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linear input—output relationship between a forcing factor x and response
factor y in the frequency domain, the mean square coherence (MSC) is
the normalized square cross spectrum between the spectra of x and y
such that [23]
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where P,,(F') and P,,(F) are the power auto spectra of x and y,
respectively, whereas P,, (F') is the complex cross spectrum between
x and y, and F is the frequency. Magnitude of MSC varies between
0 and 1, indicating the incoherent and coherent values for an infinite
length time series, respectively. With the assumption of linearity of the
system, factors that can reduce the magnitude of MSC include noise or
uncorrelated turbulence, as well as variance from other forcing input
parameters. Because of the finite length of the time series within the
radius r that the Lagrangian drifters could be assumed to resolve the
same flow field as the Eulerian device, an independent threshold (IT)
is defined such that

IT=1_ ol7=) ®)

where « is the confidence interval, herein 0.95 and NV, is the number of
independent cross spectral realizations in each frequency band [24]. To
reduce the noise level in the MSC estimate for meaningful interpreta-
tion, a reasonably large value of [V, is required and /N, within 10-20 is
suggested [25]. For consistency of interpretation and to reduce noise in
MSC estimate, herein N; = 20, equivalent to IT = 0.15 at 95% con-
fidence interval is used irrespective of the varying length of the time
series. This value ensures that frequency £’ = 0.01 Hz, equivalent to
At = 100 employed in the correlation analysis is included in the coher-
ence analysis for the shortest realization. The results were similar for
all the HR drifter outputs except for difference in effective length. How-
ever, for consistency, the results of a single drifter with significantly
long time series across the different analysis are presented throughout
this section. The coherence between input and output signals is con-
sidered significant for MSC > IT, while coherence is insignificant for
MSC in the neighborhood of or below IT.

1) Coherence Between Wind and Drifters: In drifter applica-
tions, quantifying the effect of the wind on the motion of the drifter
is important to understand the actual water flow induced transport. Al-
though only 3-cm height of the drifters was unsubmerged, direct wind
drag is inevitable. The wind slip has been estimated using empirical
models and force balance to be less than 1% of the ambient wind [12].
Another mechanism of wind that could influence drifter motion is the
wind-induced water flow. Herein, the input time series are the wind
velocities measured at about 1-m above the water surface, and the out-
put time series are the velocities of an HR drifter within 60 m of a
sonic ANE.

Fig. 9 shows the MSC estimates between the wind and the drifter
velocity components. For experiments 1 and 3, the MSC values for both
directions were below IT = 0.15 because of low wind energy during
the experiments (see Fig. 3). The MSC values are greater than IT at
a low frequency (F < 0.04 Hz) in the streamwise direction, except
for slack water experiment 3, where the surface flow had no dominant
direction. Similarly, for experiments 1 and 2 the MSC values were
above the IT at a frequency around 0.3 Hz in the streamwise direction.
This occurs around the frequency of wind-induced surface wave. Using
longer drifter time series, the phase estimate in the streamwise direction
indicated that the low-frequency wind (F < 0.01 Hz) was in phase with
the drifter motion, while the drifter motion lagged the wind between
0.01-0.3 Hz (not shown). The estimates of the MSC in the cross-stream
directions were not significant, except during the flood experiment 2,
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where an MSC ~ 0.3 was attainted at some frequencies with the wind
signal leading the drifter at these frequencies [see Fig. 9(b)]. This
coherence observation suggested that drifter motion at low and high
frequencies is influenced by the local wind to some degree.

To understand the main mechanism responsible for wind influence
on drifter motion in a sheltered estuary, coherence analyses with wind
time series as an input and surface flow measured by the ADCP as an
output was employed. In addition, analysis between the water surface
velocities and the drifter was carried out using the portion of the data
set corresponding to the times where the wind influence was most pro-
nounced [see Fig. 9(b), experiment 2]. Fig. 10 shows that there was no
significant difference between the level of coherence of the wind on
the surface streamwise velocities measured by the HR drifter and the
ADCP particularly at low frequencies (F' < 0.02 Hz). Consequently, the
coherence level between the drifter and ADCP measured streamwise
velocities was higher than 90% (i.e., MSC > 0.9) at these low fre-
quencies. The coherence level at higher frequency similarly increased
suggesting that the instruments captured the same flow field, which was
masked by differences in instrumental noise floor observed from the
velocity spectra. The wind, drifter, and surface bin velocities were all in
phase at low frequency with phase angle close to zero. It can therefore
be deduced that the drifter responded more to the wind-induced surface
flow velocities than the direct wind drag on the unsubmerged portion
of the drifter. The magnitudes of MSC for the cross-stream velocities
between the wind and the surface ADCP bin data were greater than
those of wind against the drifter velocities. However, the values were
not significantly higher than the 0.15 across the observed frequency to
make a meaningful comparison.

2) Coherence Between the ADCP (Surface Flow), ADV, and
Drifters: Asshown inFig. 10, the MSC between the drifter and ADCP
surface flow was higher than IT at low frequency F < 0.05 Hz, while
higher frequency estimate of MSC was corrupted by ADCP measure-
ment noise floor. At low frequencies, the ADCP velocities lagged those
of the drifter for experiment 1, while there was no phase difference be-
tween these instruments for experiments 2 and 3 in the streamwise
direction. The cross-stream MSC values were not significantly above
IT at all frequencies due to the strong variability of the channel cross
sectional flow. This result was consistent with the lack of linear corre-
lation in the velocities measured by the two instruments.

Fig. 11 shows the MSC between the velocities measured by ADV
next to the bed and the drifter. The results show that the MSC values
at low frequency (F' < 0.05 Hz) were significantly greater than 0.15
in the streamwise direction for all the experiments. During the slack
water experiment 3, the coherence between the drifters and the ADV
(see Fig. 9) at low frequency is better than the corresponding coherence
between the drifter and ADCP (see Fig. 11). This is likely due to the
noise level of the ADCP, which is higher when compared with other
instruments, and not significantly lower than the variance of the flow
at this period. The MSC values in the cross-stream direction were
predominantly lower than the IT, with the exception of experiment 2,
where drifter velocities showed some level of coherence with the ADV
velocities at high frequency (F > 0.05 Hz) in both the streamwise and
cross-stream directions. This suggests that the instruments sampled
the same flow field, while the low magnitude of MSC on the other
hand suggests that the instruments captured different sizes of eddy and
different parts of the flow field. For example, the drifter sampled surface
flow, while the ADV sampled the flow field next to the bed. Therefore
at an instance of time, the instruments sampled different part of eddies
moving past the sampling location.

Coherence analysis results obtained using the LR drifters’ velocities
as output against the wind, ADCP and ADV velocities input were
similar to those for the HR drifter at low frequencies (F < 0.02 Hz),
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Fig. 9. Coherence between near water surface wind velocity and the HR drifter measurements for: (a) experiment 1; (b) experiment 2; and (c) experiment

3. Dashed horizontal line indicates the estimated incoherence level for bivariate white noise with DOF, DOF = 20 at 95% confidence interval. Note that the
logarithmic scale on x-axis clusters the noisy MSC values at higher frequency.
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Fig. 10.  Coherence between near water surface wind velocity, surface ADCP and the HR drifter measurements during experiment 2. (a) Streamwise direction.
(b) Cross-stream direction. Dashed horizontal line indicates the estimated incoherence level for bivariate white noise with DOFs, DOF = 20 at 95% confidence
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Fig. 11.

Coherence between ADV velocities and the HR drifter measurements for difference experiments. (a) Experiment 1. (b) Experiment 2. (c) Experiment

3. Dashed horizontal line indicates the estimated incoherence level for bivariate white noise with DOFs, DOF = 20 at 95% confidence interval.

where the signal to noise ratios were higher than 10 (not shown).
This suggested that both HR and LR drifters captured similar low-
frequency (F < 0.01 Hz) velocity fluctuations next to the free surface
of the channel.

E. Low/High Correlation and Coherence Between Eulerian
and Lagrangian Data

Considerable research is presented in the literature on approaches
to estimating Eulerian statistics (such as spectra, integral scales, and
advection times) of a flow field from the Lagrangian observation
and vice versa [26]-[28]. Analyses have shown that such Eulerian—
Lagrangian transformations are dependent on the integral times and
length scales of the underlying Eulerian flow field [26], [29]. There-
fore, the observations obtained from Eulerian and Lagrangian frames
of reference in a turbulent flow field are fundamentally different. Sim-
ilarly, in an idealized isotropic stationary turbulent flow, two instru-
ments separated by distances significantly larger than the eddy length
scale are expected to have zero coherence because they are sampled

independently. The associated turbulence field in a tidal channel contain
eddies consisting of a wide range of sizes. This, coupled with the rapid
change in flow direction in the cross-stream direction due to limited
width, suggested that the Eulerian flow field in the channel had strong
spatial variation.

The time scales of the velocity time series used in this analysis are
estimated through velocity autocorrelation functions following [20].
The Lagrangian time scales from the drifter velocities 77, were ap-
proximately 20 and 15 s in the streamwise and cross-stream direc-
tions, respectively. The decorrelation time scale from the concurrently
sampled ADV velocities Tapy for all the experiments were less than
half of those obtained from the drifter velocities, suggesting that the
drifters captured larger scale eddies compared with the ADV. Thus, the
sampling volume of the instrument acts as a lowpass filter that limits
the sizes of the eddy sampled, while noise level impaired the coher-
ence of the drifter with the fixed instruments, particularly the ADCP
at high frequency. This further explains that the observed low level
of coherence—observed at frequencies where noise levels were not
significant—as well as the low correlation between the Eulerian and
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Lagrangian devices is likely due to results of the instruments capturing
different parts of the flow field. The high level of coherence at low fre-
quency indicates that the bulk of drifter streamwise motion is directly
related to the tidal and wind-forced surface flow.

IV. DISCUSSION

There are many apparent difficulties associated with the use of
drifters in shallow tidal water, which include trapping in channel banks,
signal interference from overhanging vegetation, and limited bound-
aries amongst others. Despite these, HR and LR drifters have proven to
be robust and easy to deploy in tidal environments with high spatiotem-
poral flow variation. A field study was carried out by deployments of
clusters of LR and HR drifters in tidal shallow water to assess the dy-
namics of the surface flow and response of the drifters to the relevant
driving forces. The flow was significantly more energetic close to the
water surface than near the bed. Peak velocities during the flood tides
were larger than those of the ebb, which might be linked to some tidal
pumping effect.

Validation of drifter measurements in tidal shallow water is important
to assess the nature and characteristics of GPS-tracked drifter measure-
ments. This requires direct comparison of drifter measurements with
those of fixed Eulerian devices. The correlation of the drifter data
within 60 m of a fixed ADCP showed good agreement with the sur-
face bin measurements (square correlation, R? > 0.9) and the depth
averaged velocities (R?* > 0.75) in the streamwise direction. Low cor-
relation (R? ~ 0.1) was observed in the cross-stream direction and in
the comparison of the drifter velocities with the ADV measurements
next to the bed.

Coherence analysis was used to assess the response of the GPS-
tracked drifters to scales of motion responded to, by assuming a linear
single input—output system. For wind velocity magnitudes between
0—4 m/s, the analysis showed a strong level of coherence between the
drifter response and wind input at frequencies F < 0.02 Hz, suggesting
some wind influence on the drifter. This high level of coherence was
mainly attributed to the response of the drifters to the wind-induced
water flow next to the free surface, particularly in the streamwise di-
rection. The result also highlighted an increase in coherence level with
the increased wind energy at higher frequencies.

The analysis of the drifter response to the Eulerian velocity in-
puts showed that the drifter captured similar flow fluctuations for fre-
quencies, < 0.01 Hz in the streamwise direction, consistent with the
correlation analysis. The result suggested that all drifters captured low-
frequency streamwise velocity fluctuations in the free surface of the
channel. Such drifters are therefore applicable to studying the dynamics
of similar water bodies in relation to processes in the order of O [100 s]
and larger. The coherence and correlation between the Lagrangian and
Eulerian velocities at higher frequencies and in the cross-stream flow
were typically low for the observation. On the other hand, comparison
of the ADV and HR drifter velocity spectra in the streamwise and cross
stream directions suggested that both instruments sampled the same
flow field at frequencies up to 1 Hz. In addition, the HR drifters were
shown to capture higher frequency processes with eddy size limited
to those in the range of drifter characteristic length, and accurate at
frequency up to 1 Hz [12]. Therefore, the low magnitude correlation
and coherence observed are likely associated with difference in the
Lagrangian—Eulerian observations and size of the eddy captured by the
instrument dictated by the sampling volume size.

V. CONCLUSION

The assessments and analyses of flow field data collected in a
microtidal estuary have shown that HR and LR drifters designs are
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applicable to studying the flow dynamics of tidal water bodies in rela-
tion to processes in the order of O [100 s] and larger. Under moderate
wind conditions (0-4 m/s), floating drifter motions in bounded shel-
tered water are affected by wind through low-frequency induced wind
current when only a small portion of the drifter is unsubmerged. The
field validation of both HR and LR drifters, with surface measured
velocity from an ADCP, is good (R2 > 0.9; RSME = 0.04 m/s) in the
streamwise direction while that of the cross stream is low associated
with the high spatiotemporal variability of the velocity field, separa-
tion of the instrument and the difference in sampling volumes. It is
shown that the bulk of drifter motion is directly related to the tidal
and wind-forced surface flow within a shallow estuary with low tidal
flow velocity (<0.5 m/s). Drifters have potential as a valuable tool to
augment Bulerian measurements in tidal shallow water investigation
and management, including estimates of eddy diffusivities [20] and ap-
parent diffusivities. As drifter application, shallow water estuaries are
justrecently receiving some attention, further refinements in design are
recommended to increase the range of processes drifters can resolve.
Refinement of shallow water drifter design could include reduction
of drifter overall size without degrading the tracking accuracies and
compromising the water following capability to capture smaller scale
processes of interest to shallow water bodies.

ACKNOWLEDGMENT

The authors would like to thank QUT and UQ volunteer under-
graduates, who participated in the field study and data analysis, as
well as the Queensland Department of Natural Resources and Mines,
Australia, for providing access to the SunPOZ network for reference
station data used for RTK postprocessing of the high-resolution GPS-
tracked drifter. The authors also acknowledge the contributions of Dr.
C. Wang to the work in analysis of the postprocessing of the RTK-GPS
data.

REFERENCES

[17 H. Chanson, R. J. Brown, and M. Trevethan, “Turbulence measurements
in a small subtropical estuary under king tide conditions,” Environ. Fluid
Mech., vol. 12, pp. 265-289, Jun. 2012.

[2] M. Brocchini ez al., “Comparison between the wintertime and summertime
dynamics of the Misa River estuary,” Mar. Geol., vol. 385, pp. 27-40,
2017.

[3] A.Riddle and R. Lewis, “Dispersion experiments in UK coastal waters,”
Estuarine, Coastal Shelf Sci., vol. 51, pp. 243-254, Aug. 2000.

[4] K. Suara, H. Chanson, M. Borgas, and R. J. Brown, “Relative dispersion
of clustered drifters in a small micro-tidal estuary,” Estuarine, Coastal
Shelf Sci., vol. 194, pp. 1-15, 2017.

[S] R. S. Tseng, “On the dispersion and diffusion near estuaries and
around Islands,” Estuarine, Coastal Shelf Sci., vol. 54, pp. 89—100, Jan.
2002.

[6] K. A. Whilden, S. A. Socolofsky, K.-A. Chang, and J. L. Irish, “Using
surface drifter observations to measure tidal vortices and relative diffusion
at Aransas Pass, Texas,” Environ. Fluid Mech., vol. 14, pp. 1147-1172,
Oct. 2014.

[7] M. S. Spydell et al., “Observed and modeled drifters at a tidal inlet,” J.
Geophys. Res., Oceans, vol. 120, pp. 4825-4844, 2015.

[8] W. Schmidt, B. Woodward, K. Millikan, R. Guza, B. Raubenheimer, and
S. Elgar, “A GPS-tracked surf zone drifter,” J. Atmos. Ocean. Technol.,
vol. 20, pp. 1069-1075, Jul. 2003.

[9] D.Johnson and C. Pattiaratchi, “Application, modelling and validation of

surfzone drifters,” Coastal Eng., vol. 51, pp. 455471, 2004.

D. Johnson, R. Stocker, R. Head, J. Imberger, and C. Pattiaratchi, “A

compact, low-cost GPS drifter for use in the oceanic nearshore zone,

lakes, and estuaries,” J. Atmos. Ocean. Technol., vol. 20, pp. 1880-1884,

2003.

J. C. Ohlmann, P. F. White, A. L. Sybrandy, and P. P. Niiler, “GPS—cellular

drifter technology for coastal ocean observing systems,” J. Atmos. Ocean.

Technol., vol. 22, pp. 1381-1388, Aug. 2005.

[10]

[11]



SUARA et al.: RESPONSE OF GPS-TRACKED DRIFTERS TO WIND AND WATER CURRENTS IN A TIDAL ESTUARY

[12] K. A. Suara, C. Wang, Y. Feng, R. J. Brown, H. Chanson, and M. Borgas,
“High resolution GNSS-tracked drifter for studying surface dispersion in
shallow water,” J. Atmos. Ocean. Technol., vol. 32, pp. 579-590, Mar.
2015.

H. Chanson, “Field observations in a small subtropical estuary dur-
ing and after a rainstorm event,” Estuarine, Coastal Shelf Sci., vol. 80,
pp. 114-120, Oct. 2008.

R. J. Brown and H. Chanson, “Turbulence and suspended sediment mea-
surements in an urban environment during the Brisbane River flood of
January 2011,” J. Hydraul. Eng., vol. 139, pp. 244-253, Feb. 2013.

D. G. Goring and V. I. Nikora, “Despiking acoustic Doppler velocimeter
data,” J. Hydraul. Eng., vol. 128, pp. 117-126, Jan. 2002.

M. Parsheh, F. Sotiropoulos, and F. Porté-Agel, “Estimation of power spec-
tra of acoustic-Doppler velocimetry data contaminated with intermittent
spikes,” J. Hydraul. Eng., vol. 136, pp. 368-378, 2010.

K. A. Suara, R. J. Brown, and H. Chanson, “Turbulence and mixing in
the environment: multi-device study in a sub-tropical estuary,” Div. Civil
Eng., Univ. Queensland, Brisbane, QLD, Australia, Report No. CH99/15,
(ISBN 1742721389), 2015.

C.J. Legleiter and P. C. Kyriakidis, “Forward and inverse transformations
between Cartesian and channel-fitted coordinate systems for meandering
rivers,” Math. Geol., vol. 38, pp. 927-958, Nov. 2006.

M. Trevethan, H. Chanson, and R. J. Brown, “Turbulent measurements
in a small subtropical estuary with semidiurnal tides,” J. Hydraul. Eng.,
vol. 134, pp. 1665-1670, Nov. 2008.

K. A. Suara, R. J. Brown, and M. Borgas, “Eddy diffusivity: a single
dispersion analysis of high resolution drifters in a tidal shallow estuary,”
Environ. Fluid Mech., vol. 16, pp. 923-943, 2016.

J. Austin and S. Atkinson, “The design and testing of small, low-cost
GPS-tracked surface drifters,” Estuaries, vol. 27, pp. 1026-1029, 2004.
W. Wawrzynski and P. Krata, “On ship roll resonance frequency,” Ocean
Eng., vol. 126, pp. 92-114, 016.

J. S. Bendat and A. G. Piersol, Random Data: Analysis and Measurement
Procedures, vol. 729, 4th ed. Hoboken, NJ, USA: Wiley, 2011.

R. E. Thomson and W. J. Emery, Data Analysis Methods in Physical
Oceanography. Amsterdam, The Netherlands: Elsevier, 2014.

R. O. Thompson, “Coherence significance levels,” J. Atmos. Sci., vol. 36,
pp- 2020-2021, Oct. 1979.

J. F. Middleton, “Drifter spectra and diffusivities,” J. Mar. Res., vol. 43,
pp. 37-55, 1985.

0. Sgren and M. Jakob, “An experimental test of Corrsin’s conjecture and
some related ideas,” New J. Phys., vol. 7, 2005, Art. no. 142.

J. LaCasce, “Estimating Eulerian energy spectra from drifters,” Fluids,
vol. 1, 2016, Art. no. 33.

R. Davis, “Oceanic property transport, Lagrangian particle statistics, and
their prediction,” J. Mar. Res., vol. 41, pp. 163-194, 1983.

[13]

[14]

[15]

[16]

(17]

[18]

[19]

[20]

[21]
[22]
[23]
[24]
[25]
[26]
[27]

[28]

[29]

Kabir A. Suara received the B.Tech. degree in me-
chanical engineering from the Ladoke Akintola Uni-
versity of Technology, Ogbomosho, Nigeria, in 2009,
the ML.S. degree in mechanical engineering from the
King Fahd University of Petroleum and Mineral,
Dhahran, Saudi Arabia, in 2013, and the Ph.D. de-
gree in mechanical engineering from the Queensland
University of Technology (QUT), Brisbane, QLD,
Australia, in 2017.

He is currently a Postdoctoral Fellow with the En-
vironmental Fluid Mechanics Research Group, QUT.
His research interests include turbulence in internal and external flows, devel-
opment and evaluation of environmental monitoring instruments, and turbulent
mixing in estuaries. His current research interests include bridging the gap
between observation and modeling of estuarine transport processes using ad-
vanced Lagrangian observation tools and numerical approach with an improved
accuracy through Lagrangian data assimilation.

1089

Hang Wang received the Ph.D. degree in hydraulic
engineering from the University of Queensland,
Brisbane, QLD, Australia, in 2014.

He has a three-year postdoctoral research experi-
ence in experimental fluid mechanics and water en-
gineering. He is currently an Engineer with Jeremy
Benn Pacific, Spring Hill, QLD, Australia. He is cur-
rently working in flood forecasting and modeling, and
coastal and hydraulic modeling.

Dr. Wang is the winner of the 2014 Lorenz G.
Straub Award (presented in 2016 by St. Anthony Falls
Laboratory, University of Minnesota).

Hubert Chanson received the Ph.D. degree in
civil engineering from the University of Canterbury,
Christchurch, New Zealand, in 1988.

He is currently a Professor in Civil Engineering,
Hydraulic Engineering and Environmental Fluid Me-
chanics at the University of Queensland, Brisbane,
QLD, Australia. He has authored or coauthored more
than 850 international refereed papers and several
books, and his work has been cited more than 4500
times (WoS) to 15 000 times (Google Scholar) since
1990. His research interests include design of hy-
draulic structures, experimental investigations of two-phase flows, applied hy-
drodynamics, hydraulic engineering, water quality modeling, environmental
fluid mechanics, estuarine processes and natural resources.

Dr. Chanson was ranked among the 150 most cited researchers in civil engi-
neering in Shanghai’s Global Ranking of Academics. In 2018, his h-index is 33
(WoS), 36 (Scopus), and 60 (Google Scholar).

Badin Gibbes received the Ph.D. degree in environ-
mental engineering from the University of Queens-
land, Brisbane, QLD, Australia, in 2007.

He is currently an Environmental Engineer at the
School of Civil Engineering, University of Queens-
land, with more than 20 years of experience in the
water resources field, where he leads the Equatic Sys-
tems Research Group. This group works in collabo-
ration with water management authorities and the
engineering consulting industry to combine innovate
environmental monitoring systems with sophisticated
numerical models to improve water quality management outcomes. He is also
actively involved in the University of Queensland’s undergraduate and post-
graduate teaching programs, where he lectures in the areas of hydrology, water
resources modeling, and environmental management.

Richard J. Brown received the Ph.D. degree in me-
chanical engineering from the University of Sydney,
Sydney, NSW, Australia, in 1996.

He is currently a Professor with the Science and
Engineering Faculty, University of Queensland, Bris-
bane, QLD, Australia, the Director with the Biofuel
Engine Research Facility, and the Leader with the En-
vironmental Fluid Mechanics Group. He leads an ac-
tive research groups consisting of postdocs, research
fellows, early- mid-career academics and around half
a dozen Ph.D. students. His environmental fluid me-
chanics research group collaborates with state and local councils on develop-
ing robust methods and schemes for managing estuarine and riverine systems
from anthropogenic activities and natural pressures from boundary generated
turbulence, tides, and coastal waves. His research interests include environ-
mental fluid mechanics, emissions, pollution, smog formation, and applied
thermodynamics.



