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Abstract

In natural waterways and estuaries, the understanding of turbulent mixing is critical to the knowledge of sediment
transport, stormwater runoff during flood events, and release of nutrient-rich wastewater into ecosystems. In the present
study, some field measurements were conducted in a small subtropical estuary with micro-tidal range and semi-diurnal
tides during king tide conditions: i.e., the tidal range was the largest for both 2009 and 2010. The turbulent velocity
measurements were performed continuously at high-frequency (50 Hz) for 60 hours. Two acoustic Doppler
velocimeters (ADVs) were sampled simultaneously in the middle estuarine zone, and a third ADV was deployed in the
upper estuary for 12 hours only. The results provided an unique characterisation of the turbulence in both middle and
upper estuarine zones under the king tide conditions. The present observations showed some marked differences
between king tide and neap tide conditions. During the king tide conditions, the tidal forcing was the dominant water
exchange and circulation mechanism in the estuary. In contrast, the long-term oscillations linked with internal and
external resonance played a major role in the turbulent mixing during neap tides. The data set showed further that the
upper estuarine zone was drastically less affected by the spring tide range: the flow motion remained slow, but the
turbulent velocity data were affected by the propagation of a transient front during the very early flood tide motion at

the sampling site.
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1. INTRODUCTION

In natural estuaries, the understanding of turbulent mixing is critical to the modelling of sediment transport, storm-
water runoff during flood events, and release of nutrient-rich wastewater into ecosystems (VANZOEST and VANECK
1991, UNCLES 2003). The predictions of contaminant transport and mixing in the estuarine zone are challenging
because of the limited understanding of the turbulence fundamentals and limited validation data sets: "The fate and
transport of pollutants within [...] the freshwater-intertidal, the saline-intertidal and the estuary as a whole needs further

study in relation to flux estimation and discharge” (NEAL et al. 2000). Long-duration studies of the properties of
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turbulence at high frequency are limited. Most data lacked spatial and temporal resolution to gain insight into the
characteristics of fine-scale turbulence: e.g. BOWDEN and FERGUSON (1980), SHIONO and WEST (1987),
KAWANISI and YOKOSI (1994), HAM et al. (2001), VOULGARIS and MEYERS (2004). A majority of studies
were conducted for relatively short periods (up to 6 hours) (BOWDEN and HOWE 1963, WEST and ODUYEMI
1989) and/or by collecting data over long periods in bursts of several minutes (RALSTON and STACEY 2005). A few
investigations performed some continuous, high frequency sampling of a full tidal cycle or longer, although mainly for
neap tide conditions (TREVETHAN et al. 2007).

A series of studies were conducted in a small subtropical estuary with micro-tidal conditions (Table 1) (TREVETHAN
et al. 2008). The combined results showed that the bulk flow properties varied in time with periods comparable to tidal
cycles, while the turbulence properties depended upon the instantaneous local properties. A striking feature of all data
sets was the large fluctuations in all turbulence parameters during the tidal cycle including at slacks. The studies were
undertaken with tidal ranges between 1.36 and 2.53 m, and the bulk of the data were obtained under neap tides.

In the present study, some detailed turbulence field measurements were conducted continuously at high-frequency (50
Hz) for 60 hours in a small subtropical estuary with semi-diurnal tides during king tide conditions: i.e., the tidal range
was the largest for both 2009 and 2010. Two acoustic Doppler velocimeters (ADVs) were sampled simultaneously at
two fixed vertical elevations in the middle estuarine zone for the entire study duration. A third acoustic Doppler
velocimeter was deployed in the upper estuary for 12 hours within the study period. The results characterised the
turbulence and turbulent mixing processes in both the middle and upper estuarine zones under the large spring tides.
The field investigation and instrumentation are described in the next section. The main results are presented in the later

sections.

2. STUDY SITE AND INSTRUMENTATION

2.1 Presentation

The field study was conducted in the small subtropical estuary of Eprapah Creek in eastern Australia (Redlands, QLD)
under king tide conditions. The estuarine zone is 3.8 km long, about 1 to 2 m deep mid-stream, and about 20 to 30 m
wide (Fig. 1). Figure 1B presents a number of cross-sectional surveys at several longitudinal locations along the
estuary, where AMTD means the adopted middle thread distance measured upstream from the river mouth. The
Eprapah Creek estuary has been monitored for 30 years, and several detailed field experiments have been conducted
since 2003 although mostly under neap tide conditions (CHANSON et al. 2005, TREVETHAN et al. 2007,2008,
CHANSON 2008, TREVETHAN and CHANSON 2009) (Table 1). The catchment area is about 40 km? 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, and some small, sporadic freshwater inflows. This is a relatively small, narrow,
elongated and meandering estuary with a cross-section which deepens and widens towards the mouth, surrounded by
extensive mud flats. For an alluvial river such as Eprapah Creek, the channel cross-section area A decays exponentially

with increasing distance from the river mouth:

A=A, x exp(— %j 1)
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where A, is the cross-section area at the river mouth, x' is the longitudinal distance from the river mouth positive
upstream and a is the convergence length (SAVENIJE 1993, 2005). At Eprapah Creek, the detailed surveys of the
channel cross-section yielded A, = 109.2 m? and a = 0.655 km at mean sea level.

The present field study E11 was conducted under king tide conditions from 31 January to 3 February 2010. The tidal
range was the largest for both 2009 and 2010 (Table 1, column 3). Although the tides are semi-diurnal, the tidal cycles
have slightly different periods and amplitudes indicating some diurnal inequality (Fig. 2). In Figure 2, the free-surface
measurements at middle estuary site 2B and upper estuary site 3 are compared with water levels recorded at the
Brisbane River bar located 25 km NNW of the mouth of Eprapah Creek. The water elevations are presented in m AHD,
where AHD stands for Australian Height Datum or Mean Sea Level. During the present study, some continuous high-
frequency turbulence and physio-chemistal data were recorded mid-estuary at Site 2B for 60 hours. In addition, some
continuous, high-frequency sampling was conducted for 12 hours in the upper estuary at Site 3 on 2 February 2010.
Both Sites 2B and 3 are highlighted with a red square in Figure 1A.

The weather was overcast for the entire study period with a few short showers. The air temperatures ranged from 21 to
32 Celsius. Approximately 25 mm of rain fell over the estuary: i.e., 6 mm, 6.5 mm, 2.5 mm and 10 mm were recorded
at the Victoria Point sewage treatment plant on 31 January, 1 February, 2 February and 3 February 2010 respectively.

The location of the Victoria Point sewage treatment plant is shown in Figure 1A.

2.2 Instrumentation

For this field investigation, three Sontek™ microADVs and two YSI6600 probes were deployed. Two microADVs and
both YSI6600 probes were installed mid-estuary at Site 2B, approximately 10.7 m from the left bank. The YSI16600
probes were multi-parameter probes, and the simultaneous measurements included conductivity, temperature, turbidity,
pH, dissolved oxygen, and chlorophyll A levels. The two microADVs were located at 10.75 m from the left bank, and
at 0.12 m and 0.32 m above the bed. Their sampling volumes were aligned vertically, and the ADVs were sampled
continuously at 50 Hz. A YSI6600 probe was located 0.32 m above the bed and 0.30 m beside the upper microADV.
The second YSI6600 probe was mounted on a float and the sensors were located 0.2 m below the surface. Both
YSI6600 probes were sampled at 0.083 Hz. The third ADV was deployed in the upper estuary at Site 3 on 2 February
2010 for 12 hours and sampled at 50 Hz. The location of the sampling volumes in the experimental cross-sections is
shown in Figure 1B. All ADV data underwent a thorough post-processing procedure to eliminate any erroneous or
corrupted data. The post-processing technique was described in CHANSON et al. (2008a).

In addition of the three velocity components, the ADV signal outputs included the ADV signal strength which is
proportional to the number of particles in the ADV sampling volume. Herein the acoustic backscatter intensity was

used and it is a function of the ADV signal strength:
I, = 1075 X100.043Ampl (2)

where the backscatter intensity I, is dimensionless and the average ADV signal amplitude (Ampl) is in counts. The
coefficient 10° is a value introduced to avoid large values of backscatter intensity. The acoustic backscatter intensity
may be used as a proxy for the instantaneous suspended sediment concentration (SSC) because of the strong
relationship between I, and SSC (NIKORA and GORING 2002, CHANSON et al. 2008b).

Some vertical profiles of water quality parameters were conducted on 1 February 2010 with a YSI6920 probe. The
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measurements were conducted on the channel centreline between (HW+1h) and (LW-3h), where HW = high water and
LW = low water. In addition, some surface sampling was conducted at Site 3 on 2 February 2010 between 06:00 and
18:00. The measurements included surface velocity direction, air and water temperature, turbidity (Secchi disk), and
conductivity. The air temperature was measured with an alcohol thermometer. Water conductivity and temperature
were recorded with Oaklon™ ECTest High+ thermometer/conductivity meters. The water elevations were measured
with a graduated pole installed at the low tide at both sites. The water turbidity was measured with a 30 cm diameter

Secchi disk. The surface water samples were taken at 0.1 to 0.2 m below the surface.

2.3 Data accuracy
The accuracy of the velocity measurements was 1% of the velocity range, whilst the physio-chemical probes Y SI16600
and YSI6920 gave a data accuracy of £0.5% for conductivity, £0.15°C for temperature, +5% for turbidity, £0.2 unit for

pH, £2% of saturation concentration for dissolved oxygen.

3. GENERAL OBSERVATIONS

3.1 Presentation

The field study was conducted from 31 January to 3 February 2010 in the middle and upper estuarine zones (Fig. 1A).
A key feature of the study was the king tide conditions. The water elevation records are presented in Figure 2. The
water level measurements showed the maximum and minimum water levels always after the reference high and low
tides at the river mouth (Victoria Point). This is typical of an estuarine system in which the change in boundary
conditions at the river mouth must travel upstream (HENDERSON 1966, CHANSON, 2004). The water levels in the
estuary were dominated by tidal forcing and little difference in water levels was observed between the two sampling
sites (Fig. 2). Some photographs taken at low and high tides are presented in Figure 3. Further photographs were shown
in CHANSON et al. (2010).

The extreme low and high water levels had some impact on the estuary hydrodynamics with drastic changes in channel
cross-sections (Fig. 1B). At low tides, the rock formations in the middle estuary (Site 2B) acted as a weir (Fig. 3A).
They created some disruption of the flow motion between the upper and lower estuary. There were further shoals and
bars upstream of Site 2B blocking the water exchanges between the upper estuary and the river mouth. In turn, the
upper estuarine zone became practically disconnected from the lower estuary, with some potential implications in terms
of the sewage treatment plant effluent release. At high tides, the mangroves and surrounding mudflats were inundated.
For example, the grass seen in Figures 3C and 3D (right) was inundated at high tide and the water surface reached the
underside of the platform and boardwalk. During the early ebb tide, the estuary cross-section was characterised by a
rapid reduction in flow cross-section when the water level in the creek dropped below the bank edges, and the
mangrove swamps and flats trapped some brackish water volumes. These waters were released later during the early to
mid-ebb tides.

The time-averaged longitudinal velocity data highlighted that the largest ebb and flood velocities occurred about low
tide and early flood tide (Fig. 4). Figure 4 shows the time-averaged longitudinal velocity components and the water
depth as functions of time for all ADV units at Site 2B (z = 0.12 & 0.32 m above bed) and Site 3 (z = 0.235 m above

4
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bed). Here V, is positive downstream, the transverse component V, is positive towards the left bank and the vertical
velocity component V, is positive upwards. All the velocity data showed a very rapid flow reversal shortly after low
tide. This is illustrated in Figure 4A. The low tide slack reversal was sudden and the early flood tide current was very
intense with a strong upstream current mid-estuary. The largest longitudinal time-averaged velocities were rec_orded
during the very early flood tide. If low tide is defined in terms of the lowest water level, and low tide slack as V, =0,
the data showed that low tide slack took place on average 360 and 510 s after low tide for z = 0.12 and 0.32 m
respectively.

In the middle estuarine zone, the longitudinal velocity data showed a number of flow reversals around high tide, as well
as some long-period oscillations. For example, some long period oscillations are seen in Figure 4A between t = 72,000
and 104,500 s with a period of about 43 minutes, where the time t is counted from 00:00 on 31 January 2010. Similar
phenomena were observed previously under neap tide conditions at Eprapah Creek (TREVETHAN et al. 2007,2008).
The multiple flow reversals and low-frequency velocity oscillations lasted between 40 min. and 1.5 hours. These were
caused by some form of external resonance which was linked with some East-West sloshing mode in Moreton Bay.

In the upper estuarine zone (Site 3), the water depth and time-averaged longitudinal velocity were time-dependant and
fluctuated, with periods comparable to the tidal cycles and other large-scale processes (Fig. 2 & 4A). During the 12 h
period corresponding a major tidal cycle, the largest velocity magnitude took place during the second half of the flood
tide and first half of the ebb tide, although the magnitude was significantly smaller than that observed mid-estuary (Site
2B) during the same field study (Fig. 4).

Figure 4B shows the time-averaged acoustic backscatter intensity (BSI) at both sites, and the turbidity recorded in the
middle estuary at z = 0.32 m above the bed. The acoustic backscatter data showed some strong correlation with the
turbidity data as seen in Figure 4B. Both the backscatter intensity and turbidity data presented some marked peaks
during the early flood tide, when the water depth was low, the flood flow velocity was large and the depth-averaged
velocity gradient was the largest. The large depth-averaged velocity gradient was favourable to the erosion and re-
suspension of the bed material. The findings were consistent with an earlier study conducted at the same site under neap
tide conditions (TREVETHAN et al. 2007, CHANSON et al. 2008b).

The standard deviation of the turbulent velocity components represents the magnitude of turbulent velocity fluctuations.
The middle estuary data are presented in Figure 5. During the field study, the standard deviations of all velocity
components were the largest during the first half of the flood tide. A second period of large standard deviations of all
velocity components was the early ebb tide. It is believed that the latter was linked to the emptying of the inundated
mangroves and surrounding mudflats into the main channel which induced some strong stirring and mixing of the water
column in the main channel. The horizontal and vertical turbulence intensities vy'/v,' and v,'/v' showed no discernable
tidal trend for all ADV units. In the middle estuary (Site 2B), v,'/v,’ was equal to 0.87 and 0.92 on average at z = 0.12
and 0.32 m respectively, while v,'/v,' equalled 0.75 on average at z = 0.32 m. In the upper estuary, v,'/v,' = 0.75 and
v,'Iv,' = 0.60 on average at z = 0.235 m. The middle estuary findings were close to the data recorded during the studies
E5 and E6 (Table 1) at the same middle estuarine site 2B with neap and spring tide conditions respectively. The results
tended overall to yield larger ratios of vy'/v," and v,'/v,’ than those observed in laboratory studies with straight prismatic
rectangular channels (NEZU and NAKAGAWA 1993, NEZU 2005, KOCH and CHANSON 2009).

Figure 5 includes the standard deviation of the acoustic backscatter intensity. The present experimental results showed
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some large fluctuations in acoustic backscatter intensity during the flood tide (Fig. 5). There was a solid correlation
between the standard deviations of all velocity components and the standard deviation of the backscatter intensity,
showing the inter-relation between suspended sediment motion and turbulence. In Figure 5, the backscatter intensity
standard deviation data at z = 0.12 m included a number of spikes that might reflect some sediment pickup by turbulent
bursts next to the bed.

It is noteworthy that the present data set obtained in king tide conditions showed some marked differences with neap
tide conditions. In the present study, the tidal forcing was the dominant water exchange and circulation mechanism in
the estuary. In contrast, the long-term oscillations linked with internal and external resonance played a major role in the
turbulent mixing during neap tide conditions (TREVETHAN et al. 2007,2008 TREVETHAN and CHANSON 2009).

3.2 Physio-chemical properties

The water temperature, conductivity, turbidity, pH, dissolved oxygen and chlorophyll A data were collected
continuously in the middle estuarine zone at 0.32 m above the bed (fixed probe) and 0.2 m below the surface (floating
probe) (Fig. 3). Some surface sampling was further conducted in the upper estuarine zone. Figure 6 presents the time-
variations of water depth, specific conductivity, air and water temperature, pH and chlorophyll A in the middle and
upper estuarine zones.

The water conductivity data showed a strong tidal trend, with maximum values at or very near high tide slack water
following the flood tide in the middle estuary (Fig. 6A). The conductivity varied between 39.2 and 55.7 mS/cm, and
37.6 and 55.1 mS/cm at the bottom and next to the surface respectively. The middle estuary data showed very little
stratification of the water column for the whole study period. The difference in conductivity across the depth was less
than 2 mS/cm. This pattern was quite distinct from wet weather conditions when some vertical stratification was also
observed (CHANSON 2008, CHANSON and RAMSAY 2008). The longitudinal variations in conductivity were
further relatively limited. At Site 3, the water conductivity ranged from 29.2 to 44.1 mS/cm. Overall the conductivity
ranges were comparable to an earlier study at the same sites during a relatively long drought period (CHANSON and
RAMSAY 2008). The time variations of water conductivity were mainly affected by tidal influences and to a lesser
extent by freshwater inputs from the catchment and from sewage discharge.

The water temperature data showed a long-term decrease in temperature over the 4 days (Fig. 6B). The trend might be a
combination of the effects of the colder freshwater runoff and the cooler-than-average weather conditions during the
field study. There were some daily oscillations in water temperature that were likely linked with the diurnal air
temperature variations. The water turbidity data showed some marked peaks during the first half of the flood tide, as
well as an unusual turbid event near the end of the flood tide around t = 125,700 s (Fig. 4B). Note that this unusual
turbidity peak was associated with a relatively sudden increase in both bottom and surface water temperature data.
Overall the turbidity data were close between the two YSI6600 probes. During the early flood tides, the turbidity
readings reached values in excess of 80 to 100 NTU. These turbidity levels were large for Eprapah Creek, and
significantly larger than during the earlier field studies conducted by the authors (Table 1).

The pH and dissolved oxygen (DO) data showed also a tidal trend with maximum values around high tide in the middle
estuary. The pH readings varied between 7.2 and 8.43 at the bottom, and 6.92 and 8.03 next to the surface. The

dissolved oxygen levels (not shown) varied between 57% and 99%, and 33% and 96% of saturation at the bottom and
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next to the surface respectively. The lowest pH level and DO content were observed at low tide slack systematically,
and the maximum values were measured at high tide slack. The chlorophyll A data presented minimum values at the
end of each flood tide, about 25 minutes on average before high tide (Fig. 6C).

Some vertical physio-chemical profiles were recorded at several longitudinal locations between the river mouth and the
upper estuary on afternoon of 1 February 2010. Figure 7 presents some typical results in terms of water conductivity,
temperature and turbidity; the data on the left were collected during the early ebb tide (HW+1h to HW+2h) and those
on the right were recorded about mid ebb tide (LW-4h to LW-3h). On 1 February 2010, the estuarine zone was
relatively well mixed in terms of specific conductivity, water temperature, pH and dissolved oxygen. The results were
consistent with the YSI6600 probe data collected mid-estuary. The turbidity data suggested a reasonably well mixed
water column during the early ebb tide (Fig. 8C1), but some larger turbidity levels were observed next to the bed during
the mid ebb tide (Fig. 8C2). The finding was possibly linked with the greater vertical velocity gradient during the mid
ebb tide. All other parameters showed relatively few vertical and longitudinal variations, while the temporal variations
were consistent with earlier studies in Eprapah Creek (CHANSON and RAMSAY 2008).

3.3 Transient front and surface scars

A front is defined as an interface along which some water properties change abruptly (OFFICER 1976). Its presence
may influence the horizontal dispersion and residual circulation, with significant impacts on the local chemical and
biological processes (WOLANSKI and HAMNER 1988, LARGIER 1992, 1993). Previously a major transient front
was observed mid-estuary (Site 2B) during study E6 with neap tide conditions (TREVETHAN and CHANSON 2007),
and some mini-transient fronts were observed at the same site during the study E10 (TREVETHAN et al. 2008).

During the present study, a transient front was observed in the upper estuary (Site 3) during the early flood tide on 2
February 2010 between 08:27 and 09:30. Some surface slicks started to be seen at the upper estuarine site at 08:27 (t =
203,220 s) and developed progressively in a front which passed in front of Site 3 between 08:40 and 08:45. The front
progressed slowly upstream and it was clearly seen up to 50 m upstream of Site 3 until 09:30 (Fig. 8). Figure 8 shows
two photographs of the front advancing very slowly; note the line of debris progressing very slowly upstream.

Figure 9 presents the instantaneous velocity and surface sampling data at Site 3 between 08:15 and 09:45 including
during the front passage. The surface sampling data suggested a 'spike' in surface water conductivity by about 8 mS/cm
at about 08:45 (t = 204,300 s) corresponding to the formation and passage of the front at Site 3 (Fig. 9A, arrow). The
ADV data showed some rapid and large turbulent velocity fluctuations during the front passage at about 08:41 (t =
204,600 s) for all components, with sustained fluctuations of all three velocity components for more than 25 minutes.
Figures 9B and 9C show bhoth instantaneous and smoothed velocity data (500 data points window). The front
propagation was associated with some intense secondary motion. After 08:41 (Fig. 9B, arrow), the surface and bottom
waters (z = 0.24 m) flowed upstream until 08:54 (t = 204,840 s) before reversing and flowing downstream until 09:27.
The fluctuations in vertical velocities showed some large amplitudes during the front passage and for the next 15
minutes (Fig. 9). The data showed some large velocity fluctuations and intense secondary motion during and shortly
after the surface front passage. It was not possible to ascertain whether these were caused by the transient front, or

whether the turbulent flow motion induced the formation of the transient front.
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4. TURBULENCE PROPERTIES IN THE MIDDLE ESTUARY

In the small subtropical estuary of Eprapah Creek, the flow was turbulent and characterised by a broad spectrum of
length and time scales. For the entire study, the relative elevation z/d of the sampling volume ranged from 0.04 to 0.86
(average 0.15) for the two ADV units located in the middle estuarine zone (Site 2B), where z is the sampling elevation
above the bed and d is the flow depth. Thus the data were collected mainly in the outer flow region (z/d > 0.1) and any
data scaling is based upon the outer flow properties.

The field observations showed systematically the large standard deviations of all velocity components during the flood
and ebb tides (Fig. 5 & 10). Figure 10 present the time variations of a few key turbulence parameters for a consecutive
tidal cycle. (Herein a tidal cycle is defined as the period from a low tide to the next low tide, corresponding in fact to
half a full semi-diurnal tidal cycle.) The data included the standard deviations of the longitudinal and transverse
velocity components v, and v,/, the integral turbulent time scales Tg, and Tey, and the turbulent dissipation time scales
Tex and tgy. Each graph shows the magnitude of the turbulent property calculated over 200 s from a low water (LW1) to
the next low water (LW2), and the data are presented in a circular plot. The time variations of the data progress anti-
clockwise and the high waters (HW) are indicated with a dashed red line. In each circular plot, the upper half
corresponds to the flood tide, while the lower half is the ebb tide. For each figure, the dark blue data were sampled at
0.12 m above bed at Site 2B (mid-estuary), the bright green data were collected at 0.32 m above bed at Site 2B, and the
red data were recorded at 0.235 m above bed at Site 3 (upper estuary). The longitudinal velocity V, is positive
downstream, and the transverse component V, is positive towards the left bank. The full data sets for the entire field
study are reported in CHANSON et al. 2010.

Typical field measurements of standard deviations of the longitudinal velocity v,' and transverse velocity v, are shown
in Figure 10 (top graphs). Figure 10 highlights the smaller velocity fluctuations during the end of the ebb tide and
around the low tide slack, as well as the relatively large fluctuations in v,' and v, overall. The vertical turbulence
intensity v,'/v,' showed no discernable tidal trend.

Some time variations of integral turbulence time scales Tg, and Tg, are shown also in Figure 10. Note that the axes have
a logarithmic scale and the units are milliseconds. The integral time scales of streamwise velocity Tg, were comparable
during the flood and ebb tides (Fig. 10). The median values of the horizontal integral time scales T, and T, were 0.73
and 0.77 s, and 0.64 and 0.66 s respectively at 0.12 and 0.32 m above the bed. The dimensionless integral time scale
Te,/Tex Was about 0.85 on average at both elevations. OSONPHASOP (1983) and TREVETHAN et al. (2008)
observed Tgy/Tex ~ 1.7 and 1.0 in a tidal channel in Australia and mid-estuary of Eprapah Creek respectively, while
KOCH and CHANSON (2009) observed Tgy/Tex ~ 0.4 in a rectangular laboratory channel.

The analysis of dissipation time scales of all velocity components showed no obvious trend with the tidal phase (Fig.
10). The turbulent dissipation time scale, or Taylor micro-scale, is a characteristic time scale of the smaller eddies
which are primarily responsible for the dissipation of energy. The data yielded dissipation time scales tg, = tg, = 30 ms
and 10 ms at z = 0.12 m and 0.32 m above the bed respectively. The dimensionless transverse dissipation time scale
was on average tgy/tex = 1.0 and 1.6 at 0.12 and 0.32 m above the bed respectively. For comparison, KOCH and
CHANSON (2009) obtained tgy/tex ~ 0.9 in a rectangular laboratory channel.

The median turbulent time scale data are shown in Table 2. Table 2 lists the end and start times of each of the five tidal

cycles investigated during the study (columns 3 and 4). The low and high water times were based upon the water
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elevation measurements at Site 2B (mid-estuary). In Table 2, the columns 5 to 22 (Table 2) present the median value of
each turbulence time scale at Site 2B (ADV UQ & ADV QUTD) and at Site 3 (ADV QUTS). The observations at Site
2B showed some comparable results at z = 0.12 and 0.32 m, while the data in the upper estuary (Site 3) yielded
systematically smaller integral turbulence time scales Tg,. Overall, the results were very close for the duration of the
field study between the tidal cycles TC1 to TC5 (Table 2).

The tangential Reynolds stresses varied with the tide during the field work. Figure 11 illustrates the variations with time

of the time-averaged turbulent stresses p x vy x vy and pxVy xV, for the entire field study. The tangential stress

pPXVy XVy was the largest about low tide, just before and just after low tide slack (Fig. 11A). The tangential stress

pXVy XV, was predominantly positive during the flood tide and negative during the ebb tide (Fig. 11B). Figure 11

includes also the data collected at Site 3 on 2 February 2010. The time-averaged tangential stresses were one order of
magnitude smaller in the upper estuarine zone. Smaller Reynolds stresses indicated reduced mixing in the upper
estuary.

The standard deviations of the tangential Reynolds stresses showed some significant fluctuations and were the largest
during the early flood tide. Table 3 presents the median tangential stress data together with the standard deviations of
the turbulence velocity components. On average, the dimensionless tangential stress fluctuations were equal to
(Vi) TV xvy) = (Vexvy)'(vi'xvy') = 1.1 to 1.25 respectively in the middle estuarine zone (Site 2B) and in the upper
estuary (Site 3). For comparison, some laboratory observations in a straight prismatic rectangular channel yielded
(Vyxvy)'I(vy'xvy') ~ 1.0 to 1.6 (KOCH and CHANSON 2009).

Discussion: shear stress and secondary currents
The boundary shear stress was estimated from the velocity gradient next to the bed, although other techniques may be

used (SCHLICHTING 1979, MONTES 1998, CHANSON 2009). The near-bed velocity shear stress was calculated as:
2

©)

Tog =P X| KX 7

Lh—

kS
where p is the fluid density, V; is the time-averaged longitudinal velocity measured at z = z; (z; = 0.12 m, Study E11),
k is the von Karman constant (k = 0.4) and ks is the equivalent roughness height. At the middle estuarine site 2B, the
river bed consisted of gravels and sharp rocks (Fig. 3A) corresponding to ks ~ 10 mm. For the entire field study, the
median shear stress was t, = 0.158 Pa. The boundary shear stress was the greatest during the early flood tide when the

measured longitudinal velocity amplitude was the largest (Fig. 4A).

The boundary shear stress data may be compared with the tangential Reynolds stress px vV, x V, measured at z = z, (z,
=0.32 m, Study E11), as well as with the velocity gradient shear stress, measured between the two ADV units located

atz =z; and z = z,, and defined as

T =p x| Kx——= (4)
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For the entire field study, the median tangential stress magnitude and the median velocity gradient shear stress were
respectively pxVvy, xVv, = 0.12 Pa and t;, = 0.326 Pa. For comparison, the median tangential shear stresses

px Vy X Vy measured by the two ADV units were 0.092 Pa and 0.050 Pa at z = 0.12 m and 0.32 m respectively. The

present results are summarised in Table 4 where they are compared with earlier results obtained at the same sampling
site and similar elevations under neap tide conditions.

The findings implied that the turbulence shear stresses measured at 0.12 m < z < 0.32 m were comparable to the
boundary shear stress (Eq. (3)) with king tide conditions. The observations differed from the turbulence data measured
under neap tide conditions (Table 4, column 2). It is believed that the comparative data implied the relatively larger
three-dimensional effects associated with the existence of strong secondary currents under neap tide conditions (Study
E10).

During the present study, some anomalies were observed in terms of the transverse velocity data. For some periods, the
time-averaged transverse velocities V recorded at z = z; = 0.12 m and z = z, = 0.32 m flowed in opposite directions for
relatively long periods (e.g. Fig. 12A). Such anomalies were observed during the flood and ebb tides, and around high
tide slack for the entire study. For other longer periods, the transverse velocity Vy at z = z; = 0.12 m flowed in the same
direction as, but with a greater magnitude than, at the higher elevation z, = 0.32 m (e.g. Fig. 12B). This second kind of
anomaly was recorded during the flood tide and at the end of the ebb tide. These observations suggested the occurrence
of some secondary currents associated with strong transverse shear and large tangential stresses pxvyxv, at the
sampling location. Figure 12A shows the time-averaged transverse velocity data V, together with the time-averaged
transverse velocity difference during a mid ebb tide period. Here V, is positive towards the left bank. Figure 12A
presents about 4 h 10 min of samples with a large transverse shear event between about t = 230,000 and 236,000 s
when the transverse velocities V, recorded at z = 0.12 and 0.32 m above the bed flowed in opposite directions: i.e.,
towards the left and right banks respectively. Figure 12B presents about 4 h 10 min of samples during the flood tide
when the transverse velocity magnitude at z; = 0.12 m was significantly larger than that at z, = 0.32 m between about t
= 109,350 and 119,350 s.

The velocity standard deviation data yielded vy'/v,' ~ 0.9 throughout the study while v,'/v,' ~ 0.75. The findings were
close to recent LES computations in a shallow water channel with similar Reynolds number conditions
(HINTERBERGER et al. 2008). Note that the results v,' <v,' 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 alternation in transverse shear anomalies was linked with
the long period oscillations induced by outer resonance. The present longitudinal velocity data (Fig. 4A) showed some

seiching under the king tide conditions that were linked possibly with some East-West resonance in the Moreton Bay.

5. CONCLUSION

Some detailed turbulence field measurements were conducted in a small subtropical estuary with semi-diurnal tides
during king tide conditions: i.e., the tidal range was 2.78 m, the largest for both 2009 and 2010. The velocity
measurements were performed continuously at high frequency (50 Hz) for 60 hours and the data complemented a series

of earlier studies in the same micro-tidal estuarine system, mostly conducted under neap tides (Table 1). Herein two
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acoustic Doppler velocimeters (ADVs) were sampled simultaneously in the middle estuarine zone at z = 0.12 m and
0.32 m above the bed for the entire study duration. A third acoustic Doppler velocimeter was deployed in the upper
estuary and sampled continuously at 50 Hz for 12 hours within the study period.

Under the king tide conditions the extreme low and high water levels had some impact on the estuary hydrodynamics.
At high tides, the mangroves and surrounding mudflats were inundated. During the early ebb tide, the estuary cross-
section was drastically reduced when the water level dropped below the river bank edges. The mangrove swamps and
flats continued to trap some brackish waters that were released into the creek during the later stages of the ebb tide. At
low tides, some rock formations, shoals and bars created some flow disruption between the upper and lower estuarine
zones. The upper estuarine zone became practically disconnected from the lower estuary. The water column was well
mixed throughout the study period, but the turbidity levels during king tides were significantly larger than those
recorded during the earlier field studies under neap and spring tides. A transient front was observed in the upper estuary
during the early flood tide on 2 February 2010. The surface sampling data suggested a surge in surface water
conductivity during the formation and passage of the front, while the ADV data showed a sudden increase in turbulent
velocity fluctuations with fluctuations of all three velocity components sustained for more than 25 minutes.

The continuous turbulent velocity sampling at high frequency provided a detailed characterisation of the time-variations
of turbulence field. The rapid and large fluctuations in all turbulent properties during a whole tidal cycle were a
prominent aspect of the estuarine flow motion. Overall the present data showed some marked differences between king
tide and neap tide conditions. During king tides, the tidal forcing was the dominant water exchange and circulation
mechanism in the estuary. In contrast, the long-term oscillations linked with internal and external resonance played a
major role in the turbulent mixing during neap tides. The data sets showed further the upper estuarine zone is
drastically less affected by the spring tide range; the flow motion remained slow, but the present turbulent velocity data
were clearly affected by the propagation of a transient front during the very early flood tide motion at that sampling

site.
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FIGURE CAPTIONS

Fig. 1 - Estuarine zone of Eprapah Creek, Australia

(A) General map based upon an aerial photograph

(B) Surveyed cross-sections (looking downstream) - From top to bottom: AMTD 0.3 km, 2.1 km (Site 2B) and 3.1 km
(Site 3) - Dotted line: Mean Sea Level - Surveys conducted on 1-2 February 2010 - The surveys stopped in the

mangrove trees

Fig. 2 - Measured water depths at Eprapah Creek on 31 January, 1, 2 and 3 February 2010 - Time since 00:00 on 31
January 2010 - Comparison with the measured water depths at Brisbane bar (Courtesy of Tidal Unit Maritime Safety

Queensland - Brisbane)

Fig. 3 - Sampling sites 2B and 3 in Eprapah Creek at high and low tides

(A) Sampling site 2B in Eprapah Creek mid-estuary (AMTD 2.1 m) - View from the left bank on 1 February 2010 at
06:20 (low tide) - Note the rock formations in the channel centreline and the two low flow channels in the foreground
and background - The ADV units and YSI6600 units were located in the foreground channel — The second YSI6600
unit was attached to the blue float on the left

(B) Sampling site 2B - View from the left bank on 1 February 2010 at 10:20 (end of flood tide)

(C) Sampling site 3 in Eprapah Creek upper estuary (AMTD 3.1 km) - View from the right bank looking downstream at
low tide on 2 February 2010 at 06:20

(D) Sampling site 3 - View from the right bank looking downstream at high tide on 2 February 2010 at 11:37

Fig. 4 - Water depth, time-averaged velocity components, time-averaged backscatter intensity and turbidity as functions
of time - Data collected at Sites 2B and 3, Eprapah Creek during the study E11 (31 Jun.-3 February 2010) - VITA
calculations using the average of the next 10,000 samples (200 s) at 10 s intervals along entire data sets

(A) Water depth (Site 2B) and longitudinal velocity Vy

(B) Turbidity (Site 2B) and backscatter intensity

Fig. 5 - Water depth, and standard deviations of velocity components and backscatter intensity at z = 0.12 m as
functions of time as functions of time in the middle estuary - Data collected at Site 2B, Eprapah Creek during the study
E11 (31 Jun.-3 February 2010) - VITA calculations using the average of the next 10,000 samples (200 s) at 10 s

intervals along entire data sets

Fig. 6 - Water depth, conductivity, temperature, pH and chlorophyll A as functions of time - Data collected by the
YSI6600 units at Site 2B, Eprapah Creek during the study E11 (31 January-3 February 2010) - Comparison with
surface measurements at Site 3 on 2 February 2010

(A) Water depth (Site 2B) and specific conductivity at Sites 2B and 3

(B) Bottom and surface water temperatures at Sites 2B and 3

(C) Chlorophyll A (Site 2B) and air temperatures at Sites 2B and 3
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(D) pH at Site 2B

Fig. 7 - Vertical profiles of physio-chemical properties - Data collected with a YSI6920 probe at Eprapah Creek on 1
February 2010 during the early ebb tide (Left) and mid ebb tide (Right)

(A1) Specific conductivity during the early ebb tide (A2) Specific conductivity during the mid ebb tide
(B1) Water temperature during the early ebb tide (B2) Water temperature during the mid ebb tide
(C1) Turbidity during the early ebb tide (C2) Turbidity during the mid ebb tide

Fig. 8 - Transient front propagating upstream on 2 February 2010 in the upper estuary - Views from the right bank
about 50 m upstream of Site 3 with the front progressing from top right to bottom left about 08:48

Fig. 9 - Effect of the transient front passage on the turbulent flow properties at Site 3 (upper estuary) between 08:15 and
09:45

(A) Water depth and surface water temperature and conductivity

(B) Longitudinal velocity component V, and acoustic backscatter intensity at z = 0.235 m (instantaneous data and
smooth data (500 points window))

(C) Transverse velocity V, and vertical velocity V, components at z = 0.235 m (instantaneous data and smooth data

(500 points window))

Fig. 10 - Standard deviations of longitudinal and transverse velocity components v,' and v/, integral turbulent time
scales Tg, and Tgy, and turbulent dissipation time scales tg, and tg, during a tidal cycle (t = 197,500 to 217,800 s) -
Dark Blue: 0.12 m above bed at Site 2B, Bright Green: 0.32 m above bed at Site 2B, Red: 0.235 m above bed at Site 3

Fig. 11 - Water depth and time-averaged tangential Reynolds stresses as functions of time - Dark Blue: 0.12 m above
bed at Site 2B, Bright Green: 0.32 m above bed at Site 2B, Red: 0.235 m above bed at Site 3 - Data collected in
Eprapah Creek during the study E11 (31 Jun.-3 February 2010) - VITA calculations using the average of the next

10,000 samples (200 s) at 10 s intervals along entire data sets
(A) pxvy x Vy

(B) px vy xV,

Fig. 12 - Transverse shear flow patterns at the middle estuary sampling site 2B: time-variations of the time-averaged
transverse velocities for the lower ADV (z; = 0.12 m) and upper ADV (z, = 0.32 m) units, time-averaged transverse
velocity gradient (V,(z=2,) - Vy(z=z,)) and water depth during the study E11

(A) Mid ebb tide on 2 February 2010

(B) Flood tide on 1 February 2010
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Table 1 - Turbulence field measurements at Eprapah Creek QLD, Australia

Study Dates Tidal ADV Sampling Sampling Sampling volume location(s)
range system(s) rate duration
(m) (Hz)
@ 2 3 4 ®) (6) )
El 4/04/03 1.84 10 MHz 25 9 x 25 min |[AMTD 2.1 km, 14.2 m from left bank,
0.5 m below surface.
E2 17/07/03 2.03 10 MHz 25 8 hours |AMTD 2.0 km, 7.7 m from left bank,
0.5 m below surface.
E3 24/11/03 2.53 10 MHz 25 7 hours |AMTD 2.1 km, 10.7 m from left bank,
0.5 m below surface.
E4 2/09/04 1.81 10 MHz 25 6 & 3 hours AMTD 2.1 km, 10.7 m from left bank,
0.052 m above bed.
E5 8-9/03/05 2.37 10 MHz 25 25 hours |AMTD 2.1 km, 10.7 m from left bank,
0.095 m above bed.
E6 | 16-18/05/05 1.36 |10 MHz & 16 25 49 hours |AMTD 2.1 km, 10.7 m from left bank,
MHz 0.2 & 0.4 m above bed.
E7 5-7/06/06 1.58 |10 MHz & 16 25 & 50 hours |[AMTD 3.1 km, 4.2 m from right bank,
MHz 50 0.2 & 0.4 m above bed.
E8 28/08/06 2.10 -- -- 12 hours |Surface velocity data.
AMTD 1.0, 2.1 & 3.1 km.
E10 | 6-8/06/07 1.76 16 MHz 50 50 hours |AMTD 2.1 km, 10.7 m from left bank,
0.13 & 0.38 m above bed.
E11l 31/1/10- 2.78 16 MHz 50 60 hours |[Site 2B: AMTD 2.1 km, 10.75 m from
3/02/10 left bank, 0.12 & 0.32 m above bed.

Site 3: AMTD 3.1 km, 3.85 m from
right bank, 0.235 m above bed.

Note: AMTD: Adopted Middle Thread Distance measured upstream from river mouth.
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Table 2 - Median turbulent time scales during each tidal cycle of the field study E11 at Eprapah Creek between the 31

January and 3 February 2010

Tidal Date Start time | End time Teyx Tey
cycle Lwi1 LW2 ADV ADV ADV ADV ADV ADV
uQ QUTD | QUTS uQ QUTD | QUTS
S S S S S S S s
@ 2 ©)] 4 ®) 6) ) )] © (10)
TC1 31/1/2010 to 66,300 108,900 0.747 0.691 -- 0.666 0.625 --
1/2/2010
TC2 1/2/2010 108,900 154,800 0.765 0.861 -- 0.608 0.688 --
TC3 1-2/2/2010 154,800 197,500 0.714 0.605 -- 0.634 0.577 --
TC4 2/2/2010 197,500 243,900 0.779 0.849 0.699 0.627 0.724 0.291
TC5 2-3/2/2010 243,900 285,700 0.659 0.861 -- 0.641 0.688 --
Tidal Tex Tey Tey/Tex Tey/Tex
cycle | ADV | ADV ADV | ADV | ADV ADV |ADV | ADV | ADV |ADV | ADV | ADV
uQ QUTD | QUTS uQ QUTD | QUTS | UQ | QUTD | QUTS | UQ | QUTD | QUTS
S S S S S S
@ 11 12) (13) (14) (15) (16 |1 dn | (18 19 10| () | (22
TC1 | 0.0425 | 0.0059 -- 0.0430 | 0.0141 -- 0.87 0.90 -- 101 | 1.66 --
TC2 | 0.0280 | 0.0071 -- 0.0284 | 0.0115 -- 0.80 0.79 -- 1.01 | 1.57 --
TC3 | 0.0371 | 0.0059 -- 0.0374 | 0.0110 -- 0.88 0.93 -- 1.01 | 172 --
TC4 | 0.0297 | 0.0059 | 0.0007 | 0.0300 | 0.0141 | 0.0007 | 0.81 0.84 048 | 1.01 | 1.66 0.93
TC5 | 0.0357 | 0.0071 -- 0.0358 | 0.0115 -- 0.95 0.79 -- 1.00 | 1.57 --

Notes: times since 00:00 on 31/1/2010; low and high water times are based upon the water elevation measurements at
Site 2B (mid-estuary); ADV UQ & ADV QUTD: located at Site 2B (mid-estuary) at z = 0.12 and 0.32 m respectively;
ADV QUTS: located at Site 3 (upper estuary) at z = 0.235 m; (--): data not available.

Table 3 - Median standard deviations of the turbulent velocity components and tangential Reynolds stresses during the

field study E11 at Eprapaph Creek between the 31 January and 3 February 2010

Site ADV z vy vy A PX(VexVy)' | px(VixVp)' | px(Vyxvy)'
unit m m/s m/s m/s Pa Pa Pa
@ 2 3 “ ®) 6) 0 )] ©
2B ADV UQ 0.12 0.0238 0.0215 -- 0.576 -- --
ADV QUTD 0.32 0.0220 0.0206 0.0180 0.485 0.442 0.395
3 ADV QUTS 0.235 0.0052 0.0037 0.0024 0.024 0.016 0.010
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Table 4 - Comparison in median shear stress in the middle estuary of Eprapah Creek (Site 2B, AMTD 2.1 km)

Parameter Field study E10 Field study E11 Units Remarks
@) 2 (©) 4) ©)
Maximum tidal range: 1.76 2.78 m
Study period: 50 60 hours  Sampling period
Sampling rate: 50 50 Hz Continuous sampling rate
1= 0.13 0.12 m
z,= 0.38 0.32 m
To = 0.0052 0.158 Pa Eq. (3) Median value
T = 0.052 0.326 Pa Eqg. (4) Median value
PxVy XV, (2525) = 0.02 0.118 Pa Median value of absolute value
PXVy X Vy (2721) = 0.024 0.092 Pa Median value of absolute value
0.031 0.049 Pa Median value of absolute value

pxVy X Vy (z=2;) =
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Fig. 1 - Estuarine zone of Eprapah Creek, Australia
(A) General map based upon an aerial photograph
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(B) Surveyed cross-sections (looking downstream) - From top to bottom: AMTD 0.3 km, 2.1 km (Site 2B) and 3.1 km

(Site 3) - Dotted line: Mean Sea Level - Surveys conducted on 1-2 February 2010 - The surveys stopped in the

mangrove trees
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Fig. 2 - Measured water depths at Eprapah Creek on 31 January, 1, 2 and 3 February 2010 - Time since 00:00 on 31

January 2010 - Comparison with the measured water depths at Brisbane bar (Courtesy of Tidal Unit Maritime Safety
Queensland - Brisbane)
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Fig. 3 - Sampling sites 2B and 3 in Eprapah Creek at high and low tides

(A) Sampling site 2B in Eprapah Creek mid-estuary (AMTD 2.1 m) - View from the left bank on 1 February 2010 at
06:20 (low tide) - Note the rock formations in the channel centreline and the two low flow channels in the foreground
and background - The ADV units and YSI6600 units were located in the foreground channel — The second YSI6600

unit was attached to the blue float on the left
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(C) Sampling site 3 in Eprapah Creek upper estuary (AMTD 3.1 km) - View from the right bank looking downstream at
low tide on 2 February 2010 at 06:20
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Fig. 4 - Water depth, time-averaged velocity components, time-averaged backscatter intensity and turbidity as functions
of time - Data collected at Sites 2B and 3, Eprapah Creek during the study E11 (31 Jun.-3 February 2010) - VITA
calculations using the average of the next 10,000 samples (200 s) at 10 s intervals along entire data sets
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Fig. 5 - Water depth, and standard deviations of velocity components and backscatter intensity at z = 0.12 m as
functions of time as functions of time in the middle estuary - Data collected at Site 2B, Eprapah Creek during the study
E11 (31 Jun.-3 February 2010) - VITA calculations using the average of the next 10,000 samples (200 s) at 10 s

intervals along entire data sets
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Fig. 6 - Water depth, conductivity, temperature, pH and chlorophyll A as functions of time - Data collected by the
YSI6600 units at Site 2B, Eprapah Creek during the study E11 (31 January-3 February 2010) - Comparison with
surface measurements at Site 3 on 2 February 2010
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(C) Chlorophyll A (Site 2B) and air temperatures at Sites 2B and 3
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Fig. 7 - Vertical profiles of physio-chemical properties - Data collected with a YSI6920 probe at Eprapah Creek on 1
February 2010 during the early ebb tide (Left) and mid ebb tide (Right)
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(C1) Turbidity during the early ebb tide

(C2) Turbidity during the mid ebb tide
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Fig. 8 - Transient front propagating upstream on 2 February 2010 in the upper estuary - Views from the right bank
about 50 m upstream of Site 3 with the front progressing from top right to bottom left about 08:48
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Fig. 9 - Effect of the transient front passage on the turbulent flow properties at Site 3 (upper estuary) between 08:15 and
09:45

(A) Water depth and surface water temperature and conductivity
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(B) Longitudinal velocity component V, and acoustic backscatter intensity at z = 0.235 m (instantaneous data and

smooth data (500 points window))
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(C) Transverse velocity V, and vertical velocity V, components at z = 0.235 m (instantaneous data and smooth data

(500 points window))
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Fig. 10 - Standard deviations of longitudinal and transverse velocity components v,' and vy, integral turbulent time
scales Tgy and Tgy, and turbulent dissipation time scales te, and gy, during a tidal cycle (t = 197,500 to 217,800 s) -

Dark Blue: 0.12 m above bed at Site 2B, Bright Green: 0.32 m above bed at Site 2B, Red: 0.235 m above bed at Site 3

logio teEx (tEXIN pS)
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Fig. 11 - Water depth and time-averaged tangential Reynolds stresses as functions of time - Dark Blue: 0.12 m above
bed at Site 2B, Bright Green: 0.32 m above bed at Site 2B, Red: 0.235 m above bed at Site 3 - Data collected in

Eprapah Creek during the study E11 (31 Jun.-3 February 2010) - VITA calculations using the average of the next

10,000 samples (200 s) at 10 s intervals along entire data sets
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Fig. 12 - Transverse shear flow patterns at the middle estuary sampling site 2B: time-variations of the time-averaged

transverse velocities for the lower ADV (z; = 0.12 m) and upper ADV (z, = 0.32 m) units, time-averaged transverse

velocity gradient (Vy(z=2,) - V,(z=z;)) and water depth during the study E11
(A) Mid ebb tide on 2 February 2010
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(B) Flood tide on 1 February 2010
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