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ABSTRACT
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This article describes the transport processes and net salt flux within a shallow estuarine system, with particular
reference to the Coombabah Lake-Creek system in Queensland, Australia. Observations of currents and salinity at
two locations within Coombabah Lake provided a basis for assessing the relative importance of various transport
processes within a very shallow (water depth <1 m) subtropical estuary. The instantaneous velocity and salinity data
were decomposed into time-averaged means and time-varying components and were used to quantify the salt flux
components attributed to various physical processes. In this study, advection by residual flow, which contributed 65%
of the total salt flux, was identified as the dominant process in transporting salt. The advective flux also determined
the direction of the net salt flux within this shallow estuarine system. This study concludes that the net salt flux
varies spatially and temporarily with hydromorphological and meteorological conditions.

ADDITIONAL INDEX WORDS: Salt flux, shallow estuary, subtropical, Coombabah Lake.

INTRODUCTION

Coastal wetlands and estuaries are important environ-
ments, providing significant habitats for flora and fauna spe-
cies, often supporting commercial and recreational fisheries
(Stumpf and Haines, 1998). Furthermore, these systems act
as filters against contaminants and sediments (Faulkner,
2004), absorb wave energy, and also provide cultural and rec-
reational benefits (Lee et al, 2006b).

To quantify the water circulation and mixing processes
within estuarine systems, it is often convenient to study sa-
linity distribution patterns because salinity is typically con-
sidered as a conservative tracer (Dyer, 1997). The behaviour
of salts within the water column provides a basis for predict-
ing transport of other soluble conservative substances. Salt
is transported downstream by freshwater flow (which enters
the estuary through rivers, creeks and groundwater systems)
and is mixed back upstream against this seaward flow. The
overall landward mixing (termed dispersion rather than dif-
fusion) is produced primarily by the effects of tides, winds,
and gravitational circulation (Hunkins, 1981).

To date, a significant number of studies have been under-
taken to determine salt fluxes within estuarine systems char-
acterised by very low to high rates of freshwater discharge
(2.3 to 3750 m?¥s) and varying water depths ranging from 3
to 24 m (e.g., Bowden, 1963; David and Kjerfve, 1998; Hun-
kins, 1981; Kjerfve, 1986; Lewis and Lewis, 1983; Miranda
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and Kjerfve, 1998; Park and James, 1990; Pritchard, 1954;
Restrepo and Kjerfve, 2002; Uncles and Jordan, 1979). How-
ever, the quantification of salt fluxes within very shallow es-
tuaries 1s limited (e.g., Sylaios et al., 2006).

Previous studies have shown a high degree of variability in
salt fluxes within estuarine environments as summarised in
Table 1. Bowden (1963) calculated the fluxes for four periods
(twice at a single station and once at an additional two sta-
tions) along and across the Mersey Estuary, with the results
indicating a net salt flux consistently directed upstream.
Bowden (1963) claimed the discrepancies between salt fluxes
were due to variations of velocity across the estuary. Uncles
and Jordan (1979) described the residual transport of water
as the dominant mechanism for residual transport of salt,
observed opposite fluxes seaward during the neap tide phase
at one station, and reported fluxes in a landward direction
twice the magnitude at another station during spring tides
within the deep Severn Estuary (England). However, the lat-
ter station was located in a complex topographic region 17.2
km upstream from the previous downstream station. Uncles
and Jordan (1979) termed the spring-neap variations in sa-
linity as significant compared with that resulting from time-
varying freshwater inputs. Hunkins (1981), Lewis and Lewis
(1983), David and Kjerfve (1998), and Miranda and Kjerfve
(1998) also observed the residual transport of water as the
principal factor in determining the net salt flux. More inter-
estingly, Lewis and Lewis (1983) identified a net salt flux
landward at downstream stations and seaward at upstream
stations within the Tees Estuary (England). Kjerfve (1986)
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Figure 1. Location map of the study site, Coombabah Lake (southern Moreton Bay, Australia).

found seaward transport through ebb channels and landward
transport through mid and flood channels within the North
Sea Inlet, South Carolina (United States). Park and James
(1990) also observed a net seaward transport near the head
and landward transport near the mouth of the Tyne Estuary
(England). Restrepo and Kjerfve (2002) investigated salt flux-
es through three distributaries within the San Juan River
Delta (Columbia) and found advection and tidal pumping
were the dominant processes in salt transport. Moreover,
they observed net seaward flux in one distributary, whereas
net landward flux was evident in another distributary in the
same estuary. Sylaios et al. (2006) also identified advection
as the main mechanism for salt transport, which was consis-
tently landward in direction. Additionally, Sylaios et al.
(2006) observed that tidal pumping was an order of magni-
tude smaller than advection. Although the net flux was land-
ward most of the time, forcing salt into the Vassova Lagoon
(Greece), magnitudes were highly variable and changed fre-
quently with meteorological and tidal conditions. Overall,
none of the estuaries investigated was observed to exist un-
der a steady condition (i.e, negligible net salt flux). Instead,

net salt fluxes varied both spatially and temporarily with
changing hydromorphological and meteorological conditions
(see Table 1), thus warranting further studies in identifying
the controlling mechanisms within particular systems.

This study is the first to quantify salt fluxes within the
shallow Coombabah Lake-Creek system, providing an initial
understanding of the system’s physical processes, assisting
future management decisions in this ecologically and econom-
ically significant region. Furthermore, this study contributes
to a greater understanding of the physical processes occur-
ring within shallow estuarine systems.

METHODS
Study Site

Coombabah Creek is a subtropical estuarine system situ-
ated in southern Moreton Bay, south-east Queensland (Aus-
tralia) (see Figure 1), one of the fastest growing regions in
the developed world (Skinner, Gillam, and Rohlin, 1998). The
creek is a 17 km long, moderately impacted (Cox and Moss,
1999: Lee et al, 2006a) tidal creek that flows through Coom-

Journal of Coastal Research, Vol. 26, No. 3, 2010
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babah Lake. The creek enters the lake at the south-west side
(hereby referred to as the creek mouth) and leaves the same
from the north-east side (hereby referred to as the lake en-
trance). Ultimately, Coombabah Creek discharges into the
Gold Coast Broadwater, within southern Moreton Bay. Thus,
the creek mouth has a greater influence on the freshwater
flow entering the lake system than the lake entrance, which
i1s dominated by the inflow of seawater.

The lake covers ~2 km?* (GHD, 2003), with an urbanised
catchment area of 44 km?, characterised by residential, com-
mercial, and light industrial developments. The lake is a
shallow body of water characterised by fine sediments (Dunn
et al, 2007b) and is located in the midtidal region of Coom-
babah Creek, with urban development positioned to the east
and along the southern and western shorelines.

With the exception of shallow channels, Coombabah Lake
1s characterised by a relatively flat bathymetry (Lee ef al,
2006a), with depths from 0 to ~1 m. During periods of low
water, large portions of the benthic lake sediments become
exposed. Episodically large inputs of freshwater occur during
periods of heavy rainfall, predominantly during summer pe-
riods. Despite its modest dimensions, Coombabah Lake is
ecologically significant, being a valuable fish and migratory
bird habitat. Additionally, the lake system is unique within
southern Moreton Bay because it behaves as an inverse es-
tuary during summer periods, when evaporation exceeds typ-
ical freshwater inflows (Benfer, King, and Lemckert, 2007).

As a consequence of the ecological significance and the po-
tential for anthropogenic disturbances and inputs into Coom-
babah Lake, the lake and surrounding wetlands have been
the focus of recent scientific efforts (e.g., Burton et al, 2008:
Dunn et al,, 2007a, 2007b, 2008; Frank and Fielding, 2004:
Hollingsworth and Connolly, 2006; Knight et al,, 2008).

Field Measurement and Data Processing

The data collection program was conducted from November
1, 2005, to November 10, 2005. A submersible sensor base
was positioned at two individual sample locations character-
ised by differing salinity concentrations within Coombabah
Lake, referred to as Station A (near the lake entrance) and
Station B (near the creek mouth) (see Figure 1). The sta-
tioned instrument packages consisted of a conductivity, tem-
perature, and depth probe (NXIC-CTD; Falmouth Scientific,
Inc., Cataumet, Massachusetts) and a high resolution three-
dimensional acoustic Doppler velocimeter (Vector velocime-
ter; Nortek AS, Rud, Norway). High-frequency conductivity,
temperature, and depth data were collected from 15 em above
the bed using time-averaged data (3.5 min bursts at frequen-
cy of 10 Hz) obtained every 15 minutes. Acoustic Doppler ve-
locimeter data were obtained from 30 ¢cm above the bed at
burst intervals of 30 minutes, at a frequency of 32 Hz and
4096 samples per burst.

Meteorological conditions, namely air pressure, solar radi-
ation, humidity, rainfall, and wind speed and direction within
the lake environment, were recorded every 15 minutes during
the study period using a data logging weather station
(WeatherMaster 2000; Environdata, Warwick, Australia).
Daily evaporation was estimated from the meteorological

data collected using a modified Penman equation (EasiAccess
software; Environdata).

Additionally, before the deployment of Stations A and B,
water level data from Coombabah Lake were obtained during
the period between September 13, 2004, to December 20,
2004, by using a submersible tide gauge (XR-420-TG; Richard
Brancker Research Ltd., Ottawa, Canada). The dominant tid-
al constituents for the area were obtained using this collected
data.,

Quantification of Salt Fluxes

Total salt flux within an estuarine system is typically de-
termined using velocity and salinity concentrations at several
water depths along a vertical section measured at different
locations across the section (e.g., Bowden, 1963; Fischer, 1972:
Sylaios et al., 2006). However, observations of currents and
salinity collected at one location along the cross-section of a
main channel within an estuarine system may also provide
a valid experimental approach when assessing the relative
importance of different transport processes (e.g, Lewis and
Lewis, 1983; Pritchard, 1954; Restrepo and Kjerfve, 2002;
Simpson, Vennel, and Souza, 2001; Uncles and Jordan, 1979:
Uncles, Elliott, and Weston, 1985). The longitudinal salt flux
within estuarine systems can be decomposed into components
attributed to different physical processes (Table 1) (Bowden,
1967; Dyer 1997; Hunkins, 1981; Kjerfve, 1986; Pritchard,
1954; Restrepo and Kjerfve, 2002). In general, the net salt
flux per unit width perpendicular to the main flow (F) may
be calculated as the following (Bowden, 1963; Dyer, 1997;
Kjerfve, 1986; Restrepo and Kjerfve, 2002):

h
F=J (us) dz (1)
L]

where F represents the net flux (ppt m?%s); u(z) represents
the observed velocity (m/s); s(z) represents the observed sa-
linity (ppt); z represents the vertical coordinate; and A rep-
resents water depth (m). The instantaneous velocity and sa-
linity can be decomposed asu = i + u' ands = § + s, where
the primed quantities represent deviations from the depth-
averaged means, # and 5. The depth-averaged means may be
decomposed into time-averaged means and time-varying com-
ponents, & = (#) + u, and § = (§) + s,, such that

u={ + u, +u' (2)
s =(8) + s, + 8 (3)

where angle brackets are net, or time-averaged, over at least
one complete tidal cycle. By substituting Equations (2) and
(3) into Equation (1), the net flux can be decomposed into the
following terms (Restrepo and Kjerfve, 2002):

(F) = (h)aXs) + (hugsy) + (@) hpse)
+ (S¥hpup)y + (hid's’) (4)
which, for simplicity, can be written as
Net flux = Flux 1 + Flux 2 + Flux 3 + Flux 4 + Flux5 (5)

An estuary is considered to be at steady state when the net
salt flux over a complete tidal cycle is zero, with the advective

Journal of Coastal Research, Vol. 26, No. 3, 2010
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Figure 2. Metearological data collected on site: (a) wind speed, (b) wind
direction, (¢) rainfall, (d) evaporation, and (e) air pressure.

and dispersive modes of transport balancing the exchange.
Salt fluxes within the lake were calculated for a full tidal
cycle (24.5 h) using Equation (4). Because of the very shallow
and vertically well-mixed nature of the lake (Benfer, King,
and Lemckert, 2007; Dunn et al, 2007a), gravitational cir-
culation within the lake was considered negligible and there-
fore Flux 5, (hi's’), in Equation (4) was considered insignif-
icant.

RESULTS AND DISCUSSION
Hydrometeorological Properties

Astronomical tidal constituents were obtained from water
level data collected in 2004. The semidiurnal constituents M.,
S., K,, L., and N, of Coombabah Lake were 0.37 m, 0.02 m,
0.03 m, 0.09 m, and 0.06 m in amplitude with phase lags of
243°, 226°, 121°, 322°, and 161°, respectively. The diurnal con-
stituents K,, O, Q,, and S, were 0.19 m, 0.11 m, 0.03 m, and
0.10 m in amplitude with phase lags of 195°, 99°, 356° and
131°, respectively. Astronomical tidal constituents were as-
sumed to be the same after 1 year (during this study) because
no major changes in geometry and bathymetry of the lake
channel system occurred during this period. The lake expe-
riences a mixed tidal regime, mainly of a semidiurnal nature,
with a form number of 0.66.

Wind conditions during the 2005 study period were gen-
erally moderate but highly variable, ranging from 2 to 20
km/h (see Figure 2a), with the average wind speed at 7 m/s
and directed from south or south-east (blowing from the creek
mouth to the lake entrance, see Figure 2b). Light rainfall was
recorded every day except on November 7, 2005 (see Figure
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Figure 3. Hydraulic data collected at Station A: (a) water depth, (b) wa-
ter velocity, (c) salinity, and (d) computed salt fluxes.

2c¢). Rainfall increased gradually from 0.5 mm/d on November
1, 2005 to 18 mm/d (the maximum) on November 6, 2005.
Evaporation varied between 5 and 10 mm/d (see Figure 2d),
which is greater than the annual regional average (3.5 mm/d)
and even greater than the monthly average for the same pe-
riods in other years (5 mm/d) recorded by the Australian Bu-
reau of Meteorology (2007). Air pressure also dropped by ap-
proximately 5 millibars during the study period (Figure 2e).

Water depth, velocity, salinity, and the computed salt flux
components at Station A are presented in Figures 3a-d. A
mixed tidal pattern was observed in water depth, velocity,
and salinity data, with higher velocity and salinity ranges
occurring during spring tides. The opposite trend was ob-
served in the case of the tidal range, where lower ranges oc-
curred during spring tide conditions, compared with the
greater ranges observed during neap tide conditions. The
spring semidiurnal tide also changed to a mixed type during
neap tide conditions. Mean water depth and salinity were
greater during neap tide conditions in comparison to the
spring tide conditions. Potential explanations for the ob-
served greater water depth during the sampled neap tidal
condition were twofold. First, the presence of low air pressure
that developed in the region during the neap tidal period re-
sulted in an increase in water level by ~5 e¢m, and second, a
recorded rainfall event within the lake catchment contributed
increased freshwater flow into the shallow lake. However, the
actual rate of freshwater flow is unknown. The increasing
salinity trend was due to the added storage from the sea-
water, indicating the quantity of freshwater input was rela-
tively small.

Salt Fluxes

At Station A, Flux 1 (advective flux) was the dominant flux,
which was directed down the estuary (seaward) at a rate of
155 psu em/s on November 1, 2005, and reached its maximum

Journal of Coastal Research, Vol. 26, No. 3, 2010
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Figure 4. Hydraulic data collected at Station B: (a) water depth, (b) wa-
ter velocity, (¢) salinity, and (d) computed salt fluxes.

value of 165 psu cmv/s on November 2, 2005. Following this
period, the advective flux began to decline gradually until
November 5, 2005 (with an abrupt reduction to 30 psu cm/s
from 130 psu cm/s), then remained low for 3 days with only
minor fluctuations. It then increased to 115 psu cm/s, fol-
lowed by a declining trend. Flux 2 (tidal dispersion) followed
the same trend as Flux 1 but was directed up estuary (land-
ward) (Figure 3d). The tidal dispersion value during Novem-
ber 1, 2005, was 40 psu ecm/s and gradually reduced to 3 psu
e¢m/s during November 6, 2005. This value continued for 3
days with little variation, followed by an increasing trend.
Flux 3 (the cross-correlation between tide and salinity) was
the smallest contributor to the net salt flux among the four
salt flux components and was always directed seaward fol-
lowing the same trend of Flux 1 (Figure 3d). Flux 4 (the
Stokes’ drift dispersion) was directed upstream and was ap-
proximately 100% greater than Flux 2. Overall, Fluxes 1 and
3 contributed to the seaward (downstream) salt flux, whereas
Fluxes 2 and 4 contributed to the landward (upstream) salt
flux. Therefore, Stoke’s drift was the main operator in dis-
persing salt within the water column of Coombabah Lake.
However, Flux 1 was the principal contributor, determining
the direction of the net salt flux. Overall, Fluxes 1 and 3
contributed 98% and 2%, respectively, to the seaward salt
flux, whereas Fluxes 2 and 4 contributed 30% and 70%, re-
spectively, to the landward salt flux.

Water depth, velocity, and salinity data at Station B
showed similar characteristics to that of Station A (Figures
4a~c). Fluxes 1 and 3 at this station (Figure 4d) are also di-
rected seaward (similar to Station A). However, Flux 3 con-
tributed approximately 6% of the total seaward flux (two
times more than that of Station A). In contrast to Station A,
a gradual increase of the Flux 1 value from 40 to 70 psu cm/s
was observed from the beginning of the study until November
5, 2005, then gradually reduced to a minimum value of 20
psu cm/s in 2 days, where it remained relatively constant for
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Figure 5. Average hydraulic data at both Stations A and B: (a) water
depth, (b) salinity, and (c) water velocity.

the next day, before a further increase to the same order.
Moreover, it was approximately half that of Station A (except
on November 6, 2005), although Station B was located near
the mouth of the creek where predominantly freshwater en-
ters the lake. Unlike Station A, Flux 2 at Station B was al-
most constant, with a slightly higher value on November 6,
2005; and Flux 4 was directed seaward during the first half
of the study period. The net salt flux at this station was also
directed seaward during the study period, with an average
value of approximately 50 psu cm/s, with the exception of
November 7, 2005, when it was directed landward with a
value of 10 psu cm/s.

Overall, salt fluxes at both stations followed very similar
trends (net seaward flux), with the highest fluxes occurring
during the spring tide period, and the lowest, before the neap
tide period. Moreover, the advective flux was always domi-
nant and determined the direction of the net flux at both
stations.

No direct relations between salt fluxes and spring-neap tid-
al variations were observed during this study. Variations of
advective, as well as net salt flux at Station B, were, there-
fore, likely the result of rainfall events because it followed
the same trend of rainfall recorded at the study site. Greater
advective values correlated with greater recorded rainfall
events and, similarly, lower values with reduced rainfall
events. However, rainfall within different areas of the catch-
ment might be different from that measured on-site, which
caused a time lag/lead between rainfall peaks and salt flux
peaks.

Water depth and salinity were lower during spring tide and
higher during neap tide conditions (see Figure 5). The higher
depth during neap tide phase (Figure 5a) conditions resulted
from higher storage of seawater in addition to the freshwater
from the catchments because advective fluxes within the lake
were reduced during this period. Furthermore, increasing
water depth within the lake aided in diffusion of salts and,
thus, reduction in variation of salt concentrations within the
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lake during the neap tide phase (Figure 5b). However, the
advective flux was directly related to the net velocity (Figure
5¢), which controlled the direction of the net salt flux.

The advective flux at Station A was consistently greater in
comparison to Station B, with the exception of November 7,
2005, when it was reduced to half that of Station B. An in-
vestigation of the data revealed the possibility of the occur-
rence of horizontal circulation within the lake as a result of
a distinct ebb-flood channel system (Ahnert, 1960; Nguyen et
al, 2008). Circulation within the lake was generally anti-
clockwise and opposed by the strong southerly winds that
occurred during the study period. The left channel of the lake,
on the western side of the large island, (see Figure 1), is a
flood-dominated channel; on the other hand, the eastern,
curved main channel is an ebb-dominated channel. Therefore,
net transport of salt through the left channel was landward,
whereas that through the main channel was seaward, cre-
ating an anticlockwise horizontal circulation (see Figure 1).
The circulation could be augmented by a wind-induced setup.
This circulation increased advective flux at Station A, in ad-
dition to increasing the net storage of the lake. There are no
data from the left channel because it was believed to be shal-
low and unimportant at the onset of the study.

The salinity difference between Stations A and B was 7 psu
during the spring tide phase, which was reduced to 4 psu
during the neap tide phase (see Figure 5b). On average, the
dilution was observed to be 25% during this study period,
which also supports the dominance of advective flux caused
by freshwater flow.

CONCLUSIONS

Similar to previously reported studies, residual water
transport within the shallow waters of Coombabah Lake was
identified as the dominant factor influencing residual salt
transport. Furthermore, this study indicates the net salt flux
alternates frequently in contrast to the steady state condi-
tion. Future investigations in the form of continuous long-
term studies are required to determine when the net salt flux
would change in direction at any particular lake location. Ad-
ditionally, this study has identified that advective flux was
of primary importance in the movement of salts within Coom-
babah Lake (contributing 65% of the total salt flux in this
shallow subtropical estuary) and that the lake was charac-
terised by greater average water depth during neap tide
phases, which aids in the diffusion of salts, with a 25% di-
lution occurring within the lake system. The lake was not an
inverse type of estuary during this study because of fresh-
water input. Future modelling studies of the lake will be re-
quired to investigate the existence of any horizontal circula-
tion.
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