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A B S T R A C T   

Observational data (ADCP and CTD) were collected from two areas on either side of the Tiwi Islands and Coburg Peninsula. Tides dominated the ocean dynamics in 
both areas, with contributions from solar radiation, nighttime convective cooling, surface wind mixing, and benthic frictional mixing. Despite the same dominating 
forcing factors, the dynamics and envrionments differed between the east and west sides of the Tiwi Islands and Coburg Peninsula. The east side was baroclinic with 
internal tides present along with tidal advection; however, the west side was barotropic and dominated by tidal advection of warmer, saltier water from shallower 
areas past the observation site with essentially no internal tides. The daily solar radiation cycle’s influence reached the bottom on the western side, but was limited to 
above the thermocline on the eastern side. There, fluorescence was limited to the lower layer, whereas on the western side, it encompassed the entire water column in 
daytime and peaked below the upper layer, where warmer and higher oxygenated water were generated by solar radiation and surface mixing. Fluorescence 
vertically integrated over the water column was much higher on the eastern side than the western side. Fluorescence peaks also differed temporally between the east 
and west sides, with the eastern side dominated by semidiurnal tides and the western side by the daily solar cycle. These dynamics have distinct implications for 
biological activity and primary productivity.   

1. Introduction 

Near the Tiwi Islands and Coburg Peninsula, both observational and 
simulated oceanographic data are sparse, resulting in very little infor
mation for the region. There have been very few physical oceanographic 
studies of the Timor and Arafura seas. Furthermore, most of the in
vestigations were modelling studies that covered a broad area [Schiller, 
2011] or focused either on the Gulf of Carpentaria [Condie, 2011] or on 
the northern region [Kampf, 2016]. Kampf [2015] used a model to 
investigate plankton blooms due to upwelling in the Arafura Sea. He 
found little response near the Tiwi Islands; however, a strong response in 
the northwest Arafura Sea, suggesting a lack of upwelling near the Tiwi 
Islands. Using a model, Condie [2011] determined the general flow was 
northeast off Melville Island, the largest of the Tiwi Islands and was not 
wind-driven, but rather triggered by the general circulation. He found 
he long-term transports in the Timor Sea were dominated by the sea
sonal monsoons and associated winds [Condie, 2011]. Strong along
shore or on-offshore currents are not present near the islands. Condie 
[2011] also indicated that wind-induced upwelling of nutrient-rich 
deeper waters and other mixing mechanisms are important factors for 
biological productivity in these oligotrophic waters. However, 

upwelling occurs further offshore than the Tiwi Islands, closer to deep 
water. All three of the modeling studies point out that tides are a major 
factor for the region near the Tiwi Islands and Coburg Peninsula. Like 
the modeling studies, there is a paucity of observational data for the 
region, which could be used for understaning the dynamics and envi
ronment of the region and for model validation. Only one observational 
study [Moore et al., 2019] collected primarily chemical and biological 
observations in the area, using water samples. There are several moor
ings north of this region as part of the Integrated Marine Observing 
System (IMOS https://imos.org.au/), but most of them are much further 
offshore, and experience different dynamics. Two moorings are rela
tively near our observation sites: DAR and LYN (Fig. 1). Physical 
oceanographic information on the circulation and mixing is important 
for resupply of nutrients, biological productivity, and initialization and 
verification of regional models and would be useful for a proposed tidal 
power station site [Tenex Energy, 2019]. In summary, there is very little 
information on the dynamics and mixing in this region in either obser
vations or simulations. 

The dynamics and environment of a location are typically controlled 
by the forces involved. Generally, the primary processes involved in 
ocean dynamics are: major geostrophic currents, longshore coastal 
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currents, wind, tides, eddies, upwelling, and the daily solar radiation 
cycle. However, in the southern Timor and Arafura seas near the Tiwi 
Islands, Coburg Peninsula, and Darwin (Fig. 1), there are no major 
geostrophic currents, strong coastal currents, or eddies [Condie, 2011; 
Schiller, 2011; Kampf, 2016]. A weak coastal current does flow north 
from the Gulf of Carpenteria on the east side of Coburg Peninsula and 
then west north of the Tiwi Islands, but the flow is weak in the shallow 
waters near the islands and stronger further offshore [Condie, 2011]. 
However, the tides there are quite large [Easton, 1970] with a maximum 
range of ~ 8 m at Darwin [https://www.darwinport.com.au/safety-en 
vironment/environment; Chapman, 1903]. The daily solar cycle is 
strong, due to its location at 11-12oS. Its tropical location, a little south 
of the doldrums and Intertropical Convergence Zone (ITZC), results in 
typically weak winds, although daily sea breezes and thunderstorms are 
common. The generally sluggish winds along with a low Coriolis 
parameter, inhibit upwelling events. Consequently, the potential forces 
for the circulation and mixing are limited primarily to tides and the daily 
solar radiation/nighttime cooling cycle, with daily sea breezes and 
benthic friction contributing in minor ways, primarily through mixing. 

The primary forcing for this region is the strong tides, which have 
several roles in ocean dynamics in shallow water: 1) they advect water 
on– and off-shore.; 2) they generate tidal fronts by mixing the entire 
water column; 3) baroclinic tides induce mixing through shear in
stabilities; 4) they affect the available light for photosynthesis by shift
ing the depth of the thermocline [Stevens et al., 2012]; 5) they 
alternately entrain and deposit both phytoplankton and sediment 
through the alternating strength of the tidal velocities [Cloern et al., 
1991; Blauw et al., 2012]; 6) tidal currents induce benthic mixing 
through frictional stress against the bottom [Robertson 2006; Robertson 
and Dong, 2019]; 7) they also advect biological species back and forth 

during the ebb and flood tidal cycle [Cloern et al., 1991; Sharples et al., 
2007; Blauw et al., 2012]. Tides have been found to influence biological 
productivity and composition in other regions, such as San Francisco 
Bay [Cloern, 1991] and the North Sea [Blauw et al., 2012], where strong 
tidal signals were present in biological productivity and species diversity 
[Cloern, 1991; Blauw et al., 2012]. The predominant mechanisms were: 
1) entrainment and sinking due to changes in the magnitude of the tidal 
currents (period of 6.2 h), 2) advection of different waters during the 
tidal cycle (period of 12.4 h), and 3) the diurnal cycle (period of 24 h). 

Originally, a proposal was granted by Australia’s Marine National 
Facility (MNF) for a voyage on the RV Investigator, IN2019v06 (6th 
voyage of RV Investigator in 2019), with a combination of atmospheric 
scientists and oceanographers to study the Indonesian seas. The original 
overarching goal was to study the transfer of heat and fresh water be
tween the atmosphere and the ocean, including the upper water column. 
Unfortunately, permission to operate in Indonesia waters was not ob
tained, so instead the voyage was split into two legs, both in Australian 
waters. Leg 1 focused on oceanography off Australia’s Northwest Shelf 
in the Timor Sea, but included atmospheric scientists, and Leg 2 on at
mospheric science in the Arafura Sea, including physical oceanogra
phers. Since the location changed, the goal also was modified to two 
goals: to investigate 1) wind and tidal mixing on Leg 1 and 2) Tropical 
Storm Hector on Leg 2 On both legs, we were still looking at the transfer 
of heat and fresh water from the atmosphere into the water column. The 
physical oceanographic conditions during Leg 2 are the focus of this 
paper. On Leg 2, a variety of underway and profiling instruments were 
utilized at several sites near the Tiwi Islands and Coburg Peninsula, 
including collecting several temperature, salinity, and velocity profile 
time series over roughly 2 day periods. Since the driving forces (strong 
tides and the daily solar cycle) were essentially the same in both regions, 

 
Fig. 1. A) An overview of Australia and the Tiwi Islands based on ETOPO1 bathymetry b) An overview of the Tiwi Islands, Coburg peninsula, and Darwin region with 
the IMOS LYN mooring location at Lynedoch Backspace Shoals noted by LYN. The bathymetry is ETOPO1, which does not resolve the trench. c) The bathymetry of 
the Timor and Arafura seas around the Tiwi Islands with the time series locations marked by red crosses and labeled TS4, TS5, and TS6, respectively. The domain 
used for the model simulation is shown in c). It has been smoothed more than in b). The locations of the casts on the east and west sides of time series 4 and 5 and the 
casts in the trench (TS8) are also indicated by yellow crosses and labeled. the red dot labeled DAR indicates the location of the IMOS Darwin mooring. The LY 
mooring location is north of the area shown in c). 
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we expected conditions to be similar. However, mixing on the west side 
of the Tiwi Islands and Coburg Peninsula was much stronger, resulting in 
a barotropic water column with little productivity; whereas, on the east 
side the water column was baroclinic with two primary layers and high 
productivity in the lower layer. Our observational program is described 
in Section 2 and a supporting modeling effort in Section 3. Section 4 
gives our results outlining the different conditions and dynamics on the 
east and west sides of the Tiwi Islands and Coburg Peninsula. Finally, a 
summary is provided in Section 5. 

2. Observational effort 

Several times series of hydrographic and velocity profile data were 
collected from the RV Investigator in the southern Timor and Arafura 
seas near the Tiwi Islands and Coburg Peninsula off northern Australia 
between November 12 and December 16, 2019 (Fig. 1 and Table 1). 
Multiple systems were used to collect the data, including a Conductivity, 
Temperature, Depth (CTD) profiler measuring pressure, temperature, 
salinity, dissolved oxygen, fluorescence, and turbidity, a shipboard 
Acoustic Doppler Current Profiler (SADCP) measuring velocities, and 
the ship’s Underway system measuring a suite of parameters at a depth 
of ~ 5 m. The time series were roughly two-days long with a CTD cast 
performed every half hour (Table 1). The first, Time Series 4 (TS4), 
lasted 51 h and was on the east side of the Tiwi Islands and Coburg 
Peninsula (Fig. 1). The second and third, Time Series 5 and 6 (TS5 and 
TS6), lasted 45 and 49 h, respectively, and were on the west side of the 
Tiwi Islands and Coburg Peninsula (Fig. 1). TS5 was interrupted due to 
mechanical issues. Time Series 8 (TS8) was on the western side in a 
trench off the westernmost Tiwi Island (Fig. 1c), but only lasted 9 h. TS4 
and TS5/6 are roughly 300 km apart and the width of the Tiwi Islands is 
roughly 170 km between the easternmost and westernmost extents. 

2.1. CTD 

Hydrographic profiles were collected using a Sea-Bird SBE911 + CTD 
attached to a 24-bottle Rosette system. Dual pumps, temperature, con
ductivity, and oxygen sensors and single transmissometer, nephelom
eter, Wetlabs ECO-chlorophyll, Wetlabs ECO-scattering, PAR, and 
altimeter sensors were installed on the CTD. Data was processed using 
the CSIRO Cappro software version 2.9 and binned at 1 dbar intervals. 
Temperature and salinity uncertainties were ± 0.0015 ◦C and ± 0.005 
psu, respectively. 

2.2. Shipboard ADCP (SADCP) 

The SADCP provided velocities over most of the water column in 
these shallow waters, depths < 50 m, so a Lowered ADCP (LADCP) was 
not used. A RDI 150 kHz ADCP’s was operated nearly continuously from 
the RV Investigator in broadband mode. It was set with 2 m bins and 
output data at ~ 5 min intervals, with the exception of the first 2 days 
when the bin size was 4 m. As the SADCP was mounted on the drop keel, 

which was at ~ 6.5 m depth, there is no valid velocity data less than ~ 
10 m depth. Observational uncertainties were 1–2 cm s− 1 [Thurnherr, 
2010]. Pressure, potential temperature, and density were calculated 
using the TEOS-10 Matlab routines [https://www.teos-10.org/]. 

2.3. Underway observations 

A wide variety of meteorological and surface ocean data were 
collected by RV Investigator’s underway data system, including wind 
speed and direction, rain, humidity (Fig. 2), air temperature, sea surface 
temperature, salinity, dissolved oxygen, fluorescence, turbidity, etc. 
These were output at 5 s intervals. During this leg of the voyage, the 
ocean surface data came in from ~ 6.9 m below the surface. 

3. Modeling support 

To aid in understanding the circulation and tides in the region, 
simulations were performed for the region using the Regional Ocean 
Modeling System (ROMS) version 3.4. ROMS is a primitive-equation, 
sigma-coordinate model [Shchepetkin and McWilliams, 2004], which 
is widely used for tidal simulations. The tidal simulation was performed 
on the domain in Fig. 1c with a resolution of ~ 2 km and 25 vertical 
levels. These simulations were run for 20 days. Bathymetry was obtained 
from Geoscience Australia [Whiteway, 2009]. The observed hydrogra
phy was used as much as possible for initialization of the temperature 
and salinity in these simulations with additional values as needed from 
the World Ocean Atlas [Locarnini et al., 2013] for nearby areas without 
observational data from this voyage. Tidal forcing used eight constitu
ents, M2, S2, N2, K2, K1, O1, P1, and Q1, with the coefficients taken from 
TPXO8.2 [Egbert and Erofeeva, 2002]. These were applied to the 2-D 
mode elevations and velocities and updated on the 2-D time steps by 
Robertson in 2001. This was done for accuracy and to avoid resonance, 
particularly near the tidal critical latitudes; however, this technique has 
not been adopted by the ROMS model in general [2001]. Winds were not 
included in the tidal simulation for two reasons: 1) the resolution of the 
available winds were insufficient over the entire region and 2) winds 
have been found to overmix the upper water column in ROMS [Rob
ertson and Hartlipp, 2017]. The daily solar forcing was included in all 
simulations using observed values from the ship’s underway data 
(Fig. 2b, 2d, and 2f) and was applied only at the surface. The Large- 
McWilliams-Doney/Kpp (LMD/KPP) vertical mixing parameterization 
was used. 

4. Results and discussion 

4.1. Hydrographic conditions 

4.1.1. At the time series sites 
The hydrographic conditions differed between the east and west 

sides of the Tiwi Islands and Coburg Peninsula. The time series from the 
eastern side (TS4) was cooler, fresher, and higher in oxygen (Fig. 3) than 
the time series on the western side (TS5 and TS6) (Figs. 4 and 5). It 
should be noted that value ranges for the different potential temperature 
and salinity in Figs. 3-5 vary between the east and west sides with 
28–32.2 ◦C and 34.20–34.45 psu on the east side and 31.0–32.1 ◦C and 
35.10–35.60 psu on the west side. A clear two layer structure with a 
thermocline and peak Brunt-Väisälä frequency, > 10 cph. at ~ 20 m was 
present on the eastern side (Figs. 3 and 6c); however, temperatures and 
salinities on the western side were nearly uniform with depth (Fig. 4a 
and 5a) and the highest temperatures and Brunt-Väisälä frequency 
values were associated with the daily warming and nighttime cooling 
cycle (Fig. 7c and Fig. 8c). 

Temperature fluctuations were largest at the surface and thermo
cline, ~20 m, on the east side and at the surface on the west side (not 
shown). The surface fluctuations are attributed to the diurnal cycle. The 
warm temperature from daytime solar radiation were mixed into the 

Table 1 
The date, time, latitude, longitude, duration, and water depth for each of the 
Time Series during Leg 2 of IN2019v06. Since two casts were performed per 
hour, the number of casts is twice the duration in hours plus 1.  

Site  Date 
(UTC 
2019) 

Start 
Time 
(UTC) 

Duration 
(hours) 

Latitude 
(o S) 

Longitude 
(o E) 

Water 
Depth 
(m) 

TS4 14–16 
Nov 

19:30 51 11o12.4′ 133o26.1′ 42 

TS5 22–24 
Nov 

19:30 43 + 2 12o18.71′ 130o24.1′ 29 

TS6 3–5 Dec 20:00 49 12o19.2′ 130o24.8′ 29 
TS8 12–13 

Dec 
15:30 9 11o39.7′ 130o43.1 ~150  
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upper water column by the afternoon sea breezes (Figs. 3-5). The sea 
breezes induced waves, which are believed to have both increased the 
dissolved oxygen content near the surface and mixed the warmer, higher 
dissolved oxygen water deeper into the water column. This is clearly 
seen in the potential temperatures, densities, and dissolved oxygen 
(Fig. 3a, 3c, and 3d, 4a, 4c, and 4d, and 5a, 5c, and 5d for TS4, TS5, and 
TS6, respectively). It is also apparent as high Brunt-Väisäla frequency 
values at the corresponding times and depths (Fig. 6c, 7c, and 8c). 

4.1.2. The surrounding region 
The underway data show warmer temperatures on the western side 

than the eastern side, particularly in the shallow water south of the Tiwi 
Islands (Supplemental Figure S1). Likewise, salinity is generally higher 
on the western side than the eastern side (Supplemental Figure S2). The 
underway data also show warmer, saltier, denser water to the east and 
south of the TS5 and TS6 sites (Supplemental Figures S1 and S2). Profiles 

from additional nearby sites east and west of TS5 and TS6 confirm 
warmer, saltier, denser water below 10 m east of TS5 and TS6 (red lines 
in Fig. 9) and cooler, fresher, less dense water west of these sites (blue 
lines in Fig. 9). 

The water is very shallow east of the time series sites and TS5 and 
TS6 were collected in spots that were slightly deeper than their sur
roundings. A combination of warming of the water column and evapo
ration have a stronger effect on the water column in shallower water 
than deeper water due to less volume of water, and increase the po
tential temperature and salinity more than in deeper water. This 
essentially generates warmer, saltier water in shallower regions. The 
deeper water to the west and north of the Time Series 5 and 6 sites is 
cooler and fresher. 

A trench was a potential offshore water source on the western side 
(Fig. 1). A short time series, TS8, with ten CTD casts covering a 9 h 
period was collected at the southern end of this trench. TS8 had cooler, 

Fig. 2. Wind speed (black) and rain (blue) during Time Series a) 4, c) 5, and e) 6. Wind direction (black) and radiation (red) during Time Series b) 4, d) 5, and f) 6.  
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fresher water (Fig. 9 (black line) and 10) than TS5 and TS6 (Figs. 4 and 
5). TS8 was also higher in dissolved oxygen and fluorescence than TS5 
and TS6 (Fig. 10d and 10e). TS8 occurred slightly after a neap tide and 
shifted from a southerly to northerly flow (Fig. 11b). Unfortunately we 
were unable to collect a complete diurnal or semidiurnal cycle. The 
water column was stable in the upper 10 m with the strongest stratifi
cation between 20 and 30 m (Fig. 10c). The North-South velocities, 
along the trench, were stronger, but essentially barotropic (Fig. 11b). 
The East-West velocities, across the trench, were slightly baroclinic in 
the upper 70–80 m with velocities peaking at 30–40 m (Fig. 11a). 

4.2. Forcings 

The primary physical forces involved here were tides, solar radiation, 
winds, and benthic friction, in order of dominance. Other usually rele
vant processes, such as major geostrophic currents, alongshore coastal 
currents, or eddies, did not play a significant role. The strong role of 
tides and the lack of a mean current is evident in the depth averaged 
tidal ellipses from the SADCP velocities during all three time series 
(Fig. 12a-c). Although tides are the primary forcing process in the re
gion, the minor roles of solar radiation, winds, and precipitation will be 
discussed first. Since there is no data on benthic friction, it will not be 
discussed, although we recognize its key role in mixing, particularly 

Fig. 3. A) Potential temperature, b) salinity, c) potential density, d) dissolved oxygen, e) fluorescence, and f) transmissivity during Time Series 4 on the east side of 
the Tiwi Islands. 

R. Robertson et al.                                                                                                                                                                                                                              



Progress in Oceanography 216 (2023) 103057

6

within the benthic boundary layer. 

4.2.1. Solar radiation and precipitation 
Solar radiation played a significant role, primarily at the surface. The 

effects of the incoming solar radiation are shown in Fig. 3b, 3c, and 3df. 
Solar warming can be seen in the potential temperatures in TS4 starting 
just before days 318.0 and 319.0 (Fig. 2b and 3a), in TS5 starting days 
326.0 and 327.0 (Fig. 2d and 4a), and in TS6 starting day 338.0 (Fig. 2f 
and 5a). Note that the times are in UTC and this location is UTC + 9:30. 
The times of sunrise and sunset are about 4:55 and 20:15 local time and 
19:25 and 10:45 UTC or 0.81 and 0.44 in decimal day, respectively. The 
surface warming became noticeable ~ 0.2–0.4 of a day after sunrise. The 

warming depended on the cloud cover. It was often cloudy in the 
mornings and was cloudy most of day 337, decreasing the solar warming 
then. Day 338 was sunny and clear from early morning; consequently, 
the temperature increase commenced 0.1 of a day earlier and was >
0.4 ◦C (Fig. 5a), which was stronger than for TS5. Higher temperatures 
clearly reached depths of 10–15 m (Fig. 3a-5a), which is a combination 
of the solar warming and vertical mixing. The effect of the warmer water 
is also clear in the Brunt-Väisälä frequency, N (Fig. 6c, 7c, and 8c for 
TS4, TS5, and TS6, respectively). N was high at the surface during 
warming and sank in the water column until it reached the thermocline 
(~20 m) for TS4 (Fig. 6c) or the bottom for TS5 and TS6 (Fig. 7c and 8c, 
respectively). Nighttime longwave radiation cooled the surface, 

Fig. 4. A) Potential temperature, b) salinity, c) potential density, d) dissolved oxygen, e) fluorescence, and f) transmissivity during Time Series 5 on the west side of 
the Tiwi Islands. 
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lowering the surface N from > 15 cph to a background value < 3 cph 
(Fig. 6c, 7c, and 8c). 

Despite having daily thunderstorms, it seldom rained at the ship 
(Fig. 2a, 2c, and 2e). During TS5, there was one brief rain storm over the 
ship dropping 7–8 mm of rain, which started a quarter of an hour after 
the first TS5 cast and ended before the third cast and missed the rain 
gauge used in Fig. 2. The effect of the storm can be seen as an anoma
lously low salinity (Fig. 4b) and potential density (Fig. 4c) in the upper 6 
m before day 326; however, the lowest salinity occurred 1 h after the 
storm was at the ship. Since there were other rain storms scattered in the 
vicinity and runoff from rain storms on land, this salinity minimum is 

believed to be due to advection of rain water from other location(s) past 
the ship. 

4.2.2. Winds, Upwelling, and inertial dynamics 
Winds followed a daily sea breeze pattern reaching 8–10 m/s, with 

the exception of TS5 (Fig. 2). Winds were stronger, 14 m/s from the NW, 
during the first day of TS5 then reduced to ~ 2 m/s during the second 
day (Fig. 2c-d) and they were lighter during TS6. The weak winds, pri
marily on-shore, along with the weak Coriolis force in the tropics were 
not conducive for strong upwelling. Although inertial oscillations are 
possible, the time series length (~2 days) is less than their period of ~ 

Fig. 5. A) Potential temperature, b) salinity, c) potential density, d) dissolved oxygen, e) fluorescence, and f) transmissivity during Time Series 6 on the west side of 
the Tiwi Islands. 
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Fig. 6. A) The east-west and b) the north-south velocities during Time Series 4. c) The Brunt-Väisälä frequency during this time.  

Fig. 7. A) The east-west and b) the north-south velocities during Time Series 5. c) The Brunt-Väisälä frequency during this time.  
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2.3 days and the SADCP currents do not indicate their presence (Fig. 12). 

4.2.3. Barotropic tides 
Tides in nearby Darwin are quite large with a range of ~ 8 m 

(https://www.bom.gov.au/oceanography/projects/ntc/nt_tide_tables. 
shtml) [Chapman, 1903]. TS4 was collected during a spring tide, TS5 
and TS6 near neap tides. Nevertheless, the tidal ranges for TS5 and TS6 
of ~ 4 m and ~ 2 m respectively, were nearly equivalent to that for TS4 
of ~ 3 m. These tidal ranges were estimated from the maximum pressure 
converted into depth combined with the CTD altimeter reading. 

Tidal currents were slightly stronger on the western side of the Tiwi 
Islands and Coburg Peninsula than the eastern side with velocity mag
nitudes of 48 cm/s and 26 cm/s during neap tides on the western side 

against 44 cm/s during spring tide on the eastern side (Figs. 6-8). 
Stronger tides in the west agreed with stronger tides on that side in the 
TPXO8.2 estimates (not shown). Semidiurnal tides dominated on both 
sides, although a diurnal signal was present along with the semidiurnal 
signal (spectra not shown). The net mean currents on the west side were 
much stronger, 3.5–3.9 cm s− 1, than for the east side with 1.5 cm s− 1; 
however, for all of them the amplitude much smaller than those of the 
tidal currents. The barotropic kinetic energies for TS4 and TS5 were 
similar, 530 J m− 3 and 653 J m− 3, respectively; however, it was much 
lower for TS6, 201 J m− 3, due to weaker velocities, particularly in the 
North-South direction. 

Fig. 8. A) The east-west and b) the north-south velocities during Time Series 6. c) The Brunt-Väisälä frequency during this time.  

Fig. 9. Profiles of a) potential temperature, b) salinity, and c) potential density against depth from east of Time Series 5 and 6 (red), west of Time Series 5 and 6 
(blue), and in a trench west of Tiwi Islands (black). 
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4.2.4. Baroclinic tides 
The baroclinic anomalies, ua and va, for both the East-West and 

North-South horizontal velocities, respectively, were calculated for all 
three time series. And defined as the difference between the horizontal 
velocity and the depth-averaged horizontal velocities at a specific 
location according to. 

ua(x,y,z,t) = u(x,y,z,t) – U(x,y,t) for the East-West direction (1) 
va(x,y,z,t) = v(x,y,z,t) – V(x,y,t) for the North-South direction (2) 
where u and v are the East-West and North-South velocities and U 

and V are the East-West and North-South depth-averaged horizontal 
velocities, respectively. Spectra of the baroclinic anomalies for TS4 
indicated both semidiurnal and diurnal energy, particularly below the 
surface (Supplemental Figure S3), although due to the short time series, 

the spectra have wide confidence intervals. The kinetic energies of the 
baroclinic anomalies for TS5 and TS6, were weaker, 26 J m− 3 and 25 J 
m− 3, respectively, than for TS4, 34 J m− 3, reflecting the stronger bar
oclinicity at TS4. The TS4 baroclinic anomaly velocities on the east side 
were also less chaotic and primarily diurnal, ranging from 5 to 10 cm/s 
(Fig. 13a,d). Baroclinic anomalies on the west side were smaller for TS5 
(Fig. 13b, e) and weaker and more chaotic for TS6 (Fig. 13c, f). The East- 
West velocity dominated at all sites, with the tidal ellipses ~ 6◦ off the 
horizontal. At TS4, the North-South velocity played a larger role with a 
magnitude of ~ 67% of the East-West velocity; however, it was well 
correlated, 0.9, with the East-West velocity, lagging by ~ 1.5 h (Sup
plemental Fig. S4a). 

During TS4, the baroclinic anomalies indicated an upward 

Fig. 10. A) Ootential temperature, b) salinity, c) potential density, d) dissolved oxygen, e) fluorescence, and f) transmissivity during Time Series 8 in the trench on 
the west side of the Tiwi Islands. 
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propagating phase of an internal tide (downward propagating energy) at 
a diurnal frequency and a very slow speed (~8x10-4 m s− 1) (Fig. 13a,d). 
Empirical Orthogonal Function (EOF) analysis of the baroclinic anom
alies indicated a strong diurnal signal in both the East-West and North- 
South velocities anomalies of ~ 64% and ~ 44% (Fig. 14a and 14c, 
respectively). These EOF diurnal signals not only contain the diurnal 
tides, but also the daily solar and sea breeze cycle signals (Fig. 2). Both of 
the first two EOFs present were low mode, with the first EOF showing a 
two-layer internal tide and the second mode intensified velocities at the 
thermocline and opposite velocities in the upper and lower layers 
compared to the thermocline (Fig. 14b and 14d for the East-West and 
North-South velocities, respectively). Higher mode signals comprised ~ 
30–40% of the variance, except for the North-South velocities for TS5, 
where they were ~ 50% of the variance (Supplemental Figures S5-S10). 

4.3. Nearby IMOS mooring observations 

Some additional insight into the hydrodynamics of the region can be 
gained from the nearby IMOS moorings. Temperatures from the nearby 
LYN mooring in 203 m water depth were well-mixed, within 0.5 ◦C, in 
the upper 40 m through most of the year (Supplemental Fig. S11a), with 
the surface warming appearing after day 280. The velocities in the upper 
40 m were also essentially uniform with depth and tidal phase (Sup
plemental Fig. S11b and S11c). This indicates that it is not unusual for 
the water column to be well-mixed in the upper 40 m in this area. The 
mean current velocities at the LYN mooring were eastnortheast with a 
magnitude of ~ 6.3 cm s− 1 (~6 cm s− 1 in the east–west direction and ~ 
2 cm s− 1 in the north–south direction). The mooring indicated currents 
< 10 cm s− 1 in the upper 30 m during TS4, TS5, and TS6. The back
ground currents alternated between east and west on roughly a 60 day 
cycle. LYN is north of the time series sites, located in deeper water nearer 
the continental shelf break. These alternating currents do not appear to 
be present in our time series. Also LYN experiences stronger currents 
than those present at the time series locations, particularly at the shel
tered locations of TS5 and TS6. The warming of surface temperatures 
after day 280 reflects the increased daylight hours. The IMOS mooring at 

Darwin, DAR, is in 12 m of water, and although the Darwin mooring was 
not operational at the time of the voyage, it does indicate that typically 
the velocities are strongly tidal and barotropic (Supplemental 
Figure S12). Unfortunately, there are no IMOS moorings on the east side. 

4.4. Dissolved Oxygen, Fluorescence, and Transmissivity 

Dissolved oxygen concentrations, fluorescence, and transmissivity 
also differed between the eastern and western time series. Dissolved 
oxygen concentrations were much higher on the eastern side (Fig. 3d) 
than on the western side (Fig. 4d and 5d); however, both increased as the 
warmer water due to solar radiation reached deeper in the water col
umn, reflecting surface inputs. 

Fluorescence on the western side (Fig. 4e and 5e) was high 
throughout the water column, whereas on the eastern side, high fluo
rescence was restricted to below the thermocline (Fig. 3e). When inte
grated over the water column, the fluorescence on the eastern side was 
roughly twice that on the western side. Transmissivity was high for TS4 
and TS5 when the fluorescence was high (Fig. 4e and 5e), with the 
exception of the first day of TS5, where low transmissivity values in the 
upper layer, roughly corresponded to the warmer temperatures from 
solar radiation and high dissolved oxygen (Fig. 4f). This is the time of the 
strongest sea breeze, ~14 m/s from the Northwest. 

4.5. Dynamics 

Despite tides being the major forcing processes on both sides of the 
Tiwi Islands, like the hydrography, the dynamics differed between the 
two sides. As will be shown, on the western side, strong tidal advection 
dominated; while on the eastern side, a two-layer diurnal internal tide 
was present along with tidal advection. The daily solar radiation/ 
nighttime convection cycle, mixing by sea breezes, and, of course, 
benthic mixing due to friction from the strong tidal currents also 
contributed significantly. 

Since tidal currents dominated, tidal advection can be identified 
through correlations, if the water properties vary horizontally. Due to 

Fig. 11. A) The east-west and b) the north-south velocities during Time Series 8 in the trench on the west side of the Tiwi Islands. c) The brunt-väisälä frequency 
during this time. 
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warming by the solar cycle affecting temperature, salinity correlations 
are preferred to identify tidal advection, although correlations for po
tential temperature were also determined (Supplemental Fig. S4b, S13b, 
S14b). Looking at correlations for TS4, changes in salinity 

(Supplemental Fig. S4d) below 20 m lagged changes in the East-West 
velocity by ~ 3 h with a correlation of ~ 0.8 (positive changes with a 
southward flow). Changes in the upper water column had the opposite 
correlation sign (Supplemental Fig. S4d). For TS5, correlations of the 

Fig. 12. Current vectors during Time Series a) 4, b) 5, and c) 6 from the shipboard ADCP and d) from the tidal simulation.  
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East-West velocity with the salinity (Supplemental Fig. S13b) (~0.8) 
indicate that the salinity changes ~ 2–3 h after the East-West velocity 
changes (positive change with a westward flow). The correlations were 
weaker for TS6 (Supplemental Fig. 9d) and limited to below 20 m depth 
(~-0.7) with a lag of ~ 2 h (positive change with a westward flow). 
Currents do not appear to play a role in these low correlation values. 

On the eastern side, potential temperature changed in the deeper 
layer by < 0.2 ◦C during half of a semidiurnal tidal cycle during TS4 
(Fig. 15a), while the salinity changed < 0.05 psu (Fig. 15d). In Fig. 15, 
the red profiles were taken from a time with maximum eastward flow, 
the blue ones from a time with a maximum westward flow, and the black 
ones from slack tide. The profiles from TS5 and TS6 were selected 
likewise; however, the times were adjusted by 2 h for TS5 and TS6, 
based on the aforementioned correlations. This lag reflects the time it 
takes for a different type of water, generated in another location, to pass 
the time series site. Water with the same characteristics will not show up 
in the correlations, which are triggered by differences. 

Changes in potential temperature and salinity in the lower water 
column were much larger for TS5 with potential temperature changes of 
~ 0.5 ◦C (Fig. 15b) and > 0.15 psu (Fig. 15e). Salinity changes for TS6 
were roughly the same as for TS5 (Fig. 15f); however, the temperature 
fluctuations were much smaller, less than half as large (Fig. 15c). 
Focusing on the lower water column to avoid density changes due to the 
daily solar warming, density changes were greatest during TS6 (Fig. 15i) 
and equivalent between TS4 and TS5 (Fig. 15g-h, respectively). It is 
clear in Fig. 15, that temperature plays a bigger role in density changes 
on the east side (Fig. 15g) and salinity plays a bigger role for TS6 
(Fig. 15h-i). This indicates that warmer water was advected from the 
southeast at TS4 and warmer, saltier water from the east at TS5 and TS6. 
Depths were shallower southeast and south of TS4 and to the east of TS5 
and TS6. Off Australia, shallower water with low runoff is recognized as 
a generation site of warmer, saltier water due to solar radiation and 
evaporation. 

4.5.1. Western side dynamics 
Most of the temperature and salinity variations in TS5 and TS6 are 

believed to be alternating advection of warm, saltier water from the 
shallower water depths to the east, during a westward flow, and cooler 
water from the deeper locations to the west during an eastward flow. 
The increases in salinity outweigh the ones in temperature, generating 
denser water that sinks as it travels offshore (Fig. 5). Cooler, fresher 
water (black lines in Fig. 9), such as that in the trench (Fig. 1), replenish 
the inflow waters. Vertical mixing homogenizes the water column, 
particularly in this region of shallow water and strong tides, with the 
tides inducing benthic mixing. Also the warmer waters from the shallow 
regions are high in dissolved oxygen, turbidity, and fluorescence (not 
shown). The western side had extensive shallow regions, not only south 
of the Tiwi Islands, but also further to the west on the other side of the 
trench (Fig. 1). Since the water column is only weakly stratified at the 
trench site, it is believed that the water column becomes well mixed 
from a combination of the daily overturning cycle and benthic tidal 
friction. The influence of the shallow water on the western side was 
supported by the tidal modeling study, which showed both a well-mixed 
water column and the generation of warm, saltier water in the shallow 
waters around the time series sites, flowing away from shore near the 
bottom. In addition, the model also indicated a westward flow of the 
waters formed in the shallow waters east of the Tiwi Islands and Coburg 
Peninsula. The shallower depths surrounding TS5 and TS6 also prevent 
the flow of cooler, fresher water from reaching these sites. 

4.5.2. Eastern side dynamics 
On the eastern side, the dynamics were dominated by a two-layer 

internal tidal system with the transition at 20 m, along with daily 
solar radiation/nighttime cooling (Fig. 3). As discussed earlier, tidal 
advection was also present. The upper layer was warmer and saltier than 
the lower layer. The lower layer was cooler, fresher, more turbid, and 
higher in fluorescence. The daily solar cycle increased the stratification 

Fig. 13. The baroclinic anomalies in the a) East-West velocities during a) Time Series 4, b) 5, and c) 6 and in the c) North-South velocities during Time Series d) 4, e) 
5, and f) 6. 

R. Robertson et al.                                                                                                                                                                                                                              



Progress in Oceanography 216 (2023) 103057

14

 
Fig. 14. The first two EOFs for the a–d) East-West (red line) and e–h) North-South (blue line) velocities, during Time Series 4, showing the a, b, e, f) time dependence 
and c, d, g, h) depth dependence. The eigenvalues are provided as percentages. 
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in the upper layer and this increase sank in the water column with time 
to the thermocline, with the surface temperature cooling overnight. In 
general, the topography was deeper and gently sloping on the eastern 
side compared to the western side with its extensive, relatively flat, 
shallow areas. 

4.6. Primary productivity 

Primary productivity as characterized by the fluorescence measure
ments behaved differently during the different time series; however, it 
responded to the daily solar cycle for all the time series, increasing just 
after the surface warming started. It also responded to the tides, similar 
to previous research, as Cloern (1991) and Sharples (2008), who have 
found fluorescence to be correlated with the tidal cycles. On the eastern 
side, TS4, there was a strong 12.4 hr signal and a weaker 6 hr signal in 
the fluorescence, which coincided with the semidiurnal tide and the 
entrainment and sinking of particles due to changes in the tidal veloc
ities, respectively (Fig. 3). Since fluorescence was higher only in the 
lower layer, correlations are only high in the lower layer (Supplemental 
Fig. S13f-g). The daily lag between the velocities and the fluorescence 

was depth dependent. On the western side, there was a weak, deeper 
fluorescence signal for Time Series 5 (Fig. 4) and a stronger signal for 
Time Series 6, which followed the daily solar cycle with higher fluo
rescence below the warmer temperatures and higher dissolved oxygen 
levels of the daily cycle (Fig. 5). There was no evidence of 6 or 12 hr 
cycles in the fluorescence on the western side. The lags for the fluores
cence were weak for TS5 and strongest for the East-West velocity at 
minus4 hours. The lags were also depth dependent on this side (Sup
plemental Fig. S13f-g and S14f-g for TS5 and TS6, respectively). So, 
despite tidal advection on the western side, tidal effects on the fluores
cence were weak. 

4.7. Regional simulations 

When using a simulation to provide additional information on the 
circulation, it is imperative to evaluate how well the simulation repli
cates the observed conditions. A regional tidal simulation for the loca
tions of TS4 and TS5 had similar hydrographic structure to the 
observations. The temperatures and salinities for TS4 were reproduced 
reasonably well (Supplemental Fig. S15a from the circulation 

Fig. 15. Profiles of a–c) potential temperature, d–f) salinity, and g–i) potential density during Time Series 4 (a, d, g), 5 (b, e, h) and 6 (c, f, i) from the times of the 
maximum eastward (red) and westward (blue) velocities and slack tide (black). 
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simulation; note the slightly different scales). For TS5, the structure was 
reproduced, but the water column was too uniform vertically, too cool 
by ~ 0.75 ◦C, and too fresh by ~ 0.35 psu (Supplemental Figure S16a). 
For TS6, the model did not reproduce the temperature or salinity pattern 
of the observations, but showed a general cooling and freshening trend 
(Supplemental Figure S17a). South-North potential temperature and 
salinity transects of the model results on the west side showed a well- 
mixed water column for the upper 30 m, both initially and at the end 
of the simulation (Supplemental Figures S18 and S19 for temperature 
and salinity, respectively). Similar transects on the east side replicated 
the two layer structure of TS4 with a tidal front developing only at the 
southern end adjacent to land and more apparent in salinity (Supple
mental Figures S20 and S21 for temperature and salinity, respectively). 
The bottom of the lower layer did warm slightly, ~0.02–0.03 ◦C, during 
the simulation, which is attributed to mixing (Supplemental Figure S20). 

4.8. Turbulence 

Unfortunately, there were no dissipation observations during the 
CTD time series. The water depth was too shallow to accurately estimate 
dissipation or diffusivities from the temperature and salinity 

measurements. However, Thorpe displacements were determined using 
the standard method of resorting the density profiles and determining 
the shift [Thorpe, 1977]. 

Thorpe displacements represent density instabilities leading to 
overturning, which is a turbulent mixing process. The Thorpe dis
placements for the three time series indicate overturns reaching to the 
thermocline on the east side (Fig. 16a) and to 25 and 20 m on the west 
side for TS5 and TS6, respectively (Fig. 16b and c), during nighttime 
cooling events. 

5. Summary 

In the shallow waters of the southern Timor and Arafura seas near 
the Tiwi Islands and Coburg Peninsula, tides and the daily solar radia
tion/nighttime cooling cycle dominated the circulation in the form of 
tidal advection on the western side and both barotropic and baroclinic 
tides on the eastern side. In these regions, the relevant forcing factors 
were reduced to tides and the daily solar radiation cycle, along with the 
daily sea breezes and probably benthic friction. For this reason, this case 
study provides an excellent opportunity to examine tidal flow and 
mixing in isolation of strong background currents or eddies. Despite the 

Fig. 16. Thorpe displacements from density during a) TS4, b) TS5, and c) TS6.  
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prominent forcing being tides and solar radiation with a contribution 
from mixing by the daily sea breeze, waves, and benthic friction, dif
ferences in tidal strength, and variations in the topography resulted in 
distinctly different dynamical and environmental conditions between 
the eastern and western sides of the Tiwi Islands and Coburg Peninsula. 

On the western side, extensive shallow water (<30 m) regions exist 
compared to the eastern side, which has a more gently sloping bottom 
(Supplemental Figure S21). The daily solar radiation cycle on the 
western side increased the temperature, salinity, and density throughout 
the water column. The stratification, as represented by the Brunt-Väsälä 
frequency, increased due to the solar cycle and sank throughout the 
water column due to mixing, primarily driven by the sea breeze. Cooler, 
fresher water was present in deeper regions, especially in a trench. 
However, these waters were denser than the warmer, saltier water and 
did not flow in near the bottom on the western side or were mixed with 
warmer water before they reached the study sites, homogenizing the 
water column. In the shallow water east of the time series sites, evap
oration increased the density more than the solar radiation decreased it 
providing warmer, saltier, denser water. Tidal advection moved this 
water, encompassing the entire water column, past the time series sites, 
so alternating warmer, saltier and cooler, fresher water from nearby 
deeper locations passed the sites. The strong tides also induced mixing 
due to bottom friction. A combination of surface mixing by the wind, 
nighttime convection throughout the water column, and benthic fric
tional mixing homogenized the water column here. The result was the 
predominance of barotropic conditions on the western side mainly 
related to tidal advection. 

In contrast, the eastern side was baroclinic, with two clear layers 
separated at ~ 20 m. The density of the lower layer was closer to that in 
the deeper water offshore as evidenced by a circulation simulation. 
Although there was a barotropic tide here too, it was slightly weaker 
than the one on the eastern side and a baroclinic component was present 
with the two layers moving in opposite directions. Increases in the 
temperature due to surface radiation affected the upper 20 m more and 
the stratification increase was limited to this upper layer. The replen
ishment of colder, fresher water into the lower layer on the eastern side 
was reflected in an increase in fluorescence. Since fluorescence was 
limited to the lower water column on the eastern side, while it encom
passed the entire water column on the western side, the environment is 
basically different and there are biological implications, such as the 
higher primary productivity, for these results. 

In summary, the eastern side was dominated by tides, including 
baroclinic tides, although the daily solar radiation, nighttime convec
tion, and mixing both by the wind and probable benthic friction 
contributed. More importantly, the solar and atmospheric inputs of heat 
and freshwater reached throughout the water column on the western 
side, but were limited to the upper layer above the thermocline on the 
eastern side. 

This baroclinic-barotropic difference in dynamics was due to topo
graphic differences, both blockage by islands or peninsula and/or by 
differences in bottom characteristics, slope and/or roughness, and could 
easily occur elsewhere in the world. This would affect biological pro
ductivity and penetration of the solar radiation and overturning, as it did 
in this area. Since water mass production affects the general circulation, 
there is the possibility that it could influence the general circulation in 
other regions, although that does not appear to occur here. 

The tidal simulation for the east side reproduced the two layer flow 
and those for the west side the uniform water column. However, those 
on the west side were too fresh and too cool. The freshness is likely due 
to less evaporation in the model than in reality. Often models have a 
minimum depth, which will be deeper than the actual depth, inducing 
some error but maintaining model stability. Less evaporation and 
salinity increase will occur in these shallow areas due to their greater 
depth than actually occurs, causing the water to be fresher. Less 
warming will occur here in the models, contributing to the lower tem
peratures in the model simulations. Overmixing by the model also 

contributes to the differences. The ROMS model has been previously 
found to overmix the water column especially by wind [Robertson, 
2006; Robertson and Hartlipp, 2017; Robertson and Dong, 2019]. The 
solar radiation budget constitutes the potential cause of the cooling with 
blackbody radiation exceeding insolation; however, that should affect 
the entire domain and the cooling occurred mainly on the west side. 

The major limitation of this study is the lack of observations. As with 
most voyages, this interesting case study would benefit by further ob
servations. It would have been nice to have a time series from the eastern 
side during neap tides. Longer time series would strengthen the results, 
especially if they could cover an entire spring-neap cycle. This would 
have to be done at high resolution by either a profiling instrument or 
mooring, since a CTD time series that long at half hour intervals would 
likely be interrupted. Keeping any instrument operating for 30 days (28 
days is the nominal time for a spring-neap cycle) is a huge challenge, due 
to both mechanical issues and biological fouling. Measurements in the 
upper 10 m and within the benthic boundary layer would also add 
insight, particularly the latter for benthic mixing. Special instruments 
are needed to obtain that information. Transects on the different sides of 
the time series sites would provide information needed to further eval
uate the dynamics. However, funding for such extensive observations is 
extremely difficult to obtain. Until then, these are one of the very few 
observations for this area, which adds to their uniqueness and 
importance. 

Feynman said that turbulence is the most important unsolved prob
lems in classical physics [Eames et al., 2011]. This is still true today and 
the handling of mixing generated by turbulence is presently recognized 
as one of the major shortcomings of ocean circulation and climate 
models [Eames et al., 2011]. The major issue is that a wide range of 
mechanisms cause mixing and they have a wide range of scales from cm 
to km. Furthermore, although wind and tides, including internal tides, 
are widely recognized as the primary turbulence/mixing mechanisms in 
the ocean, their roles and strengths vary with latitude, location with 
respect to other currents, depth, time, topography, water depth, hy
drography, and other factors. Since many mixing mechanisms are un
resolvable at the present resolution for global circulation and climate 
models, mixing is parameterized in them. Several vertical mixing pa
rameterizations exist and some will perform better in certain situations 
than others. Knowing which one to use is key to “getting the mixing 
right”. To improve mixing in the ocean circulation models, a large suite 
of observational-model comparisons covering a wide range of forcing 
factors and environmental conditions for mixing are needed. This study 
contributes to that suite of observations available for comparison, with 
the unique aspect that its main forces are tides and the diurnal cycle, 
which is a much simpler situation than is present in most of the world’s 
oceans. One study alone is insufficient to evaluate the performance of 
the parameterization(s) to be used widely, but it does make a contri
bution to the whole set of observations available for researchers to uti
lize. And an observational data set with a limited number of forces 
involved is extremely rare in the ocean. 
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