
A Simple Technique for Estimating the Recovery Rate of a Subtropical
Estuarine System After a Flood Event

INTRODUCTION

eastern cost of Australia. It has an estuarine section that extends

Australian estuaries exhibit highly variable flows and large
peak and annual floods due to its lower than world-average
annual precipitation, runoff rates and elevated evaporation rates
( , 1986). As such, each system is vastly unique and
requires its own hydrodynamic and transport analysis.
However, depending on the severity and duration of a flood
event, all estuarine hydrodynamic processes are bypassed with
the advent of the increased floodwater. Often, pre-existing long-
term monitoring schemes overlook these events because of their
short-lived nature. This then becomes a problem as most
nutrient and sediment transport occurs during a flood.

Typical estuarine systems comprise of a consistent
freshwater input either from branching tributaries or
anthropogenic inflows such as tertiary treated sewage. An
increase in freshwater discharge (floodwater) gives rise to an
increase in flow and circulation, thus resulting in a subsequent
relocation of the salinity intrusion (not considering tidal
influence). A series of adverse affects are followed by this
setback of salinity. The most predominate being an increase in
turbid suspended sediment/nutrient loading in the water
column. This affects the light-dependent productivity and
consequently trophic (food-web) structure, which directly
influences the diversity of species in the river. Several surveys
of the Fitzroy River catchment (both upstream and downstream
of the barrage) have identified 97 species of fish (of which 26
are species of native freshwater fish ( and
1999), 12 species of prawns and three species of crab:
mudcrabs, spanner crabs and sand crabs; the estuarine section of
the Fitzroy River catchment is the focus of this study. The
increased flow associated with a flood forces the non-tolerant
freshwater species out of their estuarine habitat and into the
ocean with the tolerant freshwater species (originating from
upstream) closely following. After the flood, the freshwater
species are then forced to migrate back upstream (over the fish-
way ( and 1999) at the barrage)
before the saltwater reaches the barrage. Meanwhile, estuarine-
dependant species migrate from the ocean to a region
downstream of the barrage. The study of the saltwater
penetration and estuarine recovery ( after a
flood indicates the diversity of species abundance at a time this
has implications for commercial and recreational fisheries.

The flushing time is often a good indicator for the health of a
system.Along flushing time can result in an increased chance of
algal blooms as nutrients can build up in the system. The
flushing time can be calculated using a variety of techniques,
the most common and simplest method being the fraction of
freshwater ( and , 2002; and

1997; and 1999). Other methods
include the Water and Salt Budget Method, and one-
dimensional analyses of the conservation of volume,
momentum and mass ( and , 1998). The only
method that doesn't consider discharge is the Tidal Prism
Method (the difference between the volumes of water at high
and low tide). It has been stated that this method is limited as it
yields flushing times of shorter durations than other
calculations ( , 1986). Approximate calculations for
the flushing time of the Fitzroy River generated values of an
order of magnitude shorter than that observed. (1967)
stated that the length of the flushing time depends on the river
discharge. But what

The Fitzroy River, Australia is located in an agricultural sector
of northeast Queensland and is one of the largest systems on the
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happens when there is no constant inflow
and thus no river discharge (except for flooding events)? One
must then assume that the estuary acts as an enclosed bay.

This paper presents a simplified method for obtaining the
salinity-based recovery time of a bay like estuary after a flood
event. For this study the site to be considered is the Fitzroy
River estuary (Figure 1). The Fitzroy River is a unique estuary
as it essentially behaves as an enclosed bay for 6075% of the
year (during the dry season). A comparison is made with the
salinity data observed over a three-year period (2000-2003).
The motivation for this study was driven by the inherent lack of
available community based data on the subject of flooding
events and their recovery. Based on historical data, a graph
predicting the salinity recovery in the Fitzroy River has been
developed. The reason for this is that, because of the
complicated morphology of the system more detailed
calculations can only be obtained by means of a complete
knowledge of the tidal current field and bathymetry, which we
do not yet have.
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The Fitzroy River is one of Australia's largest river systems, with an estuarine section extending 60 km from its

mouth to a tidal limiting barrage. The Fitzroy River, whose catchment is 142450 km experiences annual short-lived
flooding as a result of intermittent heavy summer rainfall events. This study revealed that the Fitzroy River estuary
behaves as an enclosed bay as it does not experience a freshwater inflow after the cessation of a flood event. There
was a need to develop a predictive estuarine recovery graph as typical formulas, (such as the fraction of freshwater)
did not apply. Implications of this simplistic (salinity recovery) graph will lead to a better understanding and
knowledge base for both the independent and commercial fisheries. The reason for this being that a during a flood
event, the majority of freshwater species (upstream of the barrage) and estuarine-dependant (downstream) species
are washed into the adjacent Pacific Ocean. The re-migration of both the fresh and estuarine-dependant species after
the flood event is closely related to the rate of salinity recovery.

2

ADITIONAL INDEX WORDS: Flushing rate, flooding, salinity exponential decay, salinity distribution.

ABSTRACT

Journal of Coastal Research Special Issue 39, 2006,



60 km from its mouth (which is typically defined as the cross-
sectional transect between the last two points of land before
widening into the ocean) to a barrage that marks the upper tidal

limit. The catchment area of 142 450 km comprises of almost
10% of Australia's productive agricultural land and as such,
farms and local industries boarder the riverbanks. One of the
main sources of nutrients (particularly phosphorous and
pesticides) and sediment into the system are from the runoff of
the surrounding agricultural areas. A large-scale rainfall event
causes the system to flood at the barrage (site 13, Figure 1) thus
allowing the sediment and nutrient laden floodwater to enter the
lower Fitzroy River.

The semidiurnal tidal range at the barrage ranges from 1.7 m
at neap tides up to 5.8 m at spring tides. The large tidal excursion
results in high velocity tidal flows that dominate the mid-lower
sections, closer towards the mouth ( , 2003). This leads to
a constant increased level of turbidity and subsequent lower
levels of algal growth.

Each month, a survey of the river was conducted, taking six
(6) hours (or a half tidal cycle) for the thirteen sites.At each site,
the salinity was measured using aYSI Grant 3800 Water Quality
Logger. This instrument is calibrated to EPA standards and is
used for the majority of all EPAmonitoring systems.
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The Environmental Protection Agency (EPA) and
Department of Natural Resources (DNR) Queensland,
Australia, have implemented a consistent water sampling and
monitoring regime on a monthly basis. Historical results can be
found from 1978. However more reliant results with newer
measuring techniques and instruments have only been available
since 2000. There are currently thirteen (13) monitoring sites
(Figure 1) located along the axis of the estuary from the mouth
of the estuary to the barrage that these agencies use.

In situations where the decrease of a variable (salinity) in a
fixed time interval (days) is proportional to the magnitude of the
variable at the beginning of the time interval the exponential
decay can be determined. In a bay the diffusion of a substance
from a source can be considered to behave in an experimental
manner of the form

can be used for the recovery of a freshwater inflow into a bay,
where Dt is the Distance of the salinity intrusion (above 33 0/00)
from the barrage at time t, D0 is the initial distance of the
salinity intrusion, is the base of the natural log, k is the recovery

Water Quality Data

Decay Method

Figure 1. The Fitzroy River estuary Australia with thirteen EPA monitoring sites marked by a circle and distance (km) from mouth. Site 1
located at the mouth of the estuary (2.5 kmAMTD) to site 13, located 59.6 kmAMTD.

Schacht and Lemckert

Figure 2. Vertical distribution of salinity (0/00) at the thirteen
longitudinal sites from the mouth of the Fitzroy River at
monthly intervals after a rainfall event. (a) 20 Feb 2001 18 Dec
2001, (b) 9 Jul 2002 21 Jan 2003. Numbers in bottom left corner
denote number of days post-flood. Raw data set provided by
EPA.
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rate constant and t is the time interval. For the case of the Fitzroy
River, the source is considered to be at the barrage. Values of k
and t for the Fitzroy River are determined from the salinity time
series data.

At least once every year the Fitzroy River undergoes a
flushing

Figure 2 (A) commences with a system that is fully flushed

(not shown) and by Day 0, it can be seen that the 31 / vertical

halocline is in motion as all overland flow from the flood has
ceased and the salinity had reached AMDT 10 km. As the
saltwater movement begins, there is evidence of salt wedge at a
distance of AMDT 20 km (Day 0) at a depth of 7-9 m. After this
stage, a partially mixed regime dominates and continues for the
duration of the dry period (Day +196). It is at this stage all fresh
floodwater has been dispersed, leaving saline-ocean water (>31

/ ) to reach the barrage.

Figure 2 (B) similarly starts just after the system has been
flushed out (20000ML/Day on 5 March 2001) where salt wedge
penetration has begun to make its way upstream (Day 0) on 13
June 2001. Once again, day zero was recorded as the point
closest to AMDT 10 km, which was AMDT 20 km (or 40 km
from the barrage). Further upstream, a more prominent
halocline depicting that of a saltwedge can be distinguished
from AMDT 40 50 km (or 10-20 km from barrage). At Day 20,
the sharpness of the upstream haloclines had decreased and a
partially mixed salinity regime dominated. The only mixing
was induced by the tide and density differences as the flow had
stopped since Day 0. The estuary progressed to return to a well-
mixed state at Day +160 till the final Day +188 where the

RESULTS AND DISCUSSION

mechanism . The term flushing is adopted
when the usual estuarine water has been replaced with that of
fresh floodwater. Figure 2 demonstrates the salinity recovery at
monthly intervals after a flood. Once the system has been fully

flushed from a flood (with axial salinity distributions of ~ 0 / )

the recovery rate is independent of the magnitude of the rainfall
event, because there is no further inflow. Figure 2 depicts the
recovery of the Fitzroy estuary during periods of no inflows for
the case of (A) 9 Jul 2002 21 Jan 2003, total of 196 days and,
(B): 13 June 2001 18 Dec 2001, total of 188 days. For case (A),
there was a minor flooding event on 10 June 2002
(15000ML/Day) and then there was no flooding of the barrage
until after February 2003 (not included) where the flooding
reached a peak flow of over 350000ML/Day. For case (B) there
was a Peak flood (82500 ML/Day) on 10 Feb 2001, a minor
flood recorded 5 March 2001 (20000ML/Day) and no flooding
after 5April 2001.

To determine the decay rate it is essential to determine a
starting point. The time series commences at (Day 0) with a
location rather than an ambiguous guess of time since flood.

Day 0 is taken as time at which the saltwater penetration (31 / )

is in movement (upstream) and has reached the site AMDT 10
km (Figure 1). The reason for this location is that it is the first
point at which the open mouth of the estuary converges to a
uniform width.

The salinity profiles during these two rainfall events (Figure
2) demonstrate a full spectrum of mixing regimes ranging from

well mixed to highly-stratified. The most prominent feature of
both Figure 2 (A) and (B) is that there is a distinct discontinuity
of salinity that starts approximately AMTD 25 km and ends at
AMTD 33 km. This is a direct result of the 'cut through'. Due to
the shear force of the past floods, the morphology of the system
has been altered and now the majority of all flow bypasses site
AMTD 28.1 km (Figure 1) and travels via the 'cut-through'. This
resulted in a salinity lag in the area. Even during periods of no

rainfall, there is a receding spike of 5 / at this monitoring site.

. (1997) suggested that a constant reduction in
salinity at any given geographical location in an estuary
corresponds with an increase in nutrient concentration at that
site. This suggests that this area could result in algal blooms and
should be monitored more rigorously (not in the scope of this
paper)

or flooding
et al
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Recovery Rate of an Estuary After a Flood

Figure 3. Salt water penetration (above 33 0/00) after a flood event. Vertical error bars denote an uncertainty of ± 6 km due to tidal
excursion. Case A is fitted with an exponential decay function of D=50e-0.0155t (where D, is distance from barrage (km) and t is time
since flood (days). Correlation coefficient is 0.9584.

Journal of Coastal Research Special Issue 39, 2006,

417



salinity discontinuities evened out (atAMDT 30 km). It must be
noted that the according to the hydrographs for the flow of the
barrage, there was no recorded flow from 20 Feb 2001.
However, due to excess overland runoff and groundwater flow
from the flood, the salinity recession did not occur until 113

Saltwater PenetrationAfter a Flood

Influence of Tidal Excursion

Validity of Graph

The exponential decay equation has been used to define most
dye-tracer experiments ( , 2003) and
anaerobic sewage treatment for the determination of liquid
retention time of the BOD Biochemical oxygen demand after

five days.
To asses the recovery time in days after a flood event, the

saltwater penetration (for Case A) was monitored. This
involved locating the first salinity reading above a nominal
salinity level of 31 / and plotting it as a function of distance

form from the mouth (Figure 3). The inverse of the distance
from the mouth (distance from barrage) was taken so that an
exponential equation emerged (see equation 2).

The limitation of this function,

represents maximum (seaward) distance of fresh
floodwater i. e. where the 31 / isohaline starts. The other

limitation of this function is the due to fact that it is an
exponential decay function and as such the asymptote
corresponds to the 31 / saline water not ever reaching the

barrage. Although not always the most precise measure of
accuracy, the yielded in an R value
of 0.9584. This value corresponds to the high strength of the
exponential relationship between the two variables (distance
and time). The decay constant for the

As the monthly salinity profiles were taken at sporadic tidal
times, it was important to factor in a degree of uncertainty. The
tidal velocity and related hydrodynamics was intensely studied
over a two-week period (01/06/03-14/06/03). This study (not
included in this paper) involved conducting cross-sectional
transects of a vessel-mounted RDI 1200 kHz ADCP fitted with
pressure sensor and bottom tracking device at an average
frequency of every ½ hour at various locations in the Fitzroy
River. These results yielded in average tidal velocities ranging
from 0 m/s (at both high and low tide) to 1 m/s (mid ebb tide).
Taking a conservative average tidal velocity of 0.55 m/s results
in an error of 6 km over a half tidal cycle (as observed by y-error
bars in Figure 3).

The study has provided an insight into the time-varying
salinity distribution after a rainfall event that causes flooding at
the barrage of the Fitzroy River. The distribution of salinity in
the Fitzroy River is one that displays a plethora of scenarios
depending on the freshwater inflow, evaporation, local rainfall,
tidal response to mixing and the salinity of the adjacent Pacific
Ocean.

Implications of this simplistic graph represent the migratory
patterns of the species in the river. With the onset of the salinity
intrusion after a flood one can expect an abundance of saline-
tolerant fish species. (2002) discovered that the
abundance or survival of estuarine-dependant species increased
with freshwater inflow, however the key mechanisms were
difficult to quantify. There is therefore a need to further
investigate the variations of flow patterns and salinity on a
variety of species perhaps in a regulated laboratory
environment. This study has provided an approximate salinity
recovery graph for the Fitzroy River estuary after a flood event.
It is encouraged that this graph be used as a basis for both
commercial and independent fisheries for the associated
recovery of saline-tolerate species with time after a flood event.
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Williams (EPA) for his assistance in obtaining the salinity data
and Mr. Bob Packett (DNR) for flood data. A special thank you
to the CRC for Coastal Zone Estuary and Waterway
Management for providing the financial support of the project.
Also, thank you to Peter Long from the DPI Fisheries Dep. for
his insightful information on the abundance of fish in the
Fitzroy.
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Exponential decay function for CaseA:

relationship is 0.0155.
It can be observed that Case B, represented by the triangular

plots in Figure 3, all fall within the error bars of Case A. For the
purpose of this paper Case B was purely used for validation of
the exponential decay function.

The validity of the exponential function graph was tested
with an extensive set of historical data, not included in this
paper. This validity data was arbitrarily chosen from the EPA
data set form 1980-present. Due to the conservative limits of
the function, all data fell well within the bounds of the (Case A)
exponential function and associated y-error bars.
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