
1. Introduction
Continental shelf waters account for a disproportionate share of oceanic primary production, supporting many 
of the world’s largest fisheries (Pauly & Christensen, 1995) despite only accounting for 8% of the total ocean 
surface area, and an even smaller percentage of ocean volume. However, our estimates of primary production at a 
global scale are poorly constrained (Carr et al., 2006) and rely on satellite-derived chlorophyll which can perform 
poorly close to the coast (Jacox et al., 2015), can be inhibited by cloud cover and do not fully capture subsurface 
dynamics (Oliver et al., 2021).

Traditionally, eastern boundary current systems such as the California Current and Benguela upwelling system 
have been the focus of much research into biological productivity, due to the large amount of biomass and there-
fore fisheries that they support (Carr & Kearns, 2003; Pauly & Christensen, 1995; Renault et al., 2016). Western 
boundary current systems on the other hand, while still important in supporting local fisheries, are less produc-
tive in absolute terms. However, western boundary current systems play an important role in the climate system 
as a sink of atmospheric carbon dioxide, with a combination of strong air-sea heat-fluxes and the biological 
production making western boundary currents hotspots of ocean carbon uptake (Fassbender et al., 2018; Nickford 
et al., 2022).

As western boundary currents have energetic dynamics, strong velocities that drive cross-shore gradients, and 
high levels of variability, studies of chlorophyll dynamics on their adjacent shelves are somewhat rare and 
generally rely on satellite-derived chlorophyll concentrations (e.g., Everett et al., 2014; Schollaert et al., 2004). 

Abstract Understanding the distribution of chlorophyll on the continental shelves adjacent to western 
boundary currents is important, both from an ecosystem perspective, as well as for their role as a net sink of 
atmospheric CO2. However, in-situ observations of chlorophyll in these dynamic regions are rare. Here, using 
more than a decade of underwater glider observations from 29 deployments in the East Australian Current 
(EAC) system, we examine the effect of the mesoscale western boundary current (WBC) circulation on 
chlorophyll distribution across the shelf. The extensive hydrographic dataset reveals that the mode of boundary 
current separation has a strong persistent spatial influence on both the stratification and chlorophyll distribution 
on the shelf between 31.5° and 34°S, a productive area adjacent to the EAC separation zone. We identify that 
subsurface chlorophyll maxima are common, and their depth and strength is dictated by the offshore mesoscale 
circulation associated with the WBC separation. The vertical chlorophyll distribution is modulated by the 
combination of the seasonal cycle and the sporadic influence of mesoscale eddies associated with WBC jet 
separation. Of the three dominant WBC separation scenarios, eddy dipoles result in shelf waters that are on 
average more stratified, have higher chlorophyll values, and a deeper chlorophyll maximum compared to other 
circulation modes. These results suggest that it is necessary to consider the influence of WBC dynamics on 
chlorophyll concentrations for accurate estimates of atmospheric CO2 uptake.

Plain Language Summary In the past, our understanding of chlorophyll distributions in East 
Australian Current came mainly from satellite data. However, satellites cannot see far below the surface of 
the ocean. We use data from a decade of underwater glider missions to look at subsurface chlorophyll and 
find that the East Australian Current and its eddies strongly influence shelf chlorophyll at depth, even giving 
it a different seasonal cycle to the surface. We think that this is important for how this region takes up carbon 
dioxide from the atmosphere.
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However, these same energetic eddies and fronts, which make understanding steady-state chlorophyll dynamics 
on western boundary current shelves challenging, have also been shown to be important for the uptake of partic-
ulate organic carbon via subduction mechanisms (Levy et al., 2013; Omand et al., 2015). Thus, in addition to 
its role in supporting local fisheries, understanding chlorophyll dynamics in energetic regions such as western 
boundary currents and their continental shelves is important in the context of global climate.

Along the east coast of Australia, Everett et al. (2014), using satellite data, found a maximum in shelf chlorophyll 
concentrations between 31.5°S and 34°S associated with the separation of the East Australian Current (EAC) 
along a wider region of the continental shelf of eastern Australia known as the Hawkesbury Shelf. The Hawkes-
bury Shelf at times contains more than 20% of the total chlorophyll on the shelf of the east coast of Australia 
despite accounting for less than 10% of the total shelf length (Everett et al., 2014). It was found that shelf chloro-
phyll concentrations were controlled by both wind- and current-driven upwelling processes. This finding was in 
agreement with earlier work (Oke & Middleton, 2001) that had hypothesized that phytoplankton blooms in the 
Hawkesbury Shelf region were caused by downstream advection of nutrients upwelled by interaction with topog-
raphy. Roughan and Middleton (2002) however, in their examination of upwelling mechanisms in the region, 
found that upwelling driven by the separation of the EAC jet from the coast was responsible for maintaining the 
nutrient pool on the shelf. The role of separation-driven upwelling in maintaining persistent bottom water uplift 
on the Hawkesbury Shelf was later confirmed using repeat glider measurements (Schaeffer & Roughan, 2015). 
Eddy encroachment onto the shelf has also been identified as an important process driving cross-shelf trans-
port (Malan et al., 2022; Roughan et al., 2022) and productivity, in agreement with studies using in-situ ship-
board observations (Mullaney & Suthers, 2013; Roughan et al., 2017) and numerical models (Cetina-Heredia, 
Roughan, Liggins, et al., 2019).

The Hawkesbury Shelf is located where the Australian coastline bends west, adjacent to where the coherent, 
poleward-flowing jet of the EAC usually separates from the coast between 30.7°S and 32.4°S (Cetina-Heredia 
et  al.,  2014). The dynamics of this separation is controlled by the shedding of large mesoscale anticyclonic 
eddies which dominate the southern extension of the EAC. The southward penetration of the EAC jet is at its 
greatest immediately before an anticyclonic eddy is shed, whereupon the jet then retracts back equatorward 
(Cetina-Heredia et al., 2014).

Recent work has revealed an additional complexity to this highly dynamic separation process; cyclonic eddies 
have been observed to propagate westward (Cetina-Heredia, Roughan, Sebille, et al., 2019), impacting the sepa-
ration of the jet (Li et al., 2022b) and are often found in the region alongside anticyclonic eddies, forming eddy 
dipoles (Cetina-Heredia, Roughan, Liggins, et al., 2019). These eddy dipoles are present in some configuration 
more than 50% of the time (Malan et al., 2020) and can direct a strong jet of offshore water directly onshore 
(Archer et al., 2020; Cetina-Heredia, Roughan, Liggins, et al., 2019) toward the productive Hawkesbury Shelf. 
On the shelf, inshore of the 200 m isobath, the dynamics are different, although mesoscale circulation still plays 
a role (Li et al., 2022; Ribbat et al., 2020; Roughan et al., 2022). Due to their depth, large mesoscale eddies are 
restricted from directly impinging onto and across the shelf edge (Pilo et al., 2018), confirmed by drifter obser-
vations showing that the surface flow of a shoreward eddy dipole jet does not cross the 1,000 m isobath (Malan 
et al., 2020).

Ribbat et al. (2020) applied an empirical orthogonal function analysis to both a 2 years high resolution (750 m) 
ocean model, as well as geostrophic velocities derived from altimetry (approx 25 km resolution) in order to under-
stand the different modes of variability of waters in the EAC separation region. They identify the first empirical 
orthogonal function mode as the “EAC mode” where the system is dominated by the poleward flowing EAC, 
representing 47.3% of the variance over the satellite altimetry record and 53.8% of the variance over the 2-year 
model run period. The second is the “EAC eddy mode” where the EAC separates in the north of our domain, and 
a cyclonic eddy is present at the shelf break (representing 20.1% and 12.4% of the variance in satellite altimetry 
and model, respectively). The third mode is the “Eddy dipole mode” where an anticyclone/cyclone eddy dipole 
lies downstream of the EAC separation (representing 13.4% and 10.5% of the variance in AVISO and model, 
respectively). These modes were further refined by Roughan et  al.  (2022) who showed that they control the 
transport of water across the shelf. These modes provide a useful framework for understanding the variability in 
the EAC separation zone. We will refer to them as follows; (a) “EAC” mode where the shelf edge is dominated 
by a coherent, poleward flowing current, (b) “Eddy” mode, where the EAC separates further to the north and a 
single cyclonic eddy is present adjacent to the shelf, and (c) “Dipole” mode, where two counter-rotating eddies 
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are present downstream of the EAC jet, forming an eddy dipole structure and driving onshore cross-shelf flow 
which impacts the shelf. These modes are shown schematically in Figure 1.

2. Approach
Knowledge of the mesoscale variability and dynamics of the EAC system is growing, including separa-
tion dynamics, eddy-shedding (Bull et  al.,  2017; Cetina-Heredia et  al.,  2014; Li et  al.,  2021), and trends (Li 
et al., 2022a, 2022b; Malan et al., 2021). However, the extent to which this mesoscale variability controls the 
shelf circulation at smaller, biologically relevant scales, and thus the productivity of the Hawkesbury Shelf, is less 
clear. Most previous studies of productivity in the EAC system make use of surface satellite-derived chlorophyll 
measurements, shorter process studies and some opportunistic sampling. With subsurface chlorophyll maxima 
being ubiquitous in much of the global ocean (Cullen, 2015), and previously observed by underwater gliders on 
the EAC shelf (Schaeffer, Roughan, Jones, & White, 2016), it is almost certain that much of the variability in 
chlorophyll distribution on the Hawkesbury Shelf has gone undetected.

To explore the subsurface chlorophyll distribution, in this paper we use hydrographic data from 29 ocean glider 
missions (Section 3) carried out over a period of more than a decade. We combine these data with satellite data 
and 3 years of high-resolution surface currents from an HF radar system (Section 4.1.1), to examine how mesos-
cale variability in the EAC circulation in the separation zone controls the 3-dimensional chlorophyll concentration 
and distribution in the Hawkesbury Shelf region (Sections 4.1.2 and 4.2). We discuss the results in the context of 
EAC separation modes and their possible impact on subsurface chlorophyll and CO2 uptake in Section 5.

3. Materials and Methods
3.1. Satellite Remote Sensing

Several satellite remote sensing products are used to assess the mesoscale circulation, as well as the surface 
conditions on the continental shelf. Gridded sea level anomaly and surface geostrophic velocities are obtained 
from an OceanCurrent product distributed by Australia’s Integrated Marine Observing System (IMOS) that 
merges satellite altimetry with sea level elevation measurements from coastal tide gauges (Deng et al., 2011) to 

Figure 1. 8-day composites of MODIS chlorophyll concentrations, centered on the case study dates of (a) EAC mode, (b) Eddy mode, and (c) Dipole mode. The tracks 
of the glider missions used for the case studies are marked in orange. Overlaid is a schematic of the currents and associated modes of EAC separation, adapted from 
Ribbat et al. (2020) and Roughan et al. (2022). The 200 and 1,000 m isobaths are shown by black dashed contours. The domain covered by Figure 4 is shown by the 
black box on panel (c).
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improve accuracy in coastal regions. This product has been shown to resolve the mesoscale EAC system well in 
several previous studies (Deng et al., 2011; Malan et al., 2020; Pilo et al., 2018). Spatial resolution is 0.2° and 
the temporal coverage is from 1993 to present. Daily satellite sea surface temperature (SST) is obtained from the 
IMOS day and night-time L3S product derived from the AVHRR instruments on NOAA polar orbiting satellites 
(Griffin et al., 2017). The SST data have a spatial resolution of 0.02° and a temporal range from 1992 to present. 
Daily chlorophyll-a estimates derived from ocean color are obtained from the IMOS MODIS 1 day product, 
using the OC3 algorithm (Schroeder et al., 2017) at a resolution of 4 km. Note that we refer to both chlorophyll-a 
concentration estimates from MODIS satellite ocean color using the OC3 algorithm and in situ estimates of 
chlorophyll-a concentration derived from chlorophyll-a fluorescence from the WET Labs puck mounted on a 
Slocum glider as chlorophyll (chla). From here on, when necessary, we will denote satellite-derived variables as 
“sat” (i.e., satellite-derived chlorophyll-a will be denoted as chlasat).

3.2. Study Region

The study region (31.5°S–34°S, surrounded by a thick white line in Figure 2a) encompasses the Hawkesbury 
Shelf and is an area of wider shelf inshore of the EAC. It lies astride the approximate location where the EAC 
transitions from a coherent, poleward-flowing jet to a more variable flow consisting mainly of large mesos-
cale eddies, which vary in their configuration, causing the three main separation modes described above. This 
transition can be seen in the time-mean SST isotherms (Figure 2a), which lay approximately along-shore in the 

Figure 2. (a) Time-mean satellite sea surface temperature, black dashed contours show the 200 and 1,000 m isobaths, the white box shows the Hawkesbury Shelf area 
of interest used for calculating the seasonal cycle, and the black transect shows the section used to quantify the along-shore geostrophic current. (b) As for previous 
panel, but showing time-mean satellite-derived chlorophyll concentrations. (c) Latitude-time plot of shelf chlorophyll (averaged from coast to 200 m isobath). (d) The 
seasonal cycle of satellite sea surface temperature and chlorophyll, area-averaged over the white box. (e) Along-shore geostrophic velocities, rotated normal to the black 
section in panel (a) and averaged seasonally. (f) Time-mean of shelf chlorophyll with latitude, gray dashed lines show the latitudinal extent of the Hawkesbury Shelf 
area of interest.
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coherent jet region (equatorward of 31.5°S and change to a cross-shore alignment poleward of 34°S. A similar 
pattern can be seen in the time-mean chlasat (Figure 2b), with low values equatorward of 31.5°S and increasing 
with latitude. Close along the coast, chlasat values are high, in the so-called “green ribbon” (Lucas et al., 2011; 
Roughan et al., 2022). When explored over the last 20 years (Figures 2c and 2f), chlasat generally increases with 
latitude, with lower values in the subtropics of the upstream EAC region than in the more temperate waters pole-
ward of 35°S. However, between 31.5°S and 34°S, there is a peak in the mean shelf chlasat (Figure 2f), previously 
identified by Everett et al. (2014) and associated with the Hawkesbury Shelf region.

The seasonal cycle of satellite SST and chlasat (spatially averaged from 31.5°S to 34°S inshore of the 200 m 
isobath) shows temperature peaking in February/March and reaching a minimum in August (Figure 2d). Chlasat 
shows a typical spring bloom in September and a minimum in April. Along-shelf geostrophic currents (Figure 2e, 
across the transect (black line) shown in Figure 2a) are strongest December to February with mean values of up to 
0.54 m s −1, reducing to <0.45 m s −1 in other seasons. The maximum in chlasat over the Hawkesbury Shelf region 
is clear when taking the time-mean of shelf chlasat (Figure 2f), with the gray dashed lines in Figure 2f showing 
the area of interest for this study.

3.3. Ocean Gliders

Regular ocean glider missions have been carried out along the inshore edge of the EAC (29.5–35°S) between 
2008 and 2021 (Figure 3a) as part of IMOS (Roughan et al., 2015). Earlier versions of this dataset have been 
used to understand shelf temperature variability and momentum balances (Schaeffer et al., 2014; Schaeffer & 
Roughan,  2015) as well as physical and biogeochemical scales of variability (Schaeffer, Roughan, Jones, & 
White, 2016). Due to the inherent difficulties of piloting gliders that are slower than the speed of the EAC itself, 
the gliders are deployed upstream at either Yamba (29.5°S) or Forster (32.1°S) and retrieved downstream between 
33°S and 34°S. To avoid being advected offshore by the EAC, the gliders sample poleward in a zigzag pattern, 

Figure 3. (a) Distribution by latitude of glider profiles used in this study, color indicates the year the profiles were taken. (b) Map of percent data coverage over time 
for each radar grid cell (the 12 months 2018–2019 of radar shutdown is excluded). The contour of 70% spatial data coverage is shown in yellow. The 100, 200, 1,000, 
and 2,000 m depth contours are shown as black dashed contours. The transect used for examining along-shelf geostrophic flow patterns (Figure 2e) is shown in red. (c) 
Blue dots show a time series of radar coverage normalized by the maximum spatial footprint coverage. Gray shading shows the times when the radar was operational, 
with the large white gap showing the 12 months shutdown for regulatory reasons.

 21699291, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019361 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

MALAN ET AL.

10.1029/2022JC019361

6 of 18

rather than the more conventional endurance lines undertaken in other more dynamically quiescent regions 
(Roughan et al., 2015; Testor et al., 2019; Todd et al., 2019). All IMOS gliders are equipped with Seabird-CTD 
sensor, measuring temperature, salinity and depth, as well as a WET Labs ECO Puck measuring optical properties 
(chlorophyll-a fluorescence, as well as colored dissolved organic matter and backscatter, not used in this study). 
The shallow water Slocum gliders sample between the coast and the 200 m isobath from the surface to bottom, 
with 4–5 missions being undertaken each year. Each mission lasts three to 4 weeks depending on operational 
constraints such as battery life and weather conditions. This deployment strategy allows quasi-synoptic sampling 
of the shelf waters inshore of the EAC, with gliders deployed throughout the year (Roughan et al. (2015); Schaeffer 
and Roughan (2015); Schaeffer, Roughan, Austin, et al. (2016); Schaeffer, Roughan, Jones, and White (2016)).

Figure 4. Snapshots exemplifying the three modes of EAC separation, on days where there is a glider under the HF radar 
footprint, EAC mode (21 May 2018, panels (a)–(b), eddy mode (6 March 2020), panels (c)–(d) and dipole mode (17 of 
February 2018). In the left-hand panels (a), (c), (e) the vectors are surface ocean current direction, and the shading is 
surface ocean current magnitude, both from HF radar. In the right-hand panels (b), (d), (f) the vectors show satellite derived 
geostrophic velocity, and the shading is sea surface temperature. Gray track shows path of concurrent glider mission, the blue 
track shows the glider data subset used to plot sections in Figure 5.
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In this paper, extending the approach used by Schaeffer and Roughan (2015) to include biological variables, we 
consider vertical hydrographic profiles taken by gliders between the latitudes of 31.5°S and 34°S, and between the 
coast and the 200 m isobath. We use 29 glider missions undertaken in the area of interest, with data having undergone 
standard IMOS QA/QC procedures (Woo, 2019). Each mission provides between 3,000 and 6,000 quasi-synoptic 
hydrographic profiles which are divided into individual profiles, with the average distance between profiles being 
approximately 200 m. The spatio-temporal coverage of the profiles are shown in Figure 3a. The profiles are verti-
cally gridded onto a 1 m grid, and temperature, salinity, and chlorophyll-a fluorescence are despiked using the 
median filter and standard deviation bounds methods from GliderTools (Gregor et al., 2019). From here on, where 
necessary we will denote glider variables with the subscript glider. For this study, density is shown as potential 
density anomaly with a reference pressure of 0 dbar (σ0). It must be noted that as systematic bottle samples for 
calibration of chlorophyll-a fluorescence are not available, there is the possibility of instrument-to-instrument 
variability between fluorometers. Using data from 26 of our glider missions (i.e., much of the same dataset as this 
study), Schaeffer, Roughan, Austin, et al. (2016), performed a thorough investigation of offsets between sensors 
using dark counts (taken as offshore deep measurements for each glider mission), and found offsets of less than 
0.1 mg m −3 Schaeffer, Roughan, Austin, et al. (2016) also compared surface glider chlorophyll values with satellite 
data, and despite the effects of submesoscale variability, found a correlation coefficient of r 2 = 0.69. Hence the 
effect of instrument-to-instrument variability is likely small. Further, we assume that any bias would be randomly 
spread across the three modes of EAC separation used to create the composite means used in our analysis. As our 
analysis focuses on the difference in subsurface chlorophyll structure, rather than absolute values, we are confi-
dent that the possibility of small differences between sensors will not impact our results. Two fluorometers in fact 
account for 13 of the glider missions used in this study, and do not appear to show any systematic bias over time, or 
when compared to each other. The seasonal cycle of chlasat and SST on the Hawkesbury Shelf (Figure 2d) is used 
to split the glider dataset into “warm months” (November–April, where sea surface temperature is high and chlasat 
is low) and “cool months” (May–October, where the converse is true) later in the analysis.

3.4. High Frequency Coastal Radar

Since 2017, surface currents on the Hawkesbury Shelf have been monitored by a high frequency (HF) coastal 
radar system consisting of two SeaSonde crossed loop direction finding stations located at Seal Rocks (32.44°S, 
152.54°E) and Red Head (33.01°S, 151.73°E). The system operates at a frequency of 5.3 MHz, with a bandwidth 
of 14 KHz, providing a maximum range of 200 km and measuring the flow of the top half-meter of the water 
column at a spatial resolution of 6 km and a temporal resolution of 1 hour. The footprint of the data is collected 
and processed by the IMOS ocean radar facility; Cosoli and Grcic (2019) provide a detailed breakdown of the 
processing and quality control procedures. From July 2018 to July 2019, the HF radar system had to be shut down 
due to frequency and regulatory issues (white gaps in Figure 3c). These issues were resolved by the implementa-
tion of “Listen-Before-Talk” mode (Cosoli, 2020) and directional antennae (de Vos et al., 2020) and the system 
was brought back online in June 2019. The HF radar system provides high-resolution surface current velocities 
which includes ageostrophic motions, which are not resolved by the satellite-derived geostrophic currents used in 
previous studies. This is due to the different parameters and resolution measured by the two observing platforms 
(radar and satellite). The radar directly measures the ocean current velocity in the top layer (∼2 m) of the water 
column, while the satellite-derived velocities use the geostrophic assumption to estimate velocities from the sea 
surface height, more akin to a depth-integrated flow. The spatial resolution also differs (6 vs. 25 km respectively). 
Thus, when the surface flow field is complex, or has large vertical shear in velocity, the radar and satellite esti-
mates will differ.The spatial and temporal coverage of the radar system is shown in Figures 3b and 3c.

4. Results
4.1. Case Studies

4.1.1. Surface Circulation

Case studies typical of each of the three EAC separation scenarios identified by Ribbat et al. (2020) (the “EAC 
mode,” “eddy mode” and “dipole mode” configurations) are selected from periods where both HF radar and glider 
data are available. These three case studies are chosen to be as close to the same period of the year as possible. The 
EAC mode example is 21 May 2018, the eddy mode example is 6 March 2020 and the dipole mode is 17 February 
2018. An examination of 8-day composites of chlasat shows that, as could be expected from our understanding of 
current-driven upwelling, the EAC mode example shows high chlasat values on the adjacent shelf (∼1 mg m −3, 
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Figure 1a), sharply contrasting with the edge of the EAC which is depleted in chlasat. The eddy mode (Figure 1b) 
showed generally lower chlasat values, with less chlasat along the coast on the shelf, and slightly elevated chlasat 
values (∼0.5 mg m −3) offshore associated with the single cyclonic eddy (Figure 1b). The dipole mode (Figure 1c) 
shows the lowest chlasat values in the entire domain, both on and off the shelf, generally not exceeding 0.3 mg m −3.

We now explore these three examples in greater detail using the glider and HF radar data (Figure 4). In the EAC 
mode example (21 May 2018), the surface flow field is characterized by a strong (>0.8 m s −1) southwestward 
current offshore of the 200 m isobath, and low (<0.2 m s −1) velocities on the shelf (Figures 4a and 4b), forming a 
strong shelf break velocity front. The offshore geostrophic velocities (Figure 4b), show the presence of a typical 
EAC jet, with ∼1 m s −1 southwestward velocities.

The eddy mode example (6 March 2020), characterized by the presence of a single mesoscale cyclonic eddy 
offshore (Figures 4c and 4d) associated with an EAC jet further offshore, appears to show much weaker and vari-
able velocities at the shelf break. There is a bifurcation in the EAC, with flow offshore of the shelf break being 
directed southeastward, whilst a meandering flow on the shelf travels southwestward (Figure 4c). It should be noted 
that in both the eddy mode case study (Figures 4c and 4d), and the dipole mode case study (Figures 4e and 4f), there 
are differences in the flow measured by radar and satellite, meaning that the flow is complex and vertically sheared.

In the dipole mode example (17 February 2018, Figures 4e and 4f), the offshore EAC separation is well repre-
sented in the radar surface velocities, and the typical onshore jet resulting from the dipole circulation (highlighted 
by Malan et al. (2020) and Archer et al. (2020)), is visible (around 34°S). The representation of the cyclonic eddy 
differs slightly between the HF radar (Figure 4e), where the northeastward flow associated with the cyclonic eddy 
is only visible right at the edge of the radar footprint (34°S, 153.5°E) and the geostrophic velocities (Figure 4f), 
where the cyclonic eddy is positioned closer to the shelf edge. The difference is most likely to be caused by 
the difference in temporal resolution between the underlying data, which is hourly for the HF radar, but inter-
polated from ∼10 days satellite overpasses in the case of the geostrophic velocities. Also notable is the strong 
(>0.5 m s −1) southwestward flow on the shelf, which is stronger near the coast. The shelf edge velocities are low 
in contrast to the EAC mode, where they are >1 m s −1.

4.1.2. Vertical Hydrographic Structure

The subsurface structure of the shelf waters associated with the three distinct modes of EAC separation present 
in the case studies is examined by taking an across-shelf section (∼36 hr in duration) of the glider mission during 
each of the three scenarios (shown in Figure 4). The location of the sections, shown in blue in Figures 4b, 4d, 
and 4f, are as close to each other geographically as possible (around 33.2°S), while still being close in time to the 
radar snapshots shown in Figures 4a, 4c, and 4e.

The EAC mode example (Figure  5a) shows the weakest density stratification throughout the shelf. Chlaglider 
(Figure 5b) is mostly distributed in the top 40 m of the water column and, unlike what is seen from the surface 
in Figure 1a, has the lowest maximum values (1.5 mg m −3 at 20 m depth) of the three modes when considering 
subsurface concentrations. A mean taken across the section for the EAC mode scenario (Figure 5c) reveals a 
maximum chlaglider value of 1.5 ± 0.41 mg m −3 at 20 m.

The eddy mode example (Figure  5e) shows strong stratification in the upper 20  m of the water column and 
corresponding high levels of chlaglider inshore, most likely caused by above average rainfall during February 2020 
(317 mm of accumulated rainfall recorded during February 2020 at Port Stephens, BoM station 061,054, almost 
three times higher than the February average of 113 mm, Bureau of Meteorology (2022)). However, the mean of 
the section (Figure 5f) shows that the effect of this fresh water input is confined to a layer of low density water 
in the top 15 m of the water column with temperature being the greater contributor to the density structure of the 
rest of the water column (Figure 6). The chlaglider maximum of 1.6 ± 0.73 mg m −3 is in the layer of fresher water, 
at 14 m depth, but otherwise the chlaglider profile is similar to that of the EAC mode example above.

The dipole mode example (Figure 5g), shows the strongest density stratification, with a pycnocline at around 
40 m, which gradually deepens and strengthens in the offshore direction. chlaglider values (Figure 5h), are the 
strongest (>4  mg  m −3 at some points) of the three case studies, and show a distinct subsurface maximum, 
matching the pycnocline as it deepens offshore. The section mean for the dipole mode example (Figure 5i) shows 
a deep chlaglider maximum (2 ± 1.2 mg m −3) at a depth of 40 m.

This pattern of the dipole mode case study having the strongest stratification and highest chlaglider concentrations, 
and the EAC mode case study having the weakest stratification, and lowest chlaglider concentrations is also true if 
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you consider the entire glider mission for each case study (shown by the gray tracks in Figures 4b, 4d and 4f). If we 
consider the time-mean vertical profiles for the duration of each mission (Figure 6), the EAC mode, as was seen 
in the individual sections, has both the least stratification (Figure 6d), and the lowest maximum chlaglider values 
(Figure 6a). The opposite is true for the mission where the EAC separation is in dipole mode. The persistence 
of these signals in stratification, as well as the depth and magnitude of the subsurface chlorophyll maximum, 

Figure 5. Across-shelf sections (blue glider tracks in Figure 4) of potential density anomaly and chlorophyll concentrations for the EAC mode (a)–(b), EAC eddy mode 
(d)–(e), and eddy dipole mode (g)–(h), configurations, taken from a subset of the glider missions during the three case studies shown in Figure 4. The orange contour on 
panels B, E and H shows the position of the 25 kg m −3 potential density anomaly contour. Panels C, F, and I show the mean profiles of chlorophyll and potential density 
anomaly across each section.
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through the full latitudinal extent of the mission (extending from 32° to 34°S), suggests that the offshore mesos-
cale has an influence on the vertical distribution of chlorophyll along the length of the Hawkesbury Shelf.

The differences in stratification could be as a result of offshore water being transported onto the shelf and so it is 
interesting to explore the differences in cross-shelf flows between each mode case study. We consider the satellite 
geostrophic currents flowing across the 2000 m isobath. The 2000 m isobath is chosen as both satellite altimetry 
and the geostrophic assumption become less accurate estimations of the total flow the closer one gets to the coast. 
Geostrophic currents are extracted along the 2000 m isobath, and rotated so as to be normal to its direction, giving 
an estimate of cross-shelf transport (Figure 7). During the case study of the EAC mode (Figure 7a), the cross-shelf 
velocities are close to zero between 32°S and 33°S, with large levels of variability between 32.75 and 33.5°S 

Figure 6. Mean profiles (shaded by standard deviation) of chlorophyll, temperature, salinity and density for the top 100 m of the water column taken over the period 
where gliders are inshore of the 200 m isobath between 31.5°S and 34°S (gray glider tracks on Figure 4). Colors show the three glider missions chosen for the case 
studies shown in Figure 4, demonstrating the EAC, eddy and dipole modes of separation.
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relative to other latitudes, where cross-shelf velocities turn consistently offshore and reduce in variability. This is 
indicative of the coherent EAC jet flowing poleward along the shelf break, before separating from the shelf in the 
south of the domain, driving the consistent offshore velocities south of 33°S. The eddy mode case study (Figure 7b) 
shows the footprint of the EAC jet separating further north with strong offshore cross-shelf velocities in the equa-
torward half of the domain. In a near mirror-image of the EAC mode case, cross-shelf geostrophic velocities return 
to near-zero poleward of 33°S and increase in their variability. In the dipole mode case study, there is a similar early 
EAC jet separation, with offshore cross-shelf velocities on the equatorward half of the domain. However, the dipole 
mode case is unique amongst the three modes in having onshore transport, with a peak in onshore geostrophic 
velocity at 33.4°S, associated with the contour-rotating eddy dipole driving onshore flow at the shelf break.

4.2. Mean Hydrographic Structure From 29 Glider Missions

The above results come from only three case studies, one for each mode of EAC separation. Does the contrast 
between the different separation modes hold true considering all days for which we have radar and glider observa-
tions of the shelf circulation? To examine whether the effect of EAC separation mode on chlorophyll distribution 
is robust over time, we assign each of the 29 glider missions to the appropriate mode of EAC separation (i.e., EAC 
mode, eddy mode or dipole mode). The assignment is done independently by each author, by eye, using the descrip-
tion of the modes by Ribbat et al. (2020); Roughan et al. (2022) as a guide (and shown in Figure 1). More information 
on mode assignment, A table summarizing the classification of each mission, and the offshore conditions, as well as 
composite sea level anomalies for glider days under each mode (Figure S1 in Supporting Information S1), prevailing 
wind conditions (Figure S2 in Supporting Information S1) and glider track coverage for each mode (Figure S3 in 
Supporting Information S1) can be found in Supporting Information. For the analysis below, we take the time-mean 
of each mission during the period when it is in our region of interest. This approach is taken for two reasons; First, 
each mission can be considered as an independent quasi-synoptic sample of the shelf circulation for a particular 
period (2–3 weeks), while individual profiles from the same mission are not independent from one another. Second, 
a mission-mean profile is taken at a length scale (order 100 km), which is resolved by the satellite altimetry, meaning 
we are considering the EAC separation mode and the shelf response at the same time and space scales.

When the mean chlaglider for each mission is plotted, and split by season (Figure 8), the effect of separation mode on 
chlorophyll distribution is consistent with that observed in the individual case studies above. As could be expected, 
there is a large amount of variability between missions, due to differences in local winds, preceding conditions, inter-
annual variability and other local impacts such as freshwater inputs. Due to the possibility of sensor-to-sensor vari-
ability, here we focus on the subsurface chlorophyll structure, rather than the absolute values. However, EAC mode 
gliders (Figure 8a) generally have the lowest chlaglider and often have surface maxima. There appears to be little season-
ality in both chlaglider (Figure 8a) and density (Figure 8d). Eddy mode gliders show slightly higher chlaglider values 
(Figure 8b), and exhibit several examples of shallow subsurface chlorophyll maxima, often more than 1 mg m −3 and 
centered at 20–30 m depth. There is a clear seasonal cycle in density, with missions in the warm months being more 

Figure 7. Cross-shelf transport estimated at the 2,000 m isobath from satellite-derived geostrophic velocities, positive values indicate offshore transport. Shading 
indicates one standard deviation.
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stratified (Figure 8e). The dipole mode gliders (Figure 8c) show the largest values, but also the greatest range of differ-
ent chlaglider profiles. Subsurface chlorophyll maxima are common, especially in the warm months, and deeper than 
those observed in the eddy mode gliders, with several gliders sampling subsurface maxima below 30 m. A particular 
mission, in November 2020, had a time-mean chlorophyll maxima in excess of 3 mg m −3. Further examination of the 
mesoscale conditions during this November 2020 mission shows that the shelf was impacted by consecutive eddy 
dipoles over this period (see Table S1 in Supporting Information S1). Density profiles during dipole mode missions 
(Figure 8f) show a similar pattern to those of the eddy mode, with stronger stratification in warm month missions.

The composite mean density (Figure 9a) and chlaglider (Figure 9b) profiles of the 29 glider missions split by sepa-
ration mode shows clear differences in stratification and chlorophyll distribution in the water column. As seen in 
the case studies, the shelf waters during the EAC mode are the least stratified and have the lowest chlaglider values 
with surface maxima. The shelf waters during the eddy mode are more stratified and have a mean chlaglider of 
1 mg m −3 at 20 m. During the dipole separation mode, stratification is similar to, or marginally stronger than the 
eddy mode, particularly in the 30–80 m depth range. This is associated with higher chlaglider values, and a defined 
subsurface chlorophyll maximum extending from 20 to 40 m deep.

Figure 8. Time-mean Chlorophyll-a fluorescence (a–c) and potential density anomaly (d–f) profiles for the top 100 m of the water column taken over the period each 
glider is inshore of the 200 m isobath between 31.5°S and 34°S. The time-mean from each mission is grouped according to the mesoscale circulation mode at the time. 
Colors indicate the 29 different glider missions, with dashed lines showing missions taking place in cool months (May–Oct), and solid lines missions taking place in 
warm months (November–April).
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When the effect of non-photochemical quenching (Falkowski & Kiefer, 1985) on the composite means of chlaglider 
is compensated for by only using night-time profiles (following Schaeffer, Roughan, Jones, and White (2016), 
dashed lines in Figure 9b) the difference in vertical chlorophyll distribution between the three separation modes 
is highlighted. In general the quenching effect is not large on this scale. However, it reveals that during the EAC 
mode, chlorophyll is usually distributed evenly from the surface to the thermocline, while in the dipole mode, 
and to a lesser extent in the eddy mode, there are strong subsurface chlorophyll maxima which would not be 
detectable from the surface. An independent sample t-test reveals with 90% confidence (p = 0.1) that at depths 
between 15 and 80 m, mean night-time chlaglider concentrations are greater during the dipole mode of separation 
when compared to the EAC mode of separation. The possibility of sensor-to-sensor variability could affect this 
result, but is thought to be small and not affect observed vertical structure (see Supporting Information for further 
discussion of glider calibration uncertainty). Differences in wind-driven coastal upwelling (e.g., if there were 
more upwelling favorable winds under the dipole mode) do not appear to account for the difference in chloro-
phyll concentrations between the EAC and dipole separation modes. In fact, the winds associated with the dipole 
mode are weakly downwelling in the mean and winds across all three separation modes do not appear to show a 
sustained upwelling or downwelling pattern (see Figure S2 in Supporting Information S1).

The subsurface chlorophyll maxima associated with the eddy and dipole modes of separation explain why the 
seasonality at depths greater than 10 m is opposite in phase to that seen from the surface in the satellite data 
(Figure 2d). At the surface, both the satellite and gliders show chlorophyll to be higher in the cooler (May-October) 
months. However, at depth the reverse is true due to the effect of the subsurface chlorophyll maxima common 
in the warmer months under the eddy and dipole modes of separation. An independent sample t-test reveals 
with 90% confidence (p = 0.1) that at depths between 15 and 80 m, mean night-time chlaglider concentrations are 
greater during the warm months (November–April), compared to the cool months (May–October). Thus, the 
difference between warm and cool months stratification and subsurface chlorophyll on the shelf is in opposition 
to the seasonal cycle reported at the surface by (Everett et al., 2014) and is driven by the influence of the eddy 
and particularly the dipole mode of separation.

5. Discussion
Using three case studies, as well as composite data from 29 glider missions, we show that the subsurface distri-
bution of chlorophyll on the continental shelf is strongly influenced by the mesoscale EAC and eddy circulation; 
particularly the mode in which the EAC jet separates from the coast and the eddy configuration. During the EAC 
mode of separation, the water column on the shelf is well-mixed, and the chlorophyll maximum tends to be mixed 
through the top 20–30 m. During the eddy mode of separation, composite mean subsurface chlaglider values are 
25% higher (Figure 9b), with a shallow subsurface chlorophyll maximum, and a more stratified water column. 
The dipole mode of separation has composite mean chlaglider values twice that of the EAC mode (Figure 9b), with 
a defined subsurface chlorophyll maximum visible in the composite mean at depths of 20–40 m. The differences 
between modes are more marked in the warm months, when the stratification is stronger and the mesoscale circu-
lation is more vigorous (Figure 2e). As the three separation modes of the EAC are mesoscale and derived from 
satellite altimetry data that explicitly do not resolve the shelf circulation, it appears that the offshore mesoscale 
circulation exerts a strong “top down” control on the distribution of chlorophyll on the shelf.

Here we discuss what drives the chlorophyll distribution between the three different modes of separation. It 
was previously established that upwelling due to the separation of the coherent EAC jet from the coast could be 
responsible for the maintenance of a persistent pool of nutrients at depth on the Hawkesbury Shelf (Roughan 
& Middleton, 2002; Schaeffer & Roughan, 2015). When we consider our three case studies, there is a potential 
for greater separation-driven upwelling during the eddy and dipole separation modes due to the more abrupt 
separation of the coherent EAC jet from the shelf (see Figures 4d and 4f). However, during the EAC mode, a 
current-driven uplift caused by the bottom stress of the strong EAC on the shallow edge of the continental slope, 
can explain the influx of nutrient rich upwelled waters (Roughan & Middleton, 2002; Schaeffer et al., 2014), 
although this process is inherently weaker as it is focused through the bottom boundary layer (Roughan & 
Middleton, 2002). Considering the relatively wide Hawkesbury Shelf, this process is also likely to be less effi-
cient than along a narrow shelf, for example, further north at 30°S as per Schaeffer et al. (2013).

But upwelling alone does not account for the difference in subsurface chlorophyll values between the eddy and 
dipole modes. Previous studies on eddy dipoles in the EAC separation have shown that high levels of surface 
chlorophyll (>1  mg  m −3) are associated with the offshore interaction between the cyclonic and anticyclonic 
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Figure 9. Composite mean profiles of (a) potential density anomaly and (b) chlaglider for the EAC, Eddy and Dipole separation modes. (c) and (d) show the same 
analysis, but with profiles instead averaged by season. In (b) and (d), dashed lines show night time values only. Note that November–April represents the warm months 
and May–October the cooler months.
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parts of the eddy dipole (Archer et al., 2020). This productive offshore water can then be advected shoreward 
and subducted under the surface water on the shelf (Malan et al., 2020). We hypothesize that this interaction 
between the offshore and shelf water due to the eddy dipole acts to connect the high chlorophyll, high nutrient 
water offshore with that on the continental shelf, creating a subsurface chlorophyll maximum which extends the 
full width of the shelf. An example of this offshore extent of chlorophyll is visible from the glider observations in 
Figure 5h. This is in agreement with Roughan and Middleton (2002) who used a nutrient climatology to show that 
upwelling through the Hawkesbury Shelf region was widespread through the watercolumn. However they did not 
consider the role of eddies in driving or maintaining the nutrient pool. The positioning of a subsurface chlorophyll 
maximum directly above the pycnocline (Figure 5i) on a stratified mid-latitude shelf has also been observed in 
other regions. Becherer et al. (2022), investigated the dynamics maintaining the subsurface chlorophyll maximum 
in the North Sea. For shelf stratification analogous to what we observe in the dipole mode, they found that stirring 
driven by tidal currents caused turbulence in the pycnocline, which entrained nutrients up into the subsurface 
chlorophyll maximum. While the effect of tidal currents on the Hawkesbury Shelf is small, the advection driven 
by the eddy dipole jet would provide a similar stirring effect, causing vertical current shear in the stratified shelf 
water which mixes nutrients upwards across the pycnocline to fuel the subsurface chlorophyll maximum.

The glider data set reveals a temporal shift in the timing of the surface and subsurface chlorophyll maxima. Surface 
chlorophyll values (from both satellite and glider observations) are highest in the cooler months (May to Octo-
ber), particularly September and October. Subsurface chlorophyll, on the other hand, is highest in the warmer 
months (November to April) and lowest in the cooler months (May to October, Figure 9d). However, the gliders 
(Figures 8a–8c) reveal that this subsurface seasonality can mostly be attributed to eddy and dipole separation mode 
conditions. This is likely due to the fact that the poleward flow in the EAC is stronger in summer at this latitude 
(Figure 2e), creating greater potential for separation-driven upwelling during the eddy and dipole separation modes. 
The high levels of subsurface chlorophyll associated with the dipole separation mode are not observable from satellite 
remote sensing, which is restricted to the first optical depth (Cornec et al., 2021; Morel et al., 1991), explaining the 
phase lag between surface chlorophyll, which is highest during the spring bloom (September-October, Figure 2d), 
and subsurface chlorophyll, which is highest in the warm months, at least 2 months later (Figure 9d). Thus, we 
find that the time-mean subsurface chlorophyll maximum reported by Schaeffer, Roughan, Austin, et al. (2016) is 
controlled primarily by the separation mode of the EAC and the associated cyclonic eddy configuration.

In terms of impact on air-sea exchange of carbon dioxide in this region, the dipole separation mode is particularly 
interesting. Mid-latitude continental shelves are generally sinks of atmospheric CO2 (Bauer et  al.,  2013; Cai 
et al., 2006), and a limited modeling case study has shown this to hold true for the EAC (Macdonald et al., 2009). 
The strength of this sink is determined by two mechanisms, the biological and physical carbon pumps (Laruelle 
et al., 2018). Considering it simplistically, higher subsurface chlorophyll values point toward a stronger biologi-
cal carbon pump during dipole separation modes. The key control on the physical carbon pump is whether CO2 
can be exchanged from the shelf to the deep ocean faster than it is exchanged from the atmosphere into the shelf 
waters (Laruelle et al., 2018). When the EAC is in dipole separation mode, cross-shelf exchange is increased, 
with export of water from the shelf due to more abrupt EAC separation, and import due to the dipole circulation. 
This is clear from our estimated cross-shelf transport in Figure 7c, and in agreement with accurate model-based 
cross-shelf transport calculations during eddy dipole events (Malan et al., 2022), which show large cross-shelf 
transport values (order 10 Sv). Thus, the dipole mode of EAC separation creates conditions under which we 
would expect the Hawkesbury Shelf to be a stronger carbon sink when compared to the other two separation 
modes. This shows the importance of resolving the full variability of the EAC separation when estimating carbon 
fluxes. For example, Macdonald et al. (2009) use two 21-day model simulations to investigate carbon fluxes and 
thus only capture a single mode of EAC separation (the EAC mode), possibly leading to underestimation as we 
have shown that this mode may have the least cross-shelf transport and weakest chlorophyll maxima.

6. Conclusions
The shelf waters inshore of western boundary currents are dynamically complex, sensitive to the impacts of 
climate change (Li et al., 2022a; Malan et al., 2021; Yang et al., 2020) and lie adjacent to coastlines which gener-
ally have large human populations. Furthermore, the subduction processes associated with the small-scale eddies 
and jets typical of western boundary current interactions with shelf waters have been associated with carbon 
export (Omand et  al.,  2015) in these hotspots of ocean carbon uptake (Nickford et  al.,  2022). Here, we used 

 21699291, 2023, 4, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JC

019361 by N
H

M
R

C
 N

ational C
ochrane A

ustralia, W
iley O

nline L
ibrary on [05/04/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Oceans

MALAN ET AL.

10.1029/2022JC019361

16 of 18

detailed observations from HF radar, 29 underwater glider missions, and satellite remote sensing to show that the 
mode of separation of the East Australian Current affects both the depth and strength of the chlorophyll maxima 
on the shelf and the stratification of the shelf water column. Underwater gliders reveal subsurface chlorophyll 
maxima associated with the eddy and dipole modes of EAC separation which have not been accounted for in 
previous studies using satellite data. The influence of the mode of EAC separation on the shelf persists in both 
time and space, and the influence of different modes of EAC separation appears to drive a seasonal cycle at depth, 
peaking in the warm months, which differs from that at the surface. Strong subsurface chlorophyll maxima on the 
shelf are especially common when eddy dipoles are present in the EAC separation, and link the productive coastal 
waters with offshore chlorophyll hotspots driven by the interaction of the counter-rotating mesoscale eddy dipoles.

We summarize our new paradigm in Figure 10 that gives a schematic view of how the three mesoscale modes of EAC 
separation drive chlorophyll distribution on the adjacent shelf. The schematic is based on the warm months, when 
differences between modes are clearest. When the EAC separation is most coherent (“EAC mode,” Figure 10a) 
chlorophyll is mainly confined to the surface close to the coast. As the level of eddy variability increases, with 
the influence of a cyclonic eddy and earlier EAC separation, chlorophyll is deeper in the water column and tends 
to extend slightly further offshore due to greater separation-driven upwelling (“Eddy mode,” Figure 10b). In the 
presence of an eddy dipole (“Dipole mode” Figure 10c) subsurface chlorophyll maxima are more common, and 
the productive coastal water links with offshore productivity associated with the cyclonic side of the dipole. These 
results are supported by the view of Roughan et al. (2022) who identified the importance of the cyclonic eddy in 
controlling the mesoscale interaction of the WBC with the shelf circulation and thus cross-shelf transport. The 
cross-shelf jet driven by the eddy dipole (Figure 10c) acts as the mechanism by which the offshore and coastal chlo-
rophyll is linked, resulting in a large area of high subsurface chlorophyll values as well as cross-shelf exchange. Our 
results show the importance of offshore mesoscale context in shaping shelf chlorophyll distributions and highlight 
that the use of satellite data, or a simple time-mean approach, may result in an underestimation of the productivity 
of this shelf region and its importance to both regional ecosystems and the biological carbon pump.

Data Availability Statement
All datasets analysed for this study can be found on the Australian Ocean Data Network https://portal.aodn.
org.au. Altimetry (IMOS,  2022a), http://thredds.aodn.org.au/thredds/catalog/IMOS/OceanCurrent/GSLA/
DM01/catalog.html. SST (IMOS,  2022d), http://thredds.aodn.org.au/thredds/catalog/IMOS/SRS/SST/ghrsst/
L3S-1d/ngt/catalog.html. Ocean colour (IMOS, 2022e), http://thredds.aodn.org.au/thredds/catalog/IMOS/SRS/
OC/gridded/aqua/catalog.html. HF radar (IMOS,  2022b), http://thredds.aodn.org.au/thredds/catalog/IMOS/
ACORN/gridded_1h-avg-current-map_QC/NEWC/catalog.html. Glider (IMOS, 2022c), http://thredds.aodn.org.
au/thredds/catalog/IMOS/ANFOG/slocum_glider/catalog.html. The Supporting Information also uses wind data 
from ERA5 (Hersbach et al., 2018), https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5.

Figure 10. A schematic view of the three modes of chlorophyll distribution in the Hawkesbury Shelf during the warm months (November to April). Red arrows 
denote the coherent EAC jet, blue circles are cyclonic mesoscale eddies, orange circles are anticyclonic mesoscale eddies. The orange arrow shows the cross-shelf jet 
associated with the eddy dipole.
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