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Executive Summary

Surface turbidity distribution in the Torres Strait results from the combined action of tides, wind,
waves, currents, resuspension and turbid river discharge. Complemented with in-situ water
quality data and hydrodynamic models, MODIS satellite images are useful tools to map the
distribution of turbid river plumes in the Torres Strait region because of their synoptic coverage
and spatial resolution. These images are freely distributed and are available from 2002. This
study successfully tested the application of MODIS true colour imagery in combination with land
surface reflectance products to observe turbid (sediment-dominated) river plumes from PNG
and surface turbidity distribution in the Torres Strait region. These first analyses and
comparisons with true colour composites show that MODIS land surface reflectance product
can help to map the plumes and turbidity levels in the Torres Strait region.

Our preliminary dataset of MODIS satellite images suggests that high turbidity levels along the
PNG coast are constrained to the coast, and that intrusions of the Fly River plumes in the Torres
Strait region and protected area are limited. High turbidity levels recorded along the south-
western PNG coast suggest a combined influence of turbid outflows from the several rivers
draining the southern New Guinea margin, enhanced by bottom resuspension in the shallow
coastal zone.

It is evident that cloud levels in the Torres Strait study region are important consideration for
future applications, as the area is regularly masked by dense and developed clouds. This can
limit the number of images available, particularly during the Northwest monsoon season
(November to April) when most of the annual rainfall occurs in the region. The limited number
of images processed for this study gave only snapshots of surface turbidity dynamic in the
Torres Strait. More images should be acquired for a more comprehensive study of the dynamic
of surface turbidity in Torres Strait and of PNG turbid river plumes.



1. Introduction

The influence of turbid river plumes within the Torres Strait region from the adjoining areas of
Papua New Guinea (PNG) is potentially important for water quality conditions in the Torres
Strait. Concerns have been expressed regarding sediment transported from Papua New Guinea,
where increasing catchment development, mining and deforestation have affected river
sediment loads (e.g. Harris et al., 2008, Heap and Sbaffi, 2008) and might affect the pollutant
load to the Torres Strait area. Potential water quality issues include discharge of metal (and
other pollutants in future), pollution from the Fly River associated with mining and future
projects involving oil palm plantation development, the port at Daru, other mines in PNG or
West Papua and other land clearing (Waterhouse et al., 2013).

This report is part of a project of the National Environmental Research Program (NERP) Tropical
Ecosystems Hub. Project 4.4 “Hazard Assessment for water quality threats to Torres Strait
marine waters and ecosystems” was undertaken to assess the potential threats to water quality
in the Torres Strait region (see Waterhouse et al., 2013). As part of this study, we undertook a
supplementary test study to evaluate the potential of MODIS data to map turbid (sediment-
dominated) river plumes from PNG and thus potential pollutant transport from adjacent sources
to the Torres Strait region.

We developed an initial data base of satellite images documenting the behaviour of these
plumes and their areal extents within the Torres Strait and discussed surface turbidity
distribution in the Torres Strait region. This test study allowed recommendations to be made for
future application of remote sensing imagery in the Torres Strait Region. In combination with in-
situ turbidity information the spatial data would help developing a monitoring program
reporting on the status of water quality in the Torres Strait.

2. Study area

Torres Strait is a shallow shelf region located between the southern Papua New Guinea (PNG)
coast and the north-eastern end of the Queensland state (Harris et al., 2008) (Figure 1a). The
shelf of Torres Strait extends just over 150 km from north to south covering some 48000 km?, is
a productive area, and has numerous continental and volcanic islands, coral cays, mangroves,
coral reefs as well as extensive seagrass beds (Coles et al., 2003) sheltering a large population of
endangered dugongs (Marsh and Kwan, 2008).

Torres Strait is situated in a wet tropical region and has two wind regimes; the Northwest
monsoon season from November to April and the Southeast trade-wind season from May to
October. Most of the annual rainfall occurs during the Northwest monsoon wet season (Harris
et al., 2008). Tropical cyclones are infrequent in Torres Strait, with a return period of
approximately 10 years (Lourensz, 1981).

Several rivers drain our study area (Figure 1). The Fly River is the 17th largest river in the world in
terms of sediment discharge (Galloway, 1975; Milliman and Syvitski, 1992). The Fly River
accounts for about half the PNG discharge (~ 6000 m? s'; Wolanski et al., 1995a) and is the
largest single sediment source, with about 85 million tonnes year-1 of sediment discharged by
the Fly (Harris et al., 1993). In spite of the strongly seasonal rainfall, the rate at which the
sediment is delivered to the south coast of New Guinea is relatively invariant throughout the
year (Walsh et al., 2004; Wolanski et al., 1995a). Mining at the headwaters of the Ok Tedi and
Strickland (principal tributaries of the Fly River), started in 1985 and 1991, respectively and is
estimated to have caused a 40% increase in the sediment discharge (Eagle and Higgins, 1990;
Wolanski et al., 1995). A large proportion of sediments in the Fly River is retained in the estuary
through e.g. flocculation dynamics (Wolanski et al., 1995a; Wolanski and Gibbs, 1995).
Sediment concentrations at the mouth of the estuary have been estimated up to 70 mg.I”
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(Robertson et al., 1993, Ayukadi and Wolanski, 1997) and rapidly reduced to a few milligrams
per litre in the area where salinity was still as low as 26 (Ayukadi and Wolanski, 1997). To our
knowledge, little information exists about sediment discharge rates of the rivers located south-
west of the Fly River (Morehead, Wassi Kussa and Mai Kussa rivers).

As described in Wolanski et al., (2013), the Torres Strait is a complex hydrodynamic system.
Modelling studies indicated that the most energetic current patterns are strongly dominated by
the barotropic tide and its spring-neap cycle (Saint-Cast, 2008). Longer-term transport through
the strait is mainly driven by seasonal prevailing winds: a dominant westward drift developed in
summer over the south-easterly trade winds season, which then weakened and reversed in
winter over the north-westerly monsoon winds season (Saint-Cast, 2008). High-energy swells
generated in the Coral Sea are blocked by the northern most extension of the Great Barrier Reef
(Hemer et al., 2004).

The winnowing and transport of sediments occur constantly throughout Torres Strait under the
combined action of tides, wind and waves. Strong currents and waves maintain an extremely
high-energy environment in Torres Strait and cause frequent resuspension of sediments
resulting in a semi-permanent area of turbid water (Figure 1b) located in central Torres Strait
(e.g. Harris and Baker, 1991; Margvelashvili et al., 2008; Saint-Cast, 2008). Hydrodynamic and
sediment transport models as well as field observations for the region suggest predominant
water and sediment movements oriented east—west which disperses sediments parallel to the
coast (Margvelashvili et al., 2008; Saint-Cast, 2008) These currents form a hydraulic barrier to
sediment transport southwards from New Guinea to central and southern Torres Strait (Heap
and Sbaffi, 2008). The transport pathways along PNG coast remains thus strongly streamlined
through-strait and restricted to within ~10 km of the coast (Heap and Sbaffi, 2008; Saint-Cast,
2008). Intrusions of the Fly River plumes in the Torres Strait region are limited and of the 85
million tonnes year-1 of sediment discharged by the Fly, less than 2% have been estimated to
be deposited in Torres Strait (Harris et al., 1993). Under persistent (> 10 days) south-westward
currents in the Great North East channel, Fly River plume waters have been detected over the
northern Torres Strait both east and west of the Warrior Reefs (Figure 18; Wolanski et al.,
1995b, 1999, this report, and Figure 1).
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Figure 1: Maps of the study area. a) Bathymetry of Torres Strait (Geosciences Australia). Torres Strait is a
shallow (<20 m) narrow shelf separating Australia and PNG, as well as the Coral Sea and the Arafura Sea.
Wr: Warrior reef. List of rivers: Pu: Purari Ki: Kikori, Tu: Turama, Ba: Bamu, Mk: Mai Kussa, Wk: Wassi
Kussa and Mh: Morehead River. (b) MODIS True color composite of February 8th, 2013 showing high
surface turbidity levels in the study area (brownish to beige areas).

3. MODIS satellite data

Moderate Resolution Imaging Spectroradiometer (MODIS) imagery is a free satellite data with a
medium spatial resolution (250 m for bands 1 and 2) and sufficient revisit times (at least once a
day) available for monitoring turbid river plumes regularly and over multi-annual time periods



(since 2000). MODIS images have been used for monitoring turbid river plume plumes
worldwide (e.g. Miller and Mckee 2004; Petus et al. 2010; Devlin et al., 2012).

For this initial Torres Strait database, we used the MODIS-Aqua ‘surface reflectance’ land
product (MYD09GQ) in combination with MODIS True Colour composites (TC).

3.1 MODIS surface reflectance land product

The MODIS surface reflectance land product has been initially developed for land applications and
the atmospheric correction procedure used to derive the surface reflectance is not accurate
enough for open ocean applications. However Doxaran et al. (2009) demonstrated that this
product can be a priori appropriate in the case of highly reflective turbid waters, as the PNG
coastal waters. This product is relatively easy to process (see Doxaran et al., 2009) and, for a
practical and operational point of view, was considered the most adapted within the short time
frame of this project. Surface reflectance data are geolocated and are provided by the NASA
(http://reverb.echo.nasa.gov/reverb/) in a Sinusoidal Grid (SIN) projection with standard tiles
representing 10 degrees by 10 degrees. The Torres Strait protected area is located at the cross-
junction between tiles h31v09, h32v09, h31v10, h32v10 (Figure 2a). It means that for each day of
satellite acquisition, these 4 tiles must be downloaded in order to product maps of our study area.

We used the MODIS bands 1 ‘surface reflectance’ land product centred at 645 nm (R645) as a
proxy for the turbidity (sediment-dominated) levels. Chen et al. (2007) and Hu et al. (2004)
demonstrated that the quality of the medium resolution MODIS land band 250 m resolution is
adequate for producing remote sensing products of coastal waters. There is a strong correlation
between the suspended sediment concentrations in turbid environments and the MODIS band 1
(e.g. Miller and Mckee, 2004; Doxaran et al. 2009; Petus et al. 2010; Ondrusek et al.., 2012).
Radiance or reflectance values measured in the band 1 have been used as qualitative proxy for
amounts of total suspended matter (TSM) (e.g. Lahet et al. 2010) or integrated in empirical bio-
optical algorithms to quantify the concentrations of TSM (mg.I"") or the turbidity levels (NTU) in
marine waters (e.g. Miller and McKee, 2004, Petus et al. 2010). MODIS Bands 2 ‘surface
reflectance’ land product centred at 858 nm (R(858)) was complementary processed as this
product at 250 m resolution can be useful to identify cloud contaminations in satellite
observations (Wang and Shi, 2006).

There is no universal algorithm available to map TSM concentrations in coastal waters.
Furthermore, no in-situ TSM or turbidity data were available to develop a regional empirical
algorithm to calibrate the MODIS surface reflectance data of the Torres Strait. In order to
produce complementary quantitative information about the TSM concentrations in our study
area, we used the TSM empirical algorithm (Equation 1) developed specifically for the
MYDO09GQ product by Petus et al. (2010).

TSM (mg.I") = 12450*Rrs(645)°+ 666.1*Rrs(645)+0.48 Equation 1

With Rrs(645), the remote sensing reflectance at 645 nm and Rrs(645) = R(645)/pi. Note that
this algorithm has been developed from optical and TSM in-situ measurements collected in
French turbid waters (Petus et al., 2010). This algorithm could be unadapted to the Torres Strait
area, particularly if the size, shape, composition and optical properties of the suspended matter
discharged through the PNG rivers differ significantly from the properties of the French
suspended particles (Petus et al., 2010). Underestimation of suspended matters concentrations
higher than 30 mg I is furthermore expected (Petus et al., 2009). Thus, without further
comparison with TSM data measured in situ, the TSM maps of Torres Strait should only be
considered as informative.
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Figure 2: a) location of the study area on the MODIS sinusoidal grid. Torres Strait is located at the cross-
junction between MODIS tiles h31v09, h32v09, h31v10, h32v10, b) flow chart illustrating major image
processing steps of MODIS surface reflectance land product.

MODIS ‘surface reflectance’ imagery were downloaded between the 1st of October, 2009 and
the 19th of June, 2010 (292 days * 4 tiles = 1168 MODIS scenes downloaded). A Matlab script
was developed to mosaic the 4 MODIS tiles together; resample the data to WGS 84 / UTM zone
55, mask out land areas, convert reflectance satellite data to remote sensing reflectance values
(Rrs(645)=R(645/pi and Rrs(858)=R(858/pi), in nm), and finally produce maps indicative of the
turbidity in our study area (Figure 1b). This Matlab program use the Modis Reprojection Tool
(MRT: https:/Ipdaac.usgs.gov/tools/modis_reprojection_tool) distributed freely by the Land
Processes Distributed Active Archive Center (LDAAC).

3.2 MODIS true colour images

Following a request from our project team, a subset for the Torres Strait area has been added
by the NASA to the LANCE website where NASA displays true colour images for different areas
around the world (http:/lance-modis.eosdis.nasa.gov/imagery/subsets/?subset=TorresStrait/).
True colour images of our area of interest are now freely available since May 2008 and on a
daily basis. Images can be downloaded in e.g. jpeg, kmz and geotiff formats and at resolutions
of 250 m, 500 m and 1000 m.

A selection of cloud free true colour images (between 2008 and 2012) was downloaded from

the NASA lance website. True colour images were exported to Google Earth and maps centred
in our study area were produced.
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4. Using MODIS data to map PNG turbid river
plumes

Figure 3 presents a selection of TC images of our study area recorded between 2008 and 2012.
Clouds (white areas on the true colour images) regularly cover about 20 to 50% of the sky but
turbid water masses in the region are clearly detectable in clear sky areas by their differences in
colour (brownish to beige) from ambient marine waters (navy blue). Turbidity patterns observed
in the selection of TC images are in agreement with those described from hydrodynamic and
sediment transport models and field observations in the region (e.g. Heap and Sbaffi, 2008;
I\/Iargvelashwll et al., 2008; Saint-Cast, 2008, Wolanski et al., 2013):
An area of turbid water is regularly located in central Torres Strait (Figure 4a);
- Figure 4b suggest turbid water movements parallel to the coast and orientated east-
west in central and south TC;
- High turbidity levels along the PNG coast are mainly constrained to the coast, even
during the monsoon season (Figure 4c).
- Excursions of turbid water from the Fly River drainage basin (Figure 1) are spatially
limited in Torres Strait (Figure 4d).
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Figure 3: Selection of MODIS True Colour images of our study area recorded between 2008 and 2012 (NASA Lance website) during the Southeast trade-wind
season (May to October, blue labels) and the Northwest monsoon season (November to April, orange labels). This dataset of images illustrate the strong spatial,
temporal and sedimentary variability of the PNG turbid plumes. Enlargements are presented in Figure 4.
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Figure 4: Enlargement of MODIS true colour composites (see Figure 3): a) turbid waters in central Torres
Strait (Figure 3, zoom 5); b) turbid water movements parallel to the coast (Figure 3, zoom 4); ¢} high
turbidity levels constrained to the coast along the PNG coast (Figure 3, Zoom 2); d) turbid river plumes
monitored in the Gulf of Papua during the monsoonal season of 2009 (Figure 3, zoom 3) and e) turbid
plumes in western PNG (Figure 3, zoom 1).

Turbid river plumes in the Gulf of Papua (Figure 1) are dynamic oceanographic features
characterized by varying areal extents (Figure 3). In our TC dataset, maximum plume extent is
recorded the 9th of February, 2009 (Figure 3 and 4d), in the middle of the wet season. High
turbidity levels recorded along the south-western PNG coast suggest a combined influence of
turbid outflows from the rivers draining the south-western New Guinea margin, enhanced by
bottom resuspension in the shallow coastal zone (Figure 1a). Turbid areas systematically
observed at the western corner of our study area (Figure 3 and Figure 4e) seem related to the
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presence of the Morehead River and a shallow submarine cap in this zone (Figures 1a). Note
that the limited number of images processed for this study gives only snapshots of turbidity
dynamic in the regions. More images should be acquired for a more comprehensive study of the
dynamic of surface turbidity in Torres Strait and of PNG turbid river plumes.

Comparisons between reflectance maps obtained and true colour composites (Figure 5) confirm
the potential of the ‘surface reflectance’ MODIS land band 1 (Rrs(645)) to map the suspended
solids discharged through the PNG river mouths. The PNG and Morehead turbid plumes aerial
extents are well defined as well as turbid areas in the central part of the study area. MODIS
satellite products allow representing movements of surface suspended solids within the Torres
Strait region. However, clouds cover (Figure 5, white areas on the true colour images) make
MODIS surface reflectance data unusable for this study and location of cloud contaminations
must be done carefully when using Rrs(645) maps to monitor turbid river plumes of PNG.
Similarly to the TSM concentration, clouds also increase the remote sensing reflectance in the
MODIS band 1 (645 nm) and 2 (858 nm). They are identifiable by visual interpretation by their
particular shapes and locations. However, when clouds are located above the turbid coastal
areas, there signatures can mix with the optical signature of turbid river plumes (Figure 5, red
circles) making their identification more complex. Clouds are more reflective than turbid areas in
the infrared wavelengths (MODIS band 2, 858 nm; Figure 5).

Finally TSM levels retrieved (Figure 5b, right panel) seems in agreement with Robertson et al.
(1993) and Ayukadi and Wolanski, (1997). TSM maps suggest TSM concentrations > 30 mg.|-1
at the mouth of the Fly estuary and rapidly reduced to a few milligrams per litre in the Gulf of
Papua. Highest turbidity levels (> 15 mg.l-1) are constrained to coast in the south western
coastal waters, except on the western side of the Morehead River. Note that equation 1 must be
validated with in-situ TSM measurements before an operational application in the Torres Strait
region. Concentrations values given in this section must be taken with caution.
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5.

Conclusions and recommendations

The following conclusions can be made from our study which tested the application of MODIS
true colour imagery in combination with land surface reflectance products to observe turbid
(sediment-dominated) river plumes from PNG and surface turbidity distribution in the Torres
Strait region.

The Torres Strait zone is a very complex hydrodynamic system due to the complex
bathymetry, the separate forcing by the Coral Sea and the Arafura Sea, as well as local
forcing by the tide, wind, waves and rivers including the Fly River.

Surface turbidity distribution in Torres Strait result from the combined action of tides,
wind, waves, currents, resuspension and turbid river discharge.

First analyses and comparisons with true colour composites show that MODIS land
surface reflectance product can help to map the plumes and turbidity levels in the Torres
Strait region. The surface reflectance measured in the MODIS band 1 can be used as
proxy for surface turbidity levels in our study area.

Complemented with in-situ water quality data and hydrodynamic models, MODIS
satellite images are useful tools to map these dynamic oceanographic structures because
of their synoptic coverage and spatial resolution. These images are freely distributed and
cover more than a decennial period (2000 — 2012).

Our preliminary dataset of MODIS satellite images suggests that high turbidity levels
along the PNG coast are constrained to the coast, and that intrusions of the Fly River
plumes in the Torres Strait region and protected area are limited.

High turbidity levels recorded along the south-western PNG coast suggest a combined
influence of turbid outflows from the several rivers draining the southern New Guinea
margin, enhanced by bottom resuspension in the shallow coastal zone.

Cloud levels in the study area are important and the Torres Strait area is regularly
masked by dense and developed clouds. This can limit the number of images available,
particularly during the Northwest monsoon season (November to April) when most of
the annual rainfall occurs in the region.

Clouds are more reflective than turbid areas in the infrared wavelengths (see Figure 5). A
remote sensing reflectance ratio test using the MODIS 858 band divided by 645 band
(Rrs(858/Rrs(645)) could be implemented to delineate and mask thick clouds. This test
makes use of the fact that the spectral reflectance at these two wavelengths must be
similar over thick white clouds (ratio near 1) but different over water masses (Ackerman
et al., 2006). However, this ratio test would not be efficient to mask thin semi-
transparent cirrus clouds. Particles inside these clouds affect the scattering properties of
the upper troposphere and lower stratosphere regions (Thampi, 2012) and thus might
affect the surface reflectance values of MYD09GQ products.

The limited number of images processed for this study gave only snapshots of surface
turbidity dynamic in the Torres Strait. More images should be acquired for a more
comprehensive study of the dynamic of surface turbidity in Torres Strait and of PNG
turbid river plumes.

Several recommendations are made for future application of the remote sensing imagery in the
Torres Strait region:

Extend the temporal coverage of the satellite database of MODIS True colour images and
MODIS band 1 surface reflectance. For example, assess historic PNG river flow data to
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select key satellite images over peak and low river flow periods (intra and inter-annually)
would help to identify extreme and ‘typical’ plume incursions in the Torres Strait region.
Implement on MODIS reflectance data of the study area cloud masks using, for example,
the remote sensing reflectance ratio (Rrs(858/Rrs(645).

Local turbidity (NTU) or TSM (mg.I"") measurements would help assessing the validity of
the TSM algorithm (equation 1) used in this study. Combined with in-situ optical
measurement (radiance and irradiance sensors), these turbidity data would help
developing a local empirical algorithm to calibrate the band 1 surface reflectance values
(Petus et al., 2009).

This study has focused on using backscattering properties of sediment to map turbidity
levels (sediment-dominated) in the Torres Strait. This method doesn’t allow distinguish
between turbidity from rivers runoff and resuspension. Light absorption data like satellite
coloured dissolved organic matter absorption (CDOM) products could be complementary
investigated to map PNG river flood plume extents (Schroeder et al., 2012) and
disentangle resuspension from runoff in the satellite signal. However, the retrieval of
CDOM absorption remains complex in the optically complex coastal environment
(Odermatt et al., 2012), and a regionally adapted aCDOM algorithm for the Torres Strait
must be used;

Mask reefs and shallower waters in the studied area.

Finally, satellite data with higher resolution (e.g. Digital Globe) or repetitivity (MTSAT,
half hourly image intervals) could be investigated to complete the long-term, frequent
and free spatial information available thought MODIS images.
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