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Abstract: The East Australian Current (EAC) is a highly dynamic western boundary current of the
South Pacific Gyre. The EAC frequently encroaches shoreward, drives upwelling, changes coastal
bio-physical dynamics, and thus exerts significant impacts on coastal marine ecosystems. In this
study, with high frequency (HF) radar and mooring data, for the first time accurate daily mapping
and tracking of a rapid EAC intrusion event was conducted and the impacts of the EAC intrusion on
the shelf water off Coffs Harbor were monitored. The results show that, during the event, the EAC
was highly dynamic with a mean daily onshore/offshore movement of ~5 km/day. In addition, we
found that the bottom ocean temperature and the surface current speed on the shelf varied linearly
with the EAC-to-coast distance. This study thus demonstrates the value of HF remotely sensed data
for the ongoing quantitative monitoring of the highly dynamic EAC fluctuations.
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1. Introduction

The East Australian Current (EAC) is a highly unstable eddy-current system which
intrudes shoreward with multiple frequencies and amplitudes [1-3]. Using Himawari-8 SST
data, Xie et al. [1] provided a new dataset (with a 6-day temporal resolution) documenting
the spatial and temporal variability of the EAC encroachment (upstream (30-32°S): EAC-to-
coast distance 37.43 & 13.24 km, with fluctuation every 60-80 days; downstream (33-35°S):
47.87 £ 28.70 km, with fluctuation every 90-100 days). However, as also shown in [1],
except for the dominant frequencies, there are some abrupt fluctuations in the time series
of the EAC encroachment from 2015 to 2017. These abrupt fluctuations indicate rapid
and significant EAC intrusion events that reflect the nature of the highly dynamic EAC
oscillation. Such rapid displacement of the EAC could be caused either separately or jointly
by the EAC’s intrinsic meandering (every 10-50 days at ~27°S [4]; every 20-45 days between
30-31°S [5]), the EAC’s frontal eddies (irregularly induced every ~7 days [6,7]), and abrupt
EAC separation with eddy shedding (within 6 days [1]). The dynamic nature of this
eddy—current system indeed increases the difficulty of accurate mapping and monitoring
of the EAC’s shoreward intrusions. To our knowledge, the most recent EAC mapping was
conducted on a 6-day basis by Xie et al. [1]. However, tracking the rapid development of
an abrupt EAC intrusion event requires observations of higher temporal resolution.

High frequency (HF) radar observation provides an opportunity for tracking rapid
EAC intrusion events. In 2012, the Australian Integrated Marine Observing System (IMOS)
deployed two phased-array WERA HF radars near Coffs Harbor in New South Wales
(NSW) at 30-31°S to provide real-time monitoring of the surface current velocity fields near
the coast. With unprecedented spatial (1.5 km) and temporal (every 10 min) resolutions and
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a maximum range of ~100 km offshore, the HF radar observation has enabled a detailed
analysis of the structure and spatio-temporal variability of the EAC jet and the EAC’s
frontal eddies and sub-mesoscale eddies off Coffs Harbor (NSW), providing new insights
into these highly dynamic EAC systems [5-8]. However, to our knowledge, no study
has been conducted to provide quantitative mapping and accurate tracking of any rapid
EAC intrusion event using the HF radar data. Filling this research gap can contribute
to the monitoring of the EAC intrusion, the understanding of coastal ocean dynamics
(e.g., EAC-driven upwelling), and the management of coastal marine ecosystems off the
eastern Australia.

The EAC intrusion has a significant impact on bottom ocean temperature and surface
current velocity on the continental shelf [5,9,10]. This study aimed to conduct accurate
mapping and tracking of a rapid EAC intrusion event off Coffs Harbor using the HF radar
data. The TPI (Topographic Position Index) based quantitative mapping method recently
developed by Xie et al. [1] was used here for the mapping of the EAC’s speed signatures
using HF radar data. Together with the in situ ocean temperature and current velocity data
from an adjacent mooring on the continental shelf, we were able to monitor the impacts of
the rapid EAC intrusion on the shelf water.

2. Data and Methods

The HF ocean radar site off Coffs Harbor is located between 30-31°S, near the point
where the EAC frequently separates from (and also intrudes towards) the coast (see Figure 1).
The radar is a WERA (beam-forming technology) phased-array system with 16-element,
operating at a bandwidth of 100 KHz, a frequency of 13.920 MHz, and a maximum range of
~100 km. Within the coverage area of the radar system, surface current speeds are measured at
a high frequency every 10 min, with a spatial resolution of 1.5 km. Note that, in this mapping
study, an Esri suite of products (e.g., ArcGIS and ArcMap) were used for the mapping and
spatial analyses. For the study area, the reference coordinate system World Geodetic System
(WGS84) and the projection coordinate system UTM (Universal Transverse Mercator) zone
565 were used.

152°50'E 153°10'E 153°30'E 153°|50'E 154°10'E
1 1 1 1 1 1 L 1

[ Tiand
29°50'S- R
shelf break (~200m depth)
isobaths 500-2000 '
B mooring CHO70

sea water speed (m/s)
30°10‘S_ L5 1.7

30°0'SH

30°20°%1 Harbor,

30°30's4| QLD

30°40s{| NSW -

vIC "
30°50's | .o L
5 e A,g
TAS|
31005 ——= R

Figure 1. The bottom left panel depicts the radar coverage (in red) off the north NSW coast. The main
figure shows the study area off Coffs Harbor, NSW, Australia, with HF radar observing area and the
location of Mooring CHO70 on the continental shelf (13 km off the coast). Daily averaged surface
current speed for 11 January 2016 is shown by color scale.
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According to [1], there was an abrupt and significant EAC intrusion event occurring
off Coffs Harbor around mid-January 2016. To investigate this rapid EAC intrusion event,
hourly HF radar surface current velocity (u and v, vector components) data for the period
between the 11and 22 January 2016 were obtained from the Australian Ocean Data Network
(AODN) Portal (https://portal.aodn.org.au/, accessed on 15 October 2020). The following
procedures were then applied to perform quantitative mapping of the EAC as in [1]:

(1) Hourly surface current speed was calculated using the equation: speed = vu? + v2.

(2) Daily averaged surface current speed fields were obtained from the hourly data. This
helped reduce data gaps and improved the subsequent EAC mapping, considering
that we did not expect significant changes of the EAC’s position in such a short
time scale.

(8) TPIwas calculated from each daily surface current speed field.

(4) Threshold classification of TPI (6 = mean + 0.5 std) was conducted to extract the EAC’s
surface speed signatures.

(5) Following vectorization of the EAC’s speed signatures, EAC polygons were produced
and the daily EAC-to-coast distance (km) was calculated. To measure the EAC-to-
coast distance, meridional sections at 1/6 degree intervals were drawn on the map,
then the lengths of the sections located between the coastline and the inshore edge of
the EAC were averaged to obtain the distance. One can refer to [1,2] for the detailed
illustration of the calculation of the EAC-to-coast distance.

To track changes of the coastal water characteristics on the continental shelf as the EAC
rapidly intruded, time series of bottom ocean temperature (~60 m of water depth) and surface
current speed (0-15 m of water depth) during the EAC intrusion event (11-22 January 2016)
were extracted from the mooring measurements of CHO70 off Coffs Harbor (see Figure 1).
The measurements were taken with a range of conductivity—temperature-depth (CTD) in-
struments, temperature loggers, acoustic Doppler current profilers (ADCPs), and single-point
current meters. Based on the quality-control method applied by the Australian National Moor-
ing Network, only measurements with a ‘good-quality” flag were used to calculate the daily
mean of bottom ocean temperature and surface current speed. Linear regression analyses were
then conducted to model the relationship (fitted using the least squares approach) between
the EAC-to-coast distance and the shelf water response in terms of temperature and speed.

Area-averaged SST anomalies were also plotted during the EAC intrusion event to
provide additional information on the effect of the EAC encropchment. The SST anomalies
were calculated aganist the median SST climatology over a period from 1981 to 2016
using the 0.05° resolution SST Climate Change Initiative (CCI) L4 analysis version 2.1
product [11].

3. Results

The daily averaged surface current speed of the study area from 11-22 January 2016 is
shown in Figure 2. The EAC is clearly shown as a prominent oceanographic feature with a
higher current speed (>1 m/s) than its surrounding waters. The corresponding TPI surfaces
of the daily surface current speed and the maps of the EAC’s speed signatures are shown in
Figures 3 and 4, respectively. Overall, the EAC exhibited rapid shoreward intrusion, often
with a considerable movement occurring at a daily interval during the event.

The EAC’s speed signature maps have enabled direct measurement of the EAC-to-
coast distance during the event (Figures 4 and 5a). On 11 January 2016, the EAC was at a
relatively large distance (59.3 km) from the coast. From the 11th to 15th, the EAC moved
swiftly towards the coast with a daily advance of ~5 km, being ~39 km off the coast on
the 15th and the 16th. On the 17th, the EAC slightly retreated offshore (~4 km; distance to
coast: 43.6 km). After that we observed another abrupt and significant intrusion towards
the coast during the next two days until the 19th when the EAC was firmly aganist the
shelf break, with the distance reduced to 33.7 km. From the 19th to the 22nd, the EAC
remained very close to the shore and the minimum EAC-to-coast distance (32.2 km) during


https://portal.aodn.org.au/

Remote Sens. 2022, 14, 4199 40f8

this event was observed on 21 January (Figures 4k and 5a). Note that on the 21st, the EAC
was ~15 km from the CH070 mooring (Figure 4k).
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Figure 2. Daily averaged surface current speed from 11-22 January 2016 (a-1) observed by HF radar.
The line and point symbols are as in Figure 1. The black line denotes the shelf break.
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Figure 3. (a-1) TPI surfaces of the daily averaged surface current speed shown in Figure 2. The line
and point symbols are as in Figure 1. The black line denotes the shelf break.
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Figure 4. EAC’s speed signature maps and the corresponding EAC-to-coast distance (km) from
11-22 January 2016 (a-1). The line and point symbols are as in Figure 1. The black line denotes the

shelf break.
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Figure 5. Time series of (a) EAC-to-coast distance, (b) surface current speed at CH070, (c) bottom
ocean temperature at CH070, and (d) SST anomalies (averaged within the radar observing area)

during 11-22 January 2016.

Opver the continental shelf, at the mooring location, the bottom ocean temperature and
the surface current speed changed significantly during the EAC intrusion event (Figure 5b,c).
After 14 January when the EAC-to-coast distance was less than 45 km (i.e., the shelf was
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within the EAC’s range of influence [5]), both the bottom ocean temperature and the surface
current speed at CH070 mooring location varied linearly with the EAC’s distance to coast
(Figures 5 and 6). Specifically, the temperature varied from ~15 °C on the 14th to ~22 °C
on the 22nd and the speed from ~0.3 m/s to ~1 m/s (Figure 5b,c). Correlation analyses
(Figure 6) show that the temperature response to the EAC intrusion has a 2-day time lag
(Figure 6¢), with a coefficient of determination R? of 0.93 (Pearson’s r = —0.96; Sample size
N =9; p < 0.01); while the speed (current velocity) responded to the EAC intrusion with no
lag (R?% = 0.66; Pearson’s r = —0.81; N = 9; p < 0.01) during the event (Figure 6d). In addition,
during the intrusion event, positive SST anomalies in the radar area were observed, as
demonstrated in Figure 5d.
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Figure 6. Linear relationship between the EAC-to-coast distance and bottom ocean temperature
(a) no lag, (b) 1-day lag, (c) 2-day lag, and (d) surface current speed (no lag). N = 9 (14-22 January).

4. Concluding Remarks

In this study, we used HF radar data and a TPI-based EAC mapping method [1,2]
to provide accurate mapping and tracking of a rapid EAC shoreward intrusion event
off Coffs Harbor from 11 to 22 January 2016. The HF radar measurement of the surface
current velocity significantly improved the temporal resolution of our EAC mapping
and consequently enabled accurate tracking of the EAC intrusion event on a daily basis.
The mapping results indicate that during a rapid current intrusion event, the EAC could
exhibit considerable onshore/offshore movement on a daily timescale. Importantly, this
study suggests that using the combination of high-frequency and high-resolution HF radar
remotely sensed data and the novel mapping technique developed by Xie et al. [1,2], we are
able to provide ongoing quantitative monitoring of the highly dynamic EAC fluctuations.
Consequently, this improved the understanding of high-frequency EAC onshore and
offshore movements and their associated oceanographic characteristics such as water
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temperature and current speed and enhanced our knowledge of the dynamic EAC system,
whose underlying driving forces still require further research [1,2,4-7].

In particular, the EAC intrusion exerts significant impacts on the coastal ocean temper-
ature and surface current speed on the adjacent continental shelf. During the event, as the
EAC-to-coast distance reduced from ~45 km (14 January 2016) to ~30 km (22 January 2016),
the temperature increased linearly from ~15 °C to ~22 °C with a 2-day lag (R? = 0.93) and
the speed increased from ~0.3 m/s to ~1 m/s with no obvious lag (R?% = 0.66). These EAC
driven environmental changes could have significant impacts on the coastal marine ecosys-
tem. For example, the increase in water temperature could result in the increase of growth
rates of juvenile commercial fish that reside typically in the upper 250 m ocean waters in
the Tasman Sea [12]. On the other hand, on the continental slope where the depth is deeper,
the water could be cooler, less saline, and more nutritious, caused by strong upwelling
driven by frequent EAC intrusion [9,10]. As a result, these EAC-dominated water types
contribute to the spatial distribution of larval and juvenile fish at a relatively fine scale [13].
In addition, the EAC-driven surface current velocity intensification changes the slope-shelf
circulations [2,5,9,10] and hence the coastal nutrient dynamics, which ultimately would
have wide-ranging and far-reaching ecological ramifications [14].
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