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a b s t r a c t

In natural estuaries, scalar diffusion and dispersion are driven by turbulence. In the present study,
detailed turbulence measurements were conducted in a small subtropical estuary with semi-diurnal
tides under neap tide conditions. Three acoustic Doppler velocimeters were installed mid-estuary at
fixed locations close together. The units were sampled simultaneously and continuously at relatively high
frequency for 50 h. The results illustrated the influence of tidal forcing in the small estuary, although low-
frequency longitudinal velocity oscillations were observed and believed to be induced by external
resonance. The boundary shear stress data implied that the turbulent shear in the lower flow region was
one order of magnitude larger than the boundary shear itself. The observation differed from turbulence
data in a laboratory channel, but a key feature of natural estuary flow was the significant three-
dimensional effects associated with strong secondary currents including transverse shear events. The
velocity covariances and triple correlations, as well as the backscatter intensity and covariances, were
calculated for the entire field study. The covariances of the longitudinal velocity component showed
some tidal trend, while the covariances of the transverse horizontal velocity component exhibited trends
that reflected changes in secondary current patterns between ebb and flood tides. The triple correlation
data tended to show some differences between ebb and flood tides. The acoustic backscatter intensity
data were characterised by large fluctuations during the entire study, with dimensionless fluctuation
intensity I0b=Ib between 0.46 and 0.54. An unusual feature of the field study was some moderate rainfall
prior to and during the first part of the sampling period. Visual observations showed some surface scars
and marked channels, while some mini transient fronts were observed.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

In natural estuaries, contaminant transport and scalar disper-
sion are driven by turbulence mixing. Relatively little systematic
research has been conducted on the turbulence characteristics of
small estuaries. Past measurements were conducted typically for
short periods or in bursts: e.g. Bowden and Ferguson (1980);
Shiono and West (1987); Kawanisi and Yokosi (1994); Stacey et al.
(1999); van de Ham et al. (2001); Nikora et al. (2002); Kawanisi
(2004); Voulgaris and Meyers (2004); Ralston and Stacey (2005).
Most data lacked spatial and temporal resolution to gain some in-
sight into the characteristics of fine scale turbulence.

Herein detailed turbulence field measurements were conducted
continuously at relatively high frequency for 2 days in a small
subtropical estuary with semi-diurnal tides. Three acoustic Doppler
velocimeters were sampled simultaneously at fixed locations in the
).
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mid-estuarine zone. The results provided a unique characterisation
of the estuarine turbulence. An unusual feature of the study was
some moderate rainfall for the first 24 h.

2. Study site and instrumentation

2.1. Field investigation and sampling site

The field study was conducted in the small subtropical estuary of
Eprapah Creek (Redlands, Qld, Australia) in eastern Australia under
neap tide conditions (Fig. 1). The estuarine zone is 3.8 km long, about
1–2 m deep mid-stream, and about 20–30 m wide. This is a relatively
small, narrow, elongated and meandering channel with a cross-
section which deepens and widens towards the mouth, and sur-
rounded by extensive mudflats. For example, the hydraulic diameter
at mean sea level varied from 4.9, 3.5 and 3.6 m, respectively, at 1, 2.1
and 3.3 km from the river mouth, corresponding to Sites 1, 2B and 3 in
Fig.1. The catchment area is about 40 km2 and the creek flows directly
into Moreton Bay off the Pacific Ocean. The estuary is a drowned river
valley type with a wet and dry tropical/subtropical hydrology that
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Fig. 1. Estuarine zone of Eprapah Creek, Australia. (A) Dimensioned map based upon
an aerial photograph. (B) Surveyed cross-sections (looking downstream). (C) Di-
mensioned sketch of the ADV and YSI probe sampling volumes at Site 2B with the free-
surface elevation at 09:51 on 6 June 2007, looking downstream.
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accounts for nearly one third of all estuaries in Australia (Digby et al.,
1999). Although the tides are semi-diurnal, the tidal cycles have
slightly different periods and amplitudes indicating some diurnal in-
equality (Fig. 2). The estuary was previously investigated by Chanson
et al. (2005a); Chanson and Trevethan (2006) and Trevethan et al.
(2007a) (Table 1).

The new field E10 study was conducted mid-estuary (Site 2B,
Fig. 1) under neap tidal conditions from 6 to 8 June 2007, during
which time continuous high frequency turbulence and physio-
chemical data were recorded for 50 h. Approximately 44 mm of
rain fell in the catchment between 18:00 (5 June 2007) and 09:00 (6
June 2007) when the measurements commenced, while a further
23 mm of rain fell in the first 24 h of data collection (09:00 (6 June
2007) to 09:00 (7 June 2007)). Fig. 2 presents the water depth
variations at Site 2B and the measured rainfall as functions of time
(in seconds) from 00:00 on 6 June 2007. In Fig. 2, the rainfall data
were recorded every 3 h at the Carbrook weather station located
approximately 11.5 km from Eprapah Creek estuarine zone, and
they were comparable to the daily rainfall data recorded at the
Victoria Point sewage treatment plant.

2.2. Instrumentation

For this field investigation, three Sontek� microADVs and two
YSI6600 probes were deployed at Site 2B, approximately 10 m from
the left bank. Fig. 1C shows the location of the instruments in the
surveyed cross-section. The YSI6600 probes were multi-parameter
probes, and the simultaneous measurements included water level,
conductivity, temperature, turbidity, pH, dissolved oxygen, and
chlorophyll A levels. Table 2 lists the details and location of the
instrumentation. In Table 2, each instrument is given a four-symbol
code (e.g. ADV1, YSIB) to refer to that instrument.

All the ADV units were synchronised carefully within 20 ms for
the entire duration of the study, and the YSI probes were
synchronised with the ADVs within a second. All ADV data un-
derwent a thorough post-processing procedure to eliminate any
erroneous or corrupted data from the data sets. The post-process-
ing technique was described in Chanson et al. (in press-a, 2005b).
Only post-processed data are analysed and discussed herein.

Further details on the field investigation and instrumentation
were reported in Trevethan et al. (2007b).

3. Experimental observations

The time-averaged longitudinal velocity data highlighted that
the largest ebb and flood velocities occurred around the low tide
(Fig. 3). For the ADV1 unit (0.13 m above bed), Fig. 3 shows the
time-average and standard deviation of the streamwise velocity Vx

together with the water depth as functions of time. Vx is positive
downstream, the transverse component Vy is positive towards the
left bank, and the vertical velocity component Vz is positive up-
wards. All the velocity data showed multiple flow reversals around
high tides, as well as long-period oscillations. For example, multiple
flow reversals are seen in Fig. 3 between t¼ 45,000 and 60,000 s,
where the time t is counted from 00:00 on 6 June 2007. Similar
phenomena were observed previously under neap tide conditions
at Eprapah Creek (Chanson, 2003; Trevethan et al., 2006, 2007a).
The multiple flow reversals and low-frequency velocity oscillations
had periods between 40 min and 1.5 h caused by external reso-
nance linked with some east–west oscillations in the Moreton Bay.
Altogether these velocity oscillations were likely to affect the tur-
bulence field in the estuary because the amplitude of the low-fre-
quency velocity oscillations was about that of the tidal current
(Fig. 3).

During the field study, the standard deviations of all velocity
components varied directly with the magnitude of the longitudinal



Fig. 2. Measured water depth and rainfall as functions of time at Eprapah Creek on 5, 6, 7 and 8 June 2007 - Time from 00:00 on 6 June 07, water depth recorded at Site 2B by the
YSI6600 probe, rainfall data collected every 3 hours at Carbrook weather station.
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velocity. They were the largest during the flood tide and during the
multiple flow reversals at high tides (Fig. 3). The data illustrated
large turbulent velocity fluctuations throughout all the field stud-
ies, including during slack tide periods.

The physio-chemical data showed some stratification of the
water column for all the study period (Fig. 4). A similar stratification
of the water column was observed in two previous studies (E1 and
E8) that took place shortly after some intense rainstorms. For the
present study, the rainfall was light to moderate and the freshwater
runoff discharge was less intense than in the study E8. The water
column, however, showed marked differences between the bottom
layer and surface waters. Fig. 4 presents the time-variations of
water depth, specific conductivity, water temperature and turbidity
for both the YSI6600 probes. Air temperature data are reported also
in Fig. 4B. The bottom specific conductivity and surface water
temperature showed some tidal trend with maximum values
around high tides. In contrast, the surface conductivity data
showed the presence of a freshwater lens for all the study duration
with water conductivities below 10 mS/cm for the entire study. The
bottom temperature and surface turbidity were nearly constant for
the entire study. The bottom turbidity data showed some marked
peaks around two high tide periods (t¼ 43,000–57,000 s and
t¼ 133,000–145,000 s) (Fig. 4C). These might be caused by the
long-period flow reversals induced by some outer resonance. The
pH data also showed marked oscillations at high tide slacks, pos-
sibly caused by resonance. Both the dissolved oxygen and chloro-
phyll A data highlighted some impact of freshwater runoff during
first 24 h of the study.

The vertical profiles of physio-chemistry were conducted to-
wards the end of the study on the morning of 8 June 2007. The data
showed that the estuarine zone was stratified from 1 km upstream
of the river mouth up to the upper estuary, and the freshwater lens
was about 1 m thick. A similar vertical stratification was observed
during earlier fieldworks with some freshwater runoff (studies E1
and E8). The vertical profiles of physio-chemical parameters sug-
gested that the water column was stratified in terms of specific
Table 1
Turbulence field measurements at Eprapah Creek Qld, Australia. AMTD: Adopted Middle

Ref Dates Tidal range (m) ADV system(s) Sampling rate (Hz) Sa

E1 4/04/03 1.84 10 MHz 25 9�
E2 17/07/03 2.03 10 MHz 25 8 h
E3 24/11/03 2.53 10 MHz 25 7 h
E4 2/09/04 1.81 10 MHz 25 6 a
E5 8–9/03/05 2.37 10 MHz 25 25
E6 16–18/05/05 1.36 10 MHz and 16 MHz 25 49
E7 5–7/06/06 1.58 10 MHz and 16 MHz 25 and 50 50
E8 28/08/06 2.10 – – 12
E10 6–8/06/07 1.76 16 MHz 50 50
conductivity, temperature and pH, but it was reasonably well-
mixed in terms of dissolved oxygen and turbidity.

3.1. Surface scars and transient fronts

Surface scars were clearly seen at the water surface during the
rainfall periods on 6 June 2007. Fig. 5 shows a photographic ex-
ample taken during the flood tide, but these scars were observed
during both flood and ebb tides. The rainfall highlighted some
difference in surface roughness; the water surface texture was
different in the network of braided ‘‘smooth’’ channels as opposed
to the rest of the river. It is acknowledged that such scars are linked
with some discontinuity in turbulence characteristics and physio-
chemical properties (e.g. Simpson, 1997; Brocchini and Peregrine,
2001; Tamburrino and Gulliver, 2007). The impact of raindrops
generated waves and ripples at the water surface and their char-
acteristics were functions of local surface tension. It is conceivable
that these channels contained waters of slightly different surface
tension compared to the rest of the river. The differences in surface
tension might be caused by oils secreted by plants, by emerging
groundwater at the riverbed or by substances carried by the water.
For example, Wolanski and Ridd (1986) showed that mangrove
swamps and flats can trap freshwater volumes which do not mix
with the saltwater tidal flux and may remain trapped for a few
weeks after the rain event. It is suggested that the surface scars
were evidences of longitudinal vortices in the channel, and the
analysis of surface photographs indicated that their transverse
length scale was between 2 and 3 times the depth. It is also con-
ceivable that the surface scars highlighted some form of density
currents.

On 6 June 2007, a few ‘‘mini transient fronts’’ were observed
mid-estuary near the end of the flood tide and during the ebb tide.
Fig. 6 illustrates such a mini transient front seen at the free surface
immediately upstream of Site 2B between 12:20 and 12:30. The
mini fronts propagated very slowly upstream. The fronts were
barely a ripple at the free surface: i.e., a few millimeters high with
Thread Distance measured upstream from river mouth

mpling duration Sampling volume

25 min AMTD 2.1 km, 14.2 m from left bank, 0.5 m below surface
AMTD 2.0 km, 7.7 m from left bank, 0.5 m below surface
AMTD 2.1 km, 10.7 m from left bank, 0.5 m below surface

nd 3 h AMTD 2.1 km, 10.7 m from left bank, 0.052 m above bed
h AMTD 2.1 km, 10.7 m from left bank, 0.095 m above bed
h AMTD 2.1 km, 10.7 m from left bank, 0.2 and 0.4 m above bed
h AMTD 3.1 km, 4.2 m from right bank, 0.2 and 0.4 m above bed
h AMTD 1.0, 2.1 and 3.1 km
h AMTD 2.1 km, 10.7 m from left bank, 0.13 and 0.38 m above bed



Table 2
Details and location of the instruments deployed at Site 2B, Eprapah Creek during
field study E10 (6-8 June 2007). fscan: sampling frequency

Instrument Code Instrument type Sampling location (m) fscan (Hz)

ADV1 Sontek 2D-microADV
(16 MHz, serial A641F),
side-looking head

0.13 m above bed,
10.7 m from left bank

50

ADV2 Sontek 3D-microADV
(16 MHz, serial A813F),
down-looking head

0.38 m above bed,
10.7 m from left bank

50

ADV3 Sontek 3D-microADV
(16 MHz, serial A843F),
side-looking head

0.38 m above bed,
10.78 m from left bank

50

YSIB YSI6600 probe, fixed
near bed

0.38 m above bed,
10.4 m from left bank

0.083

YSIF YSI6600 probe, on float
near free surface

0.1 m below surface,
8.3 m from left bank

0.083
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wavelength of 2–5 cm, Fig. 6. They were discernable because of the
natural light reflection on the free surface (Fig. 6). Visually, the mini
front leading edge appeared to be a surface density discontinuity
with a plunge point. For the mini transient seen in Fig. 6, the ADV
velocity data showed a strong flood velocity (Vx w�0.15 to
�0.25 m/s) while the transverse velocity data Vy exhibited rela-
tively large amplitudes and fluctuations. At the same time, next to
the left bank, some fairly strong recirculation was observed in the
downstream direction.
3.2. Shear stress

The boundary shear stress was estimated from the velocity
gradient next to the bed, although other techniques may be used
Fig. 3. Time-averaged longitudinal velocity Vx, standard deviation of longitudinal velocity
culations using the average of the next 10,000 samples (200 s) at 10 s intervals along the ent
blue dashed line. For interpretation of the references to colour in this figure legend, the re
(see reviews in Schlichting, 1979; Montes, 1998; Koch and Chanson,
2005). The near-bed velocity shear stress was estimated as

so ¼ r�
 

k� V1

lnz1
ks

!2

(1)

where r is the fluid density, V1 is the time-averaged longitudinal
velocity of the ADV1 unit located at z1¼0.13 m, k is the von Karman
constant (k¼ 0.4) and ks is the equivalent roughness height. Herein
the riverbed consisted of gravels and sharp rocks (Fig. 1C) corre-
sponding to ks z 10 mm. For the entire field trip, the median shear
stress was so¼ 0.0052 Pa. The boundary shear stress was maximum
during the early flood tide and end of the ebb tide when the
measured longitudinal velocity amplitude was the largest (Fig. 3).

The boundary shear stress data may be compared with the
tangential Reynolds stress r� vxvz measured at z2¼ 0.38 m, as well
as with the velocity gradient shear stress, measured between the
ADV units 1 and 2, and defined as

s12 ¼ r�
 

k� ðV2 � V1Þ
lnz2

z1

!2

(2)

For the entire field study, the tangential Reynolds stress and the
median velocity gradient shear stress were, respectively, r� vxvz ¼
0:02 Pa and s12¼ 0.052 Pa. For comparison, the median tangential
shear stresses r� vxvy measured by the ADV1 and ADV2 units were
0.024 and 0.031 Pa, respectively.

The findings implied that the turbulent shear in the range
0.13 m� z� 0.38 m was one order of magnitude larger than the
boundary shear stress (Eq. (1)). The observation differed from tur-
bulence data in a laboratory channel, but a key feature of natural
vx
0 and water depth as functions of time – data collected by the ADV1 unit, VITA cal-

ire data sets – legend: Vx¼ solid red line, vx
0 ¼ thin black solid line, water depth¼ thick

ader is referred to the web version of this article.



Fig. 4. Water depth, conductivity, temperature and turbidity as functions of time – data collected by the YSI6600 units at Site 2B, Eprapah Creek during the study E10 (6–8 June
2007) – legend: surface probe¼ solid blue, bottom probe¼ dashed red, water depth¼ thick dashed black line. (A) Water depth and specific conductivity. (B) Water and air
temperatures (þ¼ air temperature). (C) Turbidity. For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
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estuary flows is the significant three-dimensional effects associated
with strong secondary currents.

3.3. Secondary currents

During the field study, some anomalies were observed in terms
of the transverse velocity data. The time-averaged transverse ve-
locities Vy recorded at z¼ 0.13 and 0.38 m flowed at times in
opposite directions for relatively longer durations (e.g. Fig. 7). These
anomalies were observed during the flood and ebb tides, and
around low tides for the entire study.

These observations suggested the occurrence of some secondary
currents associated with strong transverse shear and large tan-
gential stresses r� vxvy at the sampling location. An example of
transverse velocity anomaly is presented in Fig. 7. Fig. 7A shows
the instantaneous transverse velocity data Vy together with the



Fig. 5. Surface scars during rainfall periods at Eprapah Creek on 6 June 2007, looking
upstream from Site 2B around 09:21 (flood tide).
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time-averaged transverse velocity difference during an early flood
tide period. Here Vy is positive towards the left bank. Fig. 7A
presents about 1 h 23 min of samples, with two large transverse
shear events about t¼ 160,500 and 163,500 s when the transverse
velocities Vy recorded at z¼ 0.13 and 0.38 m above the bed flowed
in opposite directions: i.e., towards the right and left banks, re-
spectively. The resulting flow pattern is sketched in Fig. 7B showing
the vertical profiles of transverse velocity Vy and of turbulent ve-
locity vy

0 next to the channel bed, where vy
0 is the standard de-

viation of the transverse velocity. The transverse shear pattern
sketched in Fig. 7B was further associated with large normal and
Fig. 6. Mini- transient front observed at Site 2B on 6 June 2007 around 12:29 (end of
flood tide), view from the left bank.
tangential stresses r� vyvy and r� vxvy at both z¼ 0.13 and
0.38 m.

More generally, the velocity standard deviation data yielded vy
0/

vx
0z 1 throughout the field study while vz

0/vx
0 z 0.62. The findings

were close to recent LES computations in a shallow water channel
with similar Reynolds number conditions (Hinterberger et al.,
2008). Note that vz

0 < vx
0 implied some turbulence anisotropy.

Trevethan (2008) discussed the formation of the transverse
velocity anomalies in Eprapah Creek, their collapse, and their
reformation in the opposite direction. He suggested that the
alternance in transverse shear anomalies was linked with the long-
period oscillations induced by outer resonance. For example, Fig. 7A
illustrates the development of two negative transverse shear events
within 50 min. The period is comparable with the long-period os-
cillation in longitudinal and transverse velocities observed during
the present study (e.g. Fig. 3).

4. Covariances and triple correlations of ADV data

The estuary flow exhibited significant spatial variability as evi-
denced by the simultaneous instantaneous velocity data. Such
changes in spatial distribution of the turbulence affected the mix-
ing and transport of suspended sediment and contaminant. Herein,
the covariances of the turbulent velocity and acoustic backscatter
intensity, and their time-variations throughout the study, are
investigated.

4.1. Turbulent velocity

A detailed correlation analysis of the instantaneous velocity data
was performed between the three ADV units with the subscripts 1,
2 and 3 referring to the data measured by the ADV1, ADV2 and
ADV3 units, respectively (Table 2). Four dimensionless velocity
covariances were calculated and Table 3 summarises the median
values for the entire study (column 3) and for each 24 h period
(columns 4 and 5).

The correlations Rx1x2, Rx2x3 and Ry1y2 showed some variations
with the tides. The covariances Rx1x2 and Rx2x3 showed pre-
dominantly a positive correlation with the largest values about high
tide and smallest about low tide. Periods of negative correlation in
terms of Rx1x2 were likely to result from the relative elevations of
the ADV1 and ADV2 units. The ADV1 unit was 0.25 m vertically
below the ADV2 unit (Fig. 1C), and such a separation was sufficient
to capture flow reversals associated with stratification during the
tide changes. The covariance Ry1y2 was predominantly positive
about high tide and predominantly negative about low tide. The
changes in the sign of Ry1y2 were closely linked with the secondary
current pattern that was itself a function of the mean flow direction
and bathymetry. The covariance Ry2y3 showed no easily discernable
tidal trend although the correlation was predominantly positive
during the field study E10. It is worth noting that the velocity co-
variances Rx2x3 and Ry2y3 between ADV2 and ADV3 were larger than
the average between t¼ 31,000 and 71,000 s (approximately from
09:00 to 20:00 on 6 June 2007). These large covariance values oc-
curred when the majority of rain fell during the study. The trend
could possibly be related to the influence of freshwater at Site 2B,
and the existence of some discontinuity in turbulence and physio-
chemical properties, reflecting perhaps the existence of large
streamwise eddies or density currents. The propagation of these
coherent structures and the advection of their interfaces past the
ADV sampling volumes affected the turbulence characteristics.

Two dimensionless triple correlations were calculated between
the three ADV units. That is, Rx1x2x3 and Ry1y2y3, where
Rx1x2x3¼ vx1vx2vx3=v0x1v0x2v0x3, for example. Overall, the fluctuations
of the triple correlations seemed the largest about the ebb tide and
smallest about the flood tide. Large fluctuations in both the triple



Fig. 7. Transverse shear flow pattern at the sampling site. (A) Instantaneous transverse velocities Vy for the ADV1 (z1¼0.13 m) and ADV2 (z2¼ 0.38 m) units and time-averaged
transverse velocity gradient (Vy1� Vy2) during an early flood tide (7 June 2007 evening). (B) Dimensioned sketch of the vertical profiles of transverse velocity Vy and turbulent
velocity vy

0 at the sampling site for t¼ 163,300 s (21:22 on 7 June 2007) (looking downstream).
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correlations were possibly associated with the long-period oscil-
lations in terms of the longitudinal velocity Vx. Greater flow depths
with corresponding changes to the stratification profile might lead
to negatively correlated fluctuations which resulted in lesser fluc-
tuations of triple correlations during high water periods, and
greater fluctuations of Rx1x2x3 and Ry1y2y3 during the early ebb tide.
Table 3 shows that the absolute value of the covariance Rx2x3 was
generally higher than that of Rx1x2. Hence, the triple correlation
Rx1x2x3 received a significant contribution from Rx2x3, and this was
consistent with the lower spatial proximity between the ADV2 and
ADV3 units than between the ADV1 and ADV2 units.

4.2. ADV backscatter intensity

The acoustic backscatter intensity signal of each ADV unit was
analysed. The backscatter intensity is a function of the ADV signal
amplitude that is proportional to the number of particles within the
sampling volume:

Ib ¼ 10�5100:043Ampl (3)
where the average amplitude Ampl is in counts. The backscatter
intensity Ib may be used as a proxy for the instantaneously
suspended sediment concentration (SSC) because of the strong
relationship between Ib and SSC (Thorne et al., 1991; Fugate and
Friedrichs, 2002; Chanson et al., in press-b). The present field data
showed large fluctuations in backscatter intensity during the en-
tire field study. The median values of the dimensionless fluctua-
tions I0b=Ib were 0.54, 0.46 and 0.46 for the ADV1, ADV2 and ADV3
units, respectively. The large fluctuation magnitudes were
consistent with earlier results at Eprapah Creek (Chanson et al.,
2007; Trevethan et al., 2007a). The results also showed larger
fluctuation levels at low tides when the turbulent Reynolds
stresses were the largest.

The dimensionless covariances of ADV backscatter intensity
were calculated: i.e., Rb1b2, Rb2b3 and Rb1b3 where Rb1b2 ¼
Ib1Ib2=I0b1I0b2, for example. Fig. 8 shows the time-variations of the
dimensionless covariance Rb2b3. Overall the covariance data
tended to vary with the tides, with the correlations increasing
slightly about the high tides, although the covariance magnitudes
were relatively small (R< 0.3) and predominantly positive.



Table 3
Median values of dimensionless covariances and triple-correlations

Parameter Definition Entire study t¼ 30,000–120,000 s t¼ 120,000–210,000 s

(1) (2) (3) (4) (5)

Rx1x2 vx1vx2=v0x1v0x2 0.255 0.254 0.256
Rx2x3 vx2vx3=v0x2v0x3 0.427 0.470 0.382
Ry1y2 vy1vy2=v0y1v0y2 �0.0109 �0.0083 �0.0135
Ry2y3 vy2vy3=v0y2v0y3 0.299 0.437 0.232
Rx1x2x3 vx1vx2vx2=0v0x1v0x2v0x3 �0.0051 �0.0048 �0.0054
Ry1y2y3 vy1vy2vy2=v0y1v0y2v0y3 0 �0.0032 0.00345
Rb1b2 Ib1Ib2=I0b1I0b2 0.0074 0.0089 0.0062
Rb2b3 Ib2Ib3=I0b2I0b3 0.0175 0.023 0.0132
Rqx1qx2 Ib1Vx1Ib2Vx2=ðIb1Vx1Þ0ðIb2Vx2Þ0 0.0342 0.0315 0.037
Rqx2x3 Ib2Vx2Ib3Vx3=ðIb2Vx2Þ0ðIb3Vx3Þ0 �0.0033 �0.0018 �0.0049
Rqy1qy2 Ib1Vy1Ib2Vy2=ðIb1Vy1Þ0ðIb2Vy2Þ0 0.0605 0.0693 0.0519
Rqy2qy3 Ib2Vy2Ib3Vy3=ðIb2Vy2Þ0ðIb3Vy3Þ0 0.168 0.238 0.125
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However, the largest covariance values of Rb1b2, Rb2b3 and Rb1b3

seemed to occur between t¼ 40,000 and 60,000 s, during which
an increase in all covariances of backscatter intensity was ob-
served (Fig. 8). Since the spatial separation of the ADV2 and ADV3
units was 0.08 m (Fig. 1C), it may be inferred that the scalar
length scale of the flow at this point was generally less than
0.08 m, but there were periods during which the scalar length
scale exceeded this value.

Defining the pseudo-longitudinal and transverse suspended
sediment fluxes qx1¼ IB1Vx1 and qy1¼ IB1Vy1 for ADV1 unit, the
dimensionless covariances of pseudo streamwise and transverse
suspended sediment flux were calculated (Table 3). Fig. 9 shows
the time-variations of the dimensionless covariances Rqx2qx3 and
Fig. 8. Dimensionless ADV backscatter intensity covariance Rb2b3 as a function of time – data
conducted over 10,000 data points (200 s) every 10 s along entire data sets.
Rqy2qy3. Overall the correlations Rqx1qx2, Rqx2qx3 and Rqy1qy2

seemed to vary with the tides, but Rqy2qy3 showed no easily
discernable tidal pattern. The covariances Rqx1qx2 and Rqx2qx3

were predominantly positive throughout the investigation period
and seemed the largest about high tides and lowest about low
tides (Fig. 9A). The covariance Rqy1qy2 showed some pre-
dominantly positive values about high tide and predominantly
negative values about low tide. Note the large covariance values
of Rqy2qy3 between t¼ 31,000 and 71,000 s (approximately from
09:00 to 20:00 on 6 June 2007). The increased covariance levels
were observed when the majority of the rain fell for the study
E10, and could be conceivably related to the influence of fresh-
water runoff.
collected at Site 2B, Eprapah Creek during the study E10 (6–8 June 2007) – calculations



Fig. 9. Dimensionless pseudo-sediment flux covariances Rqx2qx3 and Rqy2qy3 as functions of time – data collected at Site 2B, Eprapah Creek during the study E10 (6–8 June 2007) –
calculations conducted over 10,000 data points (200 s) every 10 s along entire data sets. (A) Rqx2x3. (B) Rqy2qy3.
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5. Conclusion

In natural estuaries, the suspended sediment processes are
driven by the turbulent momentum mixing. Detailed turbulence
field measurements were conducted in a small subtropical estuary
with semi-diurnal tides under neap tide conditions. Three acoustic
Doppler velocimeters were installed in the middle estuarine zone
at fixed locations, and were sampled simultaneously and continu-
ously at relatively high frequency (50 Hz) for 50 h.

The results illustrated the influence of tidal forcing for this type
of small estuary. Some turbulent properties were similar to classical
turbulent boundary layer results (e.g. vertical turbulence ratio vz

0/
vx
0), but others differed from classical boundary layer properties,

including the horizontal turbulence intensity vy
0/vx
0. Low-frequency

longitudinal velocity oscillations and multiple flow reversals at
high waters were observed and believed to be induced by external
resonance in Moreton Bay. The physio-chemical data showed some
stratification of the water column for the whole study period. The
boundary shear stress data implied that the turbulent shear in the
range 0.13 m� z� 0.38 m was one order of magnitude larger than
the boundary shear. This observation differed from turbulence data
in a laboratory channel, but a key feature of the natural estuary flow
was the significant three-dimensional effects associated with
strong secondary currents. Indeed, some anomalies were observed
in terms of the transverse velocity data during the study.

The velocity covariances and triple correlations, and their vari-
ations with time, were investigated. Similarly, the backscatter in-
tensity and pseudo-sediment flux covariances were estimated. The
covariances of the longitudinal velocity components showed some
tidal trend, and the covariances of the transverse horizontal ve-
locity component exhibited trends that reflected changes in sec-
ondary current patterns between ebb and flood tides. These
secondary currents were caused by the three-dimensional nature
of the flow in this natural system. The acoustic backscatter intensity
data were characterised by large fluctuations during the entire
study, with the dimensionless fluctuation intensity I0b=Ib between
0.46 and 0.54, implying large fluctuations in suspended sediment
concentration and mass fluxes. The covariances of backscatter in-
tensity showed little tidal trend although larger covariance values
were observed at high tide.

An unusual aspect of the field study was some moderate rainfall
prior to and during the first part of the sampling period. Visual
observations highlighted some surface scars and marked channels,
while some mini transient fronts were observed. Overall the rainfall
was moderate and it had relatively little impact on the estuarine
turbulence compared to intense rainstorm events.
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