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Abstract: For many years, local communities have expressed concerns that turbid plume waters from
the Fly River in Papua New Guinea may potentially deliver mine-derived contaminants to the Torres
Strait, an ecologically and culturally unique area north of the Australian mainland. Information
on suspended sediment transport and turbidity patterns are needed in this data-limited region to
identify and manage downstream ecosystems that may be at risk of exposure from the Fly River
runoff. This study used MODIS satellite time series and a colour-classification approach to map
optical water types around the data-poor Gulf of Papua and Torres Strait region. The satellite data
were supported by field data, including salinity and suspended sediment measurements, and used
together in qualitative water quality assessments to evaluate the habitats that are likely exposed to
Fly River discharge and/or derived sediments. It showed that the Fly River influence in the Torres
Strait region is largely limited to the north-east corner of the Torres Strait. The drivers of turbidity
vary between locations, and it is impossible to fully separate direct riverine plume influence from
wave and tidally driven sediment resuspension in the satellite maps. However, results indicate
that coastal habitats located as far east as Bramble Cay and west to Boigu Island are located in an
area that is most likely exposed to the Fly River discharge within the region, directly or through
sediment resuspension. The area that is the most likely exposed is a relatively small proportion of
the Torres Strait region, but encompasses habitats of high ecological importance, including coral
reefs and seagrass meadows. Satellite data showed that the period of highest risk of exposure was
during the south-east trade wind season and complemented recent model simulations in the region
over larger spatial and temporal frames. This study did not evaluate transboundary pollution or the
ecological impact on local marine resources, but other recent studies suggest it is likely to be limited.
However, this study did provide long-term, extensive but qualitative, baseline information needed to
inform future ecological risk mapping and to support decision making about management priorities
in the region. This is important for ensuring the protection of the Torres Strait ecosystems, given their
importance to Torres Strait communities and turtle and dugong populations, and the Torres Strait’s
connectivity with the Great Barrier Reef Marine Park.

Keywords: Torres Strait; Fly River plume; suspended sediment concentration; satellite imagery;
colour scales; MODIS; Sentinel-3; exposure assessment; Great Barrier Reef

1. Introduction

Increased sediment and contaminant loads from riverine runoff are a significant threat
to the health of nearshore and marine ecosystems worldwide [1–3] and can also increase
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vulnerability to climate change stress [4–6]. Protection of marine ecosystems requires water
quality issues to be addressed through marine conservation and run-off management in
adjacent catchments [7,8], supported by spatially explicit information on how, when and
where land-based sediments and contaminants are transported and on which ecosystems
are likely to be exposed and to be at ecological risk from land-based runoff [9–14]. This
information is particularly challenging and costly to gather in remote tropical marine
environments, where field data are scarce and complicated to collect due to geographical,
logistical, administrative and weather-related obstacles [15] or, more generally, in large-
scale ecosystems where data at the right spatial and/or temporal scales are missing to
address the scale and complexity of ridge-to-reef environments [16]. In these challenging
environments, satellite images provide unique spatial coverage and temporal frequencies
to fill in gaps in observed data. They provide essential baseline water quality information,
which, when combined with modelling and/or field measurements, can be used to inform
management and conservation strategies [13,14,17–20].

This study focused on the Torres Strait (TS), an ecologically and culturally unique area
located at the northernmost extent of the Great Barrier Reef (GBR) (Figure 1a). The region
is potentially threatened by runoff from adjacent mining activities in Papua New Guinea
(PNG). Several rivers drain the southern PNG coast, including the Fly River, which accounts
for about half the PNG total river discharge (~6000 m3 s−1) [21]. It is the 17th-largest river
in the world in terms of sediment discharge and creates a large brownish river plume in
the Gulf of Papua (Figure 1b) [22,23]. The Ok Tedi copper mine has been operating in the
headwaters of the Fly River since 1984 (Figure 1a). It discharges contaminated sediments in
the form of mine tailings into the Fly River, which ultimately flow into the Fly River Delta
and the Gulf of Papua. This has caused extensive damage to the Fly River system, including
contamination of the water and sediment by copper [24,25], increased turbidity levels [21]
and changes to river geomorphology through sediment deposition [22,26,27]. Increased
copper concentrations have been measured downstream on the Fly Delta sediments [28],
and mining is estimated to have caused a 40% increase in the sediment discharge from
85 Mt y−1 to 120 Mt y−1 [21]. Given the close proximity of TS to the Fly River estuary mouth,
local communities have been raising concerns that PNG runoff may deliver contaminants
to the TS marine environment since the start of mine operations [22,26,27].

A large proportion of sediments from the Fly River are retained in the delta through
flocculation [23,29] or transported in the Gulf of Papua [30]. However, under certain oceano-
graphic conditions a small fraction of the Fly River plume waters can be entrained in the TS
as suspended sediments. Turbid riverine waters from PNG have occasionally been observed
in the north-east corner of the TS in the field [31] and on satellite images (Figure 1b) [32,33],
but no long-term analysis of turbidity patterns in the region has been performed.
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Figure 1. (a) Map of the TS region showing the major rivers, islands, the boundary of the TS Protected
Zone, and the TS habitats (mapped coral reefs [34], intertidal and subtidal seagrass [35], North-West
TS seagrass [36]) ([22], modified). TS habitats assessed in this study are indicated with blue square
symbols, collected salinity data with a yellow circle and the location of the loggers with an orange
circle. (b) Exposure assessment area and (c) zoom to Daru Island. (d) MODIS-Aqua true colour image
of the 12 October 2016 showing the Fly River plume and a general location map. The image is from
the NASA Worldview application and shows a large brownish river plume off the Fly River Delta.

Physical models of the region suggest that Fly River sediments intrude when the pre-
vailing current is westward, i.e., largely during the south-east (SE) trade wind season [23,37],
and 2% to 11% of the sediment discharged by the Fly River has been estimated to be de-
posited in the TS [23,38]. These models have not, however, been fully validated due to a
lack of observational data at sufficient spatial and temporal resolutions [23,37]. Intrusion
of the Fly River plume in the TS is a natural process that occurred for several thousands



Remote Sens. 2022, 14, 2212 4 of 36

of years before mining started. Transported suspended sediments generally settle during
calm weather and are resuspended by tidal currents, wind and waves and have formed
a continuous mud wedge about 20 km wide all along the PNG coast (hereafter TS mud
wedge) [23]. However, the mining activities are suspected to have changed these sediment
dynamics and the spatial extent of the Fly River runoff. Variations in Fly River discharge
and plume movements have also been linked to tidal fluctuations (semidiurnal cycles) and
the El Niño-Southern Oscillation (ENSO) cycles (inter-annual cycles) [39–41] but are not
fully understood.

This study was part of a collaborative research project funded by the Australian
Government as part of the National Environmental Science Program Tropical Water Quality
Hub (NESP-TWQ Projects 2.2.1, 2.2.2 and 5.14) [22,26,27,42] The project applied a multiple-
lines-of-evidence approach to assess the likely influence of the Fly River discharge on
the TS [22]. The project components included a field water-quality component [42], a
modelling component [23,41], analyses of historical coral core records [43] and a remote
sensing component (this study). Specifically, the remote sensing component aimed to
further understand turbidity patterns in the region and identify TS habitats likely exposed
to Fly River runoff using publicly available satellite images. This remote sensing component
is the focus of this paper.

Suspended sediment concentrations (SSC, in mg L−1) or turbidity levels (in NTU) can
be quantified in large-scale marine areas using optical satellite imageries and empirical or
physical bio-optical algorithms, e.g., [44,45]. However, there is very limited knowledge of
the bio-optical properties of particulate and dissolved substances in the optically complex
TS coastal waters, which greatly limits the development of accurate ocean colour models
for the TS region [46,47]. The lack of optical field data, as well as the challenges of collecting
new data in this remote area, also the limit the ability to confidently validate, parameterise
and/or regionally-tune global algorithms or algorithms developed for other optical settings
to the TS region.

To overcome these limitations, this study focused on a qualitative method of analy-
sis, whereby the colour of the water retrieved from optical satellite imageries was used
to classify TS water into optical water types (OWTs) with distinctly characteristic tur-
bidity levels [48]. Water colour is the result of the presence of marine constituents (SSC,
chlorophyll-a [Chl-a] and coloured dissolved organic matter [CDOM]) and their interac-
tions with solar irradiance [49]. Several studies have reported that there is a quantifiable
relationship between water colour and water quality parameters, including a strong re-
lationship with turbidity [50–52]. Accordingly, water colour is regarded as a simple yet
efficient optical parameter for assessing water quality changes [14,53]. It has been used
worldwide, including in the GBR, to assess water quality changes related to different
turbidity levels, SSC and Chl-a concentrations, and Secchi Disk Depth in inland and marine
waters [14,50,54–58]. Importantly, water colour classification algorithms do not require a
full characterisation of regional optical properties using local in situ water quality data and
are thus suited to data-limited study areas [50].

The assessment of water colour was supported by other evidence collected through
the NESP-TWQ program, including field salinity and SSC data [26,27,42], results of recent
hydrodynamic and sediment transport modelling [23,41], and the coral core analyses [43],
as well as other historical evidence published in the literature. These different datasets
were used together in a qualitative water quality assessment and provided spatially explicit
information for when and where the influence from Fly River discharge is likely to occur
and identified which TS zones and habitats are the most likely to be exposed. It is impossible
to fully separate the direct influence of riverine plume from wind, wave and tidally driven
sediment resuspension (some of which may have been originally derived from the Fly
River discharge) in optical satellite images. In this study, the exposure is thus defined as
“exposure to turbid waters from or derived from the Fly River”.
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2. Study Area

The TS stretches 200 km from the northern tip of the Cape York Peninsula to the
south-west coast of PNG in the south-western Pacific Ocean north of Australia (Figure 1a).
There are more than 300 islands and cays in the TS, 17 of which are inhabited and support
an estimated 8700 people [59]. The TS Protected Zone established under the TS Treaty
(Figure 1a) protect the traditional way of life of TS Islanders between international bound-
aries. The TS has large areas of diverse coral reefs, extended areas of coastal mangroves and
productive fisheries, and the largest continuous area of seagrass meadows in the world [59]
(Figure 1a). The region’s variety of habitats supports highly diverse Indo-Pacific marine
flora and fauna, including dugongs and marine turtles [60,61]. The coral reefs of the TS
are adjacent to the far northern section of the GBR Marine Park and provide ecological
functions that influence the broader GBR [62]. The TS is situated in a wet tropical region,
and the climate is dominated by alternating periods of monsoon and SE trade winds. The
primary characteristics of these seasons are summarised in Table 1.

Table 1. Summary of the METocean and hydrodynamic characteristics of the PNG region [23,38,39,41,43,63].

Characteristics Monsoon Season Trade Wind Season

Time period January to April May to December:

Winds
NW monsoon—Typical wind
speeds in the area are of order
9 knots

SE trade winds—typical wind
speeds of over 20 knots. A period of
relative calm (transition period)
occurs between November and
December with winds slowly
veering and backing to northerly.

Waves
Offshore winds result in little or no
long-period swell propagating
towards the south coast of PNG.

TS is generally protected from
surface waves by the northern-most
extension of the GBR

Rainfall

Higher rainfall (median
December–May = 1968 mm).
Storms and infrequent tropical
cyclones influence the inter-annual
variability of the sediment fluxes

Lower rainfall (median
June–November = 1345 mm)

Wind-driven
currents Eastward

Westward. Controls the westward
transport of suspended sediments
along the southern coast of PNG
between Daru and Saibai Island.

Mean sea level
(MSL) difference
across the TS

Negative (MSL Gulf of
Carpentaria > MSL Gul of Papua)

Positive (MSL Gulf of
Carpentaria < MSL Gulf of Papua)

The Fly River is the largest sediment source of the study area. It delivers sediment to
the south coast of PNG relatively invariantly throughout the year, with minimal seasonal
fluctuations [21]. Rivers located along the southern PNG coastline (Irian Jaya), including
the Wassi Kussa and Mai Kussa Rivers, also flow into the TS region, although they are
considerably smaller (Figure 1a). Sediment mobility is dominated by waves in the Gulf
of Papua and by a mixture of waves and tides in TS [63]. During the SE trade winds, the
TS is generally protected from surface waves generated in the Coral Sea by the northern-
most extension of the GBR, serving to block swell while the Fly River Delta remains
exposed to Coral Sea-generated swell (Table 1) [38,63]. During the NW monsoon, offshore
winds result in little or no long-period swell propagating towards the south coast of PNG
and the inter-annual variability of the sediment fluxes during the monsoon has been
attributed to storms and remote cyclone impacts [38]. The TS forms the intersection of
two separate and dissimilar tidal regimes of the Gulf of Papua/Coral Sea and the Gulf
of Carpentaria/Arafura Sea (Figure 1a). These phenomena drive strong, highly dynamic
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tidal currents magnified by flow channelisation in passages among dense coral reefs
through the TS. Wind-driven currents are observed to reverse seasonally, with flow being
generally westwards during the SE trade wind season and eastwards during the NW
monsoon [20,23,41] (Table 1 and Appendix A, Figure A1).

3. Materials and Method
3.1. Satellite Data

OWT maps of the study area were produced using a colour classification scheme
developed originally for the GBR: the wet season (WS) colour scale for MODIS-Aqua
(MA) satellite images [14,17,20,48]. The WS colour scale divides water into 7 WS colour
classes, ranging in colour from brownish to bluish, corresponding to four broad OWTs
(Table 2). These OWTs represent typical colour and turbidity gradients encountered in the
GBR during the wet season (December to April), including riverine plumes [14,17,20,48].
OWTs are classified depending on water colour and linked to water quality characteristics
(Table 2). ‘Primary waters’ (or WS1–4) are brownish waters, enriched in sediment and
dissolved organic matter, and ‘Secondary waters’ (or WS5) are greenish waters, enriched
in algae and dissolved organic matter and with a relatively lower suspended sediment
content. ‘Tertiary waters’ (WS6) are greenish-blue and the marine OWT (WS7) blueish, and
both correspond to waters with higher light penetration [14,17,20,48]. SSC and turbidity
levels typically decrease from the Primary to the Tertiary OWT (Table 2). The Primary
water type is often associated with low salinity from river discharge but can also reflect
re-suspended sediment from wind and tides. The Secondary water type is often associated
with relatively less turbid water and is typically found in the open coastal waters and outer
flood plume waters of the GBR. Tertiary and marine waters are found in the midshelf and
offshore waters of the GBR and have a low risk of detrimental ecological effects [20].

Table 2. Comparison between WS and FU OWTs and long-term SCC and SDD concentrations
measured in the GBR [modified from 14,20].

WS Colour Scale
(GBR)

FU Colour Scale
(Global)

Description

SCC (mg L−1) and
SDD (m) Measured in

the GBRWater Colour OWT Name (WS
Colour Classes)

OWT Name (FU
Colour Classes)

Brownish to
brownish-green Primary (WS1-4) Primary’

(FU ≥ 10)

Turbid waters with high SSC, but also
enriched in chl-a, and CDOM resulting in
reduced light levels. In the GBR, this OWT

is typical of inshore regions that receive
land-based discharge and have high

concentrations of resuspended sediments
during the wet season.

SCC:
18.3 ± 45.7 mg L−1 and

SDD: 1.8 ± 1.7 m

Greenish to
greenish-blue Secondary (WS5) Secondary’

(FU6-9)

Less turbid water typical of coastal waters
rich in algae (Chl-a) and containing CDOM
and fine sediment. In the GBR, this OWT is
found in open coastal waters as well as in

the mid-water regions of river plumes.

SCC: 5.9 ± 8.0 mg L−1

and SDD: 4.0 ± 2.3 m

Greenish-blue Tertiary (WS6) Tertiary’ (FU4-5)

Low-turbidity waters with slightly above
ambient optically active constituent

concentrations. In the GBR, this OWT is
typical of GBR areas towards the open sea

and include offshore regions of river
plumes, fine sediment resuspension around
reefs and islands and marine processes such

as upwellings.

SCC: 3.9 ± 5.1 mg L−1

and SDD: 7.0 ± 3.8 m

Blueish Marine (WS7) Marine’ (FU1-3)
Ambient waters with high light penetration

and negligible levels of SSC,
CDOM and Chl-a.

SCC: 2.2 ± 3.9 mg L−1

and SDD: 11.1 ± 5.1 m
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Eleven years (2009 to 2019) of daily MA Corrected Reflectance products (500-m res-
olution pixels) were processed with the WS colour algorithm. MA true-colour imagery
was downloaded from the LANCE and EOSDIS (NASA) websites and corresponded to
Rayleigh-corrected reflectance composites of MA bands 1, 4 and 3 (500-m resolution pixel).
Images were processed using the WS colour algorithm, which includes: (1) a spectral
enhancement function to transform Red-Green-Blue (RGB) images into Intensity-Hue-
Saturation (HIS) and (2) a supervised classification method to cluster the enhanced pixels
into “cloud” and the seven WS colour classes [48]. The supervised classification uses typical
apparent surface colour signatures (RGB and HIS values) of wet season waters in the GBR,
including under sun glint and light cloud conditions [48]. Discrimination of WS colour
classes has been modified from the GBR wet season water body typology [64] and has
been calibrated and validated with both satellite and historical in situ water quality data
of the GBR [14,17]. The MA-WS products have been used in several recent environmental
assessment studies in the GBR [65–68] and shown to be suitable for the Gulf of Papua-TS
area in preliminary studies [27]. The 2009 to 2018 (10-years) MA-WS data were used in this
study as the main satellite dataset to describe turbidity gradients in the Gulf of Papua–TS
region. The full set of MA-WS data produced as part of this study is openly available in the
TS EAtlas [69].

To verify colour patterns in the MA-WS maps, 1 year (2019) of Sentinel-3 Ocean and
Land Colour Instrument (OLCI) Level 2 products (300-m resolution pixel) were downloaded
on the EUMETSAT Data centre (hereafter S3). The data were processed into OWT maps
using another colour scale—the Forel-Ule (FU) colour scale—a historical colour scale
standard [50,56,70,71]. The FU colour scale divides water into 21 levels, ranging from
dark blue to yellowish brown and was one of the earliest methods used to classify water
masses into OWTs (Table 2). The 21 FU colour classes represent a wide range of optical
characteristics of natural water bodies and can be used to assess the water colour of most
inland and marine waters worldwide [71–73]. This choice was based on the findings of a
recent case study focusing on the GBR [14] which showed that WS-equivalent OWTs maps
can be produced by grouping the S3-FU colour classes 1–3 (equivalent to marine water
type in the WS scale), FU colour classes 4–5 (equivalent to Tertiary water type in the WS
scale), FU colour classes 6–9 (equivalent to Secondary water type in the WS scale) and FU
colour classes ≥ 10 (equivalent to Primary water type in the WS scale) (Table 2). These
classifications were adopted for the TS.

The S3 OLCI data were atmospherically corrected and processed with the FU Satel-
lite Toolbox implemented in the Sentinel Application Platform (SNAP, [73]) to produce
S3-FU water type maps of the study area. The FU satellite algorithm converts satellite
normalised multi-band reflectance information into a discrete set of FU numbers using
uniform colorimetric functions [70,71]. The derivation of the colour of natural waters is
based on the calculation of Tristimulus values of the three primaries (X, Y, Z) that specify
the colour stimulus of the human eye. The algorithm is validated by a set of hyperspectral
measurements from inland, coastal and marine waters [70,71]. A selection of FU water-type
maps of the study area in 2019 were reclassified into the four WS-equivalent OWTs (Table 2,
Primary’, Secondary’ and Tertiary’ water types) and visually compared to MA-WS water
type maps from 2019 to verify the validity of the GBR WS classification for the study area.
A perfect equivalence between the MA-WS and S3-WS equivalent maps cannot be assumed,
as MA and S3 satellite data are collected at different times of the day, from different optical
satellites, and colour classes are processed using two different methods. However, the
comparison was useful to determine whether colour patterns in the MA-WS maps were
similar to the standard FU patterns in the atmospherically corrected S3 maps.

Finally, a selection of Sentinel-2 MSI/Multispectral Instrument (S2) high resolution
true colour images of 2019 was extracted. S2 true colour images (10-m resolution pixel) were
downloaded from the Sentinel-Hub EO Browser [74] and used in this study to illustrate
turbidity and sediment transport in the TS area at a finer scale.
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3.2. Water Quality Monitoring

Field data were periodically collected by several Australian scientific partners between
2016 and 2020 as part of the NESP-TWQ project [22,26,27,42]. The field campaigns were
not focused on validating the satellite information, but rather on providing information on
water quality characteristics and riverine discharge influences in the region and, therefore,
were not necessarily collected close to the satellite overpass. Thus, a state-of-the-art valida-
tion of the MA-WS maps could not be performed, and the analyses of the field information
were used instead to qualitatively support the satellite data and the satellite assessments in
this study. Further details of sample collection, chemical analysis and data processing are
provided in Appendix B and are fully described in [22,26,27,42].

(a) SSC measurements

Twenty-one surface SSC measurements were collected between 4 and 16 October 2016
across the whole TS region, and ten in situ SSC measurements were collected between
18 to 21 June 2018 around Saibai and Masig Island in the northern TS (Appendix B.1:
Figure A2 and Table A1) [42]. SSC samples were acquired by filtering known volumes
of water through pre-weighed 0.45 µm membrane filters (Millipore). The surveys aimed
to estimate SSC concentrations across the whole TS, potentially linked to mine-derived
pollution in marine waters [26,42]. This SSC dataset was used in this study to describe the
composition of the OWT in the TS. The full set of data collected is openly available in the
TS eAtlas [75,76].

(b) Optical dataset

A one-off collection of field FU colour, Secchi Disk Depth (SDD) and SSC measure-
ments was conducted simultaneously at five sites in November 2020 around Saibai Islands
in the northern western TS (Appendix B.2: Figure A3 and Table A2) [22]. Field FU colour
class were measured with the Eye On Water (EOW) phone application developed in
the European Citclops (Citizens’ Observatory for Coast and Ocean Optical Monitoring)
project. EOW allows users to collect FU water colour measurements from their smartphone
cameras [50,77,78] and has been shown to be a robust application for capturing the FU
colour of water with accuracy and precision [79] SSC measurements were acquired us-
ing the same method as described above, and the SDD was measured using a standard
30 cm Secchi disk, lowering the disk in the water and measuring to what depth it was still
visible [22]. SCC and SDD measurements were matched up with the EOW-FU data and
were also used to describe the composition of the OWTs in TS.

(c) Salinity data

Surface salinity data were collected in the northern TS from February 2017 to early
2021 (Appendix B.3: Figure A4 and Table A3) [22,26]. Data were collected by local TS
rangers using handheld salinity meters at Boigu, Saibai, Erub, Masig, Iama, Poruma and
Warraber Islands (Figure 1, white circles). The monitoring program was designed to collect
weekly salinity data and identify potential freshwater sources in the northern TS, but
monitoring at some islands was more regular than others due to logistical constraints
(ranging from 20 to 124).

(d) Continuous logger data

Continuous turbidity, salinity and temperature logger data were deployed at the
northern end of the Warrior Reefs, located approximately 20 km from mainland PNG, from
February 2020 to November 2020 (Figure 1, orange circle, and Appendix B.4: Table A4) [22].
The loggers included a Wet-Labs NTUS turbidity sensor and a SeaBird SBE-37 CTD, which
collected continuous 10-min interval data over the 10-month period The logger deploy-
ments were designed to collect data to the south-west of the Fly River mouth (approximately
60 km to the east of the site) and detect potential turbid freshwater sources coming from
PNG mainland rivers. The full set of data collected is openly available in the TS eAtlas [80].
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3.3. Data Analyses
3.3.1. Spatial Analyses

MA-WS composite maps, including median (Table 3a), frequency (Table 3b) and
difference (Table 3c) maps were produced using ArcMap 10.6 at different time scales
(decadal (2009–2018), seasonal, and annual). They were used to illustrate turbidity gradients
in the study area and assess TS areas and habitats exposed to turbid waters (“Turbidity
Exposure”). The average long-term frequency of Primary, Secondary and Tertiary water
types was mapped (Table 3b) and seasonal and monthly difference maps were used to
describe relative changes in turbidity levels across seasons and months and illustrate the
movements of turbid water masses (Table 3c).

Table 3. Satellite products used to describe turbid waters and habitat exposure in the Gulf of Papua-TS
region. All products have been computed using daily MA-WS water type maps.

Product Objective Time Scales Production

(a) Composite
Colour class map

Illustrate large scale
spatial patterns in
turbidity levels at
different time scales

Decadal (2009–2018)

Decadal median maps are
produced by calculating the
median long-term colour class
category value for each pixel of
our study area using (i) all daily
MA-WS data using data from
2009 to 2018, or using data
collected in the (ii) monsoon and
trade wind seasons or (iii) in
each month of the
2009–2018 period

(b) Frequency maps

Assess the area of coral
reefs and seagrasses that
were regularly exposed
to turbid waters.
Evaluate the frequency
of exposure of TS coral
reefs and seagrass key
habitats to Primary,
Secondary and Tertiary
water types

Annual and
decadal average

The annual water type frequency
was defined as the total number
of days per year exposed to a
given water type divided by the
number of data days (non-cloud)
recorded per year, resulting in a
normalised frequency on a scale
from 0 to 1. Decadal average
were calculated as the average of
all annual frequency maps.

(c) Difference maps

Illustrate areas with an
increase (positive
anomaly) or decrease
(negative anomaly) in
relative turbidity during
the trade wind season
against the monsoonal
trends; or in each month
against long-term trends

Decadal seasonal or
Decadal monthly

The seasonal difference map is
calculated by subtracting the
median decadal monsoonal and
the median decadal trade wind
maps. The monthly difference
maps are calculated by
subtracting the median decadal
monthly maps and the decadal
median map.

The long-term frequency maps were further used to assess the area of coral reefs
and seagrasses that were regularly exposed to turbid waters, defined in this study as the
combined Primary and Secondary water types (Table 3b). The assessment area is shown in
Figure 1b and includes 2952 km2 of mapped coral reefs and 1337 km2 of mapped seagrass
meadows. Exposure to each OWT was also assessed at several key sites across the region
where habitat monitoring had been conducted in the past (shown in Figures 1 and 7) [26].
These sites were also regionally representative and included habitats of high ecological
importance, including seagrass beds (west of Warrior Reef, Boigu Island) and coral reefs
(Warrior Reef, Saibai, Ugar, Masig, Erub, Poruma and Mer Islands).

3.3.2. Statistical Analyses

The SCC and optical field datasets were used to confirm that SSC and turbidity levels
decrease (and SDD increase) from the Primary to the Tertiary WS water types in the study
area. The MA-WS colour class category (WS1–7, Table 2) corresponding to the location
and day of acquisition of each cloud-free SSC measurement collected in October 2016 and
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June 2018 was extracted using ArcMap 10.6. The average SSC concentrations recorded in
the MA-WS Primary, Secondary and Tertiary water types were then calculated. However,
due to the high cloud cover in the study area, most surface SSC measurements collected
in the field could not be matched with a MA-WS colour class category. The EOW-FU
colour class category (FU 1-21, Table 2) and field SDD and SSC measurements collected in
November 2020 were also matched up, and average SSC concentrations recorded in the
S3-WS Primary’, Secondary’ and Tertiary’ water types were calculated.

Time series and boxplots of salinity data collected in the northern TS were plotted
and summary statistics calculated. The continuous turbidity, salinity and temperature
logger data collected at northern Warrior Reef were averaged monthly and visualised in
salinity-temperature and salinity-turbidity plots. Results were discussed against monthly
patterns retrieved from the MA-WS water-type maps and used to identify patterns and
the presence of freshwater influence in the TS (“Freshwater Influence”). Basic descriptive
statistics were performed in Excel 2016.

3.3.3. Qualitative Assessment

The datasets described above were used together in a qualitative assessments to
provide spatially explicit information for when and where the influence from Fly River
discharge and/or derived sediments is likely to occur and to identify which TS ecosystems
are the most likely to be exposed. The qualitative assessment was performed based on
three indicators: “Turbidity Exposure”, “Freshwater Influence” (as defined above} and
the distance from the Fly River Delta (“Distance”, in km). Distance was calculated as
a straight-line length from the southern Fly River delta channel (8.8◦ S, 143.5◦ N) using
Google Earth. The assessment was supported by additional evidence gained from the
NESP-TWQ project and older reference literature. It was outside the scope of this paper
to conduct a full assessment of the mine-derived pollution or of the ecological impact of
Fly River discharges on TS ecosystems, even though recent data collected as part of the
NESP-TSV project suggest it is likely to be limited [22,42].

4. Results
4.1. MODIS Water Type Maps
4.1.1. Verification

WS colour patterns were very similar to the standard FU colour patterns, particularly
for the Primary and Secondary water types, which confirmed the robustness and applica-
bility of the GBR WS colour classification scheme to the study area (Figure 2). For example,
large river plumes extending from the Fly River estuary and smaller turbid water masses
adjacent to the Wassi Kussa and Mai Kussa Rivers were well defined and showed the same
shapes, spatial areas and orientation on all example images. During the SE trade wind
season, both satellites captured the punctual influence of the Fly River plume on Bramble
Cay, the most north-eastern island of Australia located 55 kilometres SE of the mouth of the
Fly River (Figure 2: 17 June and 31 August 2019). Another comparison of median composite
maps for the January–April (monsoon season) and June–September (SE trade wind season)
periods is available in Appendix C: Figure A5, which confirms the very similar patterns
between the MA-WS and S3-FU products.
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Figure 2. Examples of (a) colour class and (b) OWT maps produced with the Forel-Ule (FU) and Wet
Season (WS) colour scales applied on Sentinel-3 and MODIS-Aqua optical imagery, respectively.

4.1.2. Composition

MA-WS water-type maps of the study area were largely cloudy in the field surveys
undertaken between 3 and 16 October 2016, except for the map from 12 October 2016,
and MA-WS water-type maps were fully cloudy during the five days of the June 2018
survey [69]. Thirteen of the October 2016 samples could be matched up with the MA-WS
water type maps and were all collected in the Secondary (n = 6), Tertiary (n = 4) and Marine
(n = 3) water types (Appendix B.1, Table A1). The mean field SSC across the MA-WS
Secondary and Tertiary water types were consistent with long-term patterns documented
in the GBR, i.e., SSC values decreased from the Secondary to the Tertiary water types
(Figure 3a and Table 2). A comparison between EOW-FU measurements and the field
SSC and SDD showed similar trends, i.e., SSC values decreasing from the Primary’ to the
Tertiary’ water types (Figure 3b). SDD values logically increased from the Primary’ to the
Tertiary’ water types (Figure 3b and Table 2).
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Figure 3. (a) Mean SSC measured in TS at the October 2016 survey sites (mg L−1, light grey and
Appendix B.1) and mean long-term SSC documented for the GBR (data from [20], dark grey) across
the MA-WS Primary, Secondary and Tertiary water types; (b) Mean SSC (mg L−1, dark blue) and
SDD (m−1, light blue) measured in TS at the November 2020 survey sites across the EOW Primary’,
Secondary’ and Tertiary’ water types (Appendix B.2).

4.1.3. Decadal Colour Patterns

In the median decadal MA-WS map, estuarine coastal waters along the southwest PNG
coast were influenced by local river discharges entering the Gulf of Papua and typically
classified as the turbid Primary water type (Figure 4a). In the Fly River Delta, the most
turbid Primary waters (WS1–2) were mapped inside the shallow delta plains (the upper
areas of the delta) and the colour classes changed from Primary to Tertiary water types
moving further offshore from the Fly River Delta. The Secondary (WS5), less turbid water
types covered a coastal band toward the open seas extending from the western TS to the
north-eastern Gulf of Papua. This area included the northern region of the TS Protected
Zone (Boigu and Saibai Islands), Daru Island and the northern Warrior Reefs (Figure 4b).
The Tertiary water type (WS6, lower turbidity) was mapped further offshore and in the
central TS, at the transition between coastal and marine ambient conditions.

Figure 4. (a) Median decadal (2009–2018) colour class map illustrating long-term trends in turbidity
levels in the study area, (b) Zoomed in map of Daru Island and the Warrior Reef ([22], modified).
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4.2. Seasonal Patterns

The decadal difference map illustrated the relative differences in water turbidity
between the SE trade wind and monsoon season (Figure 5a). Higher relative turbidity
levels were measured in the SE trade wind season than during the monsoon season off the
Fly River delta and between Daru Island and Bramble Cay, including the north-eastern
corner of the TS Protected Zone (Figure 5b). Higher relative turbidity levels were also
measured along the southern PNG coast between Parama Island and Daru Island—even
though the band of higher turbidity was patchy and restricted close to the coast—and west
of Boigu Island in a large band along the southern PNG coast starting off at the Mai Kussa
and Wassi Kussa river mouths. Conversely, the central TS was globally less turbid during
the SE trade wind season than during the monsoon season in the decadal satellite database.
Median decadal changes between the monsoon and SE trade wind season were often of
one colour class category (see ∆WS in Figure 5a), but the significance in terms of the change
in turbidity value or SSC is unknown.

Figure 5. (a) Decadal seasonal difference map illustrating areas with an increase (red, positive
turbidity anomaly) or decrease (blue, negative turbidity anomaly) in relative turbidity during the
SE trade wind season against the monsoonal patterns. (b) Zoomed in map of Daru Island and
the northern Warrior Reef. The seasonal difference map is calculated by subtracting the decadal
median SE trade wind map to the decadal median monsoonal map (Table 3). ∆WS is the difference
in WS colour class category, with relative turbidity levels assumed to decrease from WS1 to WS7
([22], modified).

The monthly difference maps provided a further assessment of the spatial patterns of
the relative turbidity in the study area (Figure 6, the whole series presented in Appendix D:
Figures A6 and A7). In the NE region of the TS, negative turbidity anomalies were mapped
off the Fly River delta and around Bramble Cay and Parama Island during the monsoon
season (Figure 6a and Appendix D: Figure A6). During the SE trade wind season, a positive
turbidity anomaly developed from the Fly River estuary toward Bramble Cay, Parama
Island, Daru Island and the Warrior Reefs (Figure 6b,c and Appendix D: Figures A6 and A7).
Turbidity levels were relatively lower in the TS during the transition period, and negative
anomalies were mapped between Daru Island and Bramble Cay (Figure 6d and Appendix D:
Figure A7). In the middle of the TS, between the south of Boigu Island and the tip of
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northern Australia, positive turbidity areas were localised east of the central islands in
January and February (Figure 6a), in the middle of the central islands in May (Figure 6b)
and then west of the central Islands in April to August (Figure 6c and Appendix D). These
spatiotemporal patterns were in agreement with previous studies in the region that showed
that prevailing currents are westward during the SE trade wind season and reversed
eastward during the monsoon season (Table 1).

Figure 6. Decadal monthly difference maps illustrating areas with an increase (red, positive turbidity
anomaly) or decrease (blue, negative turbidity anomaly) in turbidity in a selection of months relative
to long-term patterns: (a) February, (b) May, (c) July and (d) November and zoom in map of Daru
Island (bottom right corner). The monthly difference maps are calculated by subtracting the decadal
median map (Figure 4) to the decadal median monthly maps (Table 3). ∆WS is the difference in
colour class category, with relative turbidity levels assumed to decrease from WS1 to WS7. Black
arrows indicate tentative turbid water movement inferred from the difference maps ([22], modified).
The whole series of monthly difference maps is available in Appendix D.

4.3. Ecosystem Exposure to Turbid Waters

The multi-annual frequency maps (Figure 7A–C) illustrated the same inshore to
offshore spatial pattern as the median decadal map (Figure 4), with the highest frequency
of the Primary water type in the coastal areas, and offshore areas most frequently exposed
to the Tertiary water type (Figure 7A–C). There was a limited area of coral reefs that were
regularly exposed to turbid waters (the northern reefs), and 60% (or about 1700 km2) of the
coral reef area was exposed to the Primary and Secondary water types infrequently (0–10%
of the time, Figure 7). Intertidal and subtidal seagrass habitats had a greater exposure
to turbid waters, with >50% (>150 km2) of intertidal and subtidal seagrass areas being
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exposed to turbid waters 10–40% of the time. Satellite information was captured about 50%
of the time in the study area (Figure 7D).

Figure 7. Maps showing the decadal (2009–2018) normalised frequency (0–100%) of (A) Primary
water type (WS1–4), (B) Secondary water type (WS5) and (C) Tertiary water type (WS6), where the
highest frequency is shown in orange, and the lowest frequency is shown in dark blue. (D) Cloud
frequency occurrence, where the highest frequency is shown in light blue, and the lowest frequency
is shown in dark blue. Bottom plots show the long-term frequency (% of exposure) extracted at a
selection of key coral reef and seagrass monitoring sites in the TS: (E) northern sites (yellow dots) and
(F) southern sites (green dot points) (extracted from [22]).

At the key habitat sites (Figure 7, yellow and green dots), exposure decreased from
the most northern sites to the sites further south (Figure 7D,E). The greatest frequency of
exposure to the Primary water type was measured at northern sites, including the Saibai
and Boigu Islands (about 10% of the time on average), while Erub Island was the southern
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site with the greatest exposure to the Primary water type (but <5% of the time). The Warrior
Reef site and the Saibai, Boigu, Erub and Mer Island sites were predominantly exposed to
the Secondary water type (WS5, ≥50% of the time), with the greatest frequency of exposure
to the Secondary water type also measured at the Saibai and Boigu Islands (>80% of the
time). The Ugar, Masig and Poruma Island sites were predominantly exposed to Tertiary
waters (WS6, ≥50% of the time). Bramble Cay Island was exposed about 30% of the time
to the Secondary and marine water types, 40% to the Tertiary, and rarely to the Primary
water type.

4.4. Freshwater Intrusions

The greatest numbers of salinity measurements collected as part of the weekly salinity
monitoring program were at Warraber (n = 124) and Masig Islands (n = 116) (Figure 8a),
and weekly salinity data were collected consistently throughout the monitoring period at
these two locations (Appendix B.3: Figure A4). Sampling at Poruma (n = 69) and Iama
(n = 71) was also relatively consistent but not as frequent, while sampling at Saibai (n = 51)
and Boigu (n = 28) islands was irregular but increased in 2019 and 2020 (Appendix B.3,
Figure A4).

Figure 8. (a) Boxplots of the salinity measured at Boigu, Saibai, Masig, Erub, Poruma, Iama
and Warraber Islands. Amount of data collected at each site is indicated (italic font). Bottom:
Plots of the mean monthly logger data collected at the northern end of Warrior Reef in 2020 for
(b) salinity-turbidity and (c) salinity-temperature ([22], modified). The red area highlights months
with increased turbidity and decreased salinity levels that may indicate the influence of diluted
riverine plume waters.
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The lower mean salinities were measured at the most northern sites, Saibai Island
(29.8 ± 2.2 PSU) and Boigu (30.1 ± 2.6 PSU), and these sites had the greatest salinity ranges
(10.7 PSU and 12.4 PSU) (Figure 8 and Appendix B.3: Table A3). Inversely, the highest
mean salinities were measured at the more southern sites, Warraber (35.3 ± 1.2 PSU), Iama
(35.2 ± 1.0 PSU), and Poruma Islands (34.7 ± 1.0 PSU), and the lowest ranges were mea-
sured at Poruma (4.8 PSU), Iama and Erub (both 5.7 PSU). The mean salinity measurement
at Masig Island was 33.4 ± 1.3 PSU, and the range was relatively high (6.7 PSU). At this site,
measurements were similar to average marine salinities but with the occasional reduction
in salinity (to 33 PSU) in the SE trade wind season (Appendix B.3: Figure A4).

The mean monthly logger data collected at the northern Warrior Reef showed higher
turbidity levels during the May–September period (Figure 8b and Appendix B.4, Table A3)
than during October and November and the monsoon months (February to April: ≤2 NTU).
The turbidity peak was measured in May (4.3 NTU), but the mean turbidity levels stayed
relatively low (<5 NTU). The turbidity increase was accompanied by a gradual decrease in
mean salinity (33.4 PSU in April to 29.4 PSU in August) and in mean temperature (29.5 ◦C
in April to 26.3 ◦C in July), which may indicate the influence of diluted turbid freshwaters
around the northern Warrior Reefs (Figure 8b,c). Turbidity levels gradually decreased
during the SE trade wind season (Figure 8a), which may reflect a winnowing of finer
particles [37]. The 10 month average logger salinity, turbidity and temperature measured
were 32 ± 2 PSU, 28 ± 2 ◦C and 3 ± 3 NTU, respectively (in Appendix B.4: Table A3).

4.5. Qualitative Assessment

Using the above satellite and field information, as well as the calculated distance from
the Fly River Delta (“Distance”, in km, see Section 3.3.3), the area the most likely to be
exposed to Fly River discharge and/or derived sediments was assessed to be located in NE
corner of the TS and included, the north of Warrior Reefs (Zone 1), Bramble Cay (Zone 2)
and Saibai and Boigu Islands (Zone 3) (Figure 9a, yellow symbols). Zones 1 and 3 were
largely dominated by the Secondary water type, which indicated a regular occurrence of
moderately turbid waters in this region of the TS (Figure 4). The habitats of the Boigu
and Saibai Islands experienced the greatest exposure to turbid waters (Figure 7), and the
Boigu and Saibai Islands had the lower salinity levels and the greatest salinity ranges
(Figure 8a). The Boigu and Saibai Island were thus attributed the highest relative scores for
both Turbidity Exposure and Freshwater Influence (Figure 9b, yellow symbols). Habitats
around the northern Warrior Reefs were relatively less frequently exposed to turbid waters
(Figure 7); however, the northern Warrior Reef is only 60 km SW of the Fly River delta
and had relatively higher turbidity and lower salinity around the trade wind season in the
2020 logger data (Figure 8b). This likely indicates the influence of the diluted Fly River
plume in the region. The Warrior Reef site was also attributed the highest relative scores
for both Turbidity Exposure and Freshwater Influence, as well as for Distance (Figure 9,
yellow symbols).

The source of both turbidity and brackish waters in zones 1 and 3 cannot be fully
attributed to the Fly River plume and is likely to include other sources associated with
the smaller streams, as well as resuspension of sediment deposited in the TS mud wedge
via currents, wind and wave action (some of which may be derived from the Fly River
plume). In particular, in Zone 3, the Fly River signature is likely to be diluted around Boigu
Island, and the high turbidity levels measured there are most likely influenced by tidally
resuspended sediments and the Mai Kussa and Wassi Kussa Rivers (Figures 4–7). However,
further evidence in this area is required to confirm this, due to the location of Saibai and
Boigu Island along the TS mud wedge, and despite their relative distance from the Fly
River delta (Distance: 100 km and 150 km SW of the Fly River delta). Near the Fly River
estuary, the transport of PNG sediment to the TS was particularly well illustrated by the S2
true colour image of 26 November 2019 (Figure 10c). In this image, terrigenous sediments
from the Fly River were observed flowing westward through small passages between the
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Panama/Daru Islands and the PNG coast, between Daru Island and Bristow Islands, and
through Missionary Passage.

Figure 9. Quantitative assessment of the relative likelihood of exposure to Fly River discharge
and/or derived sediments. (a) Map illustrating the different zones from the assessment, including
the North-East Corner (NEC, zones 1 to 3), the North Central–South area (NSC, zone 4), the Central
(C, zone 5) and the South-East (SE, zone 6) zones. (b) Table summarizing the sites and major habitats
in each zone, the relative scores given to the three indicators used in the assessment: “Turbidity
Exposure”, “Freshwater Influence” and “Distance”, and the final ‘likelihood of exposure’ score, where
yellow-green–blue, indicate higher to lower relative scores.

Waters and habitats around Bramble Cay (Figure 9, Zone 2) were largely classified
as the Tertiary or marine water type (Figures 4 and 7). However, previous studies have
indicated that Bramble Cay has higher than expected levels of turbidity for a remote offshore
reef [27]. Several satellite images in this study showed the Fly River plume reaching the
Cay (for example, Figures 2 and 10d), and this appeared to be enhanced by SE trade wind
environmental conditions (Figures 5 and 6). Luminescent lines have been observed in corals
from Bramble Cay since 1781 [43], which, along with older observations [81], confirms
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a freshwater influence attributed to the Fly River discharge at this site. Bramble Cay is
located only 55 km SE of the mouth of the Fly River was attributed an average relative
score for Turbidity Exposure, and a higher relative score for both Distance and Freshwater
Influence. The instances of likely plume exposure at Bramble Cay were not fully resolved
in this study, but exposure from the Fly River plume in this zone is likely.

Figure 10. High resolution (10-m) S2 true colour images captured during the (top) monsoon and
(bottom) trade wind seasons illustrating the very complex sediment circulation in the study area.
(a) Typical monsoonal pattern with no sediment imports from the Fly River and higher SSC concen-
trations west of Saibai Island. Conversely, (b) shows high turbidity levels all along the PNG coast
and in the middle of TS and is a great illustration of flow channelisation in passages among the
Warrior Reefs. Trade wind image (c) illustrates complex sediment transport patterns near the coast
and Fly River sediments flowing westward through passages between Panama and Daru Island
and the PNG coast and through Missionary Passage, (d) a large Fly River plume reaching Bramble
Cay, 55 kilometres SE of the mouth of the Fly River. Images are from the Sentinel-hub website and
have been enhanced by +40% (brightness and contrast). Enlargements have been sharpened by 50%
(extracted from [22]).

South of the NE corner, the North Central–South area (Zone 4, including Masig, Ugar
and Erub islands) was classified as moderately likely to be exposed to Fly River discharge
and/or derived sediments (Figure 9, green symbols). This zone was largely classified as
being of the Tertiary or marine water types (Figure 4) and had higher salinity levels and
smaller salinity variability (Figure 8a). However, the mean salinity measurement at Masig
Island was lower than expected for an open ocean site (Figure 4a), and Erub and Masig
Island were the southern sites with the greatest exposure to the Primary and Secondary
water types (Figures 7 and 9b). Zone 4 was thus attributed an average relative score for
turbidity exposure and Freshwater Influence. Due to the relative proximity of this zone
to the mouth of the Fly River (Distance: 80 to 105 km), this zone was considered to be
a transitional area and was therefore assessed as having a moderate relative likeliness
of exposure.
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Finally, the Central (Zone 5, including Iama, Warraber, Poruma) and South-East areas
(Zone 6, Mer) were characterised as being less likely to be exposed to Fly River discharge
and/or derived sediments (Figure 9, blue symbols). Both zones had limited or no evidence
of Turbidity Exposure or Freshwater Influence influencing these areas and had the greater
relative distance to the Fly River delta (Distance > 140 km S or SW of the Fly River delta).
The Poruma, Lama and Warraber islands had the higher salinity levels and the lower salinity
ranges. In these sites, the regular occurrence of the Tertiary water type (Figures 4 and 7)
was likely due to the presence of suspended calcareous sediments originating from TS
reefs and carbonate platforms [82], rather than any terrigenous influence. Zone 4 was
thus attributed the lower relative scores for Freshwater Influence, Turbidity Exposure and
Distance (Figure 9a).

Calcareous sediments are distinguishable from the riverine terrigenous sediments by
their bright colour, as carbonate sediments are highly reflective in satellite visible bands
(see for example Figure 10c,d). These calcareous sediments were stirred by currents, flowed
through the Warrior Reef complex and sometimes mixed with the coastal terrigenous
sediments, further complicating the colour signature around Boigu, Saibai and the north-
ern Warrior Reefs (see for example Figure 10b). Seabed sediments comprised of mixed
calcareous-siliciclastic sand and dominated by terrigenous phases have been sampled next
to Saibai Island in a previous study [83]; which agreed with the above observations. There
were no salinity data for Mer, and this site had a relatively high occurrence of Secondary
waters and Tertiary waters in the frequency assessment (Figure 7B). This is unexplained
but hypothesized to be linked either to the resuspension of carbonate sediments in this
shallow zone or to bottom influence. Due to its location (Distance > 140 km S), Zone 6 was
attributed a low relative score for all indicators, but there is a higher uncertainty in this
specific assessment.

Confidence in the assessment varied for each zone and was maximum at Bramble
Cay (Figure 9), where resuspension is likely to be minimum and the assessment supported
by the historic coral cores [43], and at Warrior Reef, where several satellite images and
the logger data supported the assessment. Data confidence was minimum in Zone 4 and
Zone 6, where the number of observational data was limited.

5. Discussion

This study used a publicly available satellite time series and a colour classification
algorithm originally developed for the GBR to map OWTs and turbidity gradients in the
data-limited Gulf of Papua-TS region. The results were supported by field SSC, SDD
and salinity measurements and used in a qualitative assessment to maps TS areas and
habitats the most likely exposed to Fly River discharge and/or derived sediments. The
study demonstrated that methods using multiple datasets, including satellite imagery, are
essential to qualitative exposure assessment in remote, complex and data-poor marine
environments, such as the TS. Results complemented model simulations in the region
over larger spatial and temporal frames, as well as previous sporadic observations in
the region [23,41]. Despite the lack of field optical data in the TS, the colour-clustering
approach used with the satellite data in this study provided large-scale and longer-term—
but qualitative—observations and further insights on turbid water movements along the
southern PNG coast. This approach allowed the identification of TS habitats that are the
most likely to be exposed to Fly River discharge and/or derived sediments, as well as
useful information for management applications.

No quantitative satellite estimates of SSC and turbidity were completed in this study,
due to the insufficient amount of field data. However, the optical water type maps produced
provided important information about water turbidity gradients in the study area, as well
as information about their spatial and seasonal variability for the first time. The colour of
waters is increasingly used as used an efficient optical feature to cluster OWTs in both inland
and marine waters and to assess water quality patterns and trends (e.g., [51–57]). This
study reiterated the potential of using a qualitative colour clustering approach with satellite
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images in large, complex and/or data-poor regions, where more classical quantitative
remote sensing methods are limited by the lack of available field data. The methods used
in this study can easily be transferred to other regions, using the now-available global
colour-clustering algorithms and publicly available satellite data and processing tools,
including the FU satellite and smartphone classification tools [50,54,71,73].

In the absence of a sufficient number of ground-truthing measurements, this study
assumed that relative turbidity levels decreased from the Primary to the Tertiary water
types in the TS, as observed in the GBR [14,17,20]. This assumption is expected to be
reasonable, as good spatial agreement was observed between WS water type and standard
FU water type composites (Figure 2), and water turbidity has been shown to increase with
FU in global oceanic waters (measured as decreased Secchi disk depths and increased
diffuse attenuation coefficient) [51]. The assumption was further supported by SSC and
SDD measurements collected in the study area, as well as preliminary matchups with both
satellite and smartphone water colour data (Figure 3).

Northern TS habitats contain complex and important seagrass and reef communities
threatened by potential changes in water quality [35,84]. The satellite data provided a
useful estimate of the spatial extent of habitats exposed to turbid waters and information
about the frequency and seasonality of this exposure. On the scale of the whole of the TS,
there was a limited area of coral reefs and seagrass habitats that were regularly exposed to
turbid waters, except for the North-West TS seagrass area. However, this study provided
sufficient cumulative evidence to reasonably assume that habitats located in the NE corner
of the TS Protected Zone, including the northern Warrior Reef, as far west as Saibai Island
and as far east as Bramble Cay, are likely the most exposed to Fly River discharge and/or
derived sediments. Bramble Cay is a highly valued area of environmental and cultural
significance [59] and is the largest nesting site for green turtles in the TS [85], as well as
an important bird habitat area [86]. The surrounding waters are a major resource for the
commercial mackerel fishery [87], which has recently shown sign of degradation [88]. The
potential impact of the plume exposure in this region is currently unknown, and further
studies would be required to ascertain potential links between the current environmental
conditions and the Fly River discharge. Seagrass and reef habitats around the Boigu
and Saibai Islands, and the Warrior Reef have high ecological and cultural value [62]. In
particular, the extensive seagrass beds are an important food source for dugongs and turtles
in the TS region [62].

Currents in the TS have been modelled to reverse seasonally, with their flow being
predominantly westward during the SE trade wind season and eastward during the NW
monsoon ([23,41,81] and Appendix A, Figure A1). This was further supported by the
satellite water-type maps produced in this study, which mapped reversing turbid-water
movement across the seasons (Figure 6). The Fly River plume intruded into the TS the most
during the SE trade wind season and less during the monsoon season, in agreement with
hydrodynamic and sediment modelling simulations in the region [23,41,81], as well as older
field observations [31]. Satellite and mooring data at Warrior Reef suggested that, during
the SE trade wind period, the intrusion into the TS Protected Zone could be greater between
June and September, with a maximum around July–August (Figures 7 and 8), but further
data should be collected to verify this assumption. Importantly, water quality campaigns
as part of the larger NESP-TWQ project have shown that trace element concentrations
were below the Australian and New Zealand marine water quality guideline values for
95% species protection in a selection of TS sites [22,42]. This suggests that, despite some
intrusion of the Fly River discharge in the NE corner of the TS during the SE trade wind
season, metal contamination of TS marine waters is limited and, overall, the water quality
in the Torres Strait is good.
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Around Boigu Island, turbid water masses off the Wassi Kussa and Mai Kussa Rivers
also had higher relative turbidity levels around May to August, as well as a westward
movement during this period (Figures 5 and 6). Flooding from the Mai Kussa River has
been reported in the past [89], but its full contribution to the sediment budget in the NE TS
has not been quantified in this or previous studies and requires further investigation. The
satellite images reinforced that there is a turbid coastal boundary layer along the shallow
PNG coast of the Torres Strait [23], and resuspension of sediment in this layer (some of
which may derived from the Fly River plume) from strong tidal currents and winds also
contributed to the elevated turbidity levels measured around Boigu and Saibai Island. In
the monsoon season, the variability of the sediment fluxes has been attributed to storms and
remote cyclone impacts [38]; and the very large turbid areas mapped in the high-resolution
true-colour image of 26 November 2019 were likely related to storm-induced resuspension
(Figure 10b). In this image, coastal terrigenous and offshore carbonate suspended sediments
mixed in a large bright area, illustrating the optical complexity in the study area. Suspended
carbonate sediments were observed flowing in passages among the Warrior Reef complex
and around the more offshore reef, including the Ugar, Masig and Erub Islands. However,
the waters were generally less turbid during the monsoon season in the NE corner of the
TS (Figures 5 and 6), as illustrated by the high resolution S2 image of 15 January 2019
(Figure 10a).

The satellite images provided a highly valuable dataset at large scales and high
temporal frequency, at no cost. There are, however, some limitations to their use. The
dense cloud cover in the study area allowed satellite information to be captured about
50% of the time (Figure 7D), and it is likely that some large turbid plumes may have been
missed. Furthermore, it was impossible to fully separate the direct riverine plume influence
from wind, wave and tidally driven sediment resuspension in the satellite maps or to fully
separate the calcareous from the terrigenous sediments on some images. It is acknowledged
that resuspension, more particularly during the slack tide, has influenced the turbidity,
and that other marine constituents, such as the chl-a or CDOM concentrations, may have
influenced the colour gradients described in this study; even though this influence could not
be quantified. However, the spatial and temporal trends in water composition described
in this study were consistent with other evidences collected in the Gulf of Papua-TS
region [22,23,26,39–43,81,82], suggesting that the cloud cover and above limitations did not
substantially alter the data interpretation.

The preliminary validation exercises conducted as part of this study provided confi-
dence in the colour and turbidity trends described (Figure 3), but the collection of additional
field data would be essential to fully characterise the composition of the Primary, Secondary
and Tertiary water types in the TS region. Measurements of local in situ SSC, turbidity
and bio-optical properties of particulate and dissolved substances at different times of the
year would allow the developing or testing of more complex satellite retrieval models,
within or across the different OWTs, and the quantify turbidity levels (in NTU) and SSC (in
mg L−1) in the study area. The remoteness of the study areas and high cloud cover, how-
ever, challenge the ability to collect in situ water-quality data concomitant to the satellite
acquisition. The in situ logger salinity, temperature and turbidity data collected at Warrior
Reef successfully supported the large-scale trends defined by the colour-class images. These
types of continuous measurements might be more adapted in the remote and cloudy TS
area to support the satellite information and current modelling effort in the region [23,41],
as well as the parametrisation and/or validation of bio-optical algorithms for the study
area. Particularly, long-term measurements at other key locations such as Boigu Island,
Warrior Reef and around Daru Island would be highly valuable. Recent model predictions
of sediment transport have shown that Panama, Daru and Bristow Islands form physical
barriers that slow down the westward circulation of PNG sediments toward Saibai and
Boigu Islands [23], which is supported by the high-resolution satellite data of the study area
(Figure 10c). Accurate satellite estimates of SSC would allow calculating SS fluxes around
those islands and further help calibrating and validating model simulations in the region.
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However, even though the satellite classifications are subject to uncertainties, the satel-
lite provided valuable and unique observations about the spatial and temporal variability
of the turbidity in the study area for the first time. It provided spatially explicit information
about linkages across terrestrial, freshwater and marine ecosystems and identified areas
needing further investigation and/or where management effort should be focused. The
results of this study were further combined with other information gathered in the northern
TS, including in situ trace metal concentrations [42] and ecological data [62] into a more
comprehensive risk assessment [22] and will be published in a future paper. This risk
assessment process enhances our understanding of the potential impacts of the Fly River
plume on the TS marine ecosystems and dependent communities. It canhelp managers in
planning to mitigate the impacts of land-use change on water quality and coastal ecosystem
services [90]. This is important for ensuring the protection of the Gulf of Papua-TS region
given its importance to TS communities and turtle and dugong populations and its con-
nectivity with the GBR Marine Park [62]. Finally, water colour is a very intuitive measure
that helps to provide simple messages about water quality [14,50]. It has been used in
TS community surveys as one parameter to describe change in water ‘muddiness’ with
weather, temporal and geographical conditions [26]. Such information could be combined
with the satellite data in the future. Community surveys provide local community members
with the opportunity to share their knowledge and are essential to inform water quality
management plans that are aligned with the community’s water uses and values [91,92].

6. Conclusions

MODIS satellite data and a colour classification approach originally developed for the
GBR were used to map OWTs and turbidity gradients in the data-limited Gulf of Papua-TS
region. The publicly available satellite data were used in conjunction with available field
measurements, as well as evidence from the literature to conduct a relative assessment of
TS regions and habitats likely exposed to Fly River discharge and/or derived sediments.
Results indicated that coastal habitats, including coral reefs and seagrass meadows, located
as far east as Bramble Cay and as far west as Boigu Island, are located in the area that is
most likely to be exposed, and that the Fly River influence there is enhanced during the SE
trade wind season. This area is spatially limited relative to the scale of the TS region but
encompasses habitat of high ecological importance. This study reiterated the potential of
using a colour-clustering approach with satellite images to provide qualitative information
on water quality in regions where more classical quantitative remote sensing methods are
limited by the lack of available field data. It also demonstrated that methods using multiple
sources of evidence, including satellite data, to conduct exposure assessments are essential
in remote, complex and data-poor regions, such as the Torres Strait. While the satellite
analyses presented in this study are qualitative and subject to uncertainties, they provide
the long-term and spatially explicit baseline information needed to inform future ecological
risk mapping and to support decisions about management priorities in the TS. They can
easily be transferred to other regions using the now available global colour algorithms and
freely distributed processing tools.
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Appendix A. SLIM Model Outputs

Figure A1. Tidally averaged currents under (a) monsoon wind (25 knots) and (b) strong SE winds
(30 knots) modelled by the SLIM model ([23], unpublished data).

Appendix B. Field Data

Field data were collected between 2016 and 2020 as part of a collaborative project
aimed at identifying water quality and ecosystem health threats to the Torres Strait from
Fly River runoff [22,26,27,42]. The field data used in this study to support the satellite
assessment included:

Appendix B.1. SSC Measurements

Suspended sediment samples for total SSC were acquired by filtering known vol-
umes of water through pre-weighed 0.45 µm membrane filters (Millipore) in October 2016
(Figure A2a) and June 2018 (Figure A2b) [42]. The filters were rinsed with approximately
20 mL of deionised water to remove any salt and placed into acid-washed plastic Petri
slides and stored frozen. The filters were oven-dried at 60 ◦C, cooled to room temperature
in a desiccator and weighed. The SSC concentration (mg/L) of the water samples was
calculated using the difference in the mass of the filter before and after filtration divided by
the volume of sample filtered. The full set of data collected is openly available in the Torres
Strait EAtlas [75,76].
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Figure A2. Map showing the locations of sampling sites (a) October 2016, (b) June 2018 ([26,42],
modified). The background satellite image is from Google Earth.

Table A1. Water quality measured at the survey sites in October 2016 and June 2018 and correspond-
ing MA-WS colour class (MA-WS, na = no data or clouds).

Sample ID Date SSC Turbidity MA-WS

Loc 1 3/10/2016 1.7 0.8 na
Loc G 3/10/2016 1.9 1.3 na
Loc 2 4/10/2016 2.5 0.6 7.0
Loc J 4/10/2016 2.3 0.4 na
Loc 3 5/10/2016 0.7 0.3 5.0
Loc K 5/10/2016 5.0 0.6 6.0
Loc I 5/10/2016 1.6 0.4 5.0

Loc M 6/10/2016 0.8 0.8 6.0
Erub 6/10/2016 1.1 0.6 5.0

Erub (duplicate) 6/10/2016 1.0 0.5 5.0
Loc X 7/10/2016 3.5 0.9 na
Masig 8/10/2016 0.6 0.4 na

Masig 2 8/10/2016 0.8 0.4 na
Site E 10/10/2016 7.3 2.7 na
Site 8 11/10/2016 12.0 8.8 na
Site A 11/10/2016 11.2 8.0 5.0
Site A

(duplicate) 11/10/2016 10.4 8.0 5.0
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Table A1. Cont.

Sample ID Date SSC Turbidity MA-WS

Site B 12/10/2016 4.8 2.1 6.0
Site 9 13/10/2016 3.0 2.0 na
Site C 13/10/2016 1.0 0.8 7.0
Site 10 13/10/2016 1.3 1.5 6.0
Site F 14/10/2016 1.1 1.7 7.0
Site 11 15/10/2016 1.8 1.5 na
Site D 16/10/2016 5.1 7.0 na

A 18/06/2018 13.3 na na
S1 18/06/2018 4 na na
S2 18/06/2018 6.1 na na
8 18/06/2018 6.9 na na

S3 18/06/2018 7.2 na na
B3 18/06/2018 16.9 na na
B4 18/06/2018 15.1 na na
B5 21/06/2018 11.5 na na

Appendix B.2. Optical Dataset

Field FU colour, Secchi Disk Depth (SDD) and SSC measurements were collected
simultaneously at five sites in November 2020 around Saibai Island (Figure A3a and
Table A2).

Field FU colour classes were measured with the Eye On Water (EOW) phone applica-
tion and can be seen on the EOW website [77]. The FU colour-scale comparator is a 21-level
colour classification system based on human visual comparisons with glass encased colour
standards. It was developed in the late 19th century and can be used worldwide with any
natural water body (marine, coastal, estuarine and lake ([54] and Figure A3b). The FU
colour scale comparator has been implemented in a smartphone application in 2014: the
EOW phone application as part of the European Citclops (Citizens’ Observatory for Coast
and Ocean Optical Monitoring) project. A phone camera is used to obtain above-water
red, green and blue (RGB) images, and the water colour from digital images (WACODI)
algorithm is used to extract the colour of natural waters from the digital images [50,77–79]
(and Figure A3b). Retrieved data undergo a quality control procedure and are visualised
on a map on the Citclops project website [77]. SSC measurements were acquired using the
method described above, and the SDD was measured using a standard 30 cm white Secchi
disk, lowering the disk in the water and measuring to what depth it is still visible.

Table A2. Secchi Disk Depth, SSC and Field FU measurements collected around Warrior Reef in
November 2020 ([22], modified).

Sample ID Date Lat Long Secchi
(m)

SSC
(mg/L)

Field
FU

S1 12/11/2020 −9.4 142.5 0.9 15 7

S2 12/11/2020 −9.4 142.6 0.7 25 15

S3 12/11/2020 −9.3 142.7 1.4 7.7 8

S4 12/11/2020 −9.3 142.9 3.4 2.3 6

S5 12/11/2020 −9.5 142.7 4.5 0.75 5

S5 Duplicate 12/11/2020 −9.5 142.7 4.5 1.6 5
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Figure A3. (a) Map showing the location of field FU colour, Secchi Disk Depth and SSC measurements
collected in November 2020 ([22], modified). FU scale measurements in the field using a Secchi Disc
showing (b) the historical glass encased FU scale and (c) the FU-scale phone App. [50,77–79]. Map
extracted and modified from the Eye on water website [54] and centred on Saibai Island (Figure 1 for
the location of Saibai Island).

Appendix B.3. Salinity Monitoring

Rangers from the Torres Strait Regional Authority (TSRA) were trained through the
NESP project in 2016 to undertake a salinity monitoring program using handheld salinity
and temperature meters [22,26]. Data were collected at Boigu, Saibai, Erub, Masig, Iama,
Poruma and Warraber Islands (Figure 1), commencing at different times in 2017. The
monitoring sites were located in at least 1 metre of water and were either located at the end
of a jetty or off the beach.

The Rangers were advised not to locate the sites close to any land-based freshwater
influence, such as a stream or discharge area, and to avoid periods of heavy rainfall [22,26].
The position of the sampling site was recorded using a GPS. Additional information
including the date, time, estimate of the tide and the wind, and the collector’s name and
contact details was captured on the sample recording sheet. Outliers (n = 16) were removed
from the salinity database, and the time series of corrected data were plotted (Figure A4)
and summary statistics calculated (Table A3). A full description of the data set is available
in [22,26].
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Figure A4. Time series of salinity measured at Saibai, Boigu, Erub, Masig, Iama, Poruma and Warraber
Islands corrected salinity values (extracted from [22]).

Table A3. Summary statistics for the surface salinity measured at the Boigu, Saibai, Erub, Masig,
Iama, Poruma and Warraber Islands (Figure 1) ([22], modified).

Saibai Boigu Erub Masig Iama Poruma Warraber

count 51 28 20 116 71 69 124

mean 29.8 30.1 34.2 33.4 35.2 34.7 35.3

median 30.4 30.2 34.5 33.4 35.1 34.9 35.5

sd 2.2 2.6 1.5 1.3 1.0 1.0 1.2

min 24.6 21.7 30.8 29.8 31.7 31.1 32.1

max 35.3 34.1 36.6 36.4 37.3 36.0 37.9

range 10.7 12.4 5.7 6.7 5.7 4.8 5.9

Q1 29.4 29.1 33.0 32.8 34.6 34.3 34.4

Q3 31.6 32.3 35.2 34.1 36.0 35.5 36.1

Appendix B.4. Continuous Logger Data

A Wet-Labs NTUS turbidity sensor and a SeaBird SBE-37 CTD instrument were
deployed at the Northern Warrior Reef to collect continuous turbidity, salinity and tem-
perature data [22]. The instruments were deployed in February 2020 and recovered in
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November. The data was downloaded and, using the manufacturer’s software, converted to
standard units including accounting for calibration data. The data were topped and tailed
to remove data when the instruments were not in the water (using the time stamps and
depth sensor). Finally, the data were visually inspected and any spikes and other anoma-
lous values removed. The full set of data collected is openly available in the Torres Strait
EAtlas [80]. Continuous measurements were averaged monthly (Table A4, mean ± SD)

Table A4. Mean (±1 SD) salinity, temperature and turbidity measured at Warrior Reef in 2020
([22], modified).

Salinity (PSU) Temperature (◦C) Turbidity (NTU)
Mean SD Mean SD Mean SD

February 33.31 0.31 29.93 0.41 1.55 0.87
March 33.29 0.22 29.94 0.51 1.77 1.03
April 33.42 0.56 29.46 0.40 2.01 1.31
May 32.84 1.52 28.00 0.50 4.35 4.00
June 31.92 1.45 26.99 0.32 3.96 2.99
July 30.87 1.64 26.26 0.27 3.67 2.87

August 29.40 1.75 26.56 0.52 2.41 2.45
September 31.54 1.23 26.63 0.42 3.32 1.94

October 31.41 1.34 27.55 0.75 1.73 1.21
November 32.31 0.05 29.29 0.50 1.05 0.27

February–November 31.94 1.80 27.83 1.45 2.80 2.56

Appendix C. Median Composites

Figure A5. Median composite maps for the January–April (monsoon period) and June–September
(SE trade wind season): (top) MA-WS (a,b) and (bottom) S3-FU composites (c,d).
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Appendix D. Decadal Monthly Difference Maps

Figure A6. Decadal monthly difference maps illustrating areas with an increase (positive turbidity
anomaly) or decrease (negative turbidity anomaly) in turbidity in each month relative to long-term
trends: January to June. Reddish colours show areas with higher turbidity levels, blueish coloured
areas have lower turbidity levels against the long-term trends. The monthly difference maps are
calculated by subtracting the mean decadal monthly median maps (Table 3) and the decadal median
map (Figure 4b), where an increase in colour class category means a positive turbidity anomaly
(and inversely).
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Figure A7. Decadal monthly difference maps illustrating areas with an increase (positive turbidity
anomaly) or decrease (negative turbidity anomaly) in turbidity in each month relative to long-term
trends: July to December. Reddish colours show areas with higher turbidity levels, blueish coloured
areas have lower turbidity levels against the long-term trends. The monthly difference maps are
calculated by subtracting the mean decadal monthly median maps (Table 3) and the decadal median
map (Figure 4b), where an increase in colour class category means a positive turbidity anomaly
(and inversely).
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