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me= [qqdt (6)
24h50min

For both field studies E6 and E7, the net sediment mass transfer per area was negative
(i.e. upstream). In the middle estuary, Equation (6) yielded mg = -22.3 and -20.8 kg/m* for
each 24 h 50 min tidal period, while Equation (6) gave m, = -6.66 and -1.81 kg/m® in the
upper estuary. That is, the net sediment flux over a full tidal cycle corresponded on average to
an upstream net suspended sediment transfer. Several researchers investigated the net
suspended sediment flux in estuaries of subtropical and tropical river estuaries during similar
dry conditions and tidal ranges. Previous results showed a similar net upstream sediment
transfer in dry weather: e.g., LARCOMBES and RIDD (1992), HOSSAIN et al. (2001),
KAWANISI et al. (2006). However, during rain storms and wet weather the net sediment
mass flux is positive in the downstream direction in-such estuarine systems.

A striking feature of the analysed data sets is the large fluctuations in the suspended
sediment fluxes during the tidal cycles. This feature was rarely documented, but an important
feature of the data sets is that the present data were collected continuously at high frequency
(25 and 50 Hz) during relatively long periods. It is however acknowledged that the data were
point measurements. Any extrapolation would imply that the sampling volume was
representative of the entire channel cross-section.
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Figure 13. Time variations of the instantaneous suspended sediment flux per unit surface area (SSCxV,,
positive downstream) and measured water depth during the study E6 (neap tide) at 0.2 m above bed.

The integral time scale of the suspended sediment concentration (SSC) data represents a
characteristic time of turbid suspensions in the creek. Calculations were performed for two
field studies in Australia (E6 and E7). The SSC integral time scale data seemed relatively
independent of the tidal phase and yielded median SSC integral time scales Tgssc of about
0.06 s.
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A comparison between the turbulent and SSC integral time scales showed some
difference especially during the ebb tide. In the mid-estuarine zone, the ratio of SSC to
turbulent integral time scales was on average Tgg/Tee = 0.21 and 0.14 during the flood and
ebb tides respectively. In the upper estuary, the ratio Tge/Tex Was about Trgeo/Tex = 1 and
0.18 during the flood and ebb tides respectively. Basically the ratio Tg/Tex was about 2 to 5
times lower during ebb tide periods. The findings tended to suggest that the sediment
suspension and suspended sediment fluxes were dominated by the turbulent processes during
the flood tide, but not during the ebb tide. The experimental results showed further some
fluctuations in SSC integral time scales during the tidal cycle.

These data sets provided simultaneous turbulence and suspended sediment concentration
measurements recorded continuously at high frequency for 50 hours per investigation. The
data analyses yielded an unique characterisation of the turbulent mixing processes and
suspended sediment fluxes. The integral time scales for turbulence and suspended sediment
concentration were about equal during flood tides, but differed significantly during ebb tides.
The same pattern might take place with other scalars and be pertinent to the turbulent mixing
modelling in shallow-water subtropical estuaries under dry-weather conditions.

3.6. Discussion

The boundary shear stress may be estimated from the velocity gradient next to the bed,
although other techniques may be used (SCHLICHTING 1979, MONTES 1998, KOCH and
CHANSON 2005). The near-bed velocity shear stress is calculated as:

2

Ty =p| —— 7

where p is the fluid density, (V,); is the time-averaged longitudinal velocity of the ADV
unit located closest to the bed (z; = 0.13 m, study E10), x is the von Karman constant (x =
0.4) and k; is the equivalent roughness height. At Eprapah Creek (Australia), the river bed in
the middle estuarine zone consisted of gravels and sharp rocks corresponding to kg~ 10 mm.
Experimental results indicated that the boundary shear stress was maximum during the early
flood tide and end of ebb tide when the measured longitudinal velocity amplitude was the
largest. For the entire field study E10, the median shear stress was 1, = 0.0052 Pa. For the
same study, the boundary shear stress data may be compared with the tangential Reynolds

stress p v, Vv, measured simultaneously at z, = 0.38 m, as well as with the velocity gradient

shear stress measured betweenz; =0.13 mand =038 m:
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For the entire study E10, the tangential Reynolds stress and the median velocity gradient

shear stress (Eq. (8)) were respectively: pvyv, = 0.02 Pa and 1, = 0.052 Pa. For

comparison, the median tangential shear stresses pv v, measured atz=0.13 mand 0.38 m

y
were 0.024 Pa and 0.031 Pa respectively.

The findings implied that the turbulent shear between 0.13 m < z < 0.38 m was one order
of magnitude larger than the boundary shear stressAEq. (7)). The observation differed from
turbulence data collected in a laboratory channel, but a key feature of natural estuary flows
was the significant three-dimensional effects associated with strong secondary currents.

During several field studies, some anomalies were observed in terms of the transverse

velocity data. For example, during the study E10, the time-averaged transverse velocities \Ty

recorded at z = 0.13 m and 0.38 m flowed at times in opposite directions for relatively long
durations (e.g. Fig. 14). These anomalies were observed during the flood and ebb tides, and
around low tides for the entire study.
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Figure 14. Transverse shear flow pattern in the mid-estuarine zone of Eprapah Creek: dimensioned
sketch of the vertical profiles of transverse velocity Vy and turbulent velocity v,' at the sampling site

during the early flood tide in Australia (study E10).
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These observations highlighted the occurrence of some secondary currents associated

with strong transverse shear and large tangential stresses pvy v, at the sampling location.
An example of transverse velocity anomaly is presented in Figure [4. The flow pattern
sketched in Figure 14 shows the vertical profiles of transverse velocity Vy and of turbulent

velocity vy next to the channel bed, where vy is the standard deviation of the transverse

velocity. The transverse shear pattern sketched in Figure 14 was associated with large normal

and tangential stresses pvy vy and pvyvy atbothz=0.13 mand 0.38 m for that study.

TREVETHAN (2008) discussed the formation the transverse velocity anomalies in
Eprapah Creek, their collapse and reformation in the opposite direction. He suggested that the
alternance in transverse shear anomalies was linked with the long-period oscillations induced
by seiching resonance in the outer bay system (Moreton Bay). -

4, TURBULENT FLOW PROPERTIES AT THE MICROSCOPIC SCALES:
TURBULENT EVENTS

4.1. Presentation

While the turbulence is often characterised by its statistical moments, it is not a Gaussian
process. Turbulent flows are dominated by coherent structure activities and turbulent events.
A turbulent event may be defined as a series of turbulent fluctuations containing more energy
than the average turbulent fluctuations. The turbulent events are often associated with
coherent flow structures such as eddies and bursting (KLINE et al. 1967, RAO et al. 1971).
These events play a major role in terms of sediment scour, transport and accretion as well as
contaminant mixing and dispersion (NIELSEN 1992, NEZU and NAKAGAWA 1993,
CHANSON 2004). Turbulent event analyses were successfully applied to laboratory open
channel flows NEZU and NAKAGAWA 1993), wind tunnel studies (OSTERLUND et al.
2003) and atmospheric boundary layer flows (FINNIGAN 2000, NARASIMHA et al. 2007).
They were however rarely applied to unsteady open channel flows and estuaries.

For a field study (study E10, Eprapah Creek), a detailed turbulent event analysis was
conducted (section 2.6). Figure 15 illustrates a time series of the dimensionless flux amplitude

of v, v, from a data set as a function of time for a 10 s sample during the early flood tide.

The data presentation shows the duration and dimensionless amplitude of each event in a
simplified format. It is seen that the time series includes both positive and negative turbulent
events, each event corresponding to a rectangular pulse. The pulse width is the duration t and
the height is the dimensionless amplitude A, while the area beneath is proportional to the
event magnitude m.

The turbulent events and sub-events were investigated specifically for the turbulent
fluxes ViV, VxVy, and viip, for the study E10 conducted mid-estuary in Eprapah Creek
(Australia). Table 3 summarises the number of events and sub-events detected by the ADV
units for the entire study (50 hours). For the whole data set, the histograms of event duration,
event amplitude, sub-event duration and sub-event amplitude were calculated. Figure 16
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shows the normalised probability distribution functions of event duration t and dimensionless
event amplitude A for the momentum fluxes viiy.
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Figure 15. Dimensionless amplitude of detected turbulent events in terms of vV, v, (Study E10, 0.38 m
above the bed).

During the field study, the majority of turbulent events had a duration between 0.08 <1 <
0.3 s for all momentum fluxes. On average, the turbulent event duration was about 0.2 s. The
distributions of event amplitude presented a similar shape for the fluxes v,v, and vyvy. For the
entire study and all fluxes, the median amplitude magnitude was between 3 < |A| < 14. For
each turbulent flux, the event amplitude distribution tended to indicate a larger proportion of
positive events than of negative events for all ADV units. Next to a boundary, the turbulent
bursting process is composed of a quasi-periodic cycle of ejections and sweep motions
(NEZU and NAKAGAWA 1993, PIQUET 1999). Ejections and sweeps corresponded to a
negative amplitude in Figure 16B, while a positive event amplitude implied a wallward or
outward interaction. The data sets for the field study E10 suggested comparatively a larger
number of interaction events than sweep and ejection events. However, for all the fluxes, the
positive events (A > 0) were on average longer and of smaller amplitude than the negative
events (A < 0), with a similar event magnitude overall (Table 4). Table 4 summarises the
median values of number of events per sample, event duration, dimensionless event
amplitude, and relative event magnitude for each ADV unit. (The exact location of each
sampling volume is given in Table 3, column 1.) Although there were some differences
between the three velocimeters (Table 4), the statistical results were relatively close and
tended to show little effect of the sampling volume location.

4.2. Turbulence Event and Sub-Event Statistics
The turbulent event statistics were collected over a 200 s sample (10,000 data points)

every 10 s along the entire ADV data sets. The event statistics including the number of events
per sample, median event duration, amplitude and relative magnitude were sampled in a
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similar fashion to all turbulence properties, thereby allowing for observations of any tidal

trend.

For the entire study, there were on average 1 to 4 turbulent events per second for all the
fluxes (Table 4). This result was close for all ADV units and somehow consistent with the
early results of RAO et al. (1971). For all momentum fluxes and all ADV units, the number
of events per sample varied in a similar pattern with the tides. The number of events per
sample increased about low tide when the water column was shallower and the effects of bed
shear stress were stronger, while it decreased about high tide.

Table 3. Total number of turbulent events and sub-events detected in the ADV data sets
for the entire study E10 (Eprapah Creek, Australia).

ADV unit Flux | Number of events ‘Number of sub-events
(H 2 3) 1G]
ADV1 (z=0.13 m, 10.70 m from left bank) Wy | 164706 479,376
Vilp 640,046 741,963
ViV 389,113 712,283
ADV2 (z=0.38 m, 10.70 m from left bank) ViVy 762,090 982,352
Vb 889,305 743,320
ViV, 542,861 829,317
ADV3 (z=0.38 m, 10.78 m from left bank) ViVy 242,939 588,094
Vylp 885,940 902,951

Table 4. Turbulent event characteristics for all ADV units during the entire study E10.

ADV'] unit ADV?2 unit ADV3 unit
Parameter
VyVy Vil ViVs VVy Vidb ViVz ViVy Vil
(1) 2 (3) C)) (3) (6) (N 8 %9
Nb of events per data sample 154 743 389 912 988 614 221 1,050
Event duration 1 (s)
Median duration of positiveevents 1, 1o 19 oq2 |00 [008 oo |oa6  |040
(A>0)(s)
Median duration of negative events
(A <0)(s) 0.18 0.10 0.10 0.08 0.06 0.08 0.12 0.08
Event amplitude A
Median amplitude of positive events | 5 3, 11y g5 |344  |387 |119  [356 326 |11.04
(A>0)
Medi . f .
cdian amplitude of negative 421 |-1334 |-4.06 |-467 [-133 |-431 |-4.08 |-12.19
events (A <0)
Relative magnitude m
Median magnitude of positive e n an e
0.0048 10.0069 10.0026 ]0.0021 |[0.0055 §0.0023 |0.0033 |0.0055
events (A > 0)
Median magnitude of negative -0.0045 | -0.0067 | -0.0023 |-0.0020 | -0.0052 | -0.0023 | -0.0030 |-0.0053
events (A < 0)

Note: data sample length = 200 s (10,000 data points).
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Figure 16. Normalised probability distribution functions of event duration and dimensionless amplitude
for the suspended sediment flux v,i, - Data collected by all ADV units (study E10).
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The event duration for the momentum fluxes vyv, and v,v, seemed to vary with the tides
for all the ADV systems, while the pseudo suspended sediment flux data vyi, showed no
discernable tidal pattern. The magnitude of dimensionless event amplitude for the momentum
flux vyv, tended to be larger about low water and smaller about high water. No discernable
tidal patterns in terms of event amplitude of vv, and v,iy fluxes were observed for all ADV
units.

For the turbulent sub-events, the median values of the number of sub-events per sample,
the sub-event duration, dimensionless sub-event amplitude, and the relative sub-event
magnitude are summarized in Table 5. The median sub-event duration was 0.04 s for all
fluxes and ADV units, implying that most sub-events had a short life span. The dimensionless
sub-event amplitudes for the fluxes vyv, and vyv, were typically between 2.8 and 6.4, but the
sub-event amplitudes for the suspended sediment flux vyi, were larger, between 11 and 16
(Table 5). -

Table 5. Median sub-event characteristics for all ADV units during the entire study E10.

ADV1 unit ADV?2 unit ADV3 unit
Parameter

VyVy Viip ViV, VyVy Vlp ViV, VyVy Vylp
(1 ) (3) 4) (3) (6) (7) (8) %)
Nb of sub-events per data sample | 540 982 910 1,375 1,195 1,107 (707 1,284

Sub-event duration (s)

Median duration of positive sub-

events (A > 0) (s) 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

Median duration of negative sub-

events (A < 0) (s) 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

Sub-event amplitude A

Median amplitude of positive sub-

events (A > 0) 283 1267 }3.18 4.09 11.81 }3.57 2.76 11.55

Median amplitude of negative

sub-events (A < 0) -528 [-1598 [-4.84 1-637 |-1538 §-5.41 |-5.08 |]-14.65

Sub-event magnitude m

Median magnitude of positive

sub-events (A > 0) 0.0009 10.0033 J0.0009 [0.0010 {0.002% {0.0010 [0.0008 |0.0029

Median magnitude of negative - - - - -
sub-events (A < 0) 0.0014 [0.0038 §0.0012 {0.0015 {0.0035 §0.0013 ;0.0013 |0.0034

For all fluxes and all ADV units, the number of sub-events per sample varied in a similar
fashion with the tides. That is, the number of sub-events increased about low tide and
decreased about high tide. Altogether the variation of the number of sub-events per sample
exhibited a similar tidal pattern to that of the number of events per sample. For the entire field
study (50 hours), the events durations showed no obvious tidal trend while, for the sub-event
amplitude, only those of the momentum flux vyv, seemed to vary with the tide. The sub-event
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amplitude of the flux v,v, showed a similar tidal trend to that of the event amplitude for v,v,,
being largest about low tide and smallest about high tide. On average over the entire study,
the results showed 1 to 3 sub-events per turbulent event and the finding was independent of
the tidal period.

4.3. Discussion

The turbulent event results in the small estuary of Eprapah Creek may be compared with
the field data of RUDRA KUMAR et al. (1995) in an atmospheric boundary layer, re-
analysed by NARASIMHA et al. (2007). That study was based upon data collected at Jodhpur
with an acoustic anemometer located 4 m above the ground. The comparative results are
discussed herein in terms of the momentum flux gvents for v,v, and the basic results are
summarised in Table 6.

Table 6. Momentum flux event analyses in terms of v, V_: comparative results.

Parameters Eprapah Creek (study Jodhpur, India
E10)
TREVETHAN et al. NARASIMHA et al.
(2007Db) (2007)
0] @ 3

z (m) 0.38 4

Mean momentum flux (m*/s%) 2.110° 0.191
Ratio r.m.s/mean 2.98 3.04
Sweep ejection period 40% 36%
Wallward/inward interaction period 16.6% 15%
Idle/passive period V 43.4% 49%
Average duration of positive events (A > 0) (s) 0.12 1.71
Average duration of negative events (A < 0) (s) 0.10 1.12
Outer time scale (s) ~ 15 (mode) ~30

The experimental data showed that the duration of the events was of the order of 0.11 s
and 1.4 s respectively for the estuary and atmospheric studies, compared to an outer time
scale of the order of 15 s and 30 s respectively. In the small estuary, the outer time scale was
based upon the measured water depth and the velocity magnitude recorded at z = 0.38 m.
Hence the outer time scale estimate was a very rough average and could vary over a wide
range from as low as 3 s to over 100 s. Overall the differences between turbulent event
durations and outer time scales were comparable for both environmental flow studies.

The probability distribution functions of event duration tended to follow a log-normal
distribution for both studies. But the probability distribution functions of event magnitude
presented some marked difference between estuarine flow data and atmospheric flow results,
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with a much narrower event magnitude distribution, as well as a different PDF shape, in the
estuarine system.

The relationship between turbulent event amplitude and duration illustrated little
correlation between the event amplitude and the event duration. That is, there were a wide
range of event amplitudes for any given event duration, and conversely. The observation was
valid for both studies and implied that the size of an event, represented by its dimensionless
amplitude, and its duration may be considered as two independent parameters.

In the estuarine turbulent flow, the probability distribution functions of the number of
turbulent sub-events per burst event were skewed with a very large proportion of events
having between | and 2 sub-events for all fluxes. The probability distribution functions had
however a long tail of small numbers of turbulent events with large numbers of sub-events.
This is illustrated in Figure 17 presenting the normalised PDF for the number of sub-events
per events for all fluxes at z = 0.38 m. For the momentum flux v,xv,s the average number of
sub-events per event was 1.21 for that data set, and the maximum number of sub-events per
event was 440, with 5,420 turbulent events having 40 sub-events or more for the entire study.
Overall the distribution of "extreme" numbers of sub-events per turbulent event showed no
tidal trend or correlation with the longitudinal velocity V.

The data analyses demonstrated the significance of turbulent events in environmental
flows and showed the complex nature of bursting events consisting of consecutive sub-events.
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Figure 17. Normalised probability distribution function of the number of turbulent sub-events per
turbulent event for the momentum flux v,v,, vy, and v,i, - Data collected at z= 0.38 m (ADV2 unit)
for the entire field study E10 (Eprapah Creek, Australia).
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5. CONCLUSION

In small estuaries, the predictions of scalar dispersion can rarely be estimated accurately
because of a lack of fundamental understanding of the turbulence structure. Detailed turbulent
velocity and suspended sediment concentration measurements were performed
simultaneously and continuously at high frequency for between 25 and 50 hours per
investigation in shallow-water estuaries with semi-diurnal tides in Australia and Japan (Fig.
18). The detailed analyses provided a unique characterisation of the turbulent mixing
processes and suspended sediment fluxes.

Continuous turbulent velocity sampling at high frequency allowed a detailed
characterisation of the turbulence field in estuarine systems and its variations during the tidal
cycle. The turbulence was neither homogeneous nor isotropic. It was not a purely Gaussian
process, and the small departures from Gaussian probability distribufion were an important
feature of the turbulent processes. A striking feature of the present data sets was the large and
rapid fluctuations in all turbulence characteristics and of the suspended sediment fluxes
during the tidal cycles. This was rarely documented, but an important characteristic of the
newer data sets is the continuous high frequency sampling over relatively long periods. The
findings showed that the turbulent properties, and integral time and length scales should not
be assumed constant in a shallow estuary. The integral time scales for turbulence and
suspended sediment concentration were similar during flood tides, but differed significantly
during ebb tides. It is believed that the present results provided a picture general enough to be
used, as a first approximation, to characterise the flow field in similar shallow-water estuaries
with semi-diurnal tides. It showed in particular a different response from that observed in
larger, deep-water estuaries.

A turbulent flux event analysis was performed for a 50 hour long field study. The results
showed that the large majority of turbulent events had a duration between 0.04 s and 0.3 s,
and there were on average 1 to 4 turbulent events per second. A number of turbulent bursting
events consisted of consecutive sub-events, with between [ and 3 sub-events per event on
average for all turbulent fluxes.-A comparison with atmospheric boundary layer results
illustrated a number of similarities between the two types of turbulent flows. Both studies
implied that the amplitude of an event and its duration were nearly independent.

Overall the present research highlighted some turbulent processes that were rarely
documented in previous studies. However, an important feature of the present analysis was
the continuous high frequency sampling data sets collected during relatively long periods, as
well as the simultaneous sampling of both turbulent velocities and suspended sediment
concentrations.
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