
Citation: Oubelkheir, K.; Ford, P.W.;

Cherukuru, N.; Clementson, L.A.;

Petus, C.; Devlin, M.; Schroeder, T.;

Steven, A.D.L. Impact of a Tropical

Cyclone on Terrestrial Inputs and

Bio-Optical Properties in Princess

Charlotte Bay (Great Barrier Reef

Lagoon). Remote Sens. 2023, 15, 652.

https://doi.org/10.3390/rs15030652

Academic Editor: SeungHyun Son

Received: 12 October 2022

Revised: 3 January 2023

Accepted: 7 January 2023

Published: 22 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Impact of a Tropical Cyclone on Terrestrial Inputs and
Bio-Optical Properties in Princess Charlotte Bay (Great Barrier
Reef Lagoon)
Kadija Oubelkheir 1,2,* , Phillip W. Ford 3 , Nagur Cherukuru 3 , Lesley A. Clementson 4 , Caroline Petus 5,
Michelle Devlin 5,6 , Thomas Schroeder 2 and Andrew D. L. Steven 2

1 Education Research Growth (ERG) Centre, Tamellalt 85000, Province de Tiznit, Morocco
2 Commonwealth Scientific and Industrial Research Organisation, Oceans and Atmosphere,

Brisbane 4001, Australia
3 Commonwealth Scientific and Industrial Research Organisation, Oceans and Atmosphere,

Canberra 2601, Australia
4 Commonwealth Scientific and Industrial Research Organisation, Oceans and Atmosphere,

Hobart 7000, Australia
5 The Centre for Tropical Water and Aquatic Ecosystem Research (TROPWATER), James Cook University,

Townsville 4811, Australia
6 Centre for Environment, Fisheries & Aquaculture Science, Lowestoft NR33 0HT, UK
* Correspondence: kadija.oubelkheir@gmail.com; Tel.: +212-776438600

Abstract: In January 2013, tropical cyclone Oswald caused widespread flooding in the North-East
coast of Australia, and large and highly episodic inputs into Princess Charlotte Bay (PCB, northern
Great Barrier Reef). Freshwater outflows from the Normanby and Kennedy rivers, the two main
rivers draining the adjacent catchments, resulted in drastic changes in physical, biogeochemical
and optical properties within PCB. On 31 January, 2 days after the peak riverine discharge from the
Normanby river, nutrients and dissolved organic matter contents peaked under the influence of large
outflows from the Kennedy river into the western section of the bay (5.8 µM for dissolved inorganic
nitrogen, 6.9 g m−3 for dissolved organic carbon and 6.1 m−1 for the colored dissolved organic matter
absorption coefficient at 412 nm). In the eastern section of the bay, the situation appeared more
‘mixed’, with a suspended solids concentration reaching 23.1 g m−3 close to the Normanby river
mouth. The main phytoplankton bloom occurred in the transition zone between the Kennedy and
Normanby flood plumes, and was dominated by diatoms with a chlorophyll a concentration reaching
14.6 mg m−3. This study highlights the need to better describe the critical spatial and temporal
scales of variability of key biogeochemical and optical properties after a major flood event. The
data collected is key to improve the accuracy of ocean color remote sensing algorithms and regional
biogeochemical budgets following highly episodic inputs.

Keywords: floods; tropical cyclone; biogeochemical and optical properties; ocean color

1. Introduction

The coastal ocean plays a major role in global carbon cycling and budgets, and is under
increasing anthropogenic pressures [1]. In recent years, the increase in the frequency of
extreme climatic and meteorological events has led to flood events worldwide [2,3]. Rivers
and floodplains are key to many socioeconomic activities and extreme flood events lead to
lasting damage to infrastructure and marine coastal resources. The resulting riverine inputs
have a major impact on biogeochemical functioning in the coastal zone, from reduction
of the light available for vulnerable pelagic and benthic ecosystems (e.g., phytoplankton,
seagrass and reef ecosystems) to changes in species composition and inputs of contaminants
(e.g., [4–8]). The occurrence of more frequent extreme events resulting in widespread floods
thus calls for a better quantification of their impact on particulate and dissolved inputs, the
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processing of these inputs in the estuarine and coastal zones, and the flow-on effects on
ecosystems (from phytoplankton communities to fisheries). The critical time scales involved
are key to estimate the short-term impacts and long-term trends in coastal ecosystems.
Flood events in tropical and subtropical systems are highly episodic and mainly occur
during the wet season. They are the result of intense rain events and can be initiated with
the passage of tropical cyclones. The intensity of extreme precipitation is predicted to
increase as a result of climate change [9] and references therein). The impact of extreme
events on coastal biogeochemical cycling has been poorly studied globally due to their very
nature (sporadic events) and the inherent logistical and safety limitations of targeted field
sampling programs (e.g., [4–7,10].

In the World Heritage listed Great Barrier Reef (GBR) lagoon, flood plumes can extend
up to 100 km into offshore waters and have lasting impacts on coastal ecosystems. Increased
catchment runoff and decline in riverine water quality is a major threat to the interconnected
complexity of coral reefs and seagrass ecosystems [11–17]. The GBR is the world’s largest
coral reef ecosystem, with over 3000 individual reefs, and has recently been in the spotlight
due to an increase in coral bleaching events [18]. Sediment and nutrient loads discharged
into the inner GBR have increased by about 5 times since European settlement [19,20] and
can be particularly damaging to the health of seagrass meadows and coral reefs [21,22]. The
impacts of rain events associated with tropical cyclones are particularly hard to quantify,
while they account for a large fraction of sediment and nutrient inputs. Several programs
are in place to better quantify terrestrial inputs from the major rivers flowing into the GBR
lagoon, and ambitious sediment and nutrient reduction targets have been set under the
GBR Reef 2050 plan. In 2005, the Great Barrier Reef Marine Park Authority (GBRMPA)
established the Marine Monitoring Program to monitor inshore water quality and coral reef
and seagrass meadow health [23]. More recently, eReefs, a collaborative program using
the latest technologies to collate data with integrated modelling, developed a coupled
hydrodynamic, sediment, biogeochemical and optical model to provide near real-time
critical information over the GBR lagoon and to undertake scenarios to inform management
interventions https://ereefs.org.au, last accessed on 10 October 2022, [12,24].

As part of a collaborative project between CSIRO (Commonwealth Scientific, Indus-
trial and Research Organisation) and James Cook University, an intensive in situ sampling
program was conducted during the entire 2012–2013 wet season across far-north Queens-
land (from the Burdekin river to Cape York, Figure 1—inset; [25], to examine terrestrial
inputs into the coastal zone during flood events and for the calibration/validation of ocean
color remote sensing algorithms and integrated models such as eReefs [15,25–30]. The
present study in Princess Charlotte Bay (PCB), a remote coastal bay in North-East Australia,
was part of a more extensive field campaign conducted between 26 January and 4 February
2013 in the mid to northern GBR [25]. Our field sampling coincided with the major riverine
inputs into PCB following tropical cyclone Oswald, a low intensity (category 1) but high
impact storm which made landfall over Northern Australia on 21 January 2013 [31]. Its
passage caused storms, heavy rain, widespread flooding and catastrophic infrastructure
and property damage over a 7-day period. Princess Charlotte Bay is a relatively pristine
region of the GBR and the site of diverse and healthy marine coastal ecosystems. The
adjacent catchments (Normanby and Kennedy basins) have particular economic, social and
cultural values (land of the Bakanambia and Jeteneru people). The Normanby-Kennedy
estuaries are the largest estuarine system in the GBR, and a major source of sediments,
dissolved organic material and nutrients to the northern GBR lagoon [32,33]. The northern
GBR estuaries have been mostly poorly studied due to logistical limitations associated with
their remote location [32,33].

https://ereefs.org.au
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Figure 1. Location map and bathymetry of Princess Charlotte Bay (PCB). White areas indicate sub-
merged reefs, blue lines indicate river systems, and dotted black lines indicate bathymetry contours. 
The insert shows the location of PCB relatively to the Great Barrier Reef (GBR). 

The in situ biogeochemical and optical datasets collected were used in combination 
with ocean color satellite imagery to examine the biogeochemical inputs and transfor-
mation processes within PCB, the impact on the phytoplankton community and the im-
plications for remote sensing bio-optical algorithms during flood events. Bio-optical prop-
erties are key parameters in ocean color remote sensing algorithms to derive in situ bio-
geochemical properties. The fortuitous timing of the sampling allowed us to constrain the 
short-term variability, a critical scale in highly dynamic coastal systems. In turn, the sat-
ellite images provided a synoptic view of the situation pre- and post-floods in PCB. The 
increased frequency of extreme weather events around the world calls for a better quan-
tification of their short-term and long-term impacts and the capability of coastal ecosys-
tems for recovery ([5,6,10]). The present study addresses some of the challenges involved 
in studying the impact of tropical cyclones on the unique coastal ecosystem that is the 
northern GBR and the major factors driving the fate of flood inputs in the coastal zone. 

2. Materials and Methods 
2.1. Study Area and Field Sampling 

Princess Charlotte Bay (PCB) is a large shallow bay in remote North-East Australia 
(average depth of ~8 m), covering an area of 2000 km2 (Figure 1). Within the GBR lagoon, 
PCB is a region of diverse and healthy marine and coastal habitats, from seagrass mead-
ows, mangroves and salt flats to several coral reef ecosystems to the north. Three main 
rivers discharge into PCB: the North Kennedy, Bizant, and Normanby. The Normanby 
river is the fourth largest river system flowing into the GBR lagoon, and its catchment is 
the source of half of the sediment and nutrient inputs to the northern GBR ([34,35]). 
Changes in land use since European settlement more than doubled the sediments and 
nutrients loads from the Normanby catchment ([23] and references therein). The Bizant 
river is a smaller tributary which drains the adjacent salt flats during the wet season and 
can connect the North Kennedy and Normanby estuaries ([33]). While the Normanby es-
tuary is characterized by a narrow channel, the North Kennedy estuary (hereafter referred 
to as ‘Kennedy’) is associated with a wide shallow channel. Both the Normanby and Ken-
nedy lower estuaries are bordered by extensive salt flats and fringing mangroves, while 

Figure 1. Location map and bathymetry of Princess Charlotte Bay (PCB). White areas indicate
submerged reefs, blue lines indicate river systems, and dotted black lines indicate bathymetry
contours. The insert shows the location of PCB relatively to the Great Barrier Reef (GBR).

The in situ biogeochemical and optical datasets collected were used in combination
with ocean color satellite imagery to examine the biogeochemical inputs and transformation
processes within PCB, the impact on the phytoplankton community and the implications
for remote sensing bio-optical algorithms during flood events. Bio-optical properties are
key parameters in ocean color remote sensing algorithms to derive in situ biogeochemical
properties. The fortuitous timing of the sampling allowed us to constrain the short-term
variability, a critical scale in highly dynamic coastal systems. In turn, the satellite images
provided a synoptic view of the situation pre- and post-floods in PCB. The increased
frequency of extreme weather events around the world calls for a better quantification
of their short-term and long-term impacts and the capability of coastal ecosystems for
recovery [5,6,10]. The present study addresses some of the challenges involved in studying
the impact of tropical cyclones on the unique coastal ecosystem that is the northern GBR
and the major factors driving the fate of flood inputs in the coastal zone.

2. Materials and Methods
2.1. Study Area and Field Sampling

Princess Charlotte Bay (PCB) is a large shallow bay in remote North-East Australia
(average depth of ~8 m), covering an area of 2000 km2 (Figure 1). Within the GBR lagoon,
PCB is a region of diverse and healthy marine and coastal habitats, from seagrass meadows,
mangroves and salt flats to several coral reef ecosystems to the north. Three main rivers
discharge into PCB: the North Kennedy, Bizant, and Normanby. The Normanby river is the
fourth largest river system flowing into the GBR lagoon, and its catchment is the source of
half of the sediment and nutrient inputs to the northern GBR [34,35]. Changes in land use
since European settlement more than doubled the sediments and nutrients loads from the
Normanby catchment [23] and references therein). The Bizant river is a smaller tributary
which drains the adjacent salt flats during the wet season and can connect the North
Kennedy and Normanby estuaries [33]. While the Normanby estuary is characterized
by a narrow channel, the North Kennedy estuary (hereafter referred to as ‘Kennedy’) is
associated with a wide shallow channel. Both the Normanby and Kennedy lower estuaries
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are bordered by extensive salt flats and fringing mangroves, while the upper tidal reaches
are characterized by mangrove swamps. The adjacent catchments are semi-arid with a low
population density (~500 residents), low-density but extensive cattle grazing, and large
conservation areas in the Rinyirru and Jack Rivers National Parks. They are also home to
many sacred aboriginal sites of the Bakanambia and Jeteneru people. Marine plains are
also considered to be of high conservation value [32].

Riverine discharge occurs during the wet season (January to April) with 95% of the
annual rainfall associated with episodic floods. Cyclones are known to occur on average
every 2 years in the region [33]. The Normanby river is the only river with a gauging station
located at Kalpowar Crossing (105107A), 77 km upstream from the river mouth. This
gauging station is not representative of the wider Normanby basin discharge, but provides
comparative information between wet seasons. Following tropical cyclone Oswald, rainfall
in the PCB catchment was intense and the Normanby river rose to 8 m above baseline
levels on 27 January. The flood peak reached PCB on 29 January (approximately 36 h
later, therefore 1 day before the start of our field sampling on 30 January 2013). Total river
discharge was equivalent to 860 GL over 19 days (Figure 2). The average flushing time
during the wet season is 1 day [33]. Tides are semidiurnal with typically one dominant tide
a day. During spring tides, maximum tidal current velocities can reach 1.0 and 2.1 m s−1 in
the Normanby and Kennedy basins, respectively, and the lower reaches of the estuaries
can be inundated over several kms inland. A more detailed description of the region’s
climatology can be found in [32].
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Figure 2. Riverine discharge at the Kalpowar Crossing gauging station in the Normanby (105107A,
located 77 km upstream from the Normanby river mouth).

The field sampling of PCB was conducted over a 3-day period, from 30 January to
1 February 2013. We sampled contrasted water types, from outer-shelf reef waters (blue
oceanic waters) located North-East of PCB (st. 1081 and 1082), to turbid floodwaters from
the Normanby and Kennedy rivers (e.g., st. 1083 to st. 1093) and clear blue waters in the
north of PCB (e.g., st. 1095) (Figure 3). One station was sampled twice on 30 January and
1 February (st. 1084 and 1096, respectively). Tidal heights and current velocities were
recorded overnight through the water column at 5 min intervals by a bottom mounted
1 MHz Aquadopp profiler (Nortek, Norway) acoustic profiler at 2 fixed stations in PCB,
and showed maximal tidal current velocities in the range of 0.3–0.6 m s−1. Wind conditions
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were dominated by strong northwesterly winds with an average a speed of 13 knots during
our field sampling.
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Figure 3. MODIS RGB (Red Green Blue) images on 30 January (Aqua) and 31 January 2013 (Terra)
showing the flood plumes, and the location of sampled stations (resolution: 250 m). St. 1081 to 1086
(eastern section of the bay) were sampled on 30 January, and st. 1087 to 1095 on 31 January 2013.
White shading in images denotes cloud cover.

2.2. Discrete Biogeochemical Determinations

Total suspended matter (TSM): Sample water (0.5 to 3 L) was filtered through a
47 mm pre-weighed Whatman GF/F glass-fiber filter (muffled at 450 ◦C). The filter was
then rinsed with ~50 mL of distilled water to remove any salt and dried to constant weight
at 65 ◦C to determine the TSM concentration. The filters were placed in a muffle furnace at
450 ◦C for 3 h, allowed to cool and weighed to determine the amount of inorganic material
remaining on the filter. The organic fraction was obtained by subtracting the inorganic
fraction from the total TSM.

Phytoplankton pigments and phytoplankton size index: A given volume of sample
water (0.1 to 3 L) was collected at the surface and filtered through a 47 mm Whatman
GF/F glass-fiber filter and stored in a cryovial in liquid nitrogen until analysis. Pigments
were extracted and analyzed by HPLC (High-Performance Liquid Chromatography) with
a Waters-Alliance system (protocol described in detail in [36]. Total chlorophyll a (TChla)
was calculated as the sum of monovinyl- and divinyl-chlorophyll a, and chlorophyll a
allomers and epimers. Some pigments are specific to particular phytoplankton groups (e.g.,
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peridinin in dinoflagellates, zeaxanthin in cyanobacteria) and referred to as ‘diagnostic
pigments’ [37]), thus allowing us to derive the contribution of the different phytoplankton
size classes [38,39]: microphytoplankton (size range: 20–200 µm), nanophytoplankton
(2–20 µm) and picophytoplankton (0.2–2 µm).

Dissolved organic carbon (DOC), nutrients and salinity: For DOC, sample water
was filtered through 0.45 µm syringe filters (Sartorius polyethersulfone) and the filtrate
stored frozen until DOC determinations by High-Temperature Persulfate Oxidation using a
1010 TOC-Analyzer (OI Analytical) [40]. For nutrients, sample water was filtered through
0.45 µm syringe filters (Sartorius polyethersulfone) and the filtrate stored frozen until
nutrient determinations using standard methods [41]. The protocols for nutrients and
salinity analysis are described in more detail in [32].

Particulate absorption coefficient (phytoplankton and nonalgal): Sample water was
collected at the surface (0.1 to 3 L) and filtered through a 25 mm Whatman GF/F glass-fiber
filter and stored flat in liquid nitrogen until analysis. The optical density of total particulate
matter was measured over the 250–800 nm spectral range with 0.9 nm increments, using a
Cintra 404 UV/VIS dual beam spectrophotometer equipped with an integrating sphere.
Pigmented material was extracted from the sample filter using the method of [42] to deter-
mine the optical density of the nonalgal matter. The optical density due to phytoplankton
was obtained by difference between the total particulate matter and the nonalgal partic-
ulate matter optical densities (over the full spectral range). Absorption coefficients were
determined using the correction for the pathlength amplification of [43].

Colored dissolved organic matter absorption coefficient (CDOM): Sample water was
filtered through a 0.22 µm filter (Millipore Durapore), and the filtrate stored in glass bottles
and kept at 4 ◦C in the dark until analysis just after the field survey. The filtrate’s CDOM
absorbance was measured from 250 to 800 nm in a 10 cm pathlength quartz cell using
a Cintra 404 UV/VIS spectrophotometer, with fresh Milli-Q water as a reference. The
absorption coefficient was normalized to zero at 680 nm. The spectral slopes S275–295 and
S350–400 were produced by nonlinear least squares fitting of an exponential function to the
CDOM absorption spectra over the corresponding wavelength ranges (275–295 nm and
350–400 nm, respectively). S275–295 is a tracer of terrestrial dissolved organic carbon and an
indicator of lignin content and photobleaching [44]. SR (unitless) was calculated from the
spectral slopes ratio (S275–295/S350–400) [45].

2.3. In Situ Instrumentation

The diffuse attenuation coefficient of photosynthetically active radiation (Kd(PAR))
was obtained from depth profiles using a PAR sensor coupled with a CTD from Sea-Bird
Electronics (SBE-19Plus), as described in [32]. In parallel, we deployed an instrument
package comprising a WETLabs ac-s (absorption–attenuation meter) and a HOBILabs
Hydroscat-6 (backscattering meter) in vertical profiling mode. An ac-s with a 10 cm path-
length was used for measurements of hyperspectral attenuation and absorption coefficients
of total material (c(λ) and a(λ), dissolved plus particulate) between 400 and 730 nm, with
a 4 nm resolution. Correction for in situ temperature and salinity effects on the optical
properties of water was applied [46]. Incomplete recovery of the scattered light in the ac-s
absorption tube was corrected for using the proportional method [47]. The ac-s was cali-
brated before the field campaign with optically pure Milli-Q water to quantify instrumental
offsets. The backscattering coefficient was measured using the HOBILabs Hydroscat-6
[wavelengths: 442, 488, 555, 589, 676 and 852 nm]. A correction for incomplete recovery
of backscattered light in highly attenuating waters i.e., sigma correction [48] was applied
using absorption and attenuation coefficients measured using the ac-s. The Hydroscat-6
was calibrated in the laboratory, prior to the field campaign, using the calibration device
provided by HOBILabs: the signal response was measured through the sample volume
(Milli-Q water) over a Lambertian reflective (Teflon) plaque [48].
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3. Results
3.1. MODIS Ocean Color Maps

Time series of ocean color remote sensing RGB (red green blue) imagery (MODIS-Aqua
and -Terra) demonstrates drastic changes in the optical and biogeochemical properties of
surface waters after the passage of Tropical Cyclone Oswald (Figure 4). On 30 January
(one day after the peak riverine discharge from the Normanby River), the extent of the
flood plumes reached the midshelf reefs ~75 km to the east of PCB and covered an area of
over 1400 km2. Colored dissolved organic matter (CDOM) extended considerably further
offshore than suspended solids (Figures 3–5). The outflows from the Kennedy river were
marked by a large and clearly delineated sediment-laden flood plume in the western section
of the bay. A much smaller flood plume was also visible close to the mouth of the Bizant
river. By contrast, the eastern section of the bay appears mostly dominated by CDOM
except in the immediate vicinity of the Normanby river. Rapid return to baseline conditions
occurred in the inshore regions on 09 February, with apparent return to near preflood
conditions on 20 February.
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Figure 5. MODIS color-class maps. MODIS satellite images of the region used to map reef optical
water types. Water types are classified depending on water color and linked to water quality
characteristics: color class 1–4 or CC1–CC4 (enriched in sediment and dissolved organic matter),
color class 5 or CC5 (with lower suspended sediment content and usually enriched in dissolved
organic matter and phytoplankton), and color class 6 or CC6 (clear waters). M: marine waters, ND:
Not Defined (cloud or no data).

The MODIS satellite images can be used to map reef optical water types. The full
details on the methods used and associated uncertainties are given in [15,49]. Water types
are classified depending on in situ water color and linked to water quality characteristics:
primary waters (color class CC1-4) are brownish, enriched in sediment and dissolved
organic matter, secondary waters (CC5) are greenish, usually enriched in dissolved organic
matter and phytoplankton and with lower suspended sediment content, and tertiary waters
(CC6) are clear and have low risk of detrimental ecological effects (Figure 5). Additionally
marine waters correspond to offshore, clear waters and nondefined areas were not mapped
due to interference or being outside of the study area.

The time-series of optical water types showed rapid changes following the peak
riverine discharges into PCB (on 29 January for the Normanby river). On 30 January,
maximum sediment inputs occurred in the western section of the bay (mostly CC1 to
CC3), while the eastern section of the bay was dominated by CDOM (mostly CC4). From
30 to 31 January, the changes reached across several classes in inshore waters: from CC1
(sediments dominated) to CC5 (CDOM and phytoplankton dominated) in the western
section of the bay, and from CC4 to CC5 in the eastern section of the bay. We had no access
to satellite information prior to reaching PCB due to cloud cover (on 29 January). As a
result, upon arrival on 30 January from the east, we started sampling the eastern section
while maximum sediment inputs occurred in the western section (as shown by MODIS
RGB imagery received later on that day). Despite not being able to measure the full range
of variability postfloods due to these sampling limitations, we successfully described a
large range of water types and some of the short time scale variability. It is important to
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highlight the need for better sampling strategies and the impact of the sampling chronology
on in situ observations in this fast changing environment after major floods.

3.2. Physical Properties, Photosynthetically Active Radiation and Nutrients

Following the pulse of floodwaters into PCB, surface salinity dropped to ~17.0 and
3.4 near the Normanby and Kennedy mouths, respectively (st. 1089 and 1093) (Table 1).
Inshore waters were highly turbid, with Secchi depths of 0.30 and 0.85 m near the Normanby
and Kennedy mouth, respectively. This is in agreement with the measured PAR diffuse
attenuation coefficient (Kd(PAR)), with typically largest values near the Normanby mouth
(1.92 m−1 at st. 1089) and to a lesser extent near the Kennedy mouth (1.26 m−1 at st.
1093). Floodwaters affected the whole water column with the most significant freshwater
signature in the first 0.5 to 1.5 m (as derived from vertical profiles, data not shown). By
contrast, the north of PCB was characterized by typically clear marine waters (surface
salinity of 36.5 and Secchi depth of 6.75 m at st. 1095). Floodwaters lead to a high dissolved
inorganic nitrogen concentration (DIN) near the Kennedy mouth (5.5 to 5.8 µM) and to a
lesser extent near the Normanby mouth (1.1 to 1.6 µM). The repeat station (st. 1084 and 1096,
Table 1) showed rapid changes in physicochemical properties and nutrient concentrations
within 42 h: Secchi depth increased by a factor 6 (from 1.5 to 9.5 m), while DIN dropped by
nearly a factor 2.

Table 1. Surface values for environmental and biogeochemical quantities at key stations in Princess
Charlotte Bay. ‘n.a.’ denotes measurements were not available.

Station No.
Region

1082
Outer-Reef

1087–1088–1089
Normanby R.

Mouth

1092–1093
Kennedy R.

Mouth

1095
North PCB

1084 (1096)
Mid-Eastern PCB

Date 30 Jan. 31 Jan. 31 Jan. 31 Jan. 30 Jan.
(1 Feb.)

Time 10:20 7:30–8:00–8:50 12:45–13:32 16:40 16:00 (10:10)
Salinity n.a. 24.30–18.50–17.00 6.10–3.40 36.50 20.10 (35.30)

DIN (µM) 1.50 1.14–1.57–1.43 5.85–5.50 1.57 2.21–1.36
TSM (g m−3) 1.05 6.77–23.15–5.89 10.07–14.76 0.87 4.67 (0.84)

TSM Inorganic (%) 63.5 71.4–81.7–68.8 88.1–86.9 57.7 78.6 (69.7)
TChla (mg m−3) 2.97 6.38–5.86–11.15 0.90–1.20 0.20 5.74 (0.29)

DOC (g m−3) 0.92 3.32–5.39–4.56 6.00–6.88 0.98 3.82 (1.11)
aCDOM(440) (m−1) 0.02 1.88–3.32–3.42 3.46–3.81 0.14 2.07 (0.38)
aCDOM(412) (m−1) 0.04 2.95–5.26–5.14 5.53–6.09 0.19 3.20 (0.55)
SR (Slope Ratio) 3.12 0.88–0.87–0.95 0.86–0.85 2.92 0.96 (1.61)

aCDOM*(440) (m2 g−1) 0.026 0.56–0.62–0.75 0.58–0.55 0.15 0.54 (0.34)
bbp/bp(550) (%) n.a. 1.9–4.7–1.5 3.3–n.a. 0.5 2.7 (n.a.)
b*(550) (m2 g−1) 0.60 0.87–0.23–n.a. 0.43–n.a. 1.05 0.43 (n.a.)

aCDOM/a(440) (%) 22.7 81.6–63.0–82.9 77.3–48.8 n.a. 81.4 (92.3)
aNAP/a(440) (%) 17.0 12.4–37.0–10.3 22.7–47.1 n.a. 12.5 (3.1)

aϕ/a(440) (%) 60.3 6.0–0.0–6.7 0.0–4.1 n.a. 6.2 (4.6)

3.3. Biogeochemical Properties and High Frequency Bio-Optical Proxies
3.3.1. Suspended Solids and Dissolved Organic Matter

PCB was characterized by a strong spatial and temporal biogeochemical variability
(Figure 6 and Table 1). Waters closest to the Normanby mouth were highly turbid with a
surface Total Suspended Matter concentration (TSM) reaching 23.1 g m−3 (st. 1088). TSM
dropped by a factor 4 at nearby stations (5.9 and 6.8 g m−3 at st. 1089 and 1087 respectively).
Near the Kennedy mouth, TSM was also high on 31 January (14.8 g m−3 at st. 1093), but
much higher on 30 January (as highlighted by the MODIS RGB imagery before we started
sampling this region, Figure 3). Interestingly, the repeat station showed a factor 6 drop in
TSM over less than 2 days: (from 4.67 to 0.84 g m−3). Floodwaters were largely dominated
by inorganic particles near the Kennedy mouth (87 and 88% of TSM at st. 1093 and 1092,
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respectively), and to a lesser extent near the Normanby mouth (82 and 69% at st. 1088 and
1089, respectively). The inorganic contribution dropped significantly outside of the flood
plumes (58% in the north of PCB, st. 1095, and 63% near the outer reef, st. 1082). The repeat
station showed a nearly 10% drop in the inorganic fraction within 42 h.
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The strong biogeochemical variability was reflected in the variability of key in situ
bio-optical properties, such as the particle backscattering efficiency at 550 nm (bbp/bp(550))
and the TSM-specific scattering coefficient (b*(550)) (Table 1). Both bbp/bp(550) and b*(550)
are key parameters required to improve satellite ocean color algorithms. bbp/bp is an
estimate of the fraction of light scattered backwards by particles and also a function of the
nature of the particles. bbp/bp(550) was high in the floodwaters, with values reaching 4.7%
near the Normanby mouth (st. 1088, also with the highest TSM) and 3.3% near the Kennedy
mouth (st. 1092). Away from the flood plumes, bbp/bp(550) dropped down to 0.5% (st.
1095). In turn, b*(550) increased fivefold from the Normanby mouth to the north of the bay
(from 0.23 to 1.05 m2 g−1 at st. 1088 and 1095, respectively).

The Dissolved Organic Carbon concentration (DOC) was high near the Kennedy and
Normanby mouths (6.88 and 5.39 g m−3 at st. 1093 and 1088, respectively) (Table 1). By
contrast, in the north of the bay and near the outer-shelf reef, DOC dropped by around
a factor 6 to 7 (0.98 and 0.92 g m−3 at st. 1095 and 1082, respectively). The absorption
coefficient of CDOM aCDOM, the colored fraction of the dissolved organic matter (so-called
‘gelbstoff’ or yellow substances, [50], dropped by a factor 27 from the Kennedy mouth to
the north of the bay (from 3.81 to 0.14 m−1 at 440 nm, at st. 1093 and 1095, respectively).
In floodwaters, aCDOM(440) is a good proxy for DOC. The linear relationship between
aCDOM(440) and DOC is characterized by an R2 of 0.96 (p < 0.0001), and the intercept on the
Y axis of 0.685 g m−3 is representative of the noncolored fraction of DOC (Figure 7). The
corresponding aCDOM*(440) (aCDOM(440) normalized by DOC) ranged from a maximum
of 0.75 and 0.58 m2 g−1 near the Normanby and Kennedy mouth (st. 1089 and 1092,
respectively) to a minimum of 0.15 and 0.03 m2 g−1 in the north of the bay and close to
the outer-shelf reef (st. 1095 and 1082, respectively). The repeat station (st. 1084 and 1096)
showed a significant drop in aCDOM*(440) over 42 h (from 0.54 to 0.34 m2 g−1, respectively).
The CDOM slope ratios (S275–295/S350–400) were higher away from the riverine inflows,
with less than 1.0 near the rivers and up to ~3.0 in the north of the bay.
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tion at 440 nm (aCDOM(440)) across Princess Charlotte Bay.

3.3.2. Phytoplankton Biomass and Composition

The most productive waters were located near the mouths of the Bizant and Normanby
rivers, with surface TChla concentrations of 14.6 to 11.1 mg m−3 at st. 1091 (Bizant) and
st. 1089 (Normanby), respectively (Figure 8 and Table 1). This is in contrast with the low
values near the Kennedy mouth (0.9 to 1.2 mg m−3) and in the clear waters in the north of
the bay (0.2 mg m−3 st. 1095). Interestingly, the outer-shelf reef waters were productive
(~3.0 mg m−3 at st. 1082). The repeat station showed a factor 20 drop in TChla (from 5.74 to
0.29 mg m−3 at st. 1084 and 1096, respectively).
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The phytoplankton composition derived from pigment composition and size indices
highlights the predominance of microphytoplankton in the eastern section of the bay
under the influence of the Normanby river discharge (91 and 95% at st. 1089 and 1086,
respectively) (Figure 8). By contrast, picophytoplankton was dominant in the western
section of the bay, with maximum contribution west of the Kennedy mouth (84.6% at
st. 1093). Nanophytoplankton accounted for a smaller fraction of the phytoplankton
assemblage, with up to 25% in the north of the bay (st. 1095). Microphytoplankton was
mainly composed of diatoms (fucoxanthin was the dominant diagnostic pigment). The
repeat station (st. 1084 and 1096) showed a strong shift in the phytoplankton composition:
the contribution of microphytoplankton decreased from 62.8 to 40.3% within 42 h.

The phytoplankton absorption coefficient at 440 nm (aφ(440), the chlorophyll absorp-
tion maximum in the blue) strongly varied across the bay. The Chla-specific absorption
coefficient at 440 nm (aφ(440) normalized by TChla) is a key specific inherent optical prop-
erty for accurate chlorophyll a estimations using ocean color remote sensing algorithms.
Over the large range of conditions encountered, aφ(440) and TChla remained highly cor-
related through a power relationship (aφ(440) = 0.0448*TChla0.738, R2 = 0.90, p < 0.0001;
Figure 9).
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3.4. Biogeochemical Quantities versus Salinity

The relationships between DOC and the CDOM absorption coefficient at 440 nm
with salinity (Figure 10) showed an overall decrease with increasing salinity. However,
significant departure from the inverse linear trend occurred in the salinity range 15–20,
corresponding to the Normanby river outflows (st. 1088 and 1089). In this salinity range,
DOC and the CDOM absorption coefficient at 440 nm were significantly higher than
expected for a simple mixing model between marine and freshwater end-members. TSM
and TChla were, as expected, subject to a nonconservative behavior.
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3.5. Absorption Budget

The absorption budget (relative contribution of phytoplankton, nonalgal particles
and CDOM to the absorption coefficient) provides information on the main contributors
to the absorption coefficient in the surface layer (Figure 11, Table 1). The absorption
budget highlights the strong nonalgal particles contribution in the western section of
the bay, with around 50% of the total absorption coefficient at 440 nm (st. 1093). By
contrast, CDOM dominated the absorption coefficient in the eastern section of the bay
(more than 80% at st. 1087 and 1089, and 63% at st. 1088 closest to the Normanby mouth).
Phytoplankton absorption was lower than 10% at most stations across PCB and decreased
inshore, with minimum values near the Kennedy mouth (4% of the total absorption at st.
1093). Interestingly, at the outer-shelf reef station, the phytoplankton contribution reached
~60 % (st. 1082). The repeat station (st. 1084 and 1096) highlights a significant drop (10%)
in the contribution of nonalgal particles in less than 2 days, counterbalanced by a similar
increase in the CDOM contribution (Table 1).
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Figure 11. Absorption budget at 440 nm (relative contribution of CDOM, nonalgal particles and
phytoplankton to the absorption coefficient) in the surface layer across PCB. St. 1088 and 1089: near
the Normanby river mouth, St. 1092 and 1093: near the Kennedy river mouth, St. 1082: outer-shelf
reef waters, and St. 1084 and 1096: repeat station in the mideastern section of PCB.

4. Discussion
4.1. From Catchment to Coast: Drivers of Riverine Inputs and Impact on Optical Properties

The combined use of ocean color remote sensing and ship-based in situ data highlights
the drastic but short-lived changes in PCB following the passage of tropical cyclone Oswald.
Despite its widespread damage of human property and infrastructure, its impact on coastal
waters appears to be within average values. The strong northwesterly winds (average
speed of 13 knots), combined with the local density-driven circulation, lead to an overall
North-East extent of the floodwaters, covering a surface of 1400 km2. This extent can be
compared with long-term average remote sensing observations acquired between 2003
and 2010 (MODIS Terra and Aqua, [30]. Remotely sensed CDOM, used as a surrogate for
salinity to estimate the extent of fresh water plumes [28], showed that floodwaters affected
outer-shelf reefs in the north of PCB only once during this period. The in situ riverine
discharge into the bay, and associated sediment and nutrients loads, were comparable with
previous values measured in 2012 and 2014 for the Normanby river [32]. The total river
discharge was intermediate between 2012 and 2014 values (860 GL in 2013 against 555
and 1082 GL in 2012 and 2014, respectively) and below long-term average values [32]. The
peak TSM (23.1 g m−3) was comparable with the corresponding 2012–2014 mean values
(21 g m−3, [32]. Previous studies were mostly focused on the Normanby river; this work
provides key novel insights into the respective roles of the main rivers flowing into PCB:
the Kennedy, Bizant and Normanby rivers.

On 30 January, the spatial distributions of biogeochemical and optical properties
appeared strongly contrasted due to high loads of diverse riverine inputs, differences in
the temporal dynamics for each flood plume, and the mixing between floodwaters from
different rivers (Figures 4 and 5). In the western section of the bay, the Kennedy river
sediment-laden flood plume was clearly delineated, thus pointing to recent inputs. One day
later, on 31 January (day of the inshore field sampling), TSM dropped drastically, CDOM
extended further offshore and its relative contribution increased (Figure 5 and Table 1).
The low salinity and high DIN confirm recent outflows, resulting in a high inorganic
contribution to suspended solids (more than 80%, Table 1). In the eastern section of the bay,
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the CDOM/phytoplankton predominance points to a more ‘mature’ flood plume on 31
January. A large and clearly delineated sediment-laden flood plume was likely coincident
with the peak outflows from the Normanby river on 29 January, but sediments would have
mostly dissipated by 30 January when cloud-free remote sensing imagery became available,
and even further by 31 January when we started the inshore field sampling. Cloud cover is
a major limitation of satellite applications after flood events.

The drastic changes in the nature of the particulate and dissolved organic materials
resulted in significant changes in the IOPs (magnitude and spectral slopes) and SIOPs
(Table 1). Here, we only discuss the variability in IOPs and SIOPs, which are essential
for accurate retrievals of biogeochemical quantities using ocean color remote sensing
algorithms. The actual algorithms development was examined elsewhere [30]. The inshore
predominance of mineral particles translates into low scattering per unit of suspended
matter mass concentration (b*(550), Table 1). The inshore values of the backscattering
efficiency (bbp/bp(550)) and the TSM-specific scattering coefficient (b*(550)) values are in
the range expected for mineral dominated particles, in agreement with their predominantly
inorganic nature [51] and references therein). Near the mouth of the Kennedy river, the
nonalgal particles (including mineral particles) contribution to the absorption coefficient is
particularly high. In the north of the bay, the predominance of phytoplankton and organic
particles with a lower apparent density lead to a low bbp/bp(550) and high b*(550).

The repeat station provides a snapshot view of the rapid and nonlinear changes in
both the amount and nature of particulate and dissolved organic materials over time
(Table 1). From 30 January to 1 February, the 15 units increase in salinity was associated
with a large drop in particle, phytoplankton and dissolved materials concentrations (nearly
a factor 6 decrease in TSM and CDOM and a factor 20 drop in TChla), and a decrease
in their terrestrial signature (e.g., drop in the TSM inorganic fraction and aCDOM*(440),
and increase in the spectral slope ratios). Within 10 days (09 February), remotely sensed
suspended solids and CDOM were similar to baseline conditions preflood. This is based
on observations made on 14 January (Figure 4), as TCO lead to a ‘first flush’ event (no
significant rains were recorded previously during this wet season). Preflood conditions
are often missing due to the difficulty in planning a field survey prior to episodic events;
remote sensing imagery is an alternative approach during cloud-free conditions.

Interestingly, the wide range of concentrations sampled within PCB encompass those
encountered in the mid- to northern GBR inshore waters postfloods during the same
wet season (e.g., in the Daintree, Annan and Burdekin rivers, [25]). Long-term records
of suspended solids concentration from the Burdekin and Fitzroy rivers, the two largest
GBR dry-tropics catchments, highlight the comparatively much lower suspended solids
loads into PCB. By contrast, CDOM and DOC were generally higher than for urbanized
catchments [51–53]. Intensive catchment land use through agriculture and urbanization
is responsible for increased suspended solids inputs into the coastal zone (e.g., Moreton
Bay [51]), Galveston Bay [5], Chesapeake Bay [54] and the Yangtze River, [55]. The Nor-
manby and Kennedy catchments are relatively pristine, resulting in a lower potential for
sediments mobilization during rain events. However, ‘first flush’ events are associated
with more sediment mobilization due to the low vegetation cover during the previous dry
season, and the type of material mobilized differs [32,56–58].

Concurrent characterizations of the optical and biogeochemical properties of coastal
waters following a major episodic flood event are scarce and often limited in time. In
2011, we used a similar bio-optical approach to examine the impact of catastrophic and
widespread floods in Moreton Bay, adjacent to the city of Brisbane (East coast of Australia),
over a one year period. Interestingly, the maximum values in PCB were in the same range
as those measured inshore one week after the ‘Brisbane floods’: for the suspended solids
concentration, near the mouth of the highly urbanized Brisbane river; and for CDOM, in
Deception Bay (in the north-west of Moreton Bay) where the upper catchment is covered
by large areas of natural vegetation [51]. The latter was likely responsible for the higher
CDOM contribution, similarly to observations made in PCB. However, Moreton Bay and
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PCB differ in terms of vegetation type/cover and agricultural land use [59]. Previous
studies might be biased towards lower IOPs due to field sampling limitations of these
highly episodic events. Comparisons between flood events are compounded by catchment
characteristics and land use, antecedent rain events and river discharge, wind stress and
tidal mixing, local density-driven circulation, as well as sampling designs.

4.2. Transformation Processes and Critical Time Scales

Particles and CDOM dynamics are driven by complex interactions between physical,
biogeochemical and biological processes (primary production, microbial degradation and
zooplankton grazing) and photodegradation [60,61]. Sediment resuspension is driven by
tidal asymmetry, wind stress and local density-driven circulation. Tides can change the size
and nature of particles via resuspension, aggregation–disaggregation and flocculation [62],
and contribute an important source of CDOM in shallow waters (e.g., [33,63]). The strong
northwesterly winds (average speed of 13 knots) contributed to large-scale sediment
resuspension from the shallow bottom. Tides also skew the spatial observations, and
are often not taken into account during the sampling design and the interpretation of
remote sensing imagery [64]. Satellite overpasses are at fixed times of the day, while high
tide/low tide times shift on a daily basis. Coupling between biogeochemical modelling and
ocean color remote sensing algorithms has been used as one solution to overcome these
limitations (e.g., [12,65]). The respective roles of tidal-driven and wind-driven resuspension
are unknown and require further study, either through specifically designed in situ process
studies and/or modelling.

During the 2016–2017 dry season, [33] showed that the surface to bottom increase in
TSM could reach up to a factor 10 in the mixing zone during spring tides (tidal current
velocity of up to 2.1 m s−1). Due to differences in channel bathymetry and habitats,
maximum tidal current velocities at the mouth of the Kennedy river can be double those at
the mouth of the Normanby river, and result in an average TSM value four times higher [33].
During the wet season, bottom sediments were dominated by silt to fine sand near the
estuary mouths [33], which can be easily remobilized in the water column. During our
study, the tidal currents were relatively weak (0.3–0.6 m s−1). The vertical distribution data
points to an increase in particulate attenuation from the surface to bottom by only up to a
factor 2, and a mainly freshwater source of CDOM (data not shown).

Differences in the sources of materials and mixing between floodwaters from the
different rivers increase the complexity of near-shore coastal processes. The main estuaries
in the south of the bay are well connected during the wet season, with mixing between
riverine end-members in the coastal floodplains. In addition, the mainly north-eastward
direction of the flood plumes likely lead to further mixing in the eastern section of the
bay. Dissolved organic matter parameters mainly followed a conservative mixing behavior
in the western section under the influence of the Kennedy river outflows (Figure 10). By
contrast, the strong deviations from a classical mixing trend in the eastern section of the bay,
at several stations in the salinity range 15–20, highlight different sources of DOC/CDOM.
At St. 1088 and 1089 (near the Normanby river mouth and slightly to the left of the main
flood plume, respectively), DOC and CDOM values for a given salinity were markedly
above the general trend. St. 1089 was characterized by the highest terrestrial signature, as
depicted by aCDOM*(440), followed by 1088 and 1087 (Table 1). St. 1088 was also the station
with the highest TSM, and likely represents the ‘end-member’ of the terrestrial inputs from
the Normanby river.

The sources of DOC and CDOM can be allochthonous (terrestrial inputs) or au-
tochthonous (produced in situ) [66]. Sources of dissolved organic matter from the salt flats
also contribute to a large fraction of the inshore CDOM. At St. 1089, where TChla is high,
the production of dissolved organic matter by phytoplankton also needs to be taken into
account [67]. Terrestrial inputs and phytoplankton-derived dissolved organic matter will
then undergo rapid transformation processes through microbial degradation [68] and/or
photodegradation. The UV spectral data and aCDOM*(440) offer insights into the nature
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and transformation processes affecting CDOM. There is a strong dichotomy between the
near-shore waters, which are mostly CDOM of higher molecular weight indicative of fresh
terrestrial organic matter, and offshore waters dominated by lower molecular weight dis-
solved organic material with spectral slope ratios of around 3 (north of PCB and outer-shelf
reef station, Table 1). The later are indicative of strong photodegradation and uptake by the
microbial compartment. The CDOM absorption in the UV is approximately 10% of that
of the riverine affected waters. Due to the considerable photodegradation, the source of
CDOM cannot be inferred from the UV spectral characteristics. Empirical relationships
between the CDOM absorption coefficient and DOC concentration established for remote
sensing applications are often region and season-specific [53,69,70].

The residence time (the amount of time a water parcel stays in a given area) is a critical
factor regulating the cycling of terrestrial inputs in coastal ecosystems and the resulting
phytoplankton response [4,71,72]. It is a function of the discharge volume relative to the
volume of the bay, the density-driven circulation, the tidal regime and wind conditions, and
can range from days to weeks [33]. [73] showed that water column nutrient recycling was
an order of magnitude higher than riverine input. The apparent rapid return to preflood
conditions can be explained by the rapid time scales of the transformation processes in
tropical and subtropical systems [51,74] and references therein). Lack of proper quantifica-
tion of the particulate and dissolved materials and carbon fluxes from the catchment to the
reef will lead to a large underestimation in regional and global biogeochemical budgets.
This is particularly critical in the context of increasing changes in catchment land use, the
subsequent degradation of water quality draining these catchments, and the increase in
sediment and particle loads flowing into the coastal zone.

The transformation processes of the terrestrial inputs in the coastal zone occur within
hours to days, and result in drastic changes in the IOPs and SIOPs. Quantifying SIOPs
variability across the short spatial and temporal scales during flood conditions (across
PCB, at a given point along the tidal cycle, and from the peak riverine discharge to the
last of the riverine outflows) is a major challenge for accurate estimations of ocean color
products and for underwater light climate models. Similar observations in subtropical and
tropical systems (e.g., [51,75,76]) highlight the critical need for a better knowledge of SIOPs
(TSM, Chla or DOC-specific optical coefficients) across different coastal ecosystems and in
a given region across a wide range of hydrodynamic conditions (i.e., regionally tuned and
‘event-tuned’ ocean color algorithms).

4.3. Phytoplankton Response

The dynamics of phytoplankton blooms are driven by complex interactions between
nutrient inputs, light availability (magnitude and spectral quality), hydrodynamic pro-
cesses, organic and inorganic pollutants, and loss terms (senescence and zooplankton
grazing) [4,5,75,77–79]. Previous studies have highlighted contrasting and event-specific
responses to floods, from large phytoplankton blooms [75] and references therein) to a
reduction of phytoplankton biomass [80]. During the present study, flood-derived bioavail-
able nutrients were favorable to primary production (e.g., DIN of up to 5.8 µM near the
Kennedy mouth), while high loads of particles and CDOM strongly reduced light avail-
ability. Phytoplankton growth was optimal at midsalinities where TSM was lower than
10 g m−3 and DIN concentration was still high, in agreement with previous observations
in tropical and subtropical regions (e.g., Brisbane, Amazon, Changjiang, and Mississippi
rivers) [51,75] and references therein). The maximum TChla (14.6 mg m−3) was in the
intermediate zone between the Kennedy and Normanby flood plumes, where water clarity
increased due to a sharp drop in TSM despite a high CDOM content.

The highest TChla was similar to values encountered one week after the 2011 extreme
Brisbane floods in Deception Bay (north-west of Moreton Bay, 12.0 mg m−3, [51], where the
suspended solids content was lower but CDOM was still relatively high. CDOM is seldom
characterized during flood conditions but remains a key driver of the underwater light
availability for primary production. A better description of the light exposure and nutrient
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availability in floodwaters in the hours/days prior to a phytoplankton bloom is essential
to understand the phytoplankton community response. The in situ variability in the
phytoplankton response across the bay (eastern and western sections) on 31 January reflects
the different ‘stages’ of rapidly changing flood plumes and the resulting phytoplankton
response: from recent outflows from the Kennedy river, where phytoplankton didn’t bloom
yet despite high DIN values (due to the high TSM), to a more ‘mature’ flood plume in the
‘mixing’ zone with the Normanby river outflows, where phytoplankton growth conditions
were optimum (uptake of DIN leading to a higher TChla, Table 1).

The high TChla was within the range of other coastal systems following high riverine
inflows (e.g., [4,51,75,76,81,82]), but much higher than previously measured in the same
region [23,32]. The spatial coverage and timing of our in situ sampling likely provided a
more complete picture of the phytoplankton dynamics postflood than previous studies,
despite missing the peak riverine discharge from the Normanby river on 29 January.
Comparisons between the phytoplankton community response after different flood events
are difficult due to sampling different stages of rapidly changing phytoplankton blooms,
differing hydrodynamic conditions and using different methodological setups. The burst
of phytoplankton growth is usually short-lived in subtropical and tropical systems [75],
due to nutrient consumption, dilution/dispersion processes, and loss terms (senescence
and zooplankton grazing).

In the eastern section of the bay, diatoms were predominant with more than 90% of the
phytoplankton population. Skeletonema spp. was identified as the dominant species [32]. Di-
atoms are usually the first species to bloom in response to large nutrients inputs (PCB [32,33],
and elsewhere [75,79,83,84]. The presence of diatoms confirms the more ‘mature’ charac-
teristics of floodwaters in this region, when phytoplankton already had the time to bloom.
This is in contrast with floodwaters from the Kennedy river, where picophytoplankton and
the signature of nonalgal particles were predominant (as depicted by the absorption bud-
get, the TSM-specific scattering coefficient and the TSM inorganic fraction). Unfortunately,
information on the local phytoplankton communities prior to the January 2013 floods is a
major missing point. This is essential for better predictions of the phytoplankton response
postfloods. Previous studies in subtropical systems pointed to the picophytoplankton
cyanobacteria as the dominant group during periods of low river discharge [75,84,85].

Changes in the phytoplankton community composition and photoadaptation status
lead to the observed variability in the relationship between the absorption coefficient at
440 nm and TChla, a key factor to improve ocean color remote sensing algorithms for phyto-
plankton studies in coastal waters. The relationship established across the whole of PCB is
significantly different from parameterizations in other environments in Australia: across a
large range of inshore and reef waters of the GBR lagoon (aφ(440) = 0.0500*TChla0.647, [86],
and following the extreme 2011 Brisbane floods (aφ(440) = 0.0663*TChla0.633, [51]. This
relationship is mainly driven by cellular pigment composition and the pigment packaging
effect (the package effect is an inverse function of cell size and intracellular pigment con-
centration; [87]. As a result, the lowest a]φ∗(440) values are associated with the presence of
diatoms (higher package effect and thus decrease in aφ∗(440)).

Alternative ocean color remote sensing-based methods were used in the past to access
quantitative information on phytoplankton composition immediately prior to and after ma-
jor flood events. These approaches mainly rely on the decomposition of the phytoplankton
absorption coefficient into respective pigments concentrations (e.g., using a non-negative
least square algorithm, [4,6,75]), or by deriving phytoplankton functional types or PFT, [88]
or the estimation of a phytoplankton size index [89]. These alternative approaches are
not the aim of the present paper but mentioned here as they open up a whole range of
possibilities for coastal applications (e.g., daily description of the dominant phytoplankton
groups over the course of a flood event). However, in situ data collection is still required
to test and regionally tune these algorithms, and provide detailed information on the
phytoplankton composition.
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5. Conclusions

The widespread flooding associated with the passage of tropical cyclone Oswald
over the northern GBR resulted in large and highly episodic riverine inputs into Princess
Charlotte Bay (PCB). Floodwaters from the Kennedy, Bizant and Normanby rivers lead
to contrasted physical, biogeochemical and bio-optical properties between inshore and
offshore waters, and between the western and eastern sections of PCB. Differences in
the riverine loads and nature, the timing of the peak riverine outflows (e.g., Kennedy vs
Normanby), and the phytoplankton response and transformation processes within PCB
contributed to contrasted observations. Despite being limited in time and space (snapshot
view), the fortuitous timing of our field sampling provides powerful insights into the
respective roles of the different rivers on the biogeochemical processes occurring in the
coastal zone.

There is a strong need for long-term studies on the impact of extreme events on inputs
to the coastal zone and the resilience of the adjacent coastal ecosystems (from seagrass
meadows to coral reefs and fisheries). The implementation of long-term monitoring pro-
grams is key to constrain the full range of variability in IOPs and SIOPs in complex and
dynamic systems such as the GBR. While logistically difficult on an ad-hoc basis using
conventional field sampling strategies, partnerships between local industry, community
groups and research teams could bring synergies for a better in situ characterization of these
highly episodic events, particularly in remote areas. The differences in the sources/nature
of materials coming from the different catchments and the transformation processes within
the respective rivers before reaching the coastal zone need to be accounted for (e.g., stable
isotopes studies).

Once ‘regionally’ and ‘event’ tuned ocean color algorithms are developed, remote
sensing approaches will provide powerful tools to quantify and characterize flood inputs
into the coastal zone. Comprehensive biogeochemical/bio-optical and in situ/remote
sensing studies, from catchments to coast, across a wide range of conditions (e.g., during a
complete wet season with successive rain events and across a large range of tidal condi-
tions) and ecosystems is key in improving regional and global budgets. Such approaches
can ultimately be incorporated into catchment management strategies and mitigation ap-
proaches to reduce sediment and nutrient loads into the GBR and other high value coastal
ecosystems around the world.
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