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Evolution and dynamics of tropical river plumes in the Great Barrier
Reef: An integrated remote sensing and in situ study
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[11 The short-lived but intense discharge of freshwater from tropical rivers into the
Great Barrier Reef (GBR) Lagoon and the associated salinity reductions are a critical
consideration in marine research and management of the ecologically sensitive GBR
World Heritage Area. Salinity provides a unique tracer that gives clues to the origin of
river-borne contaminants and allows the influences of storm-induced resuspension and
river discharge on turbidity to be clearly distinguished. We describe a field investigation
of the evolution and dynamics of the Herbert River plume in the central GBR. Its
primary goals were to use an airborne salinity mapper and in situ instruments to study
the three-dimensional structure and evolution of the plume and to lay a foundation for
numerical modeling studies of its dynamics. The aircraft surveys provided a rapid
assessment of the plumes spatial extent, while the in situ data revealed details of its
subsurface structure. The Herbert River plume was produced by heavy rainfall
associated with tropical storms during the La Nina-dominated 1999/2000 monsoon
season. In the near field, the surface expression of the plume boundaries was indicated
by sharp color and salinity fronts that were clearly visible from the air and sea surface.
In the far field and middle Lagoon, the plume was more dispersed and ultimately
merged with the larger-scale salinity gradients and with the remnant plume of the more
distant, and larger, Burdekin River. The plume location and structure evolved in
response to changing river flows, tidal and subtidal circulation, and wind. Using
Garvine’s Kelvin number-based scheme, the plume was classified as intermediate in
dynamical character and thus is subject to a variety of forcings. The plume evolved in
response to changes in the relative intensity of tidal currents and low-frequency
circulation due to wind and western boundary current forcing. It also displayed a
characteristic ““hook-shaped” structure, which has been identified previously in
numerical plume model studies. This structure appeared in the presence of accelerating
along-shelf current flow and horizontal shear and it indicates that the plume circulation
had a strongly three-dimensional character. The approach demonstrates the efficacy of
combining airborne and in situ methods to observe rapidly evolving coastal salinity
structure and dynamics and sets the stage for future satellite-borne studies of larger-scale
features showing contrasting salinity distributions.  INDEX TERMS: 4219 Oceanography:
General: Continental shelf processes; 4275 Oceanography: General: Remote sensing and electromagnetic
processes (0689); 4279 Oceanography: General: Upwelling and convergences; 4528 Oceanography:
Physical: Fronts and jets; KEYWORDS: front, plume, convergence, salinity, surface, dynamics
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1. Introduction

[2] The significance of salinity for oceanographic studies
of the Australian tropical seas spans a wide range of
scientific disciplines, and a variety of temporal and spatial
scales. Fluctuations in the intensity of river inflows, direct
precipitation and evaporation affect the health and status of
the region’s coral ecosystems. Interannual variation in the
drought/flood cycle associated with basin-scale climatic
processes such as ENSO is a strong determinant of success
in Australian primary industry, and it impacts significantly
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Figure 1. Map of the central GBR region showing

location of study area and in situ sampling domain (inset,
see Figure 2 for details).

on engineering infrastructure and community health and
safety. The formation of barrier layers associated with
surface haloclines may significantly limit heat fluxes, par-
ticularly in tropical convection zones, where they are
formed by excess precipitation [Tomczak and Godfrey,
1994]. In both the tropics and subtropics, the alternating
Monsoon/Trade wind cycle modulates precipitation and
evaporation on seasonal timescales, while interannual
changes in the frequency, intensity, and landfall of tropical
cyclones (hurricanes) significantly impact community wel-
fare. Freshwater derived from NE Australian and southern
Papua New Guinea coastal rivers or from direct precipita-
tion can be mixed with ambient seawater and advected by
subbasin-scale circulation, such as in the northern Coral Sea
[Donguy and Henin, 1975].

[3] In the tropical NE of Australia (Figure 1), which is
rimmed by the extensive Great Barrier Reef (GBR) World
Heritage Area, freshwater inputs play a contentious role in
determining ecosystem health, with important implications
for coastal and coral reef management. Clearing of coastal
river basins associated with the rise of agriculture and
mining during the last century is thought to have markedly
increased discharge of freshwater, suspended sediments and
associated nutrients and or contaminants, such as heavy
metals, into the GBR Lagoon. Scientific studies are address-
ing the vexed question of the degree of impact of natural
versus man-made changes on the health and status of coral
reef and sea grass communities resulting from these river-
borne inputs. While these studies have not yet produced a
definitive and quantitative answer, it seems likely that both
factors have a significant influence [Furnas et al., 1997;
Brodie, 1997]. A crucial question is: to what extent do
coastal plumes reach across the GBR Lagoon and invade
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the extensive and largely pristine coral reefs occupying the
outer continental shelf? A less crucial, but interesting issue,
which could also influence management strategies is the
relative influence of direct precipitation versus river runoff
in determining the salt balance of the continental shelf
waters [Pickard et al., 1977]. Attempts to quantify buoy-
ancy budgets associated with freshwater input into the vast
GBR domain (~120 x 1600 km, spanning 14° of latitude)
and the Coral Sea (1700 x 3200 km, spanning 30° of
longitude) from either source will likely be aided by a
capability to map surface salinity using air and ultimately
satellite-borne remote sensing techniques.

[4] Along with the concerns just mentioned, a number
of practical issues confront us in observing coastal salinity
changes in the tropics. The occurrence of major floods in
the GBR region is most commonly associated with spora-
dic, but not infrequent, tropical cyclones that invade the
coastal domain mostly during summer, particularly in the
central GBR (dry tropics). More frequent, sometimes daily,
heavy rainfalls along the northern GBR (wet tropics)
produce additional base flow with persistent river runoff
over the summer months associated with certain rivers
(e.g., the Johnstone and Tully Rivers). The unpredictable
nature of these events requires a fast and relatively flexible
survey approach, which can be adapted to changing
conditions. Attempts to map the spatial extent of the major
Burdekin River plume during the 1979/1980 and 1980/
1981 floods using a surface research vessel were success-
ful [Wolanski and Jones, 1981; Wolanski and van Senden,
1983], but inevitably limited in temporal and spatial
resolution by ship transit times and safe passages among
reefs. Visual airborne surveys, such as those conducted by
Brodie [1996] and Brodie et al. [1997] had the advantage
of speed, but were limited to the extent that only water
color (due mainly to suspended sediment) could be
observed, not salinity. There is potential difficulty in
distinguishing plumes produced by in situ resuspension
of seabed sediments by wind and wave action, from those
carrying suspended sediments associated with freshwater
runoff. Such ambiguity can best be resolved by sensing
surface salinity directly. In spite of this difficulty, Brodie’s
work demonstrated that strong winds may control the areal
extent and direction of migration of the plumes, and raised
the possibility that under certain wind conditions plumes
could reach outer continental shelf barrier reefs, located at
distances up to about 80 km offshore.

[5] Only a few recent field studies of river plumes have
effectively combined in situ sampling methods with
remote sensing of surface variables such as temperature,
salinity and roughness. Masse and Murthy [1990, 1992]
employed hydrographic profiles, current meter moorings
and satellite thermal imagery to study the Niagara River
Plume in Lake Ontario, which, like the Whale River
Plume [/ngram, 1981] and in contrast to the Connecticut
plume [Garvine and Monk, 1974], extended to the bed at
its source. The momentum balance was shown to evolve
from an inertial/Coriolis turning region near the mouth to
an essentially geostrophic balance seaward and down-
stream; occasionally strong downwelling- or upwelling-
favorable winds forced the plume, respectively, to either
hug the coast or migrate offshore. More recently, Marmor-
ino and Trump [1996] and O’Donnell et al. [1998] have
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succeeded in resolving the dominant motion and density
scales of the James and Connecticut River fronts, respec-
tively using high-resolution towed, ship mounted and
plume following arrays of ADCP and CTD instruments
to observe surface convergence features. They found
typical horizontal scales, sinking velocities and strain rates
in the frontal zone of 6 m, 15 cm sfl, and 0.04 sfl,
respectively. Marmorino et al. [2000] combined these in
situ techniques with airborne real aperture radar imaging to
study evolution of the inshore front of the Chesapeake Bay
outflow.

[6] The development of technology to remotely sense
sea surface salinity and soil moisture using passive micro-
wave radiometry has a relatively long history that began
with experiments in the late 1960s and followed in the late
1970s, with deployments of radiometers over the Missis-
sippi River outfall and Chesapeake Bay, and on Skylab
[Lerner and Hollinger, 1977; see Lagerloef et al., 1995,
Burrage et al., 2000 for more details]. Since then, there
have been significant improvements in instrument sensi-
tivity, accuracy, and levels of sophistication, including
provision of an imaging capability. These developments,
combined with the successes of oceanographic mapping
applications [e.g., Goodberlet et al., 1997; Le Vine et al.,
1998; Miller, 2000] have recently stimulated successful
proposals for satellite-borne instruments [e.g., Font et al.,
2000].

[7] The development of a capability to map sea surface
salinity remotely, using light aircraft, provides a unique
opportunity to map river plumes rapidly as they evolve in
space and time. We describe here the first such mapping
operations carried out in Australian coastal seas using an
airborne passive microwave radiometer system. The instru-
ment employed, the Scanning Low-Frequency Microwave
Radiometer (SLFMR) was constructed for an Australian
research consortium by ProSensing Incorporated (formerly
Quadrant Engineering Inc.) of Amherst, MA, USA. The
effort builds upon recent U.S. coastal mapping experience
using the prototype SLEMR. This instrument [Goodberlet
and Swift, 1993], has been used to map salinity from a
DeHavilland Beaver aircraft flying over U.S. east and south
coast estuaries and coastal waters [Goodberlet et al., 1997;
Miller et al., 1998; Miller, 2000]. The design of the SLFMR
is described by Goodberlet and Swift [1993] and a func-
tional simulation of the instrument is presented by Burrage
et al. [2000].

[8] Field calibration, logistical and sampling details of
our application of the Australian SLFMR system is
described in a companion paper [Burrage et al., 2002].
That paper (hereafter cited as BHMSP) describes the
instrumentation and acquisition of the airborne and in situ
data and evaluates the performance of the airborne mapping
instrument in relation to its calibration, validation and
confounding environmental influences. It also describes
the structure and spatial extent of the plume, and assesses
the representativeness of the resulting sea surface salinity
maps with respect to subsurface structure.

[9] The experiment, which involved intensive surface
and subsurface sampling from in situ moorings and ship-
board operations in the vicinity of Hinchbrook Island in
the GBR Lagoon (Figure 2), was primarily designed as a
“live test” of the SLFMR under representative tropical
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Australian conditions. However, the resulting oceano-
graphic and remote sensing data set is sufficiently com-
prehensive to justify an investigation of the plume’s
evolution and dynamics. The main issues addressed here
are the relationship between the prevailing meteorological
and oceanographic forcings and related influences to the
evolution of the plume, and inferences concerning plume
dynamics. Only a brief overview of the sampling method-
ology is provided here. The reader should refer to BHMSP
for details.

2. Instrumentation and Data Acquisition
2.1. Airborne Salinity Mapping

[10] The airborne surface salinity mapping instrument used
was the SLFMR (serial no. 2) built by Quadrant Engineering,
now ProSensing Inc. [Goodberlet, 2000a, 2000b, 2000c].
This is a multichannel passive microwave radiometer that
observes the brightness temperature of the natural microwave
emission from the sea surface. It operates within a radio-quiet
25 MHz wide astronomical band of the microwave spectrum
that is centered at a frequency of 1.4 GHz (21 cm wave-
length). The instrument observes the sea surface by scanning
8 beams at nominal across-track incidence angles of +61°,
37°,22°, and 8° from nadir. The outer 2 beams are not used.
The emission is a known function of conductivity, which is
itself a function of the sea surface physical temperature and
salinity [Goodberlet and Swift, 1993]. The surface salinity
can thus be inferred, if the physical temperature of the sea
surface is independently measured. This is done using an
infrared radiometer system flown alongside the microwave
system.

[11] The nominal beam width of 15° produces a beam
spot about 0.7 km in diameter at the surface, depending
upon beam incidence angle, at typical flight altitudes of
2000 m. Each beam is sampled for 0.5 s, so that a scan is
completed in approximately 4 s. The Noise Equivalent
Delta T (NEDT), which indicates the radiometric resolution,
or sensitivity, of the instrument is estimated to be 0.5 K.
This translates into a salinity precision of approximately
1 psu [Klein and Swift, 1977]. The absolute accuracy of the
instrument, determined empirically from in situ observa-
tions, was found to be £1.5 psu (BHMSP).

[12] The SLFMR was mounted beneath the fuselage of
the twin-engined Cessna 404 operated by Airborne
Research Australia (ARA). Flight times, altitudes and track
orientation were planned to minimize the effects of such
environmental influences as Sun glint and reflected galactic
emissions, which may contaminate the microwave data at
certain times of day. A total of five overflights of the
Hinchinbrook Island domain were made in the afternoons
of 21/22, 24, 27, and 30 March 2000. The first two flights
were part of a mosaic, which extended from Townsville to
Brook Islands, the remaining flights specifically targeted the
Hinchinbrook Island region. Flights were aligned approx-
imately across-shelf for the first 2 (mosaic) flights and
along-shelf for the Hinchinbrook Island flights (Figure 3).
Spatial resolution was enhanced over the plume source at
the south end of the Island by flying across-shelf at lower
altitudes. Mapping flights were of about 4 hour duration, of
which 3 were spent on the actual survey. Typical swath
widths were 4 km. At a flying height of about 1.5 km, this
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Figure 2. Locations of in situ oceanographic moorings and ship CTD transects within sampling domain
in the vicinity of Hinchinbrook Island. Transect labels (bolded) correspond to labels used in Figure 8 and
elsewhere. The Eva Island and Pith Reef Current meters were ADCPs. All other current meters were S4s.

enabled an area of approximately 3000 km? to be covered at
a representative cruising speed of 155 kn or 80 m s~ '. A
more detailed discussion of the flight logistics is presented
in BHMSP.

2.2. Oceanographic Sampling

[13] Oceanographic and meteorological data were
acquired using a variety of in situ, fixed or moored, towed
and shipboard profiling instrumentation [see BHMSP and
Stieglitz and Steinberg, 2001 for details]. The oceano-
graphic mooring locations were chosen to provide data both
within the near and far field of the plume, in the ambient
shelf waters and at the shelf edge, which is swept by the
East Australian Current.

[14] In situ water temperature, salinity and depth were
obtained from six Sea Bird Electronics Seacat SBE 16-03
Conductivity and Temperature (CT) recorders and a Sea
Bird SBE 19 Seacat Profiler Conductivity Temperature
and Depth (CTD) recorder. Sample intervals were 10 min
for the CT and 0.5 s for the CTD units. The CTD cast
data were edited by removing extreme outliers and near-
surface values contaminated by exposure to the air. They
were then bin-averaged into 1 m bins, and smoothed with
a 3 or 5 m long box-car filter, depending upon cast
depth.

[15] Tidal and low-frequency currents were observed
using a variety of current meter instrumentation. Interocean
S4 current meters recording at 30 min intervals were set

near to the surface or close to mid water column depths on
conventional taut wire moorings at the locations shown in
Figure 2 (see Table 1 for deployment details). Upward-
looking 300 kHz RDI Work Horse Broadband Acoustic
Doppler Current Profilers (ADCPs) were set close to the
seabed at Eva Island and Pith Reef. These were configured
to sample over 25 and 50 1-m bins, respectively, throughout
the water column, with a 10 min ensemble acquired every
30 min. The last (near-surface) in-water bin was not used
due to adverse effects of surface processes on the acoustic
response at this level. Data from a third ADCP located at
Myrmidon Reef (Figure 1), for a separate long-term moor-
ing study, were also used to capture shelf edge boundary
flows associated with the East Australian Current. A fourth
1200 kHz RDI Broadband ADCP was fixed to R/V Titan
and used to obtain bottom-tracked velocity measurements
both inside and outside the plume. This was configured with
20 x 1 m bins with an ensemble time interval of 30 s. Due
to commercial trawling activity, site selection for the moor-
ings was restricted so that current meter measurements were
only obtained inside the plume at the Brook Island S4 and
Eva Island ADCP site.

[16] Marine weather data were acquired from the Aus-
tralian Bureau of Meteorology weather station at the end of
the 5 km long Lucinda jetty and from a permanent weather
station operated by AIMS at Myrmidon Reef. Parameters
measured included surface atmospheric pressure, dry and
wet bulb temperature, and wind speed and direction (to
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Figure 3. Sea surface salinity maps from the SLFMR. (a) Partial plot of flights 21 and 22 March that were
juxtaposed. Subsequent flights on (b) 24 March, (c) 27 March, and (d) 30 March. Strong surface salinity
gradients are prominent in all the maps with freshwater (<16 psu) in the Hinchinbrook Channel and along
the coasts, and a transition zone of intermediate salinity (30—34 psu) mark the plume boundary. See color
version of this figure at back of this issue.




SRF 17-56 BURRAGE ET AL.: REMOTE SENSING OF TROPICAL RIVER PLUMES
21 & 22-Mar-2000 24-Mar-2000
T 0 - -
2 %
D, o D8 N,
18.00 < " g 2, River=, 2 # jaz
S e (S
21-Mar-2000 & « &
-Mar- - . s
@ 18.25 W 5 ° o Eg ,®
: -~ D 1P
g Y, Y
18,50 22-Mar-2000 2 ‘ Herber @ @
River .
: Booo
oo Do
18.75 _ PRI
27-Mar-2000 30-Mar-2000
(C) < :iﬁa & - (d) DL oy & %,
Tuly, i K Tuly_ AN
18.00 River = # 3 23 River o ' 5 4
QZ@ gt Q ﬂ g
& PR ° | i R
— [ L. 4
D 18,25 W o E@ﬁ o >
: 3 0 &
e
_:g % g 2 % o 2 ]
518,50 Herbert 9 ] Herbert @
River ﬁg River .
%O) 4 u’% 4
18.75 %, @&ﬂ. % %ﬁﬂ
146.00 146.25 146.50 146.75 147.00 146.00 146.25 146.50 146.75 147.00

Longitude (" W)

Longitude ('E)

Figure 4. Contour maps identifying the major salinity transitions evident in the corresponding SSS
maps (Figure 3). (a) Plume expansion between the first two flights, (b) broadened frontal interface, (c)
diminished plume size, and (d) little or no flow emanating from the SE channel entrance.

nearest compass point, i.e., within 22.5°). Flow around the
Lucinda weather station anemometer, which is located at the
end of the jetty, is known to be disturbed by a loading crane
when the wind blows from certain quadrants. However, a
favorable comparison with the Myrmidon Reef winds,
suggests these effects were not significant during the experi-
ment. Standard errors for wind direction and speed are not
accurately known, but are likely to be within £15° and 2.0
m s, respectively.

[17] Directions given follow meteorological convention
for wind velocity (blowing from the given direction), and
oceanographic convention for wind stress and currents
(acting or flowing toward the given direction). In the
Southern Hemisphere, downwelling-favorable wind stress
vectors point along the shelf with the coast on their left.
This direction, which we refer to as the ‘“downcoast”
direction is also the direction in which free (i.e., unforced)

coastal-trapped waves propagate. In contrast, upwelling-
favorable stress acts in the opposite “upcoast” direction.

[18] Wave data were recorded by the S4 current meter
operating in wave mode with a 20 min burst sample every
1 hour at Eva Island. This was processed using an in-house
wave analysis program to produce time series of significant
and maximum wave height, and zero crossing and mean
period [Stieglitz and Steinberg, 2001].

3. Evolution of the Herbert River Plume
3.1. Antecedent and Prevailing Conditions

[19] Heavy rain associated with a tropical low-pressure
system fell at Lucinda during the periods 8—9 and 16—17
March, prior to the mapping experiment (20—31 March).
The rainfall rate at Lucinda exceeded 190 mm (7.5 inches)
over the 24 hour period of 17 March. In contrast, the
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Start date Instrument
(dd mo), time End date (dd mo), Lat (S) Lon (E) position?/depth
Station name Symbol (hh mm) time (hh mm) (dd mm.m) (dd mm.m) (m)
S4 current meters
Kennedy Shoals KS 20 March, 1100 5 May, 0900 18 05.18" 146 26.33’ 15/30
Brook Islands BI 20 March, 1230 5 May, 1200 18 09.75 146 18.30 15/20
Orpheus Island 01 21 March, 1800 7 May, 0800 18 35.10 146 31.20' 10/25
ADCP current meters
Pith Reef PR 20 March, 2200 20 September, 1200 18 11.20' 146 56.91’ 5/50
Eva Island EI 24 March, 1230 5 May, 1500 18 14.16' 146 19.16' 1/20
S4 wave recorder
Eva Island MY3 24 March, 1420 5 May, 1500 18 13.5 147 20.9 75/200
CT recorders®
Channel CT1 30 March, 1410 8 May, 1150 18 31.90 146 18.50' 1-3
Mid-jetty CT2 31 March, 1139 23 April, 0509 18 31.44' 146 21.50' 1-3
End-jetty CT3 30 March, 1612 23 April, 0429 18 31.48' 146 32.10' 1-3

“Instrument positions are depth below surface for CT units, but height above bed, otherwise.

experimental period was dry and mostly calm. Further rain
associated with the passage of Tropical Cyclone (TC) Tessi
fell on the 3—4 April after the airborne mapping operations
had been completed (A Tropical Cyclone in Australian
usage is equivalent to a hurricane in U.S. terminology).
This fortuitous combination of stormy and calm weather
enabled us to map a significant flood plume event under
near-ideal observational conditions.

[20] The Herbert River flow (Figure 5a) exhibited three
peaks exceeding 100,000 ML d~" after January 2000 and
prior to the commencement of the experiment. The second
and largest peak of 748,187 ML d~!, corresponding to a
daily average discharge rate of 8660 m® s~ ', occurred on 29
February, while the third, which occurred on 18 March, 3
days prior to our first flight, was smaller (221,271 ML d~
or 2561 m® s™'). The figure also shows the Tully River
flow, which was estimated for the period following the start
of the experiment (for which data were not available) on the
basis of a loglO regression against the corresponding
Herbert River data for the preceding 3 month period. This
was required as an indication of the relative source strengths
for the Herbert and Tully River plumes. The regression
relationship is considered valid since the upper catchments
of these two rivers are of similar geomorphology and
experience similar rainfall patterns. The Tully River dis-
charge peaks tend to be an order of magnitude smaller than
the corresponding Herbert River peaks, but base flows are
of similar magnitude. During the 10 day airborne survey
period the Herbert River flow gradually diminished from
50,807 ML d™' (588 m® s~' to 15,798 ML d~' (183 m’
s~ "). The data thus suggest that local runoff at Lucinda due
to rain on 16—17 March augmented the second peak. TC
Tessi affected the Townsville area on 2 April, and TC
Vaughan hit the coast just south of Lucinda (at the township
of Rollingstone) on 5 April. The circulation effects of the
latter can be seen in our current meter mooring data. The
associated river flow also affected salinities observed from
CT units attached to a trawler mooring in the SE arm of
Hinchinbrook Channel and to the middle and end of the
Lucinda Jetty (Figures Sc—5e). Ignoring tidal advection, the

salinity can be seen to vary approximately inversely as the
river inflow, with significant freshening occurring in early
April and May in association with TCs and storms (compare
Figures 5b and 5c).

[21] The Burdekin River was also running strongly dur-
ing the experiment (overtopping its dam). This is the largest
river in the region and it debouches into the sea south of
Townsville (19°S, see Figure 1). During previous floods the
Burdekin plume has been tracked northward far up the coast
toward Cairns (17°S) [Wolanski and Jones, 1981], raising
the possibility that as it diffuses and spreads seaward it
could lower the ambient shelf water salinities in the vicinity
of Hinchinbrook Island. In this case, the Herbert and Tully
plumes could be superimposed upon, and ultimately merged
with, that of the Burdekin to form a buoyant coastal current
that continues further up the coast.

[22] Winds preceding the study period were strong and
variable, and ranged generally from 10 to 20 knots in the
period 9—20 March. During the period of the second rainfall
event (17 March) winds were relatively strong (20—30
knots) and from the NNE (upwelling favorable). They
weakened to 10—15 knots and swung to ESE (downwelling
favorable) as the river flow peaked on the 18th. After the 20
March they were generally light (less than 10 knots) and
from SE to SW. On the 28th they increased again as may be
expected during the development and close coastal
approach of the tropical cyclones. They remained mostly
ESE to SSE before swinging briefly to the NW on 2 April.
The winds subsequently swung back to ESE at about 10—20
knots during the remainder of April. The wind stress
component resolved into the principal component direction
(Figure 6d) shows the period of relative calm that prevailed
during all but the last of our salinity mapping flights
(conducted on 30 March).

[23] The low-maximum wave heights recorded at Eva
Island (<0.25 m, Figure 6e) indicate weak wave action
during most of the overflights, but heights increased to
about 1 m during the last 3 day flight interval.

[24] Low-frequency currents in the region are driven
primarily by wind stress and along-shelf pressure gradient
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Figure 5. Time series of daily river discharge for the Herbert and Tully River over (a) the first half of
2000 and (b) during the main experimental period. Three periods of high discharge (>60,000 ML d ")
occurred just before and during the experimental period. In situ near-surface salinities from (c) inside the
SE channel entrance and at the midpoint (d) and end (e) of Lucinda Jetty show salinities varied
approximately inversely with river discharge, with tidal period excursions superimposed. The vertical
dashed lines here and in Figures 6 and 10 indicate the times of the SLFMR overflights. The finer
graduations along the time axis at bottom left mark daily intervals.

forcing, while the across-shelf momentum balance is midon Reef, as part of a separate study. These observa-
essentially geostrophic [Burrage et al., 1991]. In addition tions gave a useful indication of the prevailing East
to our inner shelf current meter mooring deployments, Australian Current, which modulates the currents on the
currents were also observed near the shelf edge at Myr- continental shelf [Burrage et al., 1991]. Prior to the
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Figure 6. Time series of (a) river flow (repeated from Figure 5b for comparison) and forcing functions

including (b) low-pass filtered along-shelf current, (¢) offshore tidal currents showing prominent spring—
neap cycle, (d) local wind stress, and (¢) maximum wave height. Relatively calm dry conditions and weak
circulation prevailed during the intensive experimental period (20—30 March) bracketed by strong winds
and high discharge, associated with storms, particularly later in the extended period (1 April to 8 May).

airborne mapping experiment currents observed at Myrmi-
don Reef (see Figure 1 for location) were generally
northward but weak 2 weeks prior to the main experiment.
They peaked at about 18 cm s~ ' northward 1 week prior
before relaxing to near zero as the mapping flights began.
Prevailing low-frequency (wind-driven) currents, PCAlo,
during the course of the experiment (Figure 7a) show

equatorward vector mean flow, and along-shelf alignment
of principal component directions at all stations, while the
high-frequency currents, PCAhi, which are dominated by
the tides, exhibit significant cross-shelf flow (Figure 7b).
This is confirmed by the analysis of major axis tidal
current directions and strengths for the O; and M, tidal
constituents (Figures 7c¢ and 7d). The dominant (K;)
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The crosses are offset from the station location by a vector representing the mean flow direction and
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clockwise phase progression in contrast to the other stations). PCA hi and M2 principle directions agree

closely.

constituent was not resolved by the short records, but O,
should be indicative of diurnal current behavior, while M,
is the dominant semidiurnal constituent.

3.2. Plume Evolution

[25] Based on the CTD casts and SLFMR maps we can
trace the evolution of the Herbert River plume in consid-
erable detail during the course of the intensive period of the
experiment 20—31 March. The experience gained from the
intensive period and the in situ time series data collected

subsequently allow us to infer likely plume development
during the extended period spanning 1 April to 8 May.
Finally, the small database of historical data allows us to
speculate on what plume conditions might have been like
preceding the experiment, i.e., during the first quarter of
calendar year 2000, and for the remainder of the wet season,
after the experiment was completed.
3.2.1. Intensive Period

[26] At the start of the intensive period spanning the
SLFMR flights, 20—31 March, the Herbert River plume



Table 2. Plume Classification Following the Work of Garvine [1995]

r/fH
—0.44
—0.50
—0.27
—0.44
—0.27
—0.17

Ve/HU
—0.42
—0.48
—0.54
—0.87
—0.04
-0.33

Gamma

Date
21-30 March 2000

21-22 March 2000

Latitude
—18.25
—18.25
—18.25
—18.00
—18.75
—16.00

Name
Herbert River, Queensland

Case number

Source
Wolanski [1994]
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2.9
39
2.9
33
5.0
10.0

—0.13
—0.07
—0.17
—0.67
—0.38
—0.70

0.15
0.10
0.16
0.29
0.23
0.21

—0.93
—0.76
—1.03
-2.33
—1.69
—3.34

0.1

27 March 2000
27 March 2000
21-22 March 2000
20 January to 3 February 1981

Herbert River, Queensland
Herbert River, Queensland
Tully River, Queensland
Burdekin River, Queensland
Burdekin River, Queensland

— S 2N

0.30

0.20 1.0 0.10

2.00

44.5

Point Beach, USA
Mississippi River, LA

Garvine [1995]

0.70
0.10
0.10
0.08
0.10

0.20
0.01
0.08
0.02
0.05

1.0
6.0
5.0

0.20
0.80 10.0
1.00
0.30
1.00

1.00
0.40
1.00
0.30
0.10

0.20
2.00
1.00
1.00
10.00

29.00
49.00
43.00
58.00

Gaspe, Canada
Niagara River, Canada
Alaska Coastal Current, USA
Scottish Coastal Current

o~ oS
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was moderately well developed with a narrow frontal
transition of 30—34 psu (Figures 3a and 4a). On the 21
March the river flow had already reduced significantly from
a peak established 2 weeks previously (see Figures 5a and
5b). As we had only a few in situ stations operating at this
ecarly stage in the experiment, the ancillary data are scant. At
this time winds had been moderately strong, but were
starting to relax. The tides were relatively intense but
diminishing from spring to neap (Figure 6¢) and ambient
low-frequency currents were weak and tending southward
(Figure 6b). After the wind relaxed and a day later, during
the 22 March flight (also plotted in Figures 3a and 4a), the
plume had expanded; with a doubling of its apparent width,
as indicated by the frontal location along the line joining the
two flight maps and east of Zoe Bay.

[27] Two days later, on 24 March flight (Figures 3b and
4b), the width of the plume and salinity of its frontal transition
zone (~32 psu), in the southern portion of the domain,
closely resembled those mapped on 22 March. However,
the interior of the plume was significantly more saline (31 psu
compared with about 21 psu), indicating significant mixing
had taken place. In comparison with the situation on 21
March, the 30 psu isohaline had contracted almost to the
coast, and the 32 psu isohaline had expanded offshore, so the
plume was weaker and more widely dispersed. Conditions
remained calm, with weak prevailing currents, and weaken-
ing tides. There was also a second bulge located to the north.
This could have been caused by a frontal meander, but that is
unlikely for a subcritical plume like this (section 5.2 and
Table 2). Alternatively, it might have resulted from a merger
with another plume emanating either from the NW arm of
Hinchinbrook Channel or from the Tully River. A new and
much narrower (<5 km wide) frontal plume feature appeared
off the SE coast of Hinchinbrook Island, presumably reflect-
ing the existing reduced river inflow rate. Salinities at the end
ofthe 5 km long jetty (Figure 5e) were about 31 psu, which is
consistent with those mapped immediately seaward of the
plume (Figures 3b and 4b). During the following 3 days, the
area of fresh water (<16 psu) emanating from the SE channel
entrance progressively contracted, consistent with the monot-
onically decreasing river flow (Figure 6a).

[28] By 27 March (Figures 3c and 4c), the broader plume
had reintensified, despite the continually reducing river
inflow. There was a smoothly curving frontal transition,
and salinity inside the front was depressed to 24 from 31
psu. The plume width off the southern half of Hinchinbrook
Island had narrowed to 10 km from a maximum of about 20
km. The appearance of the relatively saline tongue, seeming
to penetrate southward between the Island and the front,
coincided with the upwelled 29 psu isohaline within the
upper 3 or 4 m of the vertical section off Ramsay Bay
(Figure 8c). The appearance of this feature and its likely
dynamical implications are considered further in section 5.2.
At this time neap tides prevailed (Figure 6¢), so tidal mixing
was at its minimum for the intensive period.

[29] By 30 March (Figures 3d and 4d), the plume structure
was much diminished in both intensity and scale. Stronger
northward ambient flow of about 20 cm s~' (Figure 6b)
apparently reduced the plume width to the extent that
relatively freshwater (order 24 psu) was confined to a narrow
band along the coasts of Hinchinbrook Island and Rock-
ingham Bay. A large, but moderately saline (~32 psu) and
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thin (<5 m), body of buoyant water remained trapped in the
Bay. Salinities inside the SE and NE arms of the Channel had
risen to about 20 psu from values of less than 14 psu observed
on 27 March, as a consequence of the reduced discharge of
Herbert River waters into the Hinchinbrook Channel.

[30] Clearly, the plume responded to different oceano-
graphic and meteorological conditions that modulated its
intensity and location, while the source strength gradually
declined. Among these factors the transition from spring to
neap tides and back to springs is a significant factor (see
Heron et al. (Sea surface salinity remote sensing of river
runoff on the Great Barrier Reef, manuscript in preparation,
2002) for an analysis of the effects of tidal mixing on the
Herbert River plume), while wind and prevailing ambient
current, also play an important role. Under more extreme
conditions, such as during the passage of a tropical cyclone in
the extended period discussed below, river discharge and
wind and wave-induced mixing may well dominate the other
factors.

3.2.2. Extended Period

[31] The extended period (1 April to 8 May), during which
the in situ moorings remained in place, provides a pertinent
example of tropical cyclone influence, with the passage of
TCs Tessi and Vaughan on the 3 and 6 April, respectively.
Prior to the arrival of TC Tessi, river flow was weak,
prevailing currents were northward, and tides were in tran-
sition from neap to spring. The prevailing wind stress was
northward, and similar to its intensity at the start of the period.

[32] Just prior to the arrival of the first cyclone, maximum
wave heights attained a peak of about 2 m, and wind stress
swung southward. On 3 April, spring tides again prevailed
and the southward wind stress reached its maximum for the
entire period (Figures 6¢ and 6d). Maximum wave heights
at Eva Island peaked, at a height of 1 m (Figure 6e). Since
the wave-measuring Eva Island S4 current meter was on the
lee side of the island, the fetch was probably quite restricted.
Thus wave heights in the region could have been signifi-
cantly underestimated. Prevailing low-frequency currents
weakened slightly, but continued northward (Figure 6b).
The river discharges peaked three times during the ensuing
week (Figure 6a). As tides changed to neap, the northward
current strengthened and wind stress swung around to
produce one modest, and two moderately strong, northward
pulses. Maximum wave heights peaked in proportion, but
the peaks led the wind field. This could be explained by
swell propagating shoreward from TCs located offshore that
subsequently approached and crossed the coast.

[33] During this period, the Herbert River and estimated
Tully River flows regained discharge rates equal to those
exhibited at the start of the intensive period (Figure 5b).
Salinities inside the SE channel entrance and at Lucinda jetty
(Figures 5c—5¢) where modulated by the spring tides, with
ranges of 10—30 and 30—32 psu, respectively, but the wave
envelope actually peaked as TC Tessi approached. This
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response would be consistent with the (as yet) weak river
inflow and strong tidal mixing. Any residual plume was likely
reduced in intensity and compressed against the coast by the
combined effects of mixing and along-shelf advection. Due to
the wind reversal however, the plume might have moved
southward of the channel mouth, but is unlikely to have
moved significantly offshore, as the wind pulse was too brief
to allow time for offshore surface layer Ekman transport to
become established. As the river discharge peaked, the
salinity wave envelopes gradually freshened to the point
where salinities ranged from 0 to about 22 psu in the SE
arm of the Channel and from 25 to 30 psu at the end of the
jetty.

[34] By 10 April, after the second northward wind peak
resulting from passage of TC Vaughan, the prevailing
currents at Brook Island peaked at about 0.18 m s~ north-
ward, while the tides changed to neap, wind became
relatively calm, and maximum wave heights were corre-
spondingly small (about 0.3 m). The plume, at this stage,
may well have been developed to its maximum intensity
and extent. With the passage of yet another storm on about
the 12 April, waves peaked once again, then gradually
diminished, and prevailing currents reached a peak of about
0.20 m s~'. In this situation the plume likely experienced
strong vertical mixing due to wind wave action, but little
tidal mixing because the tides were neap. The response
appears to have been a somewhat erratic return to saltier
conditions in the SE arm of the channel and at Lucinda, in
spite of the significant river discharge.

[35] From about 14 to 24 April, conditions followed a
pattern similar to that prevailing during the intensive period,
i.e., monotonically diminishing river inputs, gradually
increasing plume salinities, a transition to neap tides, and
drift currents switching from a southward pulse of 20 cm
s~' maximum speed to an even stronger northward flow.
We thus infer a similar response to that of 12 April, with an
initially strong and well-defined northward trending plume
changing to one dominated by wind and tidal mixing, and
finally, to a weak and narrow coast-hugging plume.

[36] The subsequent flood, beginning with increased river
discharge on 25 April, attained the amplitude of the previous
peak then declined monotonically, as before. It is interesting
that peaks in river discharge tended to correspond to north-
ward along-shelf current flow (at least for 2 cases out of 3).
Northward flow would naturally be expected if the plume
(deflected to the left by Coriolis effects) significantly influ-
enced the low-frequency currents. However, the Brook Island
drift current was highly correlated with all of our other ADCP
and S4 current meter sites (not shown), regardless of location
in or outside the plume and over the continental shelf or
slope. The shelf currents were thus unidirectional, and likely
influenced by the combined forcing of the along-shelf winds
and by the horizontal pressure gradients, which are modu-
lated by the East Australian Current flowing along the shelf

Figure 8.

(opposite) Salinity sections (a) starting near the SE channel entrance at Lucinda and proceeding (in clockwise

panel order) up the east coast of Hinchinbrook Island past (b) Zoe Bay and (c) Ramsay Bay into (d) Rockingham Bay. The
plume intersects bottom near the entrance but floats within the upper 10 m subsequently, as it flattens to the north then
broadens into Rockingham Bay. A retrograde front is apparent offshore at depths exceeding 10 m. Surfacing of the 29 psu
isohaline off Ramsay Bay (at Stn 91) coincides with saltier water penetrating the plume from the north in the SSS map

acquired on the same day (see Figure 3c).
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edge [Burrage et al., 1991, 1994]. If so, the correspondence
between discharge and prevailing depth-averaged and/or
middepth (i.e., barotropic) current is a mere coincidence.
Another possible effect would be equatorward deflection of
the Herbert River plume by the larger plume emanating from
the Burdekin River mouth, to the south. Hydrodynamic
modeling simulations [King et al., 1998, 2000] suggest that
the Burdekin’s influence can extend northward beyond
Hinchinbrook Island and out to, at least, half the width of
the GBR Lagoon. While the SLFMR salinity maps (Figure 3)
provide some evidence of seawater dilution in the lagoon,
south of the SE channel entrance, the map acquired on 27
March (Figure 3c) suggests that the Herbert River plume was
isolated from more southern sources during the later half of
the survey.

[37] A more subtle baroclinic velocity structure related to
the presence of the plume is likely, and easier to substantiate
using the shipboard ADCP data (discussed above). While
no causal connection is expected between river discharge
and the spring—neap cycle, there is a possibility that tidal
currents could modulate the low-frequency circulation [Bur-
rage et al., 1991, 1994]. If such a relationship were to be
acting here, it could be confounded by the strong northward
wind stress associated with passage of the tropical cyclones.
3.2.3. Historical Period

[38] We have some data upon which to base an assess-
ment of the historical conditions pertaining to the first
quarter of the year. There were two prior river discharge
peaks that exceeded those giving rise to the plumes that we
observed instrumentally, so we suppose that larger and
stronger plumes were likely to have occurred prior to the
combined Intensive and Extended observation periods. On
the other hand, the discharge peak observed at the end of
April was the last significant event for the first half of the
calendar year, and marked a return to the SE trade-domi-
nated dry season characterized by relatively low flow,
moderately strong but steady on shore prevailing winds,
and cool saline conditions.

4. Tidal and Internal Circulation
4.1. Tidal Influence

[39] The response of the plume to tidal influences in the
absence of strong transient events (e.g., due to tropical
cyclones), is expected to be determined by passive advec-
tion of the salinity field and changes in the stratification due
to a variety of physical influences. The tidal period salinity
variations (Figure 5) ranged consistently over about 20 psu
inside the Channel (Figure 5c), while the range varied from
about 1 to 10 psu at the midjetty (Figure 5d) to about 2—5
psu at the end (Figure 5e). During spring ebb tidal flow the
channel instrument occasionally registered essentially pure
river water (<l psu). The channel CT instrument was
suspended from a floating buoy and maintained a nearly
constant depth of Im below surface, while the jetty instru-
ments were suspended from the jetty handrail at a depth of
about 1 m below the low tide level. In the latter the depths
therefore varied over a range of about 1-3 m. A slightly
saline bias, might therefore be expected at the jetty sites. It
is likely that almost pure river water was present at all three
stations, at least during ebb tide, at certain times in the
spring—neap cycle.
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[40] The influence of tidal advection and tidally induced
current shear (both horizontal and vertical shear of the
horizontal currents) are apparent in the S4 and ADCP data.
However, the depth-averaged high-pass (tidal band) current
at the Eva Island ADCP [Stieglitz and Steinberg, 2001]
exhibited quite an irregular tidal cycle, and a relatively
indistinct spring—neap cycle. This contrasted with the
regular tidal pattern of the depth-averaged currents at Pith
Reef ADCP (Figure 6¢), which was located outside the
plume. This contrast suggests that small-scale circulation
features, such as tidal eddies and jets associated with fine-
scale topography and perhaps baroclinic processes, signifi-
cantly influenced the high-frequency current variability
within the plume.

[41] The effects of tidal advection were clearly seen
during near-instantaneous observations of current made
within the plume, using the ship-mounted ADCP. For
example, on the 27 March, when prevailing low-frequency
currents were weak, the effect of tidal flood currents was
apparent in a reversal of surface flow directions observed
along the east coast of the Hinchinbrook Island.

4.2. Internal Circulation

[42] The internal circulation of the plume may be repre-
sented by mean, time-varying, and instantaneous velocity
profiles obtained from the shipboard ADCP and moored CM
deployments at Eva Island (inside the plume) and Pith Reef
(outside the plume). The mean velocity profile of the major
principle component, V-Cmpt (loss-passed), for the full
period of record at Eva Island (Figure 9a) shows a uniformly
sheared equatorward mean flow of 10-30 cm s~ ', with the
velocity maximum near the surface. This is consistent with
the more buoyant surface water in the plume being deflected
northward by Coriolis acceleration and/or the effects of the
prevailing SE trades. The V-Cmpt profile at Pith Reef
(Figure 9b) also shows a mean equatorward flow, but in
this case the horizontal velocities and shear are much weaker
(6—8 cm s~ '), and the velocity maximum lies about 10 m
above the bed. The corresponding cross flows, U-Cmpt,
show a net shoreward transport with linear shear and
stronger flow near the surface (Figure 9b), while the Eva
Island profile (Figure 9d) shows a maximum at about 8 m
above the bed. This is at or immediately below the base of
the plume interface, which is typically 8 m below the surface
near this location. Clearly there is a “tendency” for stronger
shoreward flow, or weaker offshore flow, near the base of the
plume. The resulting transverse circulation pattern super-
ficially resembles that of the longitudinal section through a
salt wedge estuary with saltier lower layer water encroaching
on, and subducting beneath, the more buoyant surface layer.

[43] The contrast between strong shear at Eva Island
and weak shear at Pith Reef is clearly evident in the time
series of along-shelf flow from the same current meters
(compare Figures 10a and 10b). The Pith Reef along-shelf
flows are essentially barotropic, while those at Eva Island
(inside the plume) are baroclinic. The corresponding cross
flows, however, are quite strongly sheared at both loca-
tions, i.e., on both sides of the plume front. The high-pass
(tidal band) velocity profiles from these stations (not
shown), are quite similar to those described above, except
that shear is also significant in the along-shelf (tidal) flow
at Pith Reef.
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Figure 9. Vertical profiles of time mean low-pass ADCP velocity components resolved along Principle
Component directions (Figures 7a and 7b) for (a and c) Eva Island and (b and d) Pith Reef. Top panels
show the major axis component (V, essentially along-shelf), while lower panels show the orthogonal
across-shelf flow (U). The rotation direction coincides with +V.

[44] A ship-mounted ADCP transect obtained on 27 March
(Figure 11) coincided with the eastern section (CTD Stns 87
to 86) of the CTD transect conducted at the same time off Zoe
Bay (Figure 8b). The independent variable, time, is a surro-
gate for across-shelf distance, given the transect was
observed by proceeding from the east (offshore) to the west
(onshore). For this plot the principle component directions
calculated over the duration of the transect (about 45 min),
were aligned quite closely to the north, v and east, u, compass
directions, so the velocity data are presented relative to these
directions, instead of being rotated to the principle axis. The
cross-stream component (Figure 11a) is the most interesting
with a band of eastward (offshore) flow reaching 7 cm s~
between bins 9 and 16 near the western end (centered on a
time of 1430), with an abrupt transition to westward flow at
depth. The transition between eastward and westward flow
curves upward to the east and surfaces at about the 1400
position. This location coincides approximately with the
location of a convergent color front and presumed plume
boundary, as determined visually and photographed from the
ship during the survey. Surface convergence was a character-
istic and persistent feature of the front all the way from
Lucinda Jetty to at least Zoe Bay, as evidenced by extended
foam lines and other flotsam strewn along the color front.

[45] Westward flows predominate beneath this curve, with
amaximum speed of about 10 cm s ', Weak northward flows
predominate near the surface and offshore (Figure 11b) with a
core of southward flow evident at the nearshore end of the
transect, centered near bin 12 at time 1437. The overall
structure suggests a convergent frontal structure with plume

water flowing northeastward nearshore and in the near sur-
face, and northwestward flow to seaward, beneath the frontal
interface.

[46] The structure shown in Figure 11 is consistent with
the mean velocity profiles at Eva Island and Pith Reef
discussed above (Figure 9). For the cross-stream compo-
nent, U, there is a tendency for westward flow in the upper
part of the water column (but with a reversal, near surface in
the shipboard data), and for eastward flow at depth offshore
(Figure 9d). Flow tends westward almost everywhere at Eva
Island with a weak tendency for reversal in the middle of the
water column. For the along-stream component, V, stronger
northward flow also prevails at the surface, nearshore with a
tendency for southward flow at depth (Figure 9a), while
flows tend southward offshore near the surface and north-
ward at depth (Figure 9b).

[47] The general consistency between the three methods of
data presentation is reassuring, but there are significant
differences that might be attributed to local tidal variability,
the spatial separation between Eva Island and Pith Reef, on
the one hand, and the Zoe Bay transect on the other. Addi-
tionally, we are comparing an essentially instantaneous
profile affected by tidal and other high-frequency motions
with a time series or mean obtained over a monthly timescale.

5. Discussion
5.1. Dynamical Classification

[48] It is instructive to classify the observed plumes
within a dynamically consistent framework that allows
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Figure 10. Time series of low-frequency (a and b) along-shelf and (c and d) across-shelf currents at (a
and c¢) Eva Island and (b and d) Pith Reef ADCP sites. Strong shear is evident in both components of
velocity at Eva Island, while the along-shelf component at Pith Reef is nearly barotropic.

comparison with plumes that occur elsewhere. This could
also guide future applications of hydrodynamic modeling
techniques to the Herbert and Tully River plumes. In
principle, various classification schemes could be applied
[e.g., Chao, 1988; Kourafalou et al., 1996; Pullen and
Allen, 2000]. That of Chao [1988] employs just two
dimensionless parameters. The first is a Froude number
equal to the ratio of the inflow velocity to the first baroclinic
mode phase speed, determined at the estuary mouth. In the
inviscid limit, Froude numbers exceeding unity imply the
plume is supercritical. However, plumes with Froude num-
bers less than unity may be supercritical if dissipation is
sufficiently high. The second is a ratio of the downstream
intrusion speed and the theoretical phase speed, which is a
measure of the dissipation. However, this scheme is difficult
to apply to field experiments such as ours, where the initial
development of the plume was not observed, and where the

downstream front location is difficult to define due to
mixing and diffusion or to coalescence with other plumes.
Since Froude numbers where less than unity on 21 March
and decreased thereafter, we cannot determine whether the
plume was super or subcritical, i.e., how important dissipa-
tion was, without knowing the downstream propagation
speed.

[49] The classification scheme of Garvine [1995] is more
general, in that it accounts for a variety of forcings, and it is
more easily applied using our airborne and in situ obser-
vations to determine the relevant parameters. In this scheme
the dissipation issue is resolved by assigning a representa-
tive value to the linear friction coefficient, which depends
on whether the plume is attached to the bottom (bottom
friction) or separated from it (interfacial friction). The
scheme sorts buoyant plumes and coastal jets into a
hierarchy based on the Kelvin number, K, a nondimen-
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Figure 11. Vertical section of instantaneous current velocity across the plume and frontal boundary

from the shipboard ADCP. This coincides with the CTD transect (Stns 87—86) obtained off Zoe Bay
(Figure 10b). Strong vertical and horizontal shear (up to 20 cm s~ ' contrast) is evident in (a) the
velocities, U, transverse to the frontal interface, while horizontal shear dominates in (b) flows, V, parallel
to the front. See color version of this figure at back of this issue.

sional ratio of plume width scale versus the baroclinic
Rossby radius. Within this scheme other nondimensional
parameters such as the Froude number, F, and internal wave
phase speed, c, play an important secondary role that allows

more subtle plume characteristics to be distinguished. Addi-
tional parameters specify the aspect ratio, Gamma, of the
plume or its reciprocal, and the scaled Ekman transport and
linear drag coefficient. The last two effectively account for
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wind and bottom stress, taking into account the effects of
rotation. Assuming the pressure (or buoyancy) effects are of
first order, these quantities may be used to determine the
relative importance of other steady state terms to the along-
stream and across-stream momentum balance [Garvine,
1995].

[s0] Since the scheme assumes steady state dynamics,
plumes for which the forcing and/or plume geometry
changes significantly over a period of less than a week
might not be reliably classified. The scheme, which is
diagnostic rather than prognostic, also relies on prescription
of bulk characteristics of the plume, which must be deter-
mined from field or lab work, or from a numerical hydro-
dynamic model.

[s1] The Herbert, Tully, and Burdekin Rivers classifica-
tions (Table 2, cases 1-4) were made on the basis of
parameters derived from the sea surface salinity maps and
in situ data, such as plume width and representative buoy-
ancy frequencies. These are compared with selected cases
from the work of Garvine [1995], which either span his full
range or are comparable with our plume classifications, at
least as far as K is concerned. The negative values result
from the Southern Hemisphere location, and signify the
tendency for austral plumes to turn left rather than right as
they cross the shelf under the influence of Earth rotation (f <
0), but are otherwise of little diagnostic consequence. Case 1
is based on estimated mean quantities for the Herbert over
the 10 day flight period; parameterizations based on data
from specific days yielded similar results, giving us con-
fidence to apply the scheme to the time-varying Herbert
River plume. However, we found that the corresponding
momentum term scalings (not shown) suggest there is a
momentum deficit that might be explained by the absence of
a time-varying (local) acceleration and related tidal stresses.

[52] The results for the Herbert plume show clearly that
the Kelvin number is of order 1, and so neither of the
simplified extreme cases (K < 1 or K > 1) discussed by
Garvine are applicable. This implies the river falls squarely
between the advection-dominated Point Beach plume (case
5), and the geostrophic Scottish Coastal Current (case 10).
The Froude number is of order 0.1, suggesting that the
observed plume is subcritical and consequently is unlikely
to form an initial bulge wider than the associated down-
stream coastal current. The Coriolis term dominates advec-
tive accelerations, and the wind and bottom friction are of
roughly equal importance, but both are dominated by the
pressure (buoyancy forcing) term. The apparent “missing”
momentum on the acceleration (left) side of the momentum
equation, however, argues against making the geostrophic
approximation for this plume. On the contrary, it appears
that any modeling effort for the Herbert should incorporate
a full (nonsteady) momentum formulation, possibly with
provision for both tidal and subtidal forcing to effectively
capture the unsteady dynamics.

[53] The Tully River plume (case 2) displays a dynam-
ically wider plume structure (K ~ 2), although the data are
confined to only a couple of days, and may be biased by
transients. Also, the along-shore extent of the plume might
not have been captured by the corresponding surface
salinity map. Its Froude number is about double that of
the Herbert, but is still subcritical (U < c), in contrast to the
Mississippi and Niagara Rivers which are critical (cases 6
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and 8), and Point Beach (case 5) which, according to
Garvine’s analysis, is quite narrow (K ~ 0.1) and super-
critical (U > ¢). Parameters for the observed Burdekin River
flood plume (case 3) are comparable with those of the
Tully, although both the wind and bottom stress effects are
smaller. This may be compared with the larger Burdekin
River flood plumes observed by Wolanski and Jones [1981]
and Wolanski and van Senden [1983] and modeled diag-
nostically by Burrage et al. [1995] (case 4). Both these sets
of authors assumed the plume was in geostrophic balance.
However, the scaling suggests wind effects could be quite
important, while friction is of secondary importance, given
the plume was mainly above, rather than attached to, the
bottom.

[54] A useful aspect of plume classification is that it
suggests comparisons with plumes located in other geo-
graphical and oceanographic settings. Our classification and
Garvine’s, suggest the dynamics of the Herbert River plume
could be fruitfully compared with those of the Niagara
River (case 8) studied by Masse and Murthy [1990,
1992], and the Alaska Coastal Current (case 9) [Royer,
1981a, 1981b]. Both of these have K ~ 1, but faster ambient
flows and lower susceptibility to wind and bottom (or
interfacial) stress, mainly because of the stronger rotational
effects (larger f). A reviewer has pointed out that the deeper
water underlying the Alaska Coastal Current would also
tend to diminish the role of bottom stress. Conversely, this
emphasizes the fact that at tropical and subtropical latitudes
(as in the GBR Lagoon), and in shallower locations, wind
and bottom or interfacial stresses are less constrained by the
effects of rotation, and thus capable of disturbing the plume
geometry and dynamics, especially under conditions of
extreme variability, such as during the passage of a tropical
cyclone. Thus plumes that turn left upon entering the GBR
Lagoon, particularly in the northern GBR, where f is
smaller, and the water is relatively shallow, might do so
as much because of the prevailing wind field, as because of
Coriolis deflection.

[s55] The comparison with the Niagara River plume is
interesting because that plume was initially attached to the
bottom before it lifted off and turned inertially in an
anticyclonic direction. These features are shown clearly
by the Herbert River (Figures 3c and 8a—8d). It also has
other important implications. Masse and Murthy [1990]
found that mixing between the anticyclonic plume and the
ambient water under downwelling-favorable winds was
limited, while seaward flow associated with upwelling-
favorable winds enhanced mixing. This latter situation
could readily arise in the GBR if a land-falling tropical
cyclone crosses the coast close to the catchment and
expands into a slow moving tropical rain depression. We
have not yet had the opportunity to observe plumes under
persistent upwelling-favorable winds using the SLFMR,
but the ecological effects of such events on coral reefs in
the region could be quite significant, and warrants further
investigation.

[s6] Our limited results for the Tully suggest that it could
be comparable with the Gaspe Current (case 7), at least
under the circumstances observed, with K ~ 2 and com-
parable F, but the aspect ratio for the Gaspe is significantly
higher (observed length versus width) despite its being
dynamically wider (width compared with baroclinic Rossby
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radius), and the wind and frictional effects are again more
constrained.

[57] The temperate, but nearly subtropical Mississippi
River (case 6) forms an interesting contrast with both the
Gaspe and the Tully. The Mississippi is dynamically much
narrower (K ~ 0.2) and dominated by advection (F ~ 1),
but it could exhibit larger friction effects, while wind stress
is of intermediate significance; in this respect it resembles
the Tully River dynamically more than does the Gaspe.

[s8] An interesting issue is whether the scheme can use-
fully characterize and distinguish transient stages in the
development of a particular plume event. This could be
particularly important in tropical and subtropical rivers,
particularly in Australia, where a river may go from almost
dry or low base flow to a raging torrent in a matter of a few
days, a period that falls short of the ~1 week limit imposed by
the assumed steady state dynamics of the classification
scheme. The scheme could be usefully extended to handle
non steady dynamics to help assess the importance of such
transients. Including the local acceleration term in the
momentum balance would be one step in this direction but
such influences as tidal mixing on the buoyancy structure,
and of tidal (““Reynolds’) stress on the low-frequency
currents, might then have to be considered explicitly.

5.2. Characteristic Dynamical Features

[s59] The preceding plume classification shows clearly
that a variety of forcing mechanisms, and hence momentum
sources, need to be accounted for in determining the
dynamics of the Herbert and Tully River plumes. It is also
clear that the transient features of the plume could compli-
cate or even invalidate the classification in this case. We
now reexamine the key features of the plume as it evolved
during the intensive period of the experiment (as described
in section 3.2.2). Our goal is to define the momentum
sources and transfer mechanisms that might have dominated
the plume dynamics and its response at the time of each
flight. This provides a basis for comparison with other
studies, and lays a foundation for analyzing our more recent
surveys of the wind-dominated Johnstone and Russell/
Mulgrave River plumes conducted in February 2001 (to
be reported elsewhere).

5.2.1. Wind Forcing

[60] The first flight, on 21 March, was preceded by a
short (1 day) burst of northward along-shelf wind stress
with a representative magnitude of 0.1 Pa and peak of 0.2 Pa
(Figure 6d). This wind stress impulse subsequently
strengthened and veered toward the west and was aug-
mented by the land breeze associated with the diurnal wind
pattern. The wind impulse was thus downwelling favorable,
but in a direct, rather than Ekman sense, because the
duration was short in comparison with the local inertial
period (37.8 hours). This wind event appears to have
narrowed the plume. A day later, on 22 March, after the
wind relaxed, it had expanded in width by a factor of about
two (from 9 to 17 km) off Hinchinbrook Island, despite the
diminishing river discharge.

[61] Wind effects on plumes and coastal currents have
been addressed by Munchow and Garvine [1993], Kour-
afalou et al., [1996], Xing and Davies [1999], and Fong and
Geyer [2001], among others, but these studies generally
treat more persistent wind events. Fong and Geyer [2001]
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show a temperate model plume responding significantly to
steady upwelling-favorable wind stress events of 0.05 and
0.2 Pa within 12—24 hours of the wind being “turned on.”
However, the event we observed was a brief impulse, short
in comparison with the Ekman spin up time, which is more
protracted at tropical latitudes.

[62] Pullen and Allen [2000] model a more realistic and
relevant case. Their model Eel River plume is subject to
realistic downwelling-favorable wind stress for several days
after which the wind weakens, swings anticyclonically, then
strengthens in an upwelling-favorable direction that persists
for several days (see their Figure 8). The plume responds
dramatically. After first being narrowed against the coast by
the downwelling winds, the downstream section of the plume
expands seaward and separates from the coast. This is similar
to the response that we observed on 27 March to relaxation of
downwelling winds. As the wind and coastal currents reverse
direction more saline shelf water penetrates the center of the
plume, which is displaced in the upcoast direction (in the
opposite direction to coastal-trapped wave propagation). An
anticyclonic eddy forms, spun up by across-shelf shear of the
along-shelf current, which reverses earlier near the coast; and
the plume rotates and develops an arcuate (or hook-shaped)
frontal structure around its limb, on the upcoast side of the
river entrance. These two studies and suggestions by Kour-
afalou et al. [1996] hint that relaxation of a downwelling
wind event, in itself, could lead to a significant upwelling
response, as the plume adjusts toward a new dynamic
equilibrium. The arcuate frontal structure of the Pullen and
Allen’s study visually resembles that mapped during our
flight of 27 March, as discussed in section 5.2.3 below.
5.2.2. Boundary Currents

[63] On 24 March the width of the plume and salinity of
its frontal transition zone (32 psu) were still as wide as on
22 March, but a combination of tidal action and southward
drift with moderate ambient vertical shear (Figures 10a and
10c) had evidently mixed the plume interior to the extent
that the surface salinity had risen by 10 psu. The tides
weakened as the neap approached (Figures 5e and 6¢), and
wind and wave conditions were calm (Figures 6d and 6e).
The only significant forcing at this time, apart from the
moderating river discharge was the 8 cm s ' southward
along-shelf drift.

[64] Conditions during the flight on 27 March were
similar to those of 24 March, except that tides were at
minimum (neap) intensity (Figures 5e and 6¢) and the
ambient depth-averaged along-shelf drift was essentially
zero (Figure 6b). However, the latter was in the process
of reversing to a northward direction. Indeed, seaward of the
plume at Pith Reef, where the along-shelf flow was essen-
tially barotropic, the flow had already reversed and was
flowing northward at about 8§ cm s (Figure 10b). The
along-shelf currents were thus sheared horizontally. The
tendency for flow reversal was also accompanied by sig-
nificant vertical shear at Eva Rocks, i.e., inside the plume
body (Figure 10a) where the top 3 ADCP bins indicate
upper layer surface currents reached 20 cm s~', while the
bulk of the underlying water was stagnant. These results are
consistent with a reversal of the prevailing continental shelf
currents that are modulated by the East Australian Current
on synoptic scales and also subject to remotely forced
coastal-trapped waves [Burrage et al., 1991, 1994].
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[65s] While the well-developed arcuate frontal structure
observed during the flight of 27 March visually resembled
that reproduced in model results obtained by O’Donnell
[1990] and Pullen and Allen [2000], the prevailing forcing
conditions were quite different as were certain aspects of the
response. Significantly, there were no wind events influenc-
ing the Herbert River plume at this time, and the hook-
shaped structure formed on the downcoast side of the
channel entrance, rather than on the upcoast side, as in
their experiment. The conditions on 27 March included a
vertically sheared (baroclinic) along-shelf ambient flow for
which the depth-averaged (barotropic) component was
instantaneously zero but reversing in direction, with negli-
gible wind stress and weak tides. In contrast, the conditions
imposed on the models of O ’Donnell [1990] and Pullen and
Allen [2000], which produced similar-looking structures,
involved moderately strong barotropic ambient cross flow,
and wind stress reversing from downwelling to upwelling
favorable, respectively.

[66] The remarkable similarity in plume structure likely
arises from more subtle aspects of the forcing and resulting
currently velocity field that are actually common to both the
modeling studies and our field observations. First, near the
surface, the cross-flow associated with the vertical shear in
the (baroclinic) along-shelf current evidently sharpened the
upstream boundary of the Herbert River front, much as the
ambient barotropic cross flow sharpened the front in
O’Donnell’s study. Second the ambient along-shelf current
was decelerated or reversed, and also sheared horizontally
across the shelf. The resulting strain produced changes in
the position, orientation and curvature of the frontal
boundary. The wind stress reversal in Pullen and Allen’s
experiment also changed the direction and intensity of the
along-shelf flow. Both vertical and horizontal shear were
features of the model results obtained by O 'Donnell [1990]
and Pullen and Allen [2000], and of our observations. We
thus hypothesize that the observed hook-shaped structure
may be generated by any mechanism producing a changing
boundary stress distribution and/or body force that appro-
priately modifies the dynamical balance, and is accompanied
by enhanced ambient shear. Accordingly, we recommend
that future modeling studies investigate momentum transfer
mechanisms in which a dynamical equilibrium is first
established for a variety of initial states, then changed by
transient reversal or relaxation of the relevant forcings, and
in which horizontal and vertical ambient current shears are a
significant feature. Examples include relaxation, but not
necessarily reversal, of a downwelling-favorable wind
stress, relaxation and/or reversal of an along-shelf pressure
gradient due to an offshore boundary current, and imposition
of a propagating long-period coastal-trapped wave. We
anticipate that the resulting plume responses will share a
number of features in common with the experiments per-
formed to date, which appear to have focused mainly on the
effects of constant or stepwise changes in inflow rate,
ambient along-shelf current and wind stress, rather than on
more or less intense, but continuous changes in such forcing
variables.

5.2.3. Plume Attrition

[67] Reduction of the river discharge almost to base flow
levels and a number of other factors conspired to virtually
eliminate the plume by 30 March. These factors included a
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local maximum in horizontal shear, strengthening tidal
currents, and intensified wind stress and wave action; all
of which would be expected to mix the diminishing fresh-
water pool with the saltier shelf waters. They also included a
stronger northward ambient flow, which would tend to
reduce the plume width. The absence of any obvious point
source at the river mouths suggests that the low-salinity
values along the coasts were related either to local springs
or freshwater seepage along beaches (a line source) and/or
the contaminating effect of land in the main beams or
sidelobes of the SLFMR (BHMSP). In either case, this sets
a maximum timescale of 3 days for attrition of the Herbert
and Tully River plumes from a situation of modest but
reducing inflow, coupled with enhanced mixing due to
moderately intense tidal currents, wind stress and wave
action.

6. Conclusions

[68] We have reported an integrated airborne sea surface
salinity remote sensing and in situ survey of river plumes in
the GBR Lagoon. The study domain is an integral part of
the GBR World Heritage Area, which is of unique ecolog-
ical and economic significance, regionally, nationally and
internationally. To the best of our knowledge, the study
comprises the first application of an airborne sea surface
salinity imaging device to river plume studies outside the
United States. The results demonstrate the utility of the
method that combines spatially extensive and quantitative
sea surface salinity distributions obtained from an aircraft
with Eulerian time series of meteorological and oceano-
graphic forcing variables observed from in situ platforms.

[60] The development and evolution of the Herbert and
Tully River plumes were adequately resolved and tracked
using a succession of 5 flights of the passive microwave
salinity mapper, the SLFMR, and sea surface salinity maps
were produced at intervals of 3 days or less, over a 10 day
period. The experiment revealed that the size, location and
apparent visibility of the Herbert River plume varied sig-
nificantly over several day timescales in response to
changes in tidal, wind, wave and ambient current forcing
and particularly horizontal shear in ambient currents, while
the river input gradually diminished from the initial peak.
We made only 2 overflights of the Tully River outflow but
these, together with the in situ CTD transects, suggest that,
as for the Herbert, the Tully plume reduced significantly in
scale due to the combined effects of declining river dis-
charge and enhanced mixing due to winds, waves and/or
tidal stirring.

[70] The plumes were classified dynamically using char-
acteristic parameter values derived from the airborne and in
situ data and where found to fall into an intermediate Kelvin
number class. This indicates that all terms in the momentum
balance must be considered in analyzing the plume response
to atmospheric and hydrodynamic forcing. Changes in
plume characteristics such as plume width and dispersal
caused by wind stress and along-shelf flow appeared to be
consistent with the results of other studies. However, the
occurrence of a characteristic hook-shaped structure that has
been reported in previous modeling studies, involving
changes in ambient cross flow and reversing winds, was
here found to be associated with ambient shear imposed on
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the shelf circulation by a western boundary current, the East
Australian Current. This feature appeared in the absence of
any significant wind stress and at a time when the tides were
in the neap phase of the cycle, so that tidally induced
mixing was at a minimum.

[71] The river plumes observed during the intensive
mapping experiment were representative of the size and
pattern of other events that occurred both prior to this, and
afterward while our in situ moorings were in place. Thus,
they give a good indication of the spatial influence and
structure of plumes that are likely to be associated with
future high rainfall/flooding events in the region. In the
vicinity of Hinchinbrook Island and Rockingham Bay, the
Herbert and Tully River plumes followed the coast equator-
ward as a band of relatively fresh water, which was
generally restricted to the inner half of the GBR Lagoon
(~15 km seaward of Hinchinbrook Island), but extended
considerable distances (~50 km) along shore.

[72] Our large-scale survey mosaic, constructed from the
21-23 March Halifax Bay flights (not shown here in its
entirety), showed that early in the intensive experimental
period, the larger-scale Burdekin River plume reached
northward to Hinchinbrook Island, where it was augmented
by the flows from the Herbert and Tully Rivers. This
produced a continuous band of low-salinity water that
hugged the coast north of Townsville and expanded across
the shelf as it arrived at the SE mouth of the Hinchinbrook
Channel and again in Rockingham Bay. The effects of this
more southern source of runoff was manifested by water of
intermediate salinity lying southward and seaward of the
main Herbert River plume in the two northernmost Halifax
Bay flights (Figures 3a and 4a). The merging of such
plumes, and possible augmentation by local streamflows
and submarine groundwater flow to effectively form a
freshwater line source, have the potential to produce a
continuous coastal buoyancy current that might persist for
a significant fraction of the wet season. This phenomenon
warrants more detailed investigation using both field obser-
vations and high-resolution numerical hydrodynamic mod-
els capable of resolving multiple plume sources over a
regional scale.

[73] The accumulated SLFMR and in situ data set do not
yet include sufficient cases of plume development under
varying conditions to draw any firm conclusions on the
likelihood that a large plume would migrate seaward suffi-
ciently to inundate the outer reefs of the GBR. However,
there are clear indications of relatively dilute seawater
appearing in the Lagoon and along the inner edge of the
Barrier Reef in response to the combined inputs of the
Burdekin, Herbert and possibly Tully rivers. Only one case
of a southward Tropical Cyclone-induced wind stress event
was recorded, but the wind evidently reversed direction
before the resulting rain produced a significant plume; the
possibility remains that a persistent poleward wind, com-
bined with a major flood event, could produce a plume that
invades not only the GBR Lagoon, but the coral reefs of the
outer barrier. In such a case the enhanced friction due to
flow over and between the reefs and the complex flow
interactions that ensue would demand fine resolution, care-
ful subgrid-scale parameterization, or both, if the plume is
to be successfully simulated numerically. This issue is also a
critical one for the management of the GBR World Heritage
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Area. Since coral organisms are known to be sensitive to
nutrient and sediment loads derived from terrestrial runoff, a
capability to observe such events, and to predict the like-
lihood and extent of freshwater influence would be a useful
management tool.

[74] While much as been achieved in modeling plume
behavior under a variety of steady or stepwise changing
discharge rate, wind stress and prevailing ambient drift, the
effects of ambient shear related to spatial and temporal
changes in boundary current forcing appears to have been
little studied. The variety of circumstances (river discharge,
wind, waves, tides and currents) that result in the evolution
of a particular plume type in the GBR Lagoon and Reef
matrix require further investigation. A combination of addi-
tional air and sea surveys to characterize a variety of
possible responses and judicious use of high-resolution,
fully 3D stratified numerical hydrodynamic models is
probably the best way forward. This approach is almost
certainly required to develop an understanding of the
dynamics of plume evolution under circumstances likely
to be encountered in the GBR. Application of an airborne
salinity mapper to observe transient stages in plume devel-
opment is a significant advance, particularly in tropical
regions subject to sporadic, yet extreme, flooding events
that may be of high intensity, but of limited duration. River
catchment hydrological models could provide an additional
dimension that would allow a variety of flood scenarios to
be developed to test hydrodynamic ocean model responses
for scientific and management purposes.
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Figure 3. Seasurface salin ity maps from the SLFMR. (a) Partial plot of flights 21 and 22 March that were

juxtaposed. Subsequent flights on (b) 24 March, (c) 27 March, and (d) 30 March. Strong surface salinity
gradients are prominent in all the maps with freshwater (<16 psu) in the Hinchinbrook Channel and along
the coasts, and a transition zone of intermediate salinity (30—34 psu) mark the plume boundary.
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Figure 11. Vertical section of instantaneous current velocity across the plume and frontal boundary
from the shipboard ADCP. This coincides with the CTD transect (Stns 87—86) obtained off Zoe Bay
(Figure 10b). Strong vertical and horizontal shear (up to 20 cm s~ ' contrast) is evident in (a) the
velocities, U, transverse to the frontal interface, while horizontal shear dominates in (b) flows, V, parallel
to the front.
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