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Abstract

The residence time of an estuary is defined in this study as the average time the initially existing water parcels reside in the system

before they are flushed out. The residence time of the Danshuei River is calculated through a series of numerical experiments using
a laterally integrated two-dimensional hydrodynamic eutrophication model (HEM-2D). The results show that the residence time is
on the order of 1e2 days under the mean river flow to zero river flow condition, which is very short compared with most time scales
of biogeochemical processes. A procedure is developed to quantify individual contribution to flushing by each of the three major

physical transport mechanisms: tide, river discharge, and the density induced circulation. The results indicated that, in general
conditions, tidal flushing exerts the greatest influence to the flushing of the Danshuei River estuary, while the density induced
circulation hardly contributes any. Tidal transport contributes more than 50% of the flushing when river discharge is below its long-

term mean. The suitability of applying the tidal prism method, the modified tidal prism methods, and the fraction of freshwater
method in this estuary is also investigated. The relatively short residence time is likely to be one of the limiting factors that result in
low phytoplankton biomass in spite of extremely high nutrient concentrations, and causes a significant fraction of pollutants to exert

their effects in the coastal waters outside the estuary.
� 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In general term, the residence time of an estuary is the
average time a dissolved or suspended matter resides in
the estuary before it is carried out into the open sea. The
residence time is a convenient parameter representing
the time scale of physical transport processes, and often
used for comparison with time scales of biogeochemical
processes. It has an important implication to the fates of
introduced substances, and the primary productivity in
the estuaries. A pollutant will exert most of its effects
within an estuary if its biochemical time scales are com-
parable to, or shorter than the residence time. Primary
production by the free flowing phytoplankton will be
low if the time scale for their net growth is much longer
than the residence time. The month-long residence time
was ascribed to be the cause of the eutrophication and
hypoxia/anoxia in the Chesapeake Bay for most of the
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anthropogenic nutrients discharged into the system exert
their effects within it (Cerco and Cole, 1993). The
reported increase of primary production rate in the
Hudson River as the river flow decreased was also at-
tributed to the increased residence time (Howarth et al.,
2000). In a reviewing paper, Jay et al. (1997) used resi-
dence time as an independent variable while discussing
biogeochemical processes in estuaries. Dettmann (2001)
used residence time and a first-order biogeochemical rate
coefficient to formulate a simple two-parameter model
to illustrate the relative contribution of the physical tran-
sport and biogeochemical processes in estuaries. He ap-
plied the model to calculate the annual average fraction
of total nitrogen input from land that is exported and
related it to residence time for 11 North American and
European estuaries.

The Danshuei River estuary is the largest tidal river
and one of the most heavily polluted rivers in Taiwan,
consisting of three major tributaries: the Tahan Stream,
Hsintien Stream and Keelung River (Fig. 1). The mean
tidal range is 2.17 m at river mouth with the M2 tide
as the principal tidal constituent. The median river
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Fig. 1. Map of the Danshuei River estuary and the model segments.
discharges at the upstream limits of tides are 12.8, 23.7
and 9.8 m3 s�1 in Tahan Stream, Hsintien Stream and
Keelung River, respectively. There are six million people
living in the river basin, which includes the capital city of
Taipei. Untreated, as well as treated domestic sewage
and industrial effluents have made the river heavily
polluted. The upper estuary is normally hypoxic/anoxic,
and gradually becomes hypoxic/normoxic in the lower
estuary with increasing dilution by seawater (Chen and
Hung, 1988). The nutrient concentrations are extremely
high while the plankton biomasses are very low. A
monitoring program of Taiwan Environmental Protec-
tion Agency reported that inorganic nitrogen and phos-
phorus concentrations were observed on the order of
5 gm�3 and 0.5 gm�3, respectively, throughout the es-
tuarine proper, and in all seasons. A group of re-
searchers at the Taiwan’s Academia Sinica conducted
a three-year (1999e2001) monitoring program of the
ecological conditions in the estuarine proper. They
rarely observed a chlorophyll a concentration above
5 mgm�3. Primary production rate was estimated on the
order of 0.1 gCm�2 d�1 and zooplankton biomass was
observed to be on the order of a few mgCm�3.

With the high nutrient concentrations and low zoo-
plankton biomass, neither the nutrients nor the grazing
could be the limiting factor for the primary production
in this estuary. Chen et al. (2003) studied the water
column light attenuation and reported the attenuation
coefficient on the average of 2.0 m�1 in the lower
estuary. This gives a photic depth of 2.3 m, about 50%
of the average water depth and makes the light an
unlikely limiting factor for primary production. The
remaining potential limiting factors are residence time
and toxic effects of polluted waters.

There are three objectives in this study: first, to
investigate the residence time of the Danshuei River
estuary in order to examine if it is the cause of low
primary productivity; second, to quantify the contribu-
tion to the flushing ability by each of the three major
physical transport mechanisms: tide, river discharge, and
the density induced circulation; and third, to examine
the suitability of applying some widely used methods to
estimate the transport time scales in this estuary. In the
following, several methods for estimating transport time
scales are discussed. The residence time of the Danshuei
River estuary is then calculated by the aids of a numeri-
cal model. Individual contribution by each of the three
major transport processes is quantified. Finally, dis-
cussions and conclusions are made according to the
results. An appendix is also given summarizing the
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definitions and calculation methods for the commonly
used physical transport time scales.

2. Methods for calculating residence time

The residence time of an estuary, or segment of it, is
often loosely referred to as the average time a water
parcel or introduced substance remains within the sys-
tem, or area of interest. The time period a water parcel,
or substance, remains within a system depends on the
location and time the water parcel is ‘‘tagged’’ or the
substance is introduced (van de Kreeke, 1983; Prandle,
1984). Therefore a more precise definition should be
made depending on the utility of the term. A definition
applicable to a system of water body, or segment of it, is
the average time for all the existing water remains within
the system. If all the existing water parcels in a water
body, or segment of it, are ‘‘tagged’’ at some instant of
time, inevitably some of them will be flushed out of the
system quickly while some may stay for a longer period
of time. In this paper the residence time of the system is
proposed to be defined as the average time these initially
existing water parcels reside in the system before they
are flushed out. This is a single parameter representing
the integral time scale of all physical transport processes
in the system combined, which may be used to compare
with the time scales of biological and chemical pro-
cesses. Zimmerman (1988) also defined several local time
scales which are functions of location in estuaries. The
local time scales provide more detailed information,
however they suffer from complication while relating to
biogeochemical processes. Therefore the discussion in
this paper will be confined to the integral time scale
which represents the average values of the whole or
segment of an estuary.

In addition to residence time, there are several other
terms used in literatures to represent the time scale of
physical transport in estuaries (see Appendix A). They
are the flushing time, renewal time, detention time, turn-
over time, exchange time, transit time, age and half life,
etc. These parameters are all closely related and some
may be equivalent depending on their definitions and
conditions of the water bodies. Bolin and Rodhe (1973)
reviewed the concepts of age and transit time distribu-
tions, and presented a theoretical basis to relate average
age, turn-over time and average transit time (or
residence time). Among all these time scales, the flushing
time is the one most commonly used since all of them
are determined by the ability an estuary can flush its
existing water out to the open sea. It is obvious that the
residence time of an estuary will increase or decrease
with its flushing time. The longer it takes to flush an
estuary, the longer its residence time will be. The flush-
ing of estuarine waters is achieved by all the mechanisms
effecting the transport or removal of water from the
estuary to the open sea. These transport mechanisms
include tidal flushing, river discharge, density induced
estuarine circulation and those induced by meteorolog-
ical events and topographic configurations. The ability
of these mechanisms to transport or to renew the estuar-
ine waters determines the transport time scale. The
flushing ability may be defined as the flushing rate of the
estuary, which is of the dimension of time�1. For
instance, a flushing rate of 0.1 day�1 means that one-
tenth of its water is removed every day and its flushing
time is 10 days. The flushing abilities, or flushing rates,
attributable to various mechanisms acting simulta-
neously may be cumulative; however, the flushing time
and residence time are not.

Several textbooks (e.g., Bowden, 1967; Dyer, 1973,
2000; Officer, 1976; Fischer et al., 1979) defined the
flushing time of an estuary as ‘‘the time required to
replace the existing freshwater in the estuary at a rate
equal to the river discharge’’. Another definition of
flushing time is the time required to replace all existing
water in an estuary at a rate equal to the equivalent
outflow (Officer, 1976; Knauss, 1978), or the available
new waters (Pritchard, 1960). There is no theoretical
basis that the two should be the same. Both definitions
of flushing time are based on the displacement concept
which gives the time required to displace freshwater or
all the water in the estuary once. If the river flow is
constant and the water displacement is a linear process,
the average time the initially tagged water remains in the
system, the residence time defined in this paper, would
be half of the flushing time aforementioned. In reality,
there is always some degree of mixing within an estuary
that the water displacement does not necessarily follow
the linear process. The new water coming into the
estuary, be it by river discharge, tide or non-tidal circu-
lation, will at least partially mix with those already in
the system before displacing some of them. It will take
infinitely long time to replace all of the existing water in
the system.

Dyer (1973) and Officer (1976) presented several
methods to calculate flushing time: tidal prism method,
fraction of freshwater method, water and salt budget
method, and modified tidal prism method. The tidal
prism method is simple and easy to apply. It simply
divides the high tide volume of an estuary, or segment of
it, by its tidal prism P, to arrive at the flushing time Tf:

Tf ¼
ðVCPÞT

P
ð1Þ

where V is the low tide volume and T is tidal period. It
has been found that this method grossly underestimates
the flushing time because of its basic assumptions. A
number of modifications to the tidal prism method have
been proposed. Both Sanford et al. (1992) and Luketina
(1998) incorporated a return flow factor to account for
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the incomplete flushing of tidal prism, and also modified
the model to include the flushing by river discharge.
Ketchum (1951), Dyer and Taylor (1973), Wood (1979),
and Kuo and Neilson (1988) proposed various types of
modified tidal prism model to account for the incom-
plete mixing in an estuary by dividing it into segments of
length of tidal excursion. They also incorporated river
discharge and return flow factor.

The fraction of freshwater method calculates the
flushing time as:

Tf ¼
fV

R
ð2Þ

In the above equation, R is the river discharge and f is
the mean fractional freshwater concentration in the
estuary, given by:

f ¼ 1

V

Z
S0 � S

S0

dv ð3Þ

where S0 and S are the sea water salinity and the salinity
in the estuary, respectively, and the integral is taken over
the entire volume of the estuary.

The water and salt budget method calculates the
flushing time by dividing the volume of the estuary with
the rate of equivalent outflow through its mouth:

Tf ¼
V

Q0

ð4Þ

Q0 is the equivalent estuarine outflow (or pseudo-
outflow, a term used by Pritchard). It may be calculated
with the Knudsen’s hydrographic theorem:

Q0 ¼
S0

S0 � Se

R ð5Þ

where Se is the volume-weighted average salinity of the
outgoing flow during ebb tide (Pritchard, 1960), or the
upper layer salinity in case there is a two-layered tidally
averaged circulation at the mouth (Pritchard, 1969).

The residence time seems to be the converse of
flushing time literally that the former is the time the
substances stay within the system while the latter is the
time required to flush the substances out of the system.
In fact, they both represent the physical transport time
scale even though they are from opposite point of view.
Monsen et al. (2002) examined the underlying assump-
tions associated with flushing time, age and residence
time. They described various procedures for computing
them in idealized cases, and identifying pitfalls when
real-world systems deviated from these idealizations.
They also applied the time scale definitions to a shallow
tidal lake to illustrate how deviations between real water
bodies and the idealized cases can result. Sheldon and
Alber (2002) also pointed out the difference in flushing
and residence times of an estuary. They used various
types of box models to compute the freshwater residence
times of an estuary in Georgia, USA and compared
them with flushing times computed with fraction of
freshwater method. They found that the two methods
yielded similar results if the box model segmentation
length was selected properly, and that the variation of
residence time may be approximated with a negative
power function of freshwater discharge rate.

The residence time is preferred in this study for the
major objective here is to investigate the possibility of
physical transport mechanisms to be the cause of low
primary productivity in this estuary. According to the
definition of the residence time defined in this paper, it
may be evaluated with a tracer experiment. A passive
conservative tracer is introduced into an estuary, or
segment of it, uniformly at some instant of time, ideally
at high tide or at the tidal phase when the estuarine
volume is maximal. The tracer concentration distribu-
tions are measured subsequently at the same phase of
tide until most of the tracer is flushed out. The data may
be used to calculate:

MðtÞ ¼
Z

cðtÞdv ð6Þ

and

Tr ¼
1

Mð0Þ

Z N

0

t � dMðtÞ
dt

� �
dt ð7Þ

where t is time, M is the total mass of the tracer remains
in the estuary, c is the tracer concentration, and Tr is the
residence time. In reality it is not always practical to
conduct such a tracer experiment in prototype estuaries.
Numerical experiment with a calibrated and verified
numerical model may be resorted to (e.g., Edinger et al.,
1998; Gillibrand, 2001; Kim et al., 2002; Rasmussen and
Josefson, 2002).

In Eqs. (1), (2), and (4), if the water available to flush
the estuary mixes completely with the existing estuarine
water in each tidal cycle, the removal of M(t) will follow
a linear process and is described as:

dMðtÞ
dt

¼ �gMðtÞ ð8Þ

and

MðtÞ ¼ Mð0Þexpð�gtÞ ð9Þ

where g ¼ T�1
f , the flushing rate. In this case the flushing

time is the e-folding time, i.e., the time required to reduce
the total mass of the tracer in the estuary, or segment of
it, to a factor of e�1 of its original value. This time scale
has been termed residence time (e.g., Knauss, 1978; van
de Kreeke, 1983), and also called the turn-over time
(Prandle, 1984). Substituting Eqs. (8) and (9) into Eq. (7),
it may be shown that the flushing time is equivalent to the
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residence time defined in this paper. If the mixing of the
incoming and existing waters in the estuary is not
completed in each tidal cycle, the flushing time will not
equal the residence time as defined in this paper. Eq. (7)
should be used to calculate the residence time.

3. Model description and calibration/verification

The laterally integrated two-dimensional hydrody-
namic eutrophication model (HEM-2D) developed by
Park et al. (1996) was expanded to include the simulation
of tributaries in the Danshuei River system (Hsu et al.,
1999). This model has been used in investigating the
characteristics of hydrodynamics in the Danshuei River
system, such as the tidal propagation, estuarine circula-
tion, and the salinity structure (Liu et al., 2001a,b,c).

The hydrodynamic portion of the model is based on
the principles of conservation of volume, momentum,
and conservative substance (such as salt). The governing
equations are solved for the surface elevations and flow
fields using finite difference method with rectangular
grids of spatially staggered variables. In the application
to the Danshuei River system, the Danshuei River and
Tahan Stream are treated as the main channel, and
Hsintien Stream and Keelung River as the tributaries.
The modeling domain is extended to the river segments
upstream of the tidal limits in all three tributaries. A
uniform segment length of 1 km is used, in this manner
the river channels are divided into 33, 14 and 37 seg-
ments, respectively. The vertical thickness of all layers is
1 m, except the surface layer, which is variable respond-
ing to surface fluctuation, with 2 m at mean sea level.
Hsu et al. (1999) have calibrated and verified the
hydrodynamic model in the application to the Danshuei
River system with the field survey data of 1994 and
1995. Details of model description and the calibration/
verification to the Danshuei River system may be found
in Hsu et al. (1996, 1997, 1999).

The geometry of the river channel has changed
significantly since 1995 that the geometric input for the
numerical simulations in this study is updated with field
data measured in 2000. The model is then re-calibrated
with the mean tide simulation, and verified with a one-
year real-time simulation. Because the M2 tide is the
dominant tidal constituent at the Danshuei River
mouth, a single constituent tide with the period of M2

tide is used for the mean tide simulation. The down-
stream boundary condition is an M2 tide with the
amplitude being half of the mean tidal range, 108 cm,
and the mean surface level of 12.4 cm, both measured in
2000. River discharges at the upstream boundaries are
specified 59.2, 87.1 and 32.8 m3 s�1 in the Tahan Stream,
Hsintien Stream and Keelung River, respectively, which
are the means of the daily values in 2000. The values of
Manning friction coefficient are adjusted slightly to
match the simulated tidal ranges with those calculated
from field data with harmonic analysis. Fig. 2 compares
the calculated mean tidal ranges with the observed
values at various tide gauge stations. The absolute and
relative differences between the simulated and measured
tidal ranges are from 0.4 to 4.9 cm and from 0.2 to
2.3%, respectively.

In the one-year real-time simulation, the daily river
discharges measured at the upstream boundaries and the
hourly surface elevation at river mouth are specified to
force the model from January 1 to December 31, 2000.
The time series data of longitudinal velocities measured
at Kuan-Du Bridge (Danshuei River), Taipei Bridge
(Danshuei River), Hsin-Hai Bridge (Tahan Stream),
Chung-Cheng Bridge (Hsintien Stream) and Ta-Chih
Bridge (Keelung River) on May 5, 2000 are compared
with the simulated results. Fig. 3 presents an example
comparing the time series data of the simulated and
measured longitudinal velocities. The intra-tidal varia-
tions of the velocity on that day are well simulated with
minor deviation from observation. The root mean
square differences between the observed and simulated
values at the five stations range from 1.14 to 5.52 cm s�1.

Because of the lack of observed salinity data in 2000,
no re-calibration of the constants in turbulence model is
conducted. The values obtained by Hsu et al. (1999) are
retained.

4. Model applications

The river channels of the three major tributaries are
shallow and narrow compared to the Danshuei River
proper. Tidal energy diminishes gradually toward the
three tributaries that they are mainly governed by fresh-
water flow. Being the conduit between upstream rivers
and the adjacent sea, residence time of the Danshuei
River proper is more relevant to the aquatic ecosystem
than that of the whole river system or the tributaries. In
the following, the HEM-2D model is applied to investi-
gate the residence time of the Danshuei River only, not
the entire tidal system. When applying the model to a
particular scenario for a specific region of interest, all
river segments within the region are specified with uni-
form concentration of a passive conservative tracer at
some instant when the volume of the region is maximal,
with all other segments being of zero concentration. The
model is then run for several months of simulation time.
As time proceeds, the tracer is gradually lost through the
river mouth under the influence of specified physical
forcing functions. The spatial distribution of tracer
remaining in the estuary is used to calculate the total
residual tracer mass at the corresponding time using Eq.
(6). After the temporal variation of total residual mass is
obtained, the residence time is calculated thereupon
based on Eq. (7).
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Fig. 2. Mean tide simulation results of (a) Danshuei RivereTahan Stream, (b) Hsintien Stream, and (c) Keelung River.
Eq. (7) can be directly applied to calculate residence
time if M, the total mass of the tracer remaining in the
system, decreases monotonically as time proceeds, that
is, the time differential of M remains negative. In
estuaries, the forcing of river discharges and astronomic
tides will ultimately flush the introduced substances out
of the system if there is no further source. River
discharges and ebb tides push/draw the tracer out of
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Fig. 3. Simulated velocities compared with observation at Kuan-Du Bridge on May 5, 2000.
the estuaries while flood tides, on the contrary, return
portion of the tracer which was flushed out during the
preceding ebb. As a consequence, the residual mass may
increase and result in positive time differential during
part of flood tide that invalidates Eq. (7). This occurs
because the tracer concentration at river mouth does not
drop to zero immediately at the beginning of flood tide.
It is allowed to decrease linearly from the concentration
at the end of ebb tide to zero over a specified period that
is shorter than the duration of flood. This specified
period is determined to be 3 h through the examination
of the intra-tidal salinity variation at the Danshuei River
mouth and model calibration with respect to salinity
distribution in the river.

Fig. 4 demonstrates an example of the simulation
results under the scenario of median river discharges
with M2 tide and sea water salinity at the river mouth. It
presents the temporal variations of the total volume of
the water body and the residual mass of the tracer
remaining in the Danshuei River. Total water volume
decreases on ebb tide while increases on flood tide and
appears in a regular pattern corresponding to the
specified tidal period. At certain moment while the
volume reaches the maximum, tracer is instantly re-
leased uniformly (point a in Fig. 4). On the following
ebb tide, residual mass decreases as the water volume
gradually declines (points a to b). After the volume
reaches the minimum, flood tide carries back portion of
the tracer that left the system on the previous ebb
through river mouth, thus the residual mass increases
(points b to c). As flood tide proceeds upstream some
tracer is pushed upriver into the tributaries, and lost from
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the region of interest. Once the flux of tracer to the
tributaries exceeds that returning from the sea with flood
water, the residual mass ceases increasing and reaches the
second tentative maximum (point c). Afterward the
residualmass begins to decrease for the remaining periods
of flood tide as more tracer is pushed upriver (points c to
d). One tidal period after the tracer is initially introduced,
total water volume reaches maximum again, and the
second tentative minimum of residual mass is reached
(point d). Subsequently ebb tide commences. Some tracer
is flushed out by ebb flow through rivermouthwhile those
in the tributaries may return to the Danshuei River. The
residual mass exhibits slight increase prior to decreasing
on the ebb tide (points d to e to f). The flux through river
mouth is smaller on the early stage of ebb and increases as
ebb flow becomes stronger. It eventually becomes larger
than the mass flux from the tributaries, and the residual
mass decreases. When the minimum volume is reached
again, the residual mass reaches its third tentative
minimum (point f). With the alternate flood and ebb
tides and continuous river discharges, the aforemen-
tioned processes occur repeatedly and eventually flush all
tracer out of the Danshuei River.

Since Eq. (7) is not applicable for the time period the
residual mass is increasing with time, the M(t) curve
(Fig. 4) needs to be adjusted before residence time may
be computed. The increases in residual mass at the early
stages of each flood and ebb cycle represent the return of
portion of the tracer which left the area of interest
earlier. Therefore that portion of the tracer should not
be considered as being flushed out at the first place. The
concave part of the M(t) curve should be replaced with
a horizontal line extending backward from each
maximum of the curve (scheme 1 of Fig. 4). An alternate
simplified scheme is to approximate the residual mass
curve by connecting all the maxima of the curve (scheme
2 of Fig. 4). Scheme 2 would result in a longer residence
time than that of scheme 1. The overestimate diminishes
as the amount of the returning mass decreases, or the
relative forcing of the flood tide weakens. A sensitivity
test shows that the difference between the two schemes is
2.4 h when the forcing of the flood tide is the strongest,
i.e., zero river discharge. The difference decreases to
1.7 h at the mean river discharge. This is small compared
to the calculated residence time, usually in days, thus the
simplified scheme (scheme 2) is adopted herein.

One issue remains in the application of Eq. (7) is the
upper limit of the integration. Theoretically, the inte-
gration should proceed to the time when the residual
mass reaches zero. In most circumstances, this may take
infinitely long time. Another sensitivity test is conducted
by taking the limit of integration to various amount of
residual mass. Fig. 5 shows the calculated residence time
as function of upper limit of integration. According to
the sensitivity test results, 0.1% of residual mass is
designated to be the upper limit of the integration in Eq.
(7) in this study.

In this study, the model is run to conduct tracer
flushing experiments not only to calculate the residence
time but also to investigate the relative contributions to
the flushing by each of the three major physical
transport mechanisms: tide, river discharge, and the
density induced circulation. A series of numerical model
simulations are executed. The scenarios are grouped into
two categories:

Category A: Mechanisms including tide, river dis-
charge, and density induced circulation.

Category B: Mechanisms including tide and river
discharge.

The tidal forcing is specified with an M2 tide of the
amplitude of 108 cm in all model runs. The contribution
Fig. 5. Residence time as function of upper limit of integration in Eq. (7) (Q ¼ 0: zero flow discharge; Q90, Q75, and Q50: the flow that is equaled or

exceeded 90, 75, and 50% of time, respectively; Qm: mean flow discharge).
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by river discharge is investigated with a series of model
runs in both categories. The river flows at the upstream
boundaries are varied from zero to the long-term mean.
Table 1 lists the river discharges at upstream boundaries
used in the numerical experiments with mean flow Qm,
Q50 flow (the flow that is equaled or exceeded 50% of
time), Q75 flow and Q90 flow. The particular scenario
with no river discharge is also included. It represents the
case only the tidal flushing is in effect.

For all scenario runs in Category A, the ocean
salinity of 35 is specified for the downstream boundary
condition, the high tide salinity at river mouth. This will
simulate the salinity intrusion and result in some density
gradient in the system. Liu et al. (2001c) have shown
that the density induced circulation is strong enough at
some parts of the system that a two-layered density
circulation may exist. For all scenario runs in Category
B, zero salinity is specified for the downstream boun-
dary condition, thus the model simulations do not
include density circulation. The differences between the
corresponding scenarios in Categories A and B represent
the contribution of the density induced circulation.

Table 2 lists the results of residence time of the
Danshuei River under various scenarios. The scenarios
in Category A stand for the realistic conditions that exist
in prototype. The Danshuei River empties into the
Taiwan Strait in which the salinity is about 35. The
calculated residence times range from 1 to 2 days under
various river discharge conditions. In both Categories A
and B, the residence time decreases with increasing river

Table 1

River discharges (m3 s�1) at upstream boundaries for various scenarios

of model simulations

Tahan Stream Hsintien Stream Keelung River

Q ¼ 0 0.0 0.0 0.0

Q90 2.2 7.0 1.2

Q75 4.0 12.0 3.5

Q50 12.8 23.8 9.8

Qm 41.0 57.5 25.3
discharges. The results with and without salinity are
essentially identical implying that there is no contribu-
tion from the density induced circulation to the flushing
of this estuary. This seems contrary to the finding by Liu
et al. (2001c) that there is strong two-layered residual
circulation in some parts of the Danshuei River estuary.
The two-layered circulation exists only if the baroclinic
forcing is strong enough to overcome the barotropic
forcing. This requires strong longitudinal salinity gra-
dient as well as deep enough water depth. It turns out
that the deepest part of the river, 12 m, is located around
Kuan-Du Bridge (Fig. 1), where the salinity gradient is
strong and, thus, the two-layered circulation persists. In
the lowest 5 km reach of the river, the channel depth is
7 m or less, thus the baroclinic forcing is weak. The tidal
average (residual) velocity at river mouth is in seaward
direction at all depth. There is no net inflow from the
adjacent sea to enhance the flushing of the estuary.

Since the flushing abilities attributable to various
physical transport mechanisms are cumulative while
their corresponding residence times are not, it is neces-
sary to quantify the flushing abilities in order to seg-
regate the contributions to flushing by each of the
mechanisms. The flushing rate is defined as the reci-
procal of residence time and also listed in Table 2.
Subtracting the flushing rate of Category B from that of
Category A under the same river flow condition, the
difference is the contribution from density induced cir-
culation. They are minute in all cases and may be
regarded as the numerical computation errors. As dis-
cussed earlier, it indicates that the density induced
circulation has little contribution to the flushing process
in the Danshuei River. The case of zero river discharge
in Category B represents the tidal flushing alone, having
a flushing rate of 0.45 d�1. The contribution of river
discharge is then derived by subtracting the contribution
of tide from the other cases in Category B. As expected,
the flushing rate increases with river discharges. Under
the Qm flow, the river discharge contributes about the
same amount of flushing as the tide.
Table 2

The results of corresponding time scales by the numerical model scenario runs, modified tidal prism method, and the fraction of freshwater method

River

discharge

Numerical model with Eq. (7) Modified tidal prism method Fraction

of

freshwater

method

Category A Category B Category A Category B Contribution

of density

induced

circulation

Contribution

of river

discharge

Eq. (A3) Eq. (A4)

Residence

time Tr

(d)

Residence

time Tr

(d)

Flushing

rate T r
�1

(d�1)

Flushing

rate T r
�1

(d�1)

(d�1) (d�1) Residence

time Tr

(d)

Residence

time Tr

(d)

ðA3Þ � ð7Þ
ð7Þ

(%)

Flushing

time Tf

(d)

Q ¼ 0 2.23 2.23 0.449 0.448 0.001 e 2.23a 2.23a e e

Q90 2.02 2.02 0.494 0.495 �0.001 0.047 2.14 2.19 5.8 4.02

Q75 1.85 1.85 0.541 0.541 0.000 0.093 2.07 2.16 12.0 3.65

Q50 1.54 1.55 0.648 0.646 0.002 0.198 1.87 2.07 21.4 3.06

Qm 1.08 1.08 0.926 0.926 0.000 0.478 1.48 1.86 37.4 2.10

a The value is used to calibrate the return flow factor, b.
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5. Discussion

The use of Eq. (7) to compute the residence time of an
estuary represents the direct application of its definition,
i.e., actually computing the average of the time periods
that all the water parcels reside in the estuary. Many
alternative, indirect methods have been proposed to
calculate the residence time (or flushing time, exchange
time, etc. see Appendix A). In the following, some alter-
native methods will be applied, using the data generated
by the numerical model simulations described in the
previous section.

The simplest method to calculate flushing time is the
tidal prism method. Applying Eq. (1) to the Danshuei
River, it is obtained that the flushing time is 1.3 days
regardless of the river discharge. The invariant flushing
time under various river flows is foreseeable since the
tidal flushing is the only transport mechanism accounted
for in this method. Both the high and low tide volumes
increase slightly when there is more river discharge
coming from upriver, but the tidal prism remains rela-
tively constant. The increment in high and low tide
volumes from zero river discharge to the Qm flow is
merely 1.4%, resulting in little difference in the calcu-
lated flushing time. Under zero river discharge condi-
tion, the resulting flushing time is shorter than the
corresponding residence time calculated by Eq. (7). It is
attributed to the assumptions of complete mixing and
no return flow in the tidal prism method. In the partic-
ular sensitivity run which assumes zero return flow in
the model simulation, a residence time of 1.7 days is
obtained from Eq. (7), which is still longer than the
flushing time calculated by the tidal prism method. This
difference is foreseeable since the Danshuei River is
actually a partially mixed estuary.

It has been stated that the tidal prism method grossly
underestimates the flushing time (Dyer, 1973). This is
true only under the low flow condition when comparing
the resulting flushing time with the residence times
obtained by Eq. (7). At higher river flow, e.g., Qm, the
tidal prism method gives a longer flushing time. This
paradox is attributed to the definition that it only
accounts for the transport mechanism of tide. The flush-
ing by river discharge is not included in the calculation.
The average time that a substance remains in the system
is bound to shorten as the river discharge increases. In
case the contribution of river discharge is comparatively
significant relative to the tide, the residence time is likely
to be shorter than that calculated by the tidal prism
method. Both Sanford et al. (1992) and Luketina (1998)
proposed modifications to the tidal prism method by
including the contribution of river discharge as well as
the return flow (Eqs. (A3) and (A4)). Applying the
equations to the case of no river discharge, the return
flow factor, b, is calculated to be 0.53 and 0.41 for Eqs.
(A3) and (A4), respectively. Then the equations may be
used to calculate the residence times for the various river
discharge conditions. The results are compared with
those calculated by Eq. (7) in Table 2. The discrepancy
widens as river discharge increases.

The fraction of freshwater method (Eqs. (2) and (3))
has also been used often to calculate the flushing time.
Most text books, however, leave it vague as referring to
at which phase of tide the spatial distribution of salinity
should be used in Eq. (3). Table 2 also lists the calculated
flushing times by the fraction of freshwater method using
the salinity at high tide when the Danshuei River has the
maximum volume. The zero river discharge condition is
not included since Eq. (2) becomes indeterminate. The
flushing times are much longer than the residence times
calculated with tracer flushing simulation and Eq. (7).
This may be attributed to the difference in definitions.
The flushing time in the fraction of freshwater method is
defined as the time required to replace entire existing
freshwater in the system once while the residence time is
the average time the water resides in the system. If the
saline water in the system is also replaced at the same rate
as the freshwater, then the residence time equals the time
required to replace half of the water in the system. It is
interesting to note that the fraction of freshwater method
yields flushing times about twice the residence times
obtained by Eq. (7) (Table 2).

Asselin and Spaulding (1993) applied various data sets
and methodologies, including the fraction of freshwater
method, to calculate the flushing time of the Providence
River. The study area is 20-km long and with a volume of
88! 106 m3 which is similar to the Danshuei River, 21-
km long with a volume of 63! 106 m3 below mean sea
level. The average flushing time in the Providence River
was estimated to be 2.5 days for the mean freshwater
inflow of 42.3 m3 s�1. Fig. 6 shows the empirical
relationship derived by Asselin and Spaulding (1993)
for the flushing time of the Providence River and that
derived from the present study for the flushing time of
the Danshuei River. The flushing time of the Providence
River is more sensitive to the variation in freshwater
inflows than the Danshuei River. Providence River is
a tributary of Narragansett Bay, not directly discharges
into the open sea as the Danshuei River does. It has
a tidal range of 1.22 m at the mouth while the Danshuei
River has a much larger tidal range of 2.17 m. Therefore
the relative contribution of river discharge to the flushing
is more important in the Providence River.

6. Conclusions

The residence time of the Danshuei River and the
contributions by each of the three major physical tran-
sport mechanisms are investigated through a series of
numerical experiments. The results show that the resi-
dence time is relatively short, ranging from about two
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Fig. 6. Comparison of the flushing time between Providence River and the Danshuei River (dots: results of the Danshuei River by the fraction of

freshwater method under specified river discharges; solid line: regression of dots; dash line: results obtained by Asselin and Spaulding (1993)).
days at zero river discharge to one day at the mean river
flow condition. In general conditions, tidal flushing
exerts great influence on the transport process while the
density induced circulation hardly contributes any in
this estuary. No upriver residual flow develops in the
shallower outer part of the estuary, even though the
two-layered estuarine circulation exists in the deeper
part of the estuary. Tidal transport contributes more
than 50% of the flushing when river discharge is below
its long-term mean.

The suitability of applying the tidal prism method
and the fraction of freshwater method to the Danshuei
River is also investigated. The original tidal prism
method results in an invariant flushing time for its failure
to account for the transport by the river discharge.
Hence it is more suitable for estuaries with the river
discharge negligible compared to tidal prism. Both the
refinements by Sanford et al. (1992) and Luketina (1998)
account for the river discharge as well as the flood tide
return flow, assuming that they are independent. Both
methods give the residence times decreasing with increas-
ing river discharge. They agree reasonably well with
those calculated by Eq. (7), though they are consistently
higher. The flushing times estimated using the fraction
of freshwater method are approximately two times the
residence times obtained by Eq. (7). This is consistent
with their respective definitions.

The relative short residence time is likely to be one of
the limiting factors that result in low phytoplankton
biomass in the Danshuei River estuary. Similar obser-
vations have been reported in many other estuaries
around the world. For example, Monbet (1992) con-
ducted a comparative analysis of data from 40 estuaries
of various tidal ranges. He found that mean annual
chlorophyll levels are significantly lower in systems with
high tidal ranges even though nitrogen concentrations
were equal to nitrogen levels in the microtidal systems.
He attributed the lower productivity in the macrotidal
systems to the stronger tidal mixing, higher sediment
resuspension and lower light penetration. In the light of
the conclusion drawn in this study, Monbet’s conclusion
may also be interpreted as the shorter residence time in
macrotidal systems. Balls et al. (1995) investigated the
long-term nutrient enrichment in a macrotidal estuary in
Scotland. They reported that the approximately four-
fold increase in nitrogen loading did not appear to have
a significant increase in chlorophyll concentration. They
attributed this observation to the relatively short flush-
ing period of the estuary. Boston Harbor is another
example; Kelly (1997) attributed to its short residence
time (strong tidal flushing) for the low nitrogen
concentration and small phytoplankton standing crops
in the harbor in spite of its high nitrogen loading. He
estimated that about 90% of the nitrogen loading was
exported to shallow shelf waters of Massachusetts Bay,
where it strongly influenced the ecological dynamics.

On the other hand, a short residence time is beneficial
to pollutant removal. Because of the excessive pollutant
loadings, water quality remains poor throughout the
Danshuei River estuary in spite of the short residence
time. A significant fraction of pollutants is exported and
exerts their effects in the coastal waters outside the
estuary.
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Appendix A. Terminology of time scales

Various terms have been used in the literatures as the
integral time scale quantifying the gross effect of physical
transport processes in estuaries. They are closely related
even though they are not exactly the same because of
their respective definitions and underlying assumptions.
Different investigators may use the same term with dif-
ferent definitions and/or assumptions, while some may
use different terms for the same definition. This appendix
summarizes the most commonly used terms, their defi-
nitions or the ways to calculate them, and the references
where they appeared.

A.1. Flushing time

1. The time required to replace the existing freshwater
in the whole or a segment of the estuary at a rate
equal to river discharge:

Tf ¼
Vf

R
Bowden ð1967Þ; Dyer ð1973Þ;

Officer ð1976Þ; Fischer et al. ð1979Þ ðA1Þ

2. The volume of sea water and river water intro-
duced on the flood tide equals the tidal prism, and
the same volume of water is removed on the ebb
tide:

Tf ¼
ðVCPÞT

P
Bowden ð1967Þ; Dyer ð1973Þ ðA2Þ

A.2. Residence time

1. The time required for the total mass of a conservative
tracer originally within the whole or a segment of the
estuary to be reduced to a factor of e�1 (i.e., 0.37),
Modification of A.1 (Point 2),

Tr ¼
ðVCP=2ÞT

ð1� bÞPCRT
Sanford et al: ð1992Þ ðA3Þ

Tr ¼
ðVCPÞT

ð1� bÞPCRT=2
Luketina ð1998Þ ðA4Þ

2. The time required for a particle to travel from
a location to the boundary of the region (Prandle,
1984), therefore it is dependent of the location
where the particle is released. van de Kreeke (1983)
further differentiated the phase of tide when the
particle was initially released.

3. The average time for all existing water in the whole
or a segment of the estuary to remain in the original
domain, defined in this paper:
Tr ¼
1

Mð0Þ

Z N

0

t � dMðtÞ
dt

� �
dt ðA5Þ

A.3. Renewal time

The time required to replace a specified fraction of
the water in an estuary by the volume flows of
freshwater and new ocean salt water (Pritchard, 1960),
e.g., the 50% renewal time:

T1=2 ¼ 0:693
V

RCQ
ðA6Þ

Pritchard equated mean renewal time to mean
residence time:

Tm ¼ V

RCQ
ðA7Þ

A.4. Mean detention time

The mean time that a particle of tracer remains inside
an estuary, also termed flushing time, see A.1 (Point 1),
Fischer et al. (1979).

A.5. Turn-over time

1. Similar to A.1 (Point 1), Bolin and Rodhe (1973).
2. Same as A.2 (Point 1), Prandle (1984).

A.6. Exchange time

Same as A.2 (Point 1), Gillibrand (2001).

A.7. Transit time

The period between the times a particle entering and
leaving an estuary, Bolin and Rodhe (1973).

A.8. Age

The time that has elapsed since the water parcel
enters an estuary, Bolin and Rodhe (1973).

b : return flow factor
f : fraction of fresh water
V : low tide volume of the whole or a segment of

the estuary
Vf : volume of freshwater accumulated in the whole

or a segment of the estuary
R : river discharge
P : tidal prism
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Q : salt water flow rate, or volume of new water
coming into the estuary on flood tide

T : tidal period
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