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ABSTRACT    
 

Sediment transport processes in remote tropical and macro-tidal estuaries are 
typically understudied due to costly instrumentation requirements, access difficulties 
and extreme weather conditions. Dry season sediment transport in Darwin Harbour 
(DH), northern Australia, is governed by a flood dominated tidal asymmetry. However 
sediment transport processes during active moonson in Darwin Harbour are poorly 
understood. We monitored turbidity and suspended sediment concentration (SSC) using 
sea bed moorings at more than seven locations in Darwin Harbour over two (Australian 
summer monsoon) seasons. We compared our results with sea surface elevation, wind, 
river discharge, wave height and period, and ocean currents recorded over the same 
period. We found that the maximum SSC (330 mgL-1) correlated with a peak in 
significant wave height (>1.3 m) and consistently strong (~7.5 ms-1) long lasting (25-29 
days) north to northwesterly winds. A striking feature of this study was that the 
maximum SSC coincided with neap tides and unusually low rainfall runoff for the first 
active monsoon in the study period. This contradicts the common misconception that 
peak SSC during monsoons should occur during periods of high rainfall runoff. The 
peak SSC was six times the peak during normal conditions of spring tides, and was the 
result of significant wave heights associated with northwesterly wind driven ocean 
swell. Wind driven northwesterly waves therefore superpose tidal dominance for 
sediment resuspension during the observed active monsoons, which occur regularly (1-4 
times per year). Following the active monsoon, flood tidal dominance returns and 
causes a landward spread of SSC through the process of tidal pumping. We strongly 
recommend wave modelling be included in future port developments and infrastructure 
projects in Darwin Harbour. 

 
Keywords: Wind driven waves; Australian Summer Monsoon; Photosynthetic Active 
Radiation; PAR; SSC; sediment dynamics. 
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1. Introduction 
Sediment transport and distribution in estuaries is dominated by local conditions such as 
tide, wind, waves, freshwater inflow and bathymetry (Dyer, 1973). Spatial and temporal 
observations help us determine which conditions cause sediment resuspension, and 
whether they lead to net import or export of sediment to and from an estuary. Net 
sediment import or export can reverse due to a change in season such as in the Blyth 
Estuary, the German Wadden Sea and the Bohai Sea (French et al., 2008; Bartholoma et 
al., 2009; Bi et al., 2011). In tropical estuaries seasonal contrasts are extreme. Increased 
runoff due to monsoon rainfall often causes seaward transport of terrestrial or upstream 
sediments, such as in tropical north Queensland (Bryce et al., 1998). In Darwin 
Harbour, a macro-tidal estuary in the wet-dry tropics, dry season sediment transport is 
flood dominated due tidal asymmetry, resulting in the net landward transport of 
sediment to the harbor via the process of tidal pumping. However, during the wet 
season (defined as the Australian summer monsoon), processes that dominate sediment 
transport have rarely been measured. Presumably, this is due to the risk of instrument 
loss or damage due to tropical cyclones. In a relatively small regional centre (pop. 
136,828)(Australian Bureau of Statistics 2016) spatially extensive studies requiring 
expensive equipment are rare and short lasting. However, recent rapid expansion of the 
industrial port revived interest in the underlying sediment transport processes, which are 
important to environmental engineering, planning and assessment (Santoro et al., 2017).  
 
This study presents preliminary findings on the conditions that cause sediment 
resuspension during active monsoons in Darwin harbour. Fieldwork spanned the 2012-
13 and 2013-14 Australian summer monsoons and is the first and largest scale spatial 
and temporal study to target the mechanisms underlying sediment resuspension and 
distribution in Darwin Harbour during the wet season. We found that freshwater 
discharge during this period of observation was not associated with the increase in 
suspended sediment concentration (SSC) in Darwin Harbour. Rather, wind driven 
waves produce large sediment plumes in the outer harbour that move landward via tidal 
pumping. We address the assumptions that have been made in past hydrodynamic and 
sediment transport modelling efforts and make the firm recommendation that any pre-
development numerical modelling includes wave modelling for the planning phase of 
dredging and other large-scale port works.  
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Figure 1: Darwin Harbour seabed monitoring stations for SSC (M1-M7) and turbidity 
(circles, triangles and squares), the wave buoy and weather stations. The inner and outer 
harbour limits are defined by a line drawn between the east and west coastlines near the 
city of Darwin.  

Preferred position for Figure 1 
2. Study site 
2.1 Site description 

The city of Darwin extends along the eastern coastline of Darwin Harbour to 
Lee Point (Figure 1) and is the largest urbanized regional centre between Cairns 
(Queensland) and Perth (Western Australia). Darwin’s international trade centre is 
located at East Arm Wharf - a portion of reclaimed land in the inner harbour (Figure 1) 
located at the entrance to East Arm. Darwin Harbour can be separated into two sections 
consisting of the inner and outer harbour, with the latter including Shoal Bay to the 
northeast. Darwin Harbour’s coastline comprises extensive and significant mangrove 
habitat (>20,000 ha) (Brocklehurst and Edmeades, 1996) which represents nearly 5% of 
all mangroves in the Northern Territory (Li et al., 2014). 
2.3 Climate and Oceanography 

Darwin Harbour is a macrotidal estuary in the wet-dry tropics of northern 
Australia. Wet seasons produce on average 1723 mm annual rainfall (Australian Bureau 
of Meteorology, 2017) occurring during the Australian Summer monsoon (November – 
April). The Australian summer monsoon is characterized by significant low-pressure, 
convective weather pulses driven by the eastern moving tropical Madden-Julian 
Oscillation. About one cyclone every five years has developed or moved to within 500 
km of Darwin Harbour. Darwin Harbour is generally a turbid estuary, however turbidity 
during the monsoon season is on average higher than during the dry season (Drewry et 
al., 2010; Fortune and Drewry, 2010; Kaestli et al., 2017). Peak freshwater discharge 
during the monsoon season on most years is likely to be less than 1% of the maximum 
spring tide discharge in Darwin Harbour (Li et al., 2014). The Blackmore River 
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catchment is the largest and only contributor of freshwater flow to Darwin Harbour 
year-round. The other major rivers contribute to the wet season runoff until about July-
August when they cease to flow. Dry season (May – October) conditions are well 
described, with currents driven by tidal movement and the wind effect small in 
comparison (Asia-Pacific Applied Science Associates, 2010; Li et al., 2012). Shallow 
water and large tidal range create an energy anomaly, which results in water movement 
by a series of highly turbulent jets and eddies. These characteristics inhibit vertical 
stratification in the water column and cause resuspension of fine sediment from the 
benthic layer throughout the water column (Li et al., 2012; Andutta et al., 2014). Tidal 
pumping of fine sediment upstream occurs during the dry season when flood dominated 
currents govern water flow (Andutta et al., 2014). 
3. Data and Methods 
3.1 Field data 

An array of seven nephelometers were deployed in Darwin Harbour (M1-M7, 
Figure 1) measuring in situ SSC (mg L-1), pressure (Pa), Photosynthetic Active 
Radiation (PAR) (µE m-2 s-1) and temperature (�) from approximately 40 cm above the 
sea floor. The instruments logged data from November 2012 to May 2013 at ten-minute 
intervals. Data was processed using a low pass filter to remove background noise. 

Fourteen additional bottom mounted moorings were deployed containing 
instruments which logged turbidity (NTU) at approximately 1.5 m above the sea floor 
(INPEX 2015). The data used in this paper were extracted from published daily 
averages (INPEX 2012-13). These data were averaged into six groups representing 
different areas of Darwin Harbour (Figure 1). 

A bottom mounted upward facing Acoustic Doppler Current Profiler (ADCP) 
RDI workhorse sentinel 300 KHz, was used to measure current velocity at site M1. This 
ADCP could not be deployed at DH entrance due to intense boating activities. 
Nevertheless, its measurements were used to estimate the eastward longshore transport. 

Two weather stations at Darwin Airport, and at Stokes Hill were used to 
determine wind speed (m s-1) and direction (degrees) (Australian Bureau of 
Meteorology, 2015).  

River discharge information for Darwin Harbour during 2012-13 wet season are 
sparse. The Blackmore River is Darwin Harbour’s only continually flowing freshwater 
source and the largest catchment area, however data for the study period were not 
available. The second largest catchment area in Darwin Harbour, is the Elizabeth River 
catchment. Daily average discharge was sourced from the Norther Territory 
Government’s online water data portal (Northern Territory Government, 2017).  
 Wave measurements including period (s), height (m), and direction (o) were 
obtained from a wave monitoring buoy (Integrated Marine Observing System, 2015) in 
the outer harbour (Figure 1). 

 
3.2 Analytical approximations 

The influence of large waves at the bed level can be determined using bed shear 
stress ( bτ ), which can be calculated using wavelength (λ ). In the absence of field 

measurements, the wavelength was calculated using analytical approximation. The 
calculation for λ  uses an approximation by Fenton and Mckee (1990) (eq. 1)  

( )
3/2

2/3

2 /2
tanh2/
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gH
gT

ππλ      (1) 
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with the period T and mean water depth (H   = 23 m), both sourced from the wave 
monitoring buoy in the outer harbour. 

The wavelength computed analytically was used to estimate the wave orbital 
velocity near the sea bed. Water speed due to wave motion is calculated from Airy’s 
wave theory (Grant and Madsen, 1979) 

)sinh(
0

HK
uw

ωη=         (2) 

where near-bottom orbital velocity is  wu , wave number is K (from λπ /2=K ) and 0η  

is wave amplitude, calculated using the significant wave height, 2/0 SH=η . The wave 

frequencyω  satisfies the dispersion relation, T/2πω = (Grant and Madsen, 1979). 
  The friction velocity *u  (Soulsby, 1997) is calculated using, 

22
* 2 w

w u
f

u = ,         (3) 

where wf  is the friction factor from the empirical formula (Grant and Madsen, 1979),  
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,   (4) 

and bk  is the apparent bottom roughness. 030zkb =  was used with the bottom 

roughness 0z  assumed to have a range between 0.005 and 0.007 m (Li et al., 2014). 

The bottom shear stress was calculated using 
2

* )(ub ρτ = ,         (5) 

where a water density of 31025 −≈ mkgρ  was used. 
 
4.  Results  
4.1 Active Monsoons 

Active and inactive monsoons are defined as the peak (active) and trough 
(inactive) fluctuations of wind, atmospheric pressure and cloud coverage time series 
lasting ten or more days during the Australian summer monsoon (Holland, 1986). 
Active monsoon bursts in Darwin generally occur between 1-4 times per calendar year 
(Holland, 1986), which is frequent in Darwin when compared with cyclones (once every 
five years). The atmospheric data used in this study were extracted from the Darwin 
weather station-archives to determine periods of active monsoons. Single station 
observations for meteorology have been shown to reliably and objectively represent the 
broad Australian summer monsoon fluctuations (Holland, 1986) justifying the use of a 
single weather station for observations pertaining to this study (except wind which we 
used observations from two stations). In 2013 two active monsoons were identified 
lasting 29 days starting on the 8th of January, and 25 days starting on the 23rd of March. 
In 2014 two active monsoons were identified lasting 21 days starting on the 14th of 
January, and 15 days starting on the 11th of February. The two events in 2013 were 
characterized by consistent northerly and northwesterly winds with a speed of ~7.5 m s-1 
(Figure 2 a), high cloud coverage (~7 oktas) and relatively low atmospheric pressure 
(~1005 hPa) (the two latter not shown). The conditions required for an active monsoon 
event as described above in most cases do not lead to localized cyclonic events. In these 
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study periods there were no cyclones within 500 km of Darwin, and therefore there 
were no cyclonic conditions associated with any observed data.  
4.2 Suspended Sediment Concentration 

Five of the seven nephelometers deployed during the 2012-13 wet season logged 
complete records. Stations M3 and M4 stopped logging between mid-December and the 
start of February 2012. M4 was very close, if not in a major dredging ground, and M3 
was further upstream in East Arm. A turbidity meter close to M3 logged turbidity for 
the entire period. The maximum recorded SSC occurred at M2 (Figure 2 c) during the 
first active monsoon during neap tides (Figure 2 b).  The peak value was 330 mg L-1 
which is six times the peak spring tide concentration in December 2012. A second, 
smaller peak of 150 mg L-1 occurred during the second monsoon at the same location. A 
clear trend of decreasing SSC from the outer to inner harbour is apparent during the first 
active monsoon SSC (Figure 2 c and d). Upstream stations were generally lower in SSC 
than coastal sites during the monsoon periods. The location with the highest median 
SSC of 47.25 mg L-1 was at M4, near the dredging grounds. Tidal influence on SSC at 
M4 is larger than at M3 (Figure 2 c) and East Arm (Figure 2 d). During the first active 
monsoon in 2013, the SSC in all locations except M2 are influenced by tide. During the 
second, weaker active monsoon in 2013, the neap/spring tidal frequency is visible in the 
SSC peaks and troughs at all locations. In addition to summer 2012-13, NTU was also 
recorded for the summer 2013-14 (Figure 2 e) with similar results to those recorded 
during 2012-13 (Figure 2 d). NTU peaks are consistent with prolonged periods of 
northwesterly winds and the weather variables associated with active monsoons (not 
shown). 
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Figure 2: Time series observations for seasonal conditions, SSC and turbidity for 2012-
13 (a,b,c,d) and 2013-14 (e). Active monsoon periods are shaded grey throughout the 
subplots. (a) Wind direction and magnitude on the left y axis, and daily averaged river 
discharge (dotted line) from the Elizabeth River on the right y axis, (b) water level 
recorded at M2, (c) suspended sediment concentration from the 7 harbour 
nephelometers, and (d) and (e) the daily averaged turbidity, averaged across regions in 
2012-13 (d) and 2013-14 (e). 

Preferred position for figure 2 
 

4.3 Waves 
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Wave period, height and direction were used to calculate bottom friction using 
the methods described above. We found that storm surge did not occur at the location of 
the wave buoy during the study period (Figure 3 a). Wave height peaks of 2 m and 1.3 
m coincide with the first and second active monsoons of 2012-13 (Figure 3 b). The 
wave period also increases to 4.5 – 6 s during the active monsoons (Figure 3 c). The 
monsoonal wind driven waves originated from the northwest at a bearing of ~290o 

(Figure 3 d) which is consistent with results of the wave hind-cast model that show 
monsoonal wind driven waves propagate from the Timor Sea into the Beagle Gulf. 
Bottom shear stress peaks at around 2.5 N m-2 and 1.8 N m-2 during the first and second 
monsoons (Figure 3 e).  

 
 
Figure 3: Daily averaged SSC at site M2 for 2012-13 with (a) tidal range, (b) 
significant wave height, (c) wave period, (d) wave direction, and (e) bed shear stress 
calculated using equation 1 and measured data. Shaded areas indicate active periods of 
the monsoon in 2012-13. 

Preferred position for Figure 3 
4.4 Photosynthetic Active Radiation 
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PAR was measured on the surface and at the benthic layer to quantify the effect 
of SSC on light near the benthic layer. In the inner harbour, PAR measurements follow 
the neap and spring tidal patterns and do not appear to change during active monsoons. 
Comparing the inner harbour sites, station M5 had the largest range of PAR (Figure 4 
d), with a maximum of 15 µE m-2 s-1. Data at stations M3 and M4 were incomplete and 
stations M7 and M6 were similar to M5 but with a lower range (not shown). In the outer 
harbour, the PAR range was larger than the inner harbour with the maximum value of 
50 µE m-2 s-1, recorded at M1, and 18 µE m-2 s-1at M2, these maximum values are likely 
to be due to water depth difference (HM1 ~ 3/5HM2). During the active monsoons, PAR 
in the outer harbour was reduced to zero (Figure 4 b and c). 

 

 
 
Figure 4: Water level (a), PAR values (solid line) and SSCs (dotted line) in the outer 
harbour at M1 (b) and M2 (c) and in the inner harbour at M5 (d). Shaded areas indicate 
active periods of the monsoon in 2012-13. 

Preferred position for Figure 4 
 
4.5 Theoretical applications of sediment transport and plume dispersion in the 

inner harbour 
The patterns of diminishing SSC within Middle and East Arm during the active 

monsoon periods in 2012-13 and 2013-14 suggest a landward macro dispersion of the 
sediment plume driven by the flood dominance of this system (Li et al., 2014). The 
flood dominance of Darwin Harbour and formation of a Maximum Turbidity Zone 
(MTZ) at the inner harbor is a phenomena reported by Li et al (2014). However, this 
previous research has not investigated the importance of the monsoonal driven waves. 
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The increased availability of SSC at the entrance of Darwin Harbour due to monsoonal 
waves enables the intensification of the MTZ to levels of SSC not observed during 
typical spring tidal currents. 

A seaward SSC dispersion originating from land would likely cause increased 
values of SSCs and turbidity at sites upstream in East Arm and Middle Arm (e.g., sites 
M3, M5 and upper East Arm). Data at these upper-harbour locations in Darwin Harbour 
do not show significant increases in SSC or turbidity during active monsoon periods. 
Therefore, a zero or negligible seaward SSC flux and its driving mechanisms can be 
discerned. 

The physical mechanisms likely to have caused suspended sediment transport 
can be determined by decomposing the transport of a conservative property (Bowden, 
1963). There are seven SSC transport terms regarding advection-dispersion of the SSC 
plume in the calculation of space-time averaged suspended sediment transport per unit 
length, during one or more tidal cycles: 

 

)SSCu()SSC'u'()SSCuh...(

...)SSCu()SSChu()huSSC()SSCu(T

ssttt

ttttattaaaSSC

hh

hh

+><+><

+><+><+><+=
 

 (6) 
 

The space-time-average values >=< u(x)ua  and >=< SSC(x)SSCa  are largely driven 

by downstream advection (i.e. river discharge) of suspended sediment transport. The 

vertical-averages ut)(x,ut =  and SSCt)(x,S t =SC  represent the cyclic tidal influence. 

The time-averages >=< uz)(x,us  and >=< SCSC Sz)(x,S s  represent the influence 

from gravitational circulation. The terms, t)z,(x,u'  and t)z,(x,SSC' , are the residual 
components caused by random effects. The h terms represent the height of the water 

column, which changes with the tides, with ht representing instantaneous depth and h  
the mean depth. Equation 6 can be represented in the form, 
 

.TSSC GFEDCBA ++++++=       (7) 

 
Where A and C are terms to cause flux of sediment since these rely on the river 
discharge and residual flow, respectively. B is the suspended sediment transport by the 
tidal wave propagation (i.e. Stokes Drift)(Stokes, 1880), D represents tidal correlation 
due to tidal pumping, E is tidal dispersion, F is the transport due to gravitational 
circulation, and G is the term risen from shear and random effects relating to scouring 
and settling (Hunkins, 1981). We highlight that SSC flux requires some form of residual 
velocity, such as ua, whereas dispersive mechanisms causing the spread of a sediment 
plume, and the gravitational circulation transport do not depend on ua. Furthermore, 
flood dominance by tidal pumping in Darwin Harbour has been well investigated and 
shown by Li et al (2014). 

Upstream discharge was small during the active monsoons in 2012-13, which 
allows one to consider the input of freshwater small, if not negligible ( 0ua ≈ ). The 

terms driven by Eulerian velocity (A and C) can be neglected on these grounds. The 
short length of the harbour in relation to the tidal wave allows one to neglect the Stokes 
drift (term B), which is usually relevant for long estuaries (e.g. over tens of kilometers), 
where tides may have reasonable distance to propagate along the estuary. Terms E, F 
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and G have been assessed under a reasonable number of scenarios in Darwin Harbour 
(Li et al., 2014), and often observed to be negligible when compared to terms A - D. 
Therefore, equation 7 can be rewritten using: 
 

><== ttSSC SSCuh T D       (8) 

 
Term D is referred to as a tidal pumping mechanism (Becherer et al., 2016; 

Hunkins, 1981), which appears to remain and dominate flood dominance of the 
sediment plume in the inner harbor during our period of observations. It must be 
stressed that some ADCP velocity data is available at the position of the wave buoy 
(See Figure 1). However, these measurements were obtained relatively far from the 
main entrance, which separates the outer and inner harbor. Therefore, this ADCP data 
cannot be used to calculated sediment flux across Darwin harbour’s entrance. 
Nevertheless, by demonstrating that terms A, B, C, E, F and G are negligible, we can 
assume that the landward dispersion of the sediment plume was driven by tidal pumping 
of sediment in the inner harbor with sediment made more readily available by 
resuspension from active monsoon waves in the outer harbour, and not by import from 
freshwater inflow or any other physical factors. 

 
5. Discussion 

The observations presented in this paper suggest that prolonged periods (25-29 days) of 
large wave action (> 1.3 m) originating in the Timor Sea cause high rates of sediment 
resuspension in outer Darwin Harbour. The absence of heavy rainfall in the first active 
monsoon in 2012-13 coincided with the highest SSC, and the peak rainfall in the second 
active monsoon in 2012-13 coincided with a lower SSC, providing overwhelming 
evidence that the SSC peaks associated with both active monsoons in 2012-13 were not 
land derived. This is further supported by the pattern of diminishing landwards SSC 
observed throughout the spatial array of instruments. Furthermore, the overall 
maximum SSC was observed during a neap tide, so this incident was not caused by tidal 
currents. 
 
5.1 Freshwater inflow and SSC  

SSC peaked at 330 mg L-1 and 150 mg L-1 (first high, then low) during the first 
and second active monsoons. In contrast, Elizabeth River discharge peaked at 5 m3 s-1 
and 19 m3 s-1 (first low then high) during the first and second active monsoons. The 
same pattern of high SSC during low river discharge, and low SSC during high river 
discharge occurred throughout the outer harbour. At the East Arm site, closest to the 
Elizabeth River freshwater discharge, there was no increase in SSC during the second 
active monsoon. So even during periods of high rainfall runoff, SSC at the most 
upstream sites do not correlate with freshwater discharge. Similarly, sites M5-M7 in the 
Blackmore River arm of the harbour show no increase in SSC during the second 
monsoon. Although the Blackmore River discharge was not available, it is likely that it 
followed a similar pattern to the Elizabeth River given its proximity and therefore 
exposure to similar rainfall patterns. The results from this study indicate that increased 
SSC associated with the active monsoon was not due to freshwater discharge in either in 
the inner or outer harbour.  

In Darwin Harbour, literature reporting high turbidity readings during monsoons 
have commonly attributed them to freshwater discharge (Skinner et al., 2009; Drewry et 
al., 2010; Fortune and Drewry, 2010; East Arm wharf expansion project: draft 
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environmental impact statement, 2011;). This is the first study that directly measures a 
broad spatial array of SSC during active monsoons and makes direct comparisons to 
freshwater discharge. Results show no clear relationship between rainfall runoff and 
SSC at the monitoring sites during the observed active monsoons. SSC patterns in the 
inner harbour demonstrate tidally driven suspended-sediment-transport, a well-
documented mechanism in horizontal exchange (Allen et al., 1980; Lewis and Lewis, 
1983; Uncles et al., 1985). Given the evidence in this set of observations, we propose 
that increased SSC in the inner harbour during monsoons results from tidal pumping 
which moves suspended sediment landwards. Unconsolidated sediment is made more 
available during the monsoon due to the large wave action and shear stress in the outer 
harbour.   

SSC further upstream of the study area cannot be described using results from 
this study. Smaller time and space scales of turbidity could be effected by freshwater 
inflow and possibly by flocculation affected saline and fresh waters. However, small 
scale and short lived localized sediment plumes have negligible impact on the overall 
sediment transport regime when compared to larger scale and higher frequency tidal 
processes in the inner harbor, described in terms of transport of a conservative property 
in equation 8 (advection-dispersion of SSC), and large wave processes in the outer 
harbour. 

 
5.2 Tide vs wave dominance 

The results of this study show that wave processes episodically superpose tidal 
currents for sediment resuspension in the outer harbour during active monsoons. Spring 
tides are well documented to produce high SSC in Darwin Harbour outside active 
monsoon (Padovan, 1997; McKinnon et al., 2006; Cardno, 2013). However, neap tide 
SSC reached six times the dry season spring tide SSC during the first active monsoon of 
this study period. Therefore, wind driven waves superpose tidal currents significantly 
(six times more) for sediment resuspension during the two observed active monsoons. 
Differentiating between wave and tide driven sediment resuspension is important 
because the impact of these processes on sediment transport are not equal. Waves 
produce orbital velocity, which suspends more sediment than tidal current at equal 
velocity (Green and Coco, 2014). The consequences for planning industrial works in a 
developing port without understanding the dominant physical processes are immense, 
especially for an estuary with a large sediment budget like Darwin Harbour (Tonyes et 
al., 2015).  

 
5.3 Improving on past studies 
Oceanographic modelling is routinely used to plan port developments in Darwin 
Harbour, but to date have not included large waves (>1.3 m) driven by active monsoons 
as a sediment resuspension or transport process (Williams et al., 2006; Wolanski et al., 
2006; Asia-Pacific Applied Science Associates, 2010; Li et al., 2012; Wang and 
Andutta, 2013; Andutta et al., 2014; Li et al., 2014; Tonyes et al., 2015; Makarynska 
and Makarynskyy, 2017). Typically, these studies: (1) underestimate fetch (Asia-Pacific 
Applied Science Associates, 2010; Makarynska and Makarynskyy, 2017), (2) assume 
year-round tidal dominance (Tonyes et al., 2015) or model only tidal dominated time 
frames (Williams et al., 2006; Wolanski et al., 2006; Andutta et al., 2014; Li et al., 
2014). Modelling studies have not taken into account cyclonic conditions because they 
are rare (1 every 5 years). These assumptions have been reasonable given the absence of 
comprehensive field observations during active monsoons, until this study. We now 
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have the opportunity to address these assumptions using the results of this study and 
improve our modelling tools for estimating sediment transport and distribution in 
Darwin Harbour and other seasonally affected tidal dominated coast and estuaries. 
  
5.3.1 Fetch 
Past studies estimate fetch using north-south direction distances (e.g. Darwin Harbour to 
the Tiwi Islands) which has lead to an underestimation of theoretical wave height. 
Actually, Darwin Harbour is fetch-aligned to the north-west, which is the same 
direction as prevailing monsoon winds. Significant wave heights occur as a result of the 
large fetch originating from the Timor Sea (e.g. bearing of 290°, Figure 3 e). 
 
5.3.2 Monsoon driven waves 
This study finds that frequently occurring (1-4 times per year) (Holland, 1986) active 
monsoons, which are not considered cyclones, contribute significantly (suspend 
sediment up to six times more than spring tides) to sediment re-suspension in the outer 
harbour. The effects of this are shown to move sediment into the inner harbour in 
diminishing order. A recent development transferred 16.9 million m3 of sediment from 
the inner harbour (East Arm) to an outer harbour dumping ground (INPEX, 2010) 
without taking into account resuspension and landward sediment movement during 
frequent active monsoons (Asia-Pacific Applied Science Associates, 2010). This study 
highlights that large scale developments such as these are risky and potentially costly to 
both the community and environment, especially when both long and short term 
physical processes are so poorly understood. Significant dredging in estuaries can lead 
to a decrease in friction, causing an increased tidal current velocity and increased SSC 
which lead to deteriorated dissolved oxygen and light environments (de Jonge et al., 
2014). Shoreline recession occurs at some locations at an average of 30 cm y-1 in 
Darwin Harbour (Jones et al., 2013) leading to damage to infrastructure and coastal 
erosion (Tonyes et al., 2015). Overall dominant processes (i.e. tide or wave) needs 
further exploration over annual and decadal time frames in Darwin harbour. A cost-
effective method would involve preliminary hydrodynamic and sediment transport 
modelling which include wave modelling to guide further field studies. We stress that 
an iterative modelling and field verification approach should be used for this type of 
study because even verified sediment transport models can yield results that differ by an 
order of magnitude or more (Wolanski et al., 2012). 
 
5.4 Predicting wave driven SSC 
Time scales are significant when considering the predictability of wave driven SSC. 
This study investigates suspended sediment landward spread on a seasonal time scale. 
The seasonal implications of this study, are highly relevant, because active monsoons 
occur frequently and are easily identifiable through definitions of routinely measured 
meteorological indicators (Holland, 1986; Joseph et al., 1991). We found that for a 
mean water depth of 15 m, waves of a minimum period of 5.6 s would start impinging 
on the sea floor in Darwin Harbour. Given that active monsoons are frequent and 
predictable, it is highly likely that a repeat field study would yield similar results. 
However, with more field information we may also be able to consider simultaneous 
physical processes (e.g. the combination of spring tides and waves) and their effect on 
sediment resuspension. Moreover, we recognize that the role of sediment grain size has 
not been addressed in this study. Sediment size surveys were not conducted as part of 
this study, however a thorough investigation into this could be the subject of further 
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research. A conceptual description of the physical processes contributing to high (>150 
mg L-1) SSC and the landward movement of sea derived sediment in Darwin Harbour is 
provided (Figure 5). 

 
 

 
Figure 5: A sequence of physical processes transport suspended sediment into Darwin 
Harbour. Prolonged periods of north-westerly winds in the Timor Sea propagate into the 
Beagle Gulf and (a) generate large waves, (b) reaching Darwin Harbour coastal areas (c) 
cause sediment resuspension, and (d) result in a landward suspended sediment 
dispersion due to flood dominance. 

Preferred position for Figure 5 
 

5.  Conclusions 
A seasonal study of direct SSC measurements in Darwin Harbour reveals that 

the peak SSC during active monsoons is due to wind driven waves in the outer harbour. 
Darwin Harbour development proposals and other environmental and pollution reports 
commonly cite freshwater discharge and spring tides as the mechanisms dominating 
high SSC during the Australian summer monsoon. However, in this study we struck 
opportune conditions of low river discharge and neap tides during the highest peak of 
SSC which occurred during an active monsoon. Wave heights rose to 2 m at the same 
time as SSC peaked at 330 mgL-1. In the absence of high river discharge and spring 
tides we conclude that wind driven waves caused SSC to exceed the pre-monsoon 
spring tide SSC by a factor of six in the outer harbour.  

The comprehensive spatial array of instruments (7 nephelometers and 14 
turbidity meters) allowed us to examine the relatively isolated (i.e. without spring tides 
or much freshwater discharge) effects of wind waves in a landward direction. We found 
diminishing SSC landward during the largest active monsoon of the season. In the inner 
harbour SSC correlated with tidal signal. We propose that mass sediment resuspension 
in the outer harbour during active monsoons causes bed material to become 
unconsolidated and available to landward spread of sediment plume via tidal pumping 
in the inner harbor, which is a flood dominated estuarine system (Li et al., 2014). 

This study is the first to measure seasonal timeseries of SSC through the 
Australian summer monsoon in Darwin Harbour and compare it with a multitude of 
conditional data. Darwin Harbour’s largest fetch is aligned to the north-west, the same 
direction as monsoon wind and therefore wind driven waves. Future harbour 
development planning must make use of coupled hydrodynamic, sediment transport and 
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wave models to take into account a larger fetch length than previously considered. 
Further studies should be aimed at (1) the dominance of waves or tides over longer 
timescales (e.g. decadal); (2) the role of sediment grain size on sediment distribution, 
and; (3) Understanding the combination of processes (nominally waves and tidal 
patterns) effecting sediment transport, both offshore and in the intertidal zone. Coupled 
numerical wave and hydrodynamic modelling is a reasonable method for comparing 
process scenarios as long as comprehensive field data is used for robust model 
calibration.  
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Research Highlights 

 

1. Large monsoonal driven waves affecting sediment dynamics in Darwin Harbour (DH).  

2. Landward dispersion of sediment during active monsoons in DH.  

3. Zero Photosynthetically Available Radiance for benthos during active monsoons in DH. 
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