3.09 17.7 26 1.22 17.9
2004 Autumn 29 3.86 21.0 22 1.60 18.7
2005 Winter 10 3.14 23.7 16 1.04 19.1
2005 Spring 18 3.51 22.9 26 0.73 17.3
2005 Summer 58 2.45 17.9 77 1.20 13.4
2005 Autumn 16 3.92 22.8 13 0.97 20.7
2006 Winter 19 3.17 23.8 14 1.12 18.7
2006 Spring 11 3.84 24.8 30 0.52 18.0
2006 Summer 50 2.93 17.9 44 0.92 15.9
2006 Autumn 9 3.99 25.6 15 1.87 22.7
2007 Winter 12 3.85 25.5 11 1.32 21.0
2007 Spring 21 3.03 24.4 14 0.84 20.3

Fig. 2. Cross-section area (circles), width (diamonds) and depth
(triangles) of the Sumjin River estuary.a is the cross-sectional con-
vergence length calculated using Eq. (3).

by four distinct seasons: winter (December, January, Febru-
ary); spring (March, April, May); summer (June, July, Au-
gust); autumn (September, October, November). The sum-
mer season, in general, is more prone to high river dis-
charges, while the remaining seasons are susceptible to low
river discharges. The maximum monthly median river dis-
charge appeared to be higher (370 m3 s−1) during July 2006
and lower (11 m3 s−1) during January 2005. The tidal in-
formation was collected from the Gwangyang Tidal Station
(see in Fig. 1) operated by the National Oceanographic Re-
search Institute, Korea. The tidal cycle is semi-diurnal, with
mean spring and neap ranges of 3.40 and 1.10 m, respec-
tively. Based on the tidal range criterion of Davies (1964),
this estuary can be characterized as mesotidal and microti-
dal during spring and neap tide, respectively. The M2 tide
(1.05 m) is the primary tidal constituent at the river mouth.

The longitudinal transects for salinity and temperature
were taken at high and low waters during both spring and
neap tide for each season, from August 2004 to April 2007,
using a CTD profiler (IDRONAUT Company). Four samples
(spring high water, spring low water, neap high water, neap
low water) were taken in each season. GPS was used to ob-
tain the exact locations. The nominal distance between CTD
stations was 1 km. Each cruise started from the mouth about

one hour before high or low water and took approximately
one hour to arrive at the last station when high or low water
slack occurred (Fig. 1). The number of observation stations
along the estuary for each cruise varied between 13 and 25,
depending on the change in the water depth with the tide. It
was not possible to proceed upstream at low water due to the
shallower depth. As a result, it was not possible to survey
all upstream stations at low water. To examine the maximum
salt intrusion length, only the high water slack data surveyed
from August 2004 to April 2007 were used in this study.

3 Methodology

Steady state salt intrusion models can be divided into three
types, based on their derivation: low water slack (LWS), tidal
average (TA) and high water slack (HWS) models (Savenije,
2005). A HWS model is verified with salinity measurements
carried out at HWS and a LWS model with salinity measure-
ments carried out at LWS. For a TA model, the salinity mea-
surements are carried out for a full tidal cycle, after which
they are averaged.

Van der Burgh (1972) provided a tidal average model us-
ing limited field observations in real estuaries, including the
Rotterdam Waterway, the Schelde and the Haringvliet. It is
defined as:

LTA
= 24π

h0

K
F−0.5N−0.5 (1)

where LTA is the tidal averaged intrusion length,h0 is
the tidal average depth,F is the Froude number(F =

υ0/
√

(gh)), and N is the Canter-Cremers estuary number,
which is defined as the ratio of the freshwater entering the
estuary during a tidal cycle (Qf T ) to the flood volume of
saltwater entering the estuary over a tidal cycle (Pt=A0E0).
Savenije (2005) showed that the flood volume can be very
well approximated by the product ofA0 and the tidal excur-
sionE0 (= υ0T/π) at the estuary mouth.K is the Van der
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Burgh coefficient, for which Savenije (2005) developed an
empirical predictive equation:

K = 0.2 × 10−3
(

E

H

)0.65(
E

C2

)0.39

(1 − δb)−2.0 (2)(
b

a

)0.58(
Ea

A0

)0.14

whereK is Van der Burgh’s coefficient, which is a hydraulic
characteristic of estuaries, which has a value between 0 and
1. E is the tidal excursion, defined as the difference be-
tween the intrusion length at HWS and LWS,H is the tidal
range,C is the Chezy coefficient,δ is the damping rate of the
tidal range (δ=(1/H)(∂H/∂x)) andA0 is the cross-sectional
area at the estuary mouth. The area convergence length (a)
and width convergence length (b) are defined by exponential
functions (Savenije, 2005):

A = A0 exp
(
−

x

a

)
(3)

B = B0 exp
(
−

x

b

)
(4)

whereA andB are the cross-sectional area and width at a
distancex (km) from the estuary mouth, respectively.A0
andB0 are the cross-sectional area and width at the estuary
mouth (x=0), respectively.

Fischer (1974) derived the following formula for low wa-
ter slack conditions:

LLWS
= 17.7

h0

f 0.625
F−0.75

d N−0.25 (5)

whereLLWS is the intrusion length at LWS (the minimum in-
trusion length occurring during a tidal period),f is the Darcy-
Weisbach friction factor (f =8g/C2) andFd is the densimet-
ric Froude number(Fd=(ρυ2

0/1ρgh0)). The major differ-
ences between Van der Burgh (1972) and Fischer (1974)
models are in the use of the dimensionless numbers, namely
Fd ,F, K andf . The exponent ofN is different between the
two models, which is negative as the salt intrusion length di-
minishes with increased freshwater discharge. Likewise, the
salt intrusion length decreases linearly with the tidal velocity
amplitude.

Savenije (1993, 2005) developed a method for HWS that
predicts the salinity along the estuary depending on the shape
of the estuary, the tidal influence and the river discharge. The
salt intrusion length,L, is defined by (Savenije, 2005):

LHWS
= a ln

(
−

DHWS
0 A0

KaQf

+ 1

)
(6)

whereLHWS is the intrusion length at HWS (the maximum
intrusion length during a tidal period),DHWS

0 is the disper-
sion coefficient at the estuary mouth at HWS.K, a andA0

are (constant) hydraulic characteristics of the estuary and
therefore are the same under any condition during the year,
whereasDHWS

0 is time dependent, depending on both the
river discharge and tidal range. The model has been applied
to 17 different estuaries all over the world, particularly for
HWS situations. DHWS

0 was initially generalized and im-
proved by Savenije (2005), and later by Nguyen and Savenije
(2006), for partially- and well-mixed estuaries. The disper-
sion coefficient,DHWS

0 , is expressed as follows:

DHWS
0 = 1400

h

b

√
NR(υ0E0) (7)

whereh is the average depth over the salt intrusion length,
υ0 is the tidal velocity amplitude at the estuary mouth,E0 is
the tidal excursion at the estuary mouth andNR is the Estuar-
ine Richardson number. Equation (7) was slightly modified
by Nguyen and Savenije (2006) by replacing the area con-
vergence length (a) with the width convergence length (b)
and using the average depth over the salt intrusion length in-
stead of the depth at the estuary mouth for partially- and well-
mixed estuaries. The salt intrusion lengths at HWS are well
computed by the predictive model using Eqs. (6) and (7).
The Estuarine Richardson number (the ratio of the Canter-
Cremers numberN to the densimetric Froude numberFd )
is the dimensionless number that determines the balance be-
tween kinetic energy provided by the tide and potential en-
ergy provided by the river discharge through buoyancy of
freshwater responsible for the mixing:

NR =
N

Fd

=
1ρ

ρ

gh̄Qf T

A0E0υ
2
0

(8)

The models of Van der Burgh (1972) and Savenije (2005)
are based on real estuaries, whereas that of Fischer (1974)
is based on laboratory tests. The Darcy-Weisbach’s coef-
ficient, solely a function of flow roughness, is considered
for the Fischer (1974) model. The Van der Burgh coeffi-
cient (K) is used in the models of Van der Burgh (1972)
and Savenije (2005), which is a function of both the aver-
age tidal and freshwater flow characteristics. Savenije (1993)
used an exponential model of the estuarine geometry Eqs. (3)
and (4) to predict the salt intrusion length. In 2005, Savenije
generalized and improved his 1993 model for application to
well-mixed alluvial estuaries, with further modifications by
Nguyen and Savenije (2006) for partially- and well-mixed
estuaries. A time dependent (depending on both the river dis-
charge and tidal range) dispersion coefficient (DHWS

0 ) near
the estuary mouth is used in Savenije (2005) and Nguyen and
Savenije (2006) models. All models described above were
applied to the Sumjin River estuary to predict the salt intru-
sion length assuming a steady state.

In this study, the salt intrusion length at high water during
both spring and neap tide has been defined as the length from
the river mouth (station 1) along the river channel to the point
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where the bottom salinity was 1 psu. To examine the maxi-
mum salt intrusion length, the bottom salinity at high water
has been used instead of the depth-averaged salinity. The
variation in the salt intrusion was subsequently examined in
response to freshwater input and tide. On 26 October 2005,
during neap tide, and on 6 November 2006, during spring
tide, a salinity of 1 psu did not appear at the last CTD station.
Therefore, the data was extrapolated to obtain a salinity of 1
psu. The mean freshwater discharge on the date of the field
observation was used to predict the salt intrusion length. Van
der Burgh’s coefficient,K, was calculated from the field data
using Eq. (2). The value of this coefficient was 0.76. The
Darcy-Weisbach friction factor was 0.024. The salinity in-
trusion lengths were calculated usingh=6.1 m,A0=7913 m2,
T =44 400 s,υ0=0.64 m s−1 (spring) and 0.34 m s−1 (neap).
In a narrow estuary, the wind has minimum impact on the
flow (Ji, 2008). Therefore, the wind effects were not con-
sidered in this study due to narrowing of the Sumjin River
estuary.

As the observed intrusion length was determined under a
high water slack situation in this study, the tidal excursion,
E, was added to the LWS model of Fischer (1974) and half
the tidal excursion (E/2) added to the TA model of Van der
Burgh (1972) to obtain the high water slack intrusion length.
The tidal excursion, the distance between the low and high
water locations of a vertically-mixed parcel of water (Un-
cles and Stephens, 1996), was measured during spring tide
in relation to the location of salinity = 27 psu. Tidal excur-
sions ranged between 3.0 and 9.4 km during spring tide (Ta-
ble 2). The calculated tidal excursion (E=υ0T/π ; 9 km) for
the maximum tidal amplitude is consistent with the observed
maximum tidal excursion (9.4 km).

Statistical analyses have been performed as quantitative
measures of how good the model results fitted the data to
evaluate model performance. Although numerous methods
exist for analyzing and summarizing model performance, the
mean absolute error (MAE), root-mean-square (RMS) error
and relative error (RE) were used to compare model-data for
model calibration and verification in this study. The coeffi-
cient of determination,R2, has been used in the context of
examining the external forcing; either freshwater buoyancy
input or tide is the predominant control on salt intrusion in
this estuarine system.

4 Results

4.1 Salt intrusion

To determine the maximum salt intrusion length, the hori-
zontal bottom salinity distributions taken at high water dur-
ing spring and neap tide for each season in 2004, 2005, 2006
and 2007 are plotted in Figs. 3, 4, 5 and 6, respectively. How
the variable river discharges and tide affect the salt intrusion
during both spring and neap tide was then assessed. High

Table 2. Estimated tidal excursions during field campaigns.

Date Tidal ranges (m) Tidal excursions (km)

29/1/2005 2.85 3.4
8/4/2005 3.87 9.4

21/7/2005 2.98 3.0
19/10/2005 3.59 6.8
16/1/2006 2.83 3.1
30/3/2006 3.56 7.0
6/11/2006 3.60 8.0

river discharges occurred during the summer of all years;
2004–2007, with tidal ranges of 2.45–3.10 m during spring
tide. The other seasons were susceptible to lower river dis-
charges, with tidal ranges of 3.0–4.0 m. The maximum in-
trusion length, 25.6 km, occurred for a low river discharge
during spring tide on 6 November 2006, while the minimum,
13.4 km, occurred at high river discharge during neap tide on
21 July 2005.

In 2006, the salt intrusion length during spring tide in-
creased by 4 km during spring and 3 km during autumn com-
pared to the same period in 2005, which is due to the river
discharge and tide (Table 1). In spring of 2006, the intrusion
length increased due to a 9% greater tidal range and 39%
lower river discharge. Similarly, in autumn of 2006, the river
discharge was about 50% less than that in 2005, whereas the
tidal range remained approximately the same. This indicates
that the autumn intrusion length was solely affected by the
freshwater flow. During summer, the intrusion length was
approximately the same as for the spring tide when no sig-
nificant variations in the river runoff and tide appeared. Con-
versely, the salt intrusion length during neap tide increased
by about 2 km in both summer and autumn in 2006 com-
pared to the same period in 2005. The freshwater discharge
was 42% less in summer 2006, whereas the tidal range was
19% less during the same period. Therefore, both the fresh-
water discharge and the tide are likely causes of the summer
increase of salt intrusion. Conversely, the tidal range during
neap tide in autumn 2006 doubled, but the freshwater dis-
charge remained almost the same (Table 1). This indicates
that the tide is the reason for the autumn increase in the salt
intrusion during neap tide in 2006.

Estuaries can be classified by their stratification and mix-
ing patterns. Hansen and Rattray (1966) developed a strati-
fication parameter (δS/〈S〉), defined as the ratio of the salin-
ity difference between surface and bottom(δS) divided by the
depth averaged salinity〈S〉, to characterize estuaries. Prandle
(1985) showed that (δS/〈S〉)=4S−0.55

t , whereSt is the strat-
ification number (St=(0.85kυ3

0L)/(1ρ/ρ)gh2um), k is the
friction coefficient (0.0025),L is the salt intrusion length,υ3

0
is the amplitude of the tidal currents,h is the water depth and
um is the depths mean current. This means thatδS/〈S〉<0.15
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Fig. 3. Horizontal bottom salinity distribution at high water during spring(a, b) and neap(c, d) tides for summer and autumn 2004. The
pink band indicates the limit of salinity =1 psu.

Fig. 4. Horizontal bottom salinity distribution at high water during spring(a, b, c, d)and neap(e, f, g, h)tides for each season during 2005.
The pink band indicates the limit of salinity =1 psu.

is well mixed andδS/〈S〉> 0.32 is stratified. In this study, the
stratification parameter was calculated for all stations using
data surveyed during both spring and neap tide for each sea-
son in the Sumjin River estuary (Fig. 7). Maximum values of
the stratification parameter,δS/<S>, occurred during neap
tide, with minimum values during spring tide. During spring
tide, the lowest values (<0.15) of the estimatedδS/<S>

generally occurred down the estuary, up to about 5 km from
the mouth, indicating the occurrence of well-mixed condi-
tions, while at the same time, higher values, between 0.15
and 0.32, occurred in the remaining upper portion, suggest-
ing partially mixed conditions. Highly stratified conditions
(>0.32) occurred throughout the estuary during neap tide,
with maximum values occurring in the halocline. The strat-
ification parameter varies depending on the location along
the estuary, tidal period and freshwater discharge, indicating
that the Sumjin River estuary experiences a transition from
partially- or well-mixed during spring tide to stratified dur-
ing neap tide.

4.2 Model intrusion length

The Van der Burgh (1972), Fischer (1974), Savenije (2005)
and Nguyen and Savenije (2006) models have been applied
to the Sumjin River estuary for predicting the salt intrusion
length. The models of Van der Burgh (1972), Savenije (2005)
and Nguyen and Savenije (2006) are based on real estuar-
ies, whereas that of Fischer (1974) is based on laboratory
tests. The quantities needed to predict the salt intrusion
length using these empirical models are freshwater inputs
to the estuary at various times during the year, tidal infor-
mation and the bathymetry along the estuary. The salinity
intrusion lengths were calculated usingK=0.76, f =0.024,
h=6.1 m, A0=7913 m2, T =44 400 sυ0=0.64 m s−1 (spring)
and 0.34 m s−1 (neap). The river discharge on the date of
the field observations was used in this study. The wind ef-
fects were not considered in this study due to the narrowing
of this estuary.
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Fig. 5. Horizontal bottom salinity distribution at high water during spring(a, b, c, d)and neap(e, f, g, h)tides for each season during 2006.
The pink band indicates the limit of salinity=1 psu.

Fig. 6. Horizontal bottom salinity distribution at high water during spring(a, b) and neap(c, d) tides for winter and spring 2007. The pink
band indicates the limit of salinity =1 psu.

Fig. 7. Stratification parameter for all longitudinal depth surveys of
the Sumjin River estuary taken during both spring and neap tide in
each season. A value above 0.32 indicates a stratified condition and
below 0.15 a well mixed condition.

The most important output of these models is the salt
intrusion length (Savenije, 1993). Comparisons between
the salt intrusion length of the different predictive formu-
lae and field data are shown in Fig. 8. The Van der Burgh
model (1972) predicted the salt intrusion length in low
river discharge reasonably well, but overestimated the in-
trusion length with increasing river discharge during both
spring and neap tide (Fig. 8a). The Fischer model (1974)
overestimated and underestimated the salt intrusion length
during neap and spring tide, respectively (Fig. 8b). The
Savenije model (2005) overestimated the salt intrusion length
(Fig. 8c), where the area convergence length (a) was used
for calculating the dispersion coefficient (Eq. 7). Conversely,
the Nguyen and Savenije (2006) model predicted the salt in-
trusion length quite adequately (Fig. 8d) compared to the
Van der Burgh (1972), Fischer (1974) and Savenije (2005)
models. The main reasons why the Savenije model (and
the same applies to the Nguyen and Savenije model) per-
forms better are: (i) Foremost, it is important to stress that
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Table 3. A summary of the statistics of salinity intrusion lengths in the Sumjin River estuary from 2004 to 2007.

Models MAE (km) RMS Error (km) Relative Error (%)

Spring Neap Spring Neap Spring Neap
Van der Burgh (1972) 3.99 4.6 5.81 6.01 17.86 24.70
Fischer (1974) 3.50 6.18 3.96 6.37 15.68 33.14
Savenije (2005) 22.40 21.90 22.45 21.95 100 117
Nguyen and Savenije (2006) 0.90 0.96 1.16 1.11 4.04 5.20

Fig. 8. Comparison of the results of various empirical models:(a)
Van der Burgh (1972),(b) Fischer (1974),(c) Savenije (2005) and
(d) Nguyen and Savenije (2006), for the salt intrusion length mea-
sured at high water during spring and neap tides.

the Savenije model uses the correct functional relationship:
L=a ln(1+x/a)(Eq. 6), where others merely use a power
function as a regression equation. The exponential shape to-
gether with the Van der Burgh model yields this equation.
This equation is important, because in prismatic estuaries
(when a goes to infinity) ln(1+x/a) approachesx/a, after
which follows thatL=x. This is the equation used by all
other researchers where they relatedx to dimensionless num-
bers. (ii) The Savenije model uses the convergence length
and the tidal excursion in the regression. These are two im-
portant length scales: one for the topography and one for
the dominant mixing length. (iii) The Savenije model uses
the Estuarine Richardson number (the ratio of the Canter-
Cremers numberN to the densimetric Froude numberFd ),
which is the dimensionless number that determines the bal-
ance between tidal energy and potential energy responsible
for the mixing, and (iv) The Savenije model uses the Van

der Burgh coefficientK. Parsa et al. (2007) obtained better
results with the Van der Burgh model (1972) compared to
Savenije (1993) model using the annual average discharge.
The variation in the cross-sectional areas of Bahmanshir can
not be approximated by an exponential function and; as a re-
sult, the Van der Burgh model (1972) provided better result.

Statistical analysis has been used for quantitative compar-
ison of the models studied. The Van der Burgh (1972) and
Fischer (1974) models yield smaller relative errors during
spring compared to neap tide (Table 3). The Nguyen and
Savenije (2006) model, developed under both partially- and
well-mixed estuaries, yields the least relative error (4.6%) of
all models studied for both spring and neap tide. The Sumjin
River estuary shows highly stratified conditions during neap
tide and partially- to well-mixed characteristics during spring
tide. The Nguyen and Savenije (2006) model was first ap-
plied under stratified neap tide conditions. Of all models
studied, this model shows the least relative error of 4.0 and
5.2% during spring and neap tide, respectively. This indi-
cates that the Nguyen and Savenije (2006) model can also
predict the salt intrusion length under stratified neap tide con-
ditions.

4.3 Dominant controls on salt intrusion length

There are dams upstream, which play a vital role in supply-
ing water for irrigation. It is important to examine the exter-
nal forces, either freshwater buoyancy input or tide, that pre-
dominantly controls salt intrusion in this estuarine system.
Under steady state or tidally averaged (spring-neap tidal cy-
cle) conditions, the salt intrusion length scale,L, in a first
order approach may be described as a power-law of the river
discharge in prismatic estuaries (Monismith et al., 2002):

L≈Qα (9)

whereα is the power dependence coefficient. Previous re-
search shown that the power dependence coefficient varies
widely under different estuarine conditions. Oey (1984)
showedα∼−1/5 based on observed data in the Hudson River
estuary for the highest flows. Monismith et al. (2002) ob-
tained α∼−1/7 for 21 years of observed salinity data in
the San Francisco Bay, and pointed out that the weaker de-
pendence of salinity intrusion on flow was due to both the
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Fig. 9. The power correlation between the salt intrusion lengths
measured at high water during spring-neap tides and river dis-
charges(a); observed salt intrusion lengths and high water levels
(b).

geometry of San Francisco Bay and the effects of stratifica-
tion on vertical mixing. The scale of the salt intrusion length
for the Sumjin River estuary was found to be proportional to
the river discharge to the−1/5 power based on three years
of observed salinity data (Fig. 9a). It has previously been
demonstrated (Savenije, 2005) that because of the assump-
tion used of a constant cross-sectional area, different estuar-
ies have different exponents. In addition, a linear relationship
has been found between high water levels and the intrusion
length (Fig. 9b), to see whether the tide or river discharge
is the dominant factor controlling the salt intrusion in this
estuarine system. Regression fitting indicated that the salt in-
trusion greatly depends on the river discharge, but to a lesser
extent on the spring-neap tidal oscillation.

5 Discussion

In general, tide-driven mixing is dominant downstream,
but gravitational mixing upstream of the estuary (Savenije,
2005). Van der Burgh’s coefficient,K, gives a balance be-
tween both mechanisms (Savenije, 2006). Tide-driven mix-
ing becomes dominant near the toe of a salt intrusion when
K is small. By contrast, ifK approaches unity, then grav-
itational mixing becomes dominant. In our study, the value
of K for the Sumjin River estuary is 0.76, indicating that
gravitational mixing is important near the toe of the salt in-
trusion. In addition, the flushing rate can be used as an index
for tidal and gravitational mixing (Officer and Kester, 1991).
The flushing rate (F) is the rate at which the freshwater ex-
changes with the sea (Officer and Kester 1991). The flushing
rate is defined as:

Fi =
Vi

Ti

=
Qf

fi

(10)

where Vi is the volume of the estuary segment and
Ti=fiVi /Qf is the flushing time of each segment, as defined
by Officer (1976) and Dyer (1997). WhereQf is the fresh-
water discharge andfi=(Ssw −Si)/Ssw is the freshwater frac-
tion over any segment, as defined by Officer (1976) and Dyer
(1997).Ssw is the salinity at the estuary mouth andSi is the
mean salinity in a given segment of the estuary.

The quantity,F , which has the dimension of m3 s−1, rep-
resents the combined effects of the tidal exchange and the
gravitational exchange flux. The tidal exchange flux should
be independent of the river discharge, but the gravitational
circulation flux is dependent on the river discharge. If there
are no tidal exchanges, a plot ofF againstQf will give a
line, with an intercept of zero. If both tidal exchange and
gravitational circulation flux are active, there should be an
intercept value,Fint, of a plot ofF againstQf , which rep-
resents the tidal exchange, and the amounts in excess of the
intercept represent the gravitational circulation flux.

Sheldon and Alber (2002, 2006) also suggested that the
freshwater fraction method can easily be applied to multi-
ple segments, as the flushing time is the sum (Dyer, 1997)
of the segment flushing times. Therefore, this technique has
been applied to the upper Sumjin River estuary, near the toe
of the salinity curve, by dividing it into two segments. Seg-
ment A contains stations 21, 22, 23, 24, 25, and segment
B stations 17, 18, 19 and 20. An analysis of three years of
observed salinity data indicates that the gravitational flux is
dominated in segment A (Fig. 10a), whereas in segment B
it is a combination of the gravitational circulation and tidal
flux (Fig. 10b). However, the small intercept,Fint, for seg-
ment B implies strong gravitational circulation and a weak
tidal flux. Therefore, the zone near the toe of the salt intru-
sion curve at maximum salt intrusion length is dependent on
the gravitational flux.

Although the Nguyen and Savenije (2006) model was not
considered applicable to stratified conditions, it appears to
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Fig. 10. Plot of flushing rate (F ) against river discharge (Qf ) up-
stream of the Sumjin River estuary. The upper estuary, segment A,
shows gravitational circulation flux, where the fitting line is linear
with an intercept of zero and increasingF value with increasingQf

value(a). The intercept value,Fint, in Segment B indicates the tidal
flux, and the amount in excess of the intercept value indicates the
gravitational circulation flux(b).

perform well under stratified conditions as well. The Sumjin
River estuary has well- to partially-mixed characteristics dur-
ing spring tide, but stratified conditions during neap tide. The
Nguyen and Savenije (2006) model using Eqs. (6) and (7)
yields better result during spring tide than during neap tide
for predicting the salt intrusion length in the Sumjin River es-
tuary (Table 3). The verification results show that the Nguyen
and Savenije (2006) model is also applicable under strati-
fied neap tide conditions. It should be noted that the use

of the width convergence length rather than the area con-
vergence length when calculating the dispersion coefficient
at the mouth results in a more reasonable prediction of the
salt intrusion length, whereas the determination of the width
convergence length is simple and less data demanding.

6 Summary

Intensive field measurements have been carried out for three
years to observe the salt intrusion at high and low waters
during both spring and neap tide in the Sumjin River estu-
ary. Based on the stratification parameter, the estuary had
partially- to well-mixed characteristics during spring tide, but
stratified conditions during neap tide. From our field obser-
vations, the salt intrusion at high water varied from 13.4 km
in summer 2005 to 25.6 km in autumn 2006. The salt intru-
sion upstream mostly depends on river discharge rather than
spring-neap tidal oscillation. Analyses of the three years of
observed salinity data indicated that the scale of the salt in-
trusion length in the Sumjin River estuary is proportional to
the river discharge to the−1/5 power.

Four empirical models have been applied to the Sumjin
River estuary to predict the salt intrusion. Comparative re-
sults show that the Nguyen and Savenije (2006) model, de-
veloped under partially- and well-mixed estuaries, yields the
most satisfactory result (least relative error of 4.6%). As the
model uses an exponential function of varying cross-section
areas and contains more parameters than the other existing
models, these are the probable reasons for its high capability
to compute the salt intrusion length. Our study suggests that
the model is also applicable under stratified neap tide condi-
tions because it shows relative errors of 4.0 and 5.2% during
spring and neap tide, respectively.
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