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a b s t r a c t

The intrusion in the Torres Strait of the Fly River plume polluted by mine tailings is an international
water issue. To investigate the physical mechanisms involved in the intrusion process, numerical sim-
ulations were conducted to assess the relative influence of the bathymetry and the external forcing,
namely the tides, the mean sea level slope across the strait, river runoff and wind forcing. The wind data
from Horn Island, the only long-term wind station in the Torres Strait, is shown to be unreliable due to
orographic effects. Mean sea level data from altimetry compare well with those from tide gauges in these
shallow, reef-studded waters. The wind has a dominant effect on the mean sea level at seasonal and
inter-annual periods. The resulting mean sea level difference across the strait fluctuated seasonally and
strongly influenced the intrusion of the Fly River plume in the Torres Strait. The 3D finite-volume MOHID
model reproduced the observation that the river plume starts by being stratified in the Gulf of Papua
where it originates, and it mixes vertically when it enters the Torres Strait. The MOHID and the SLIM
models were applied with different resolution to the Torres Strait and responded similarly to the external
forcings. The predicted and observed Fly River plume intrusion in the eastern Torres Strait agreed well
with each other, including the formation of patches due to flow reversals. However, the two models
predicted a widely different Fly River plume in its far field in the western Torres Strait, the differences
were attributed to the different bathymetry in the Australian and British-US bathymetry data for these
poorly charted waters, which demonstrated the importance of the details of the bathymetry in con-
trolling the extent of plume intrusion.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The Torres Strait (TS) is a shallow water body connecting the
Gulf of Carpentaria (GoC) to the Coral Sea and the Gulf of Papua
(GoP) via the continental shelf waters surrounding the Great Bar-
rier Reef (GBR). The TS has a complex bathymetry with numerous
shoals, islands, reefs and reef passages, especially on the conti-
nental shelf of the GBR. On thewest of the strait, thewaters are very
shallow, reaching a maximum depth of only 20 m. On the east side
of the strait the GoP slopes uniformly to depths of about 100 m at
the continental shelf break, while further offshore the Coral Sea
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reaches depths >4500 m (Fig. 1). The uniqueness of the GoP stems
from its three large rivers, namely the Fly, Purari and Kikori Rivers,
and two smaller rivers, namely the Aramia and Era Rivers that are
next to the Fly and Purari Rivers. These five rivers essentially form a
large river delta in the GoP. With rainfall in the highlands of Papua
New Guinea (PNG) of 8e13 m annually, the combined freshwater
discharge is substantial, about 15,000e20,000 m3 s�1 (Wolanski
et al., 1984, 1990). This estimate of the freshwater discharge is
only approximate because the PNG river discharges weremeasured
a long way upstream from the river mouth. The freshwater
discharge was found to be quasi-steady throughout the year with a
minimal seasonal and inter-annual fluctuation. The individual river
plumes merge to form a plume that covers most of the GoP, the
plume being less than 20 m deep, progressively thinning with
increasing distance from the coast (Apte & Day, 1998; Harris, 1988;
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Fig. 1. Location map showing the Gulf of Carpentaria, the Gulf of Papua and its network of estuaries, the islands in the Torres Strait, together with the bathymetry and the model
domain of the 2D MOHID model (color area). The red dashed rectangular shows the nested 3D domain in the MOHID. The white dashed polygon shows the non-structured 2D SLIM
model mesh domain. The two red points (“W” and “E”) show the location of mean sea level stations on either side of the Torres Strait. The yellow lines show the location of the inset
with names of various reefs and islands mentioned in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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Harris et al., 1993; Wolanski et al., 1984, 1995; Walsh and Nittrouer,
2003). The Fly River in PNG is polluted by mine tailings (Bolton,
2009) and there is a concern that some of the pollutants may
reach the Australian waters of the TS. To address this concern,
several oceanographic studies of the salinity plume in TS were
carried out in the 80's and 90's, though none since. Wolanski et al.
(1984) found evidences of this plume intrusion in TS. A strong
plume intrusion event in the northeastern TS was observed in 1994
with a large area of salinity less than 27, with evidence for patch-
iness (Wolanski et al., 1999). This plume was observed to be always
vertically well-mixed (Wolanski et al., 1993, 1995; 1999; Wolanski
and Thompson, 1984).

The dynamics of river plumes over continental shelves are a
well-studied phenomenon; in open systems, the dominant pro-
cesses are the baroclinic effects, the wind and the prevailing
oceanic circulation (e.g., MacDonald and Geyer, 2004; Nash and
Moum, 2005; see a review in Delandmeter et al., 2015). In semi-
closed systems, local oceanographic processes and wind shadows
around islands and headlands generate patchiness (Delandmeter
et al., 2015). The dynamics of the Fly River plume in TS are
believed to be driven by the large oceanographic processes con-
trolling the net circulation through the strait, as well as by local,
small-scale oceanographic processes generated by the complex
bathymetry with numerous shoals, reefs and islands. The large-
scale circulation through the shallow TS is driven by the mean
sea level difference across the strait (DMSL), the river runoff, the
wind and large-scale oceanic forcings and it is presumably very
sensitive to details of the bathymetry (Wolanski et al., 1984, 1995,
2013; Robertson et al., 1993; Ayukai and Wolanski, 1997; Li et al.,
2015). There has never been a detailed assessment of the relative
importance of these forcings that control the intrusion of the Fly
River plume in TS.

In this paper we demonstrate that wind data from Horn Island,
the only long-term wind station in the TS, are unreliable due to
orographic effects. We also show that satellite altimetry-derived
mean sea level (MSL) data are reliable even in these shallow,
reef-studded waters. Additionally we show that the wind is the
dominant, but not the only, forcing controlling the DMSL across the
TS. We modeled the water circulation in the GoP and the TS using
the 3-D finite-volume MOHID model; the model reproduced the
observations that waters are salinity-stratified in the GoP and
vertically well-mixed in the TS; the model also reproduces well the
observations of the Fly River plume dilution and extent in the
northeastern region of the TS. We also used the 2-D finite-element,
high resolution SLIM model in the TS; the SLIM and MOHID pre-
dicted plume intrusion are similar in the northeastern region, with
evidence of patchiness, but they differ markedly in the western
region. This discrepancy is attributed to the two models using
different bathymetry data in this region.
2. Model and data

2.1. Bathymetry data

There are three sources of bathymetry data. The British data
were obtained from the General Bathymetric Chart of the Oceans
(GEBCO), which is provided by the British Oceanographic Data
Centre (BODC) with a 30 arc-second (approximately 926 m) grid.
The US Navy bathymetry data (DBDB2) were the same but also
incorporated the 2002 eReef data that did not include numerous
reefs and islands in the northern TS. This data resolves relatively
coarsely the bathymetry around the islands and reefs of the TS
(Fig. 2a).

The Australian data were obtained from the 2010 eReef data
(http://www.deepreef.org/projects/48-depth-model-gbr.html),
whichwas initially based on the 2010 GeoScience Australia data set,

http://www.deepreef.org/projects/48-depth-model-gbr.html


Fig. 2. The bathymetry (depth in m) in the western Torres Strait (a) from GEBCO_08
data used in the MOHID model, and (b) provided by Australia eReef data used in the
SLIM model.

Fig. 3. Time-series plots of locally observed northward and eastward wind velocity
near the airstrips at Horn and Coconut Islands for a period during 2013e2014.
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to which we added the missing islands and reefs from the digitized
global Australian map of islands and reefs (Fig. 2b).
2.2. Altimetry, MODIS, wind, tide and river plume data

The altimetry-derived MSL data being used in this study was
produced by Ssalto /Duacs and distributed by Aviso, with support
from Cnes (http://www.aviso.altimetry.fr/duacs). The gridded
multi-mission altimetry products is available since 1993 with a
horizontal grid resolution of 0.25� and weekly interval. The various
corrections (ionosphere delay, inverted barometer correction, solid
earth and ocean tides etc.) have been applied to the altimeter
measurements (Hernandez and Schaeffer, 2000). The weekly
altimetry data were averaged to produce monthly mean data.

All the MODIS satellite views of the TS and described in Petus
(2013) were reviewed. The area is extremely cloudy and only one
cloud-free MODIS view of the GoP was found. We could not use
MODIS views in TS itself to determine the extent of the turbid Fly
River plume because the turbidity that the satellite sees is due to
both advection of turbid Fly River plume waters as well as local
resuspension; this is not the case in the GoP where the waters are
much deeper and locally resuspended mud does not reach the
surface (Ayukai and Wolanski, 1997).

The 3-hourly wind data at Horn island (frequently but incor-
rectly referred to in the literature as Thursday Island) and Coconut
Island (a flat island only a few meters above sea level and
located ~ 130 km north-east of Horn Island; Fig. 1) were obtained
from the Bureau of Meteorology. The Horn Island data spanned >40
years; the Coconut Island data spanned from 2013 tomid-2016. The
comparison of the wind at Horn and Coconut Islands (Fig. 3) shows
that the wind velocity was similar at the two islands during the
monsoon season (DecembereMarch); however, during the trade
wind season (MayeOctober), the wind data at Coconut Island
showed clearly the southeast trade wind while the data at Horn
Island showed no such wind. This finding is due to orographic ef-
fects, namely that the Horn Island airport where the weather sta-
tion is located is sheltered from the trade wind by the surrounding
hills. Thus in this study we used only the Coconut Island wind data.

The monthly MSL data from tide gauges at Goods and Booby
Islands were obtained from the Permanent Service for Mean Sea
Level (PSMSL). The discharge of river plume data of Wolanski et al.
(1984, 1988, 1995, and 1999) were used.

2.3. MOHID model

MOHID (www.mohid.com) is a free-surface, finite volume hy-
drostatic model (Martins et al., 2001). The model comprised a large
external domain (Fig. 1) covering the GoC, the TS, the GoP, and the
northern Coral Sea. It used a 2D-depth integrated configuration to
solely propagate the tide into the boundary of the nested domain
(Fig. 1, red rectangle) with a horizontal resolution of ~4 km. The
model was forced at the open boundaries by the tides andMSL. The
tides were synthesized from 14 tidal constituents, extracted from
the FES2004 tidal data product (Lyard et al., 2006). MSL data were
obtained from satellite altimetry. The fine grid nested domain
covered the GoP and the TS with a horizontal resolution of ~1.6 km.
The vertical layers comprised two parts: a top sigma domain
located over a bottom Cartesian domain. The division between
domains was located at 50m depth, which coincides with the usual
location for the top of the thermocline (Wolanski et al., 1995).
Table 1 summarizes the vertical layers. The use of a Sigma domain
on the top and a Cartesian domain at the bottom assured a high
degree of horizontality to the layers, minimizing baroclinic inter-
polation errors (Winther and Evensen, 2006). The nested model
was forced at the open boundaries by river discharge and wind. The
freshwater discharges in the main rivers were assumed to stay
constant through time (Wolanski et al., 1993). Table 2 summarizes
the river discharges considered in the model. The British bathym-
etry data were used.

http://www.aviso.altimetry.fr/duacs
http://www.mohid.com


Table 1
Vertical structure of the nested domain of the MOHID model.

Domain Layer Layer thickness (%) Layer thickness (m)a Layer base depth (m)a

sigma 20 1.5 0.78 �1.22
19 2.0 1.04 �0.18
18 3.0 1.56 1.38
17 5.0 2.6 3.98
16 5.0 2.6 6.58
15 7.5 3.9 10.48
14 7.5 3.9 14.38
13 10.0 5.2 19.58
12 10.0 5.2 24.78
11 20.0 10.4 35.18
10 28.5 14.82 50

Cartesian 9 20 70
8 30 100
7 50 150
6 100 250
5 150 400
4 200 600
3 250 850
2 500 1350
1 650 2000

a Relative to the 50 m base for the case of the sigma domain.
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2.4. SLIM model

The second-generation Louvain-la-Neuve Ice-ocean Model
(SLIM) is a 2D vertical integrated model and it has already been
successfully used to model the circulation in the Great Barrier Reef
and Torres Strait (Andutta et al., 2011, 2012, 2013; Lambrechts et al.,
2008; Legrand et al., 2006; Wolanski et al., 2013). SLIM is a free-
surface, hydrostatic, depth-averaged, primitive equation ocean
model and it uses an unstructured mesh. The SLIM model domain
was nested in the MOHIDmodel domain (see the white dot-dashed
polygon in Fig. 1) and the model was used to refine the predictions
of the river plume intrusion in TS. The non-structuredmesh of SLIM
model allows for a high spatial resolution of 150 m near the coast,
islands and reefs and lower resolution (up to 10 km) in deeper
water far from reefs (Fig. 2b). The Australian bathymetric data were
used. The model was forced by the wind, the tides, and the
altimetry-derived DMSL across the TS (for details about the model
set-up, see Wolanski et al. (2013)). A Eulerian advection-dispersion
model was used to predict the freshwater plume intrusion; for that,
the tidally-averaged salinity distribution predicted by the MOHID
model was imposed along the eastern open boundary (line E-NE in
Fig. 1).
3. Results

The Australian bathymetric data have a much higher resolution,
and there is a significant difference in the bathymetry between the
UK-US data and the Australian data to the North of Badu Island
(Fig. 2).

Fig. 4 showed that the MSL data derived from altimetry
compared favorably with those derived from tide gauges at Booby
Table 2
River freshwater discharges considered in the MOHID
model.

River Discharge (m3 s�1)

Fly 6000
Kikori 4000
Purari 4000
Aramia 2000
Era 2000
and Goods Islands (the locations are shown in Fig. 1). Occasional
discrepancies occurred and these are expected near reefs and
islands due to the complex flows around islands and the resulting
large sea level slopes (Wolanski and Elliott, 2015). The comparison
indicates that the satellite altimetry data are reliable and can be
used to calculate DMSL across the strait.

MSL fluctuations reflect the local dynamics particularly in
shallow areas such as the TS (Ayukai and Wolanski, 1997;
Frankcombe et al., 2013). The MSL fluctuated seasonally on either
side of the TS (Fig. 5a). These seasonal fluctuations appeared to be
mainly wind-driven; they were the largest at the western side of TS
Fig. 4. Time-series plot of MSL anomaly measured from tide gauges and from satellite
altimetry at Goods and Booby Islands in the southern Torres Strait (the location of the
two gauges is shown in Fig. 1).



Fig. 6. Time-series plot of DMSL (dashed line, in m; from west to east) across the
Torres Strait and the wind component velocity (solid line; in m s�1; along 120� at
Coconut Island from September 2013 to May 2014.
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facing the GoC where the MSL rose by ~0.5 m in the monsoon
season and decreased by ~0.5 m in the trade wind season, i.e. the
MSL fluctuated annually by ~1 m. During the trade wind season the
MSL was higher on eastern side than on the western side of the TS,
and the opposite prevailed during the monsoon season. Imbedded
in these large seasonal MSL fluctuations, there were also smaller
fluctuations (typically ± 0.1m) at shorter time scales, particularly so
at the western side of the TS (Fig. 5b). The MSL fluctuations were
relatively uniform across the western and eastern sides of the TS,
respectively (not shown). As shown in Fig. 6 the DMSL across the TS
fluctuated from �0.4e0.6 m and it correlated strongly (r2 ¼ 0.65)
with the wind component from 120�. This indicates that the wind
was a dominant determinant of the DMSL across TS, although not
the only determinant because some fluctuations of the DMSL and
the wind did not correlate with each other and these remain un-
explained. The influence of the wind on DMSL across the TS was
particularly dominant at seasonal time scales.

For the trade wind season, the MOHID model predicted a river
plume that coveredmuch of coastal waters in the GoPwith a strong
vertical stratification (Fig. 7b), while in the TS the model predicted
vertically well-mixed conditions (Fig. 7c). This prediction matches
well the field observations of Wolanski et al. (1984, 1990, 1993,
1995, and 1999). This finding is also supported by the theory of
Simpson and Hunter (1974) following which the presence or
absence of a vertical stratification depends on the value of log10 H/
U3, where H is the water depth, and U is the tidal current. In the
GoP, H ~60 m and U ~0.1 m s�1 while in TS, H ~20 m and U
~0.6 m s�1 (Wolanski et al., 1995, 1999). Thus in the GoP a vertical
stratification is expected because log10 (H/U3) ~ 4.8 while in TS log10
(H/U3) < 2 and the waters should indeed be vertically mixed well.
Also in general agreement with the observations, theMOHIDmodel
predicted that the Fly River plume intruded in TS the most during
the southeast trade wind season (Fig. 8f) when the DMSL >0 (i.e.
the MSL was higher in the GoP than in the GoC), and that the plume
intruded the least in TS during the monsoon seasonwhen DMSL <0
(Fig. 8d). During the southeast trade wind season the predicted
plume width inside TS and its salinity depended on both the DMSL
and the wind (not shown). Most importantly, the MOHID pre-
dictions of the salinity within TS during the southeast trade wind
season agreed well with the observations of September 1994
Fig. 5. Time-series plot of the MSL (in m) on the western (W, dashed line) and eastern
(E, solid line) sides of the Torres Strait (a) from 1993 to 2015 and (b) during 1994.
(Fig. 8c). During the monsoon season (NovembereMarch), MOHID
predicted a river plume that covered most of the GoP (Fig. 8d) and
extended southeastward progressively thinning out with
increasing distance from the coast. These predictions agreed well
with the field observations of November 1979 (Fig. 8a). They also
agreed qualitatively well with the true color image from MODIS
(Fig. 8g) that shows the turbid waters of the Fly River plume
extending straight offshore into the GoP). During the trade wind
season the MOHID model predicted that the Fly River plume
extended westward and southwestward to cross the whole width
of the TS. During September 1994 there was a strong plume
intrusion event (Fig. 8c) with surface salinity ~20 in the Great North
East Channel (Wolanski et al., 1999), theMOHID predictions (Fig. 8f)
were also in general agreement with this observation. Following a
transient wind event the fresh salinity tongue formed a low salinity
patch around and east of Saibai Island in August 7e16,1994, and the
MOHID model also predicted this patchiness (Fig. 8e). The MOHID
model also predicted that in the trade wind season the plume was
limited to the northern 1/3 of the TS and extended across TS from
east to west.

There are no Fly River plume intrusion data for the western
region of the TS where the bathymetry is poorly known and where
the British-US and the Australian bathymetry data differ markedly
(Fig. 2). The fine resolution SLIM model was used to assess the
likelihood of the Fly River plume reaching thewestern TS. Examples
of the SLIM-predicted river plume intrusion in the TS are shown in
Fig. 9a and b for various scenarios with different DMSL. It is
apparent that the plume intrusion increases with increasing values
of DMSL. The SLIM model predictions agree generally with those of
the MOHID model in the eastern region of the TS (Fig. 9c and d).
Thus the models suggest that during the trade wind season the Fly
River plume intrusion in the northern 1/3 of the eastern TS may be
permanent, and the extent of this intrusion fluctuates with the
wind and DMSL, with much lower salinity in the east than in the
west. The model predictions differ however markedly in the
western TS, where the SLIM model predicts that the river plume
intrusion is blocked by the shallowwaters between Badu and Saibai
Islands (Fig. 2). The MOHID model does not predict such a blockage
and the reason appears to be that it uses the British-US bathymetry,
which shows deeper waters to the North of Badu Island.

4. Discussion

Although in the Torres Strait (TS) there had a large number of
field oceanographic studies lasting weeks to 1 year in the late
1970's, 1980's and 1990's (Wolanski et al., 1984, 1990, 1993, 1995,
1999), there have been no oceanographic data in the last 20
years. All these available historical data were collected at different



Fig. 7. (a) MOHID-predicted surface salinity distribution during the trade wind season under strong southeast winds; (b) vertical distribution of salinity along transect in the Gulf of
Papua shown by the black line in (a), and (c) salinity transect in the Torres Strait (black dashed line). The dashed line represents the isobath of 50 m.

Fig. 8. Comparison of between the observed (left panels) and MOHID model predicted (right panels) sea surface salinity distribution in the northern Torres Strait in different
periods: (a) Observed salinity distribution in November 1979 and (d) predicted salinity distribution during the monsoon season; (b) observed surface salinity in early August 1994
and (e) the corresponding predicted salinity distribution under trade wind; (c) observed surface salinity in September 1994 and (f) the corresponding predicted salinity distribution
following a transient wind. Observed data (a, b and c) are fromWolanski et al. (1995, 1999). (g) MODIS true color image of 14th of March, 2013 showing turbidity water from the Fly
River plume. (a) is adapted from Wolanski et al. (1984). (b) and (c) are adapted from Wolanski et al. (1999).
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times and in various regions of the TS; thus each data set in a given
region needs to be analyzed separately to quantify the dominant
processes and this knowledge from different regions must be
brought together to quantify the dominant forces driving the
intrusion of freshwater plume in TS. This was the method adopted
by Wolanski et al. (2013) to produce their model of the net water
circulation in TS. What is new in our study is that (1) during the
trade wind season the Fly River plume intrusion in the northern 1/3
of the eastern TS may be permanent, (2) the wind data at Horn
Island, the only long-term wind station in TS, are degraded by



Fig. 9. Comparisons of the sea surface salinity distribution predicted by the SLIM model (left panels) and the MOHID model (right panels) during the southeast trade wind season
for DMSL (fromwest to east) across Torres Strait of 0.6 (top) and 0.4 m (bottom). For scenario with DMSL ¼ 0.6 m from (a) the SLIM and (c) MOHID simulations, and for scenario with
DMSL ¼ 0.4 m from (b) the SLIM and (d) the MOHID models.
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orographic effects; while the effect of topography on the wind is
certainly not new to science, our finding is locally important
because all previous oceanography studies of TS have used the
degraded wind data from Horn Island. Thus we suggest that these
studies may need to be re-visited; (3) the altimetry-derived MSL
data in TS were verified against tide gauge data; (4) thus 20 years of
altimetry data are available and they reveal a large, previously only
known qualitatively but not quantitatively, seasonal and inter-
annual variability of DMSL across the strait; (5) the DMSL across
the TS is strongly but not uniquely related to the wind; (6) the wind
fluctuations generate patchiness in the Fly River plume in the TS.
Finally, the models suggest that the details of the largely unknown
bathymetry in the northwestern TS may determine the westward
extent of the Fly River plume intrusion in the TS; thus measuring
this bathymetry is an important task to undertake in the future.

Finally, to quantify the processes controlling the intrusion of the
Fly River plume in TS at different times of the year, a number of
scenarios were carried out combining different wind season, DMSL
and tides. The altimetry sea level data were useful to explain field
observations during the 1990s but could not help for the older field
observations in the late 1970's and the 1980's when altimetry sat-
ellites were not yet operational. The only long-termwind data (>40
years) in TS come from Horn Island and are unreliable due to
orographic effects. Instead we used the wind data at Coconut Is-
land, which spans only from 2013 onwards. Therefore it is only
possible to use models to provide an average state of the freshwater
intrusion, not a specific event in most cases using the different time
data. However where other wind data exist then specific events can
be modeled; such was the case for the Fly River plume study during
the 1994 trade wind season, for which we found an encouraging
agreement between the observed and model river plumes that
included patches (Fig. 8). The model explained the observation of a
strong salinity vertical stratification in the GoP and of vertically
well-mixed waters in TS. It also explains the importance of the
seasonal wind variation in driving the DMSL across TS, and that in
turn this modulates the size and dilution of the Fly River plume
intrusion in TS.
The details of the bathymetry appear to be important in these

shallow waters. The British and the Australian bathymetry data are
similar in the eastern region of the TS, where the MOHID and SLIM
models predict a similar Fly River plume intrusion. However these
two bathymetry data sets differ in the northwestern region of the
TS, and as a result the twomodel predictions differ markedly in that
region. There are however no river plume data to verify one model
against the other in that region. The open boundaries in the eastern
TS for the two models differ only in that the altimetry-derived
DMSL is applied in the Coral Sea (Fig. 1) in the MOHID model and
along the northeast boundary (line E-NE in Fig. 1) in the SLIM
model. The open boundaries in the western TS for the two models
are the same. Hence the different open boundaries for the two
models are unlikely to explain the blocking of the Fly River plume in
the western TS in one model and not in the other.

This study was limited to understanding the intrusion of the Fly
River plume in TS and was undertaken in reply to community
concern. There is still much uncertainty in assessing the frequency
and extent of river plume intrusion in thewestern region. Neither it
did address another potential, poorly understood, threat, namely
the intrusion of Fly River fine sediment and its particle-bound
contaminants. Salinity cannot be used as a proxy for the presence
of Fly River sediment in TS, because of tidal resuspension. Further
sediment dispersal studies suggested that only 3e11% of the Fly
River sediments were carried westwards across the strait (Heap
et al., 2005; Hemer et al., 2004; Margvelashvili et al., 2008).
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