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Abstract The Great Australian Bight (GAB), a coastal sea bordered by the Pacific, Southern, and Indian
Oceans, sustains one of the largest fisheries in Australia but the geographical origin of nutrients that main-
tain its productivity is not fully known. We use 12 years of modeled data from a coupled hydrodynamic and
biogeochemical model and an Eulerian-Lagrangian approach to quantify nitrate supply to the GAB and the
region between the GAB and the Subantarctic Australian Front (GAB-SAFn), identify phytoplankton growth
within the GAB, and ascertain the source of nitrate that fuels it. We find that nitrate concentrations have a
decorrelation timescale of �60 days; since most of the water from surrounding oceans takes longer than 60
days to reach the GAB, 23% and 75% of nitrate used by phytoplankton to grow are sourced within the GAB
and from the GAB-SAFn, respectively. Thus, most of the nitrate is recycled locally. Although nitrate concen-
trations and fluxes into the GAB are greater below 100 m than above, 79% of the nitrate fueling phytoplank-
ton growth is sourced from above 100 m. Our findings suggest that topographical uplift and stratification
erosion are key mechanisms delivering nutrients from below the nutricline into the euphotic zone and trig-
gering large phytoplankton growth. We find annual and semiannual periodicities in phytoplankton growth,
peaking in the austral spring and autumn when the mixed layer deepens leading to a subsurface maximum
of phytoplankton growth. This study highlights the importance of examining phytoplankton growth at
depth and the utility of Lagrangian approaches.

1. Introduction

The Great Australian Bight (GAB) is a coastal sea along southern Australia with unique biodiversity providing
important habitat for endemic and endangered species such as the Australian sea lion and the southern right
whale (Gill et al., 2011; Petrusevics et al., 2009). Importantly, the GAB sustains the largest finfish fishery in the
region (McClatchie et al., 2006) acting as spawning grounds for anchovies (Engraulis australis, Dimmlich et al.,
2004) and sardines (Sardinops sagax), and feeding grounds for larger pelagic fish (Ward et al., 2006). Phytoplank-
ton growth is the foundation for energy transfer into higher trophic levels (Falkowski & Kolber, 1995); however,
the sources of nutrients consumed by phytoplankton during growth remain unknown, and the spatiotemporal
patterns of phytoplankton growth sustaining the ecosystem in the GAB have received little attention.

Wind-driven upwelling events have been identified on the eastern side of the GAB and linked to the supply
of deep water with nutrient concentrations considerably larger than those in the background (Lewis, 1981).
Moreover, K€ampf et al. (2004) showed surface chlorophyll-a concentrations peak following these upwelling
events. While locally important, such events are limited in time and space; specifically, they are constrained
to summer periods and occur in the Eyre Peninsula, Kangaroo Island, and Bonney Coast covering approxi-
mately a third of the GAB shelf. Therefore, wind-driven upwelling events have little impact on the seasonal
cycle of chlorophyll in the region as a whole (Condie & Dunn, 2006), contributing to productivity locally.
Recently, K€ampf and Kavi (2017) examined monthly images of satellite-derived chlorophyll-a concentrations
and found evidence of moderate widespread autumn phytoplankton blooms, which extend across the
whole width of the GAB and have the potential to sustain the top predator biomass in the GAB.
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Although phytoplankton blooms within the GAB have been examined before (e.g., K€ampf et al., 2004,
van Ruth, 2009), most of the studies are either local in scope, use in situ measurements over short time periods,
or are based on satellite-derived chlorophyll-a concentrations. Satellite ocean color images and measurements
of sea surface temperature and fluorescence are useful tools to examine phytoplankton blooms and estimate
primary productivity (e.g., Behrenfeld & Falkowski, 1997, Xing et al., 2007). However, satellites are unable to
observe properties at depth (Lavigne et al., 2012) and subsurface chlorophyll-a maxima are common in the Aus-
tralasian region where they can represent a large fraction of the total phytoplankton biomass in the water col-
umn (Condie & Dunn, 2006). Within the GAB, van Ruth (2009) found the highest chlorophyll-a concentrations at
�35 m in the eastern GAB, and estimated more than 50% of total productivity occurred below the surface
mixed layer. Here we use outputs of a coupled hydrodynamic-biogeochemical model that allows examining
phytoplankton growth within the GAB for the entire euphotic zone over a 12 year time period (1992–2005).

Phytoplankton growth is regulated by multiple factors including light, temperature, and nutrient availability
(Boyd et al., 2010). Nitrate and iron are the most common nutrients limiting phytoplankton growth globally
(Moore et al., 2013). Iron supply from sediments is greatest over the continental shelves (Wadley et al.,
2014); thus, iron concentrations are typically higher closer to the coast (Graham et al., 2015), and iron is not
expected to limit phytoplankton growth in the GAB (http://www.ga.gov.au/corporate_data/70156/70156.
pdf). In contrast, the observational synthesis by Condie and Dunn (2006) showed that north of the Subtropi-
cal Australian Front (SAFn), where the GAB lies, nitrate is likely to be a limiting nutrient. The high nitrate con-
centrations occur deep in the open ocean such as Southern Ocean waters and this study examines the
sources of nitrate to the GAB euphotic layer.

The GAB receives water from adjacent oceans (i.e., Pacific, Indian, and Southern). Hydrographic samples
have revealed that the Flinders Current, flowing westward across the GAB, carries Subantarctic Mode Water
from the Southern Ocean (Richardson et al., 2009), and that the Leeuwin Current, flowing eastward across
the GAB, brings Subtropical Surface Water from the Indian Ocean (Richardson et al., 2009; Yit Sen Bull & van
Sebille, 2016). These water masses have different nitrate concentrations and it is unclear which water
masses provides the nitrate that is used for phytoplankton growth in the GAB, the mechanism that makes it
available for phytoplankton uptake, and how the supply changes over time.

Here we use an Eulerian-Lagrangian approach to identify phytoplankton growth within the GAB and relate
it to nitrate sources and supply. We characterize phytoplankton growth events in space and time over a 12
year period, and use this analysis to provide insight into mechanisms facilitating the nitrate supply to fuel
phytoplankton growth.

2. Method

2.1. Model
Outputs of a coupled hydrodynamic-biogeochemical ocean model are used to track water parcels going
into the GAB and examine changes of nitrate and phytoplankton concentrations along their trajectories.
The Whole Ocean Model of Biogeochemistry And Trophic-dynamics (WOMBAT; Kidston et al., 2011; Matear
et al., 2013) is a Nutrient, Phytoplankton, Zooplankton, and Detritus (NPZD) model that has been incorpo-
rated into the hydrodynamic, eddy-resolving, Ocean Forecast Australian Model (OFAM; Oke et al., 2013).
OFAM has a spatial resolution of 1/108 that yields an adequate modeling of currents around Australia (Sun
et al., 2012). Matear et al. (2013) showed that modeled spatial patterns and seasonal evolution of phyto-
plankton in the Tasman Sea and Southern Ocean agree with satellite observations. OFAM-WOMBAT outputs
have been used to study sources of iron in the western Pacific (Qin et al., 2016); furthermore, recent studies
have implemented the WOMBAT model to look at phytoplankton dynamics in East Australia (Laiolo et al.,
2016), and the phytoplankton response to future climate change (Matear et al., 2015; Zhang et al., 2016).

Comparisons of horizontal and vertical distributions of modeled nitrate concentrations with observations
compiled into the CSIRO Atlas of Regional Seas (CARS, released in 2009; Ridgway & Dunn, 2003) show that
the observed spatial distribution of low nitrate concentrations close to the coast and high nitrate concentra-
tions in the Southern Ocean is replicated in the model (Figures 1a and 1b). However, the model depicts
more spatial variability than the CARS observations. This may in part reflect the limited observational cover-
age and the coarse resolution of CARS (18), which makes CARS overly smooth. The model captures well the
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order of magnitude, variability, and change over depth of annual mean nitrate concentrations at specific
locations in the Pacific, Southern, Indian oceans, and the region between the GAB and the SAFn (Figure 1c).

Similarly, we compare daily surface chlorophyll-a concentrations from OFAM-WOMBAT with those from sat-
ellite observations from 1997 to 2005. The satellite observations (GlobColour data, http://globcolour.info)
used in this study are developed, validated, and distributed by ACRI-ST, France. Modeled phytoplankton
concentrations are transformed to chlorophyll-a concentrations considering a 50:1 mg C:chl-a ratio, and a
16:106 mol N:C Redfield ratio; yielding 1 mmol of N equivalent to 1.59 mg of chlorophyll-a (Matear et al.,
2013). Spatial maps of mean chlorophyll-a show the model captures the distribution of regions of high and
low chlorophyll-a concentrations (supporting information Figure S1); spatial maps of the root mean squared
difference (RMSD) between the observed and modeled fields are used to assess the model’s performance
capturing temporal variability of chlorophyll fields; the maps show that deviations of the model from obser-
vations are often 3–4 times smaller than typical standard deviation values of observed chlorophyll-a con-
centrations within the GAB. Generally, there is better agreement where more observations are available for
comparison (Figure 2). Overall, OFAM-WOMBAT provides a reasonable representation of phytoplankton and
motivates us to use it to examine phytoplankton growth within the GAB and link to relate the phytoplank-
ton growth to nitrate sources using an Eulerian-Lagrangian approach.

2.2. Eulerian-Lagrangian Approach
Using combined Eulerian-Lagrangian approaches to investigate ocean biogeochemistry has a number of
advantages (Chenillat et al., 2015). For instance, an increase in phytoplankton concentrations along a water
parcel trajectory (Lagrangian) corresponds to phytoplankton growth, whereas an increase in phytoplankton
concentration at a fixed location can also be due to advection of biomass into the fixed observational frame
(J€onsson et al., 2011; J€onsson & Salisbury, 2016). Thus, using a Lagrangian approach is attractive to diagnosing
phytoplankton growth. In addition, the interplay between physical and chemical forcings and the phytoplank-
ton response can be monitored (D’Ortenzio et al., 2014); in this study, we focus on water parcel trajectories
preceding phytoplankton growth to reveal nitrate sources and mechanisms facilitating nitrate delivery into
regions where phytoplankton consumes it. Finally, the use of model outputs and water parcel trajectories in
three dimensions gives spatial and depth information on the nitrate sources for phytoplankton growth.

Here we use backward and forward water parcel trajectories to, respectively, reveal: (1) where the nitrate
consumed by phytoplankton growth comes from and (2) where and when the phytoplankton inside the

Figure 1. (a) Depth-averaged (surface 1,000 m) annual mean of NO3 concentration from OFAM-WOMBAT (1996) and (b) CARS. (c) Vertical profiles of the annual
mean and standard deviation of nitrate concentrations at locations within each source (i.e., Pacific, Southern, Indian Oceans, and GAB-SAFn, shown by symbols in
plot a). Solid lines are model outputs and dashed lines are CARS observations. In plot (a), the grey line shows the GAB limit (2,000 m isobath), and the black lines
show the boundaries between different regions (i.e., Pacific, Southern, Indian Oceans, and GAB-SAFn) and the horizontal boundaries of boxes (1 GAB and 2
GAB-SAFn) through which nitrate fluxes are calculated.

Journal of Geophysical Research: Oceans 10.1002/2017JC013542

CETINA-HEREDIA ET AL. 761

 21699291, 2018, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1002/2017JC

013542 by U
trecht U

niversity L
ibrary, W

iley O
nline L

ibrary on [18/10/2023]. 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

http://globcolour.info


GAB grow. Water parcel trajectories are simulated offline with the Connectivity Modeling System (CMS; Paris
et al., 2013), a Lagrangian tracking algorithm, using three-dimensional daily velocities simulated by OFAM-
WOMBAT. Neutrally buoyant ‘‘particles’’ are seeded daily from June 1993 to June 2005, throughout the
water column, along the 2,000 m isobath delimiting the GAB (Figure 1), in grid cells spaced every 1/108 hori-
zontally, every 10 m vertically in the top 200 m and between 11 and 173 m as it gets deeper to 2,000 m. Par-
ticles are only released at times and locations when the instantaneous flow advects water parcels into the
GAB; thus, the positions and spacing between seeded particles varies daily. This results in a total of approxi-
mately 2.5 3 106 particle trajectories, with an average of �600 particles released per day. The position (lon-
gitude, latitude, and depth) of the water parcels is recorded daily and OFAM-WOMBAT nitrate and
phytoplankton concentrations are interpolated onto the water parcel trajectories for further analysis.

Particles are advected backward in time with OFAM three-dimensional daily velocity fields without addi-
tional horizontal or vertical diffusion. Both the horizontal and vertical diffusions are parameterized in the
hydrodynamic model; good agreement between observed and modeled nitrate horizontal distributions
and vertical profiles (Figure 1) implies that horizontal and vertical diffusion processes are resolved well by

Figure 2. (a) Map of the root mean squared difference (RMSD) between satellite and modeled daily surface chlorophyll-a
concentration. Data have been analyzed in bins of 4 3 4 km (satellite spatial resolution) and processed for the period of
January 1997 to December 2005. (b) Percentage of observations for each bin relative to the number of days over the
period of January 1997 to December 2005. (c) Map of the standard deviation of satellite chlorophyll-a concentration over
the period of January 1997 to December 2005.
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the hydrodynamic model, respectively, and particle advection suffices to capture tracers distribution. More-
over, larger changes in nutrient concentration are more likely a consequence of biological activity than ver-
tical diffusion. For instance, Qin et al. (2015) show that in the Pacific Ocean, changes in iron concentration
due to vertical diffusion are an order of magnitude smaller than those caused by scavenging. Thus, neglect-
ing further effects of vertical diffusion on nitrate concentrations distributions is reasonable. Similarly, in the
oligotrophic water of the region, if a parcel of water gets into the mixed layer depth (MLD) its nutrients will
be almost completely used by biological processes and reduced to nearly zero. Thus, its vertical diffusion
within the MLD (where diffusion is expected to be largest in magnitude) would not have the time to affect
nutrient distributions before they are used.

2.3. Nitrate Local Sources
The distribution of nitrate in the ocean is determined by physical (i.e., advection and diffusion), and biologi-
cal processes (Williams & Follows, 2003). Assuming diffusion is small, changes of nitrate concentration along
water parcel trajectories are the result of biological activity (i.e., phytoplankton uptake and organic matter
remineralization). Thus, nitrate concentration is not expected to decrease considerably unless it is utilized
for phytoplankton growth.

In Lagrangian simulations, one question is always for how much time to track the particles. In principle, the
particles could be tracked back for years. However, it is unlikely that nitrate concentrations years before a
particle reached the GAB are relevant for what happens there. In order to set a time limit on what can be
called the origin of nitrate, we need an estimate of how fast nitrate varies along the particle trajectories. We
particularly focus on departures from the nitrate concentration at the moment nitrate is taken up by phyto-
plankton. Here we use the decorrelation time scale of nitrate anomalies to provide an estimate of this time
scale, which we will henceforth call the nitrate memory time. The idea is that the moment that the nitrate
concentration anomaly is not autocorrelated anymore is a proxy of the origin of nitrate of a water parcel.
Once we quantify this nitrate memory time, we identify the location of the water parcel at that time; we
separate the source regions (Figure 1) into the Pacific, Southern, Indian Ocean, the GAB, or the region
between the GAB and Subantarctic Australian Front (GAB-SAFn). We define the GAB as the region between
the coast and the 2,000 m isobath. We use Sall�ee et al. (2008) sea surface height and temperature gradients
criteria to define the Subantarctic Australian Front. A record of the date, location, and intensity of each phy-
toplankton growth instance is kept to examine how they relate to the various nitrate source regions.

The nitrate memory time is calculated individually for each water parcel trajectory associated with a phyto-
plankton growth instance. The nitrate concentrations along the backward trajectory of each water parcel
are used to construct time series prior to phytoplankton growth. The autocorrelation of the time series indi-
cates the statistical dependence of the variable over time; and the decorrelation time scale (time-lag of the
first zero crossing) indicates significant changes in the variable (Talley et al., 2011). We therefore compute
autocorrelations of time series of nitrate concentration anomalies and use the decorrelation time scale to
determine the nitrate memory time (Figure 3). The time series of nitrate concentration anomalies are con-
structed by subtracting the mean nitrate concentration from all the time series values. The decorrelation
time or nitrate memory time allows us to set a limit on the time we follow a water parcel where phytoplank-
ton grows, backward in time, before determining the source of the nitrate taken up by phytoplankton.

2.4. Nitrate Supply
Even if there is local recycling of nitrate along the path of water parcels, nitrate can be originally supplied or
advected from afar. Thus, besides identifying local nitrate sources, we calculate the exchange of nitrate
across the boundaries of two boxes, one that encompasses the GAB, from the coastline up to the 2,000 m
isobath, and a second covering a region between the GAB and the Sub Antarctic Front (i.e., GAB-SAFn, Fig-
ure 1). The daily across boundary and depth integrated nitrate flux through each box over 12 years (1992–
2005) is calculated as:

NF5

ðz50

z5H xð Þ

ð
v x; zð ÞN x; zð Þ½ �dx dz

where dx is the horizontal dimension along the boundary of the box, dz is the vertical dimension between
the surface and the bottom depth H, v is the velocity perpendicular to the box, and N is the nitrate concen-
tration on the face of the box.
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2.5. Phytoplankton Growth
Phytoplankton concentrations are transformed to chlorophyll-a concentrations considering that 1 mmol of
N is equivalent to 1.59 mg of chlorophyll-a (Matear et al., 2013). Instances of an increase in chlorophyll-a
concentration and a decline in nitrate concentration along water parcel trajectories are identified as instan-
ces of phytoplankton growth.

The geographical location, date, nitrate, and chlorophyll-a concentrations as well as the daily change in
chlorophyll-a concentration for each instance of phytoplankton growth are recorded and used to examine
their spatial (vertical and horizontal) distribution, intensity, and variation in time.

Specifically, we construct horizontal spatial distribution maps of instances of phytoplankton growth (includ-
ing all depths where phytoplankton growth can occur, i.e., 1–180 m), and their magnitude. Average primary
productivity is controlled by regional and seasonal trends rather than by high frequency variability (Bissett
et al., 1994); therefore, we focus our attention on climatologies of mean chlorophyll-a concentration and
daily change in chlorophyll-a concentration (i.e., phytoplankton growth) throughout the water column;
additionally, spectral analysis is applied to 12 years (1993–2005) of chlorophyll-a concentration and daily
change of chlorophyll-a concentration to ascertain dominant periodicities of phytoplankton growth.

3. Results

3.1. Nitrate Local Sources
Nitrate concentrations along water parcel backward trajectories (i.e., before nitrate is taken up by phyto-
plankton to grow, Figure 3) can increase due to local decomposition and consequent organic matter

Figure 3. (a) Autocorrelation of nitrate concentration anomalies along backward water parcel trajectories. The mean (black line) and standard deviation (grey
bounds) are calculated across all water parcels within which phytoplankton growth occurs. The green and blue lines are examples of the autocorrelations of two
different water parcels; the nitrate concentration and trajectories of these two water parcels are shown in plots: b, c, and d. (b) Time series of nitrate concentrations
starting when nitrate uptake occurs (t 5 0), followed by nitrate concentrations along the backward water parcel trajectory (i.e., during days before phytoplankton
growth); the black asterisk indicates the nitrate memory time. (c and d) Water parcel trajectories colored by nitrate concentration, the black asterisk indicates the
geographical location of the nitrate source (i.e., GAB-SAFn in Figure 3c and GAB in Figure 4d), dates encompassing the water parcel trajectories are shown.
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remineralization, or decrease due to consumption. From all the
growth instances, the averaged nitrate memory time is 59 6 17 days
(Figure 3a). Backward trajectories of water parcels show that 59 days
before nitrate uptake and phytoplankton growth, water parcels are
often inside the GAB or in the GAB-SAFn (Figures 3 and 4); in fact,
23% and 75% of phytoplankton growth instances are sustained by
nitrate sources from the GAB and SAFn, respectively. Thus, the vast
majority of the nitrate used by phytoplankton to grow in the GAB is
local and shows the importance of locally recycled nitrate to sustain-
ing phytoplankton growth.

Our results do show that in some parts of the GAB, the nitrate is occa-
sionally sourced from outside of the GAB and SAFn. Although infre-
quently, nitrate sourced from adjacent oceans is occasionally (2%)
used by phytoplankton in the GAB without first being recycled in the
region. In the eastern GAB, phytoplankton growth is very sporadically
fueled by nitrate sourced from the Pacific or Southern Oceans, while
in the western GAB, phytoplankton growth is fueled more regularly
from nitrate sourced from the Indian Ocean. As shown by the map of
the minimum time required for water parcels to reach the GAB
depending on their location, water parcels from the Pacific, Southern,
and Indian Oceans can reach the GAB in 59 days (Figure 4).

The Pacific and Southern Oceans act as an occasional nitrate source
(i.e., <0.1%) in winter-spring and these instances are high in nitrate
concentrations and associated with large phytoplankton growth

events. Conversely, contributions from the Indian Ocean occur year-round but are not commonly associated
with either high nitrate concentrations or high phytoplankton growth (Figure 5).

Furthermore, at the nitrate memory time, the water parcels are typically (79%) above 100 m of depth, and
occasionally (21%) below 100 m and above 430 m. Deep-water (100–430 m) parcels are associated with
higher nitrate concentrations than those above 100 m. The difference is largest during the Australian
autumn (centered in March–April, Figure 6); in June–July phytoplankton growth is higher below 100 m.

3.2. Nitrate Supply
To provide a perspective on how nitrate enters the GAB and SAFn regions, we compute the monthly clima-
tology of the nitrate transport into these two regions through their boundaries (Figure 7).

Nitrate input to the GAB occurs mostly through the southern but also through the western and eastern
boundaries; specifically, it flows through most of the water column in the southern boundary (0–400 and
1,000–2,000), in the top 300 m through the western boundary, and between 400 and 1,000 m in the eastern
boundary (Figure 7a1). Not surprisingly, nitrate flux into the GAB is greater from below 100 m than above
100 m (Figure 7a2) with most of the nitrate entering between 100 and 300 m and between 1,000 and
2,000 m.

The strong seasonality to the transport supports our Lagrangian analysis that recycled nitrate generally sus-
tains phytoplankton growth instances. Only in January and from June to December is there a net transport
of nitrate into the GAB (Figure 7a2), over these time periods phytoplankton growth instances are, therefore,
also linked to nitrate sourced outside the GAB or GAB-SAFn; specifically from the Southern or Pacific Oceans
(Figure 5). Conversely, from February to May, there is no net transport of nitrate into the GAB and phyto-
plankton growth must be fueled by nitrate that is being recycled within the GAB.

For the GAB-SAFn region, nitrate is supplied through the western boundary between 0 and 3,000 m, and
through the southern boundary in the top 20 m (Figure 7b). The GAB-SAFn region, nitrate flux displays
prominent seasonal variability with a maximum flux into the region in the August–September period
through the entire water column (Figure 7b).

Figure 4. Map of the minimum time it takes water parcels to reach the GAB
depending their location; the color labels correspond to the map contours
shown. Arrows represent the mean currents in the region: Leeuwin Current
(LC), South Australia Current (SAC), subsurface Flinders Current (FC), Antarctic
Circumpolar Current (ACC), and East Australian Current (EAC).
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3.3. Phytoplankton Growth
Over 12 years (1992–2005) we identified �3 3 106 instances of phytoplankton growth; they occur through-
out the GAB but congregate between the 70 and 2,000 m isobaths. Mean chlorophyll-a concentrations
across all instances of phytoplankton growth are similar throughout the GAB (�0.3–0.4 mg m23, Figure 8),
with the maximum values close to the coastline west of the GAB’s head, and south of Eyre Peninsula
(�1378E longitude). The spatial distribution of the largest phytoplankton growth (daily change in
chlorophyll-a concentration) shows more structure and appears related to the GAB’s topography (Figure
8b). The maximum increase of 0.35 mg m23 d21 occurs between 500 and 2,000 m isobaths where the
mean upward displacement of water parcels associated with phytoplankton growth is nearly (20 m d21, Fig-
ure 8c). As one moves closer to the coast the mean upward displacement is much smaller (0–5 m d21) and
maximum increase in daily chlorophyll is much smaller (Figures 8c and 8d).

The depth at which chlorophyll-a concentration and phytoplankton growth are largest varies with seasons.
Half of the year, during summer months (December–March) and early winter (June–July) chlorophyll-a
peaks close to the surface (<6.5 m); the rest of the year there is a subsurface (i.e., below 10.5 m) maximum,
being deepest (26 m) in autumn (May) and between 10.5 and 18.5 m deep in April, August–November (Fig-
ure 8). Maximum phytoplankton growth occurs near the surface (2.5 m) in late summer (February–March)
and at the end of winter (August–September); otherwise, maximum phytoplankton growth occurs below
the surface at intermediate depths (8.5–10.5 m) from October to January, and at depth during autumn-
winter; particularly, in April the maximum phytoplankton growth occurs at 66 m and continues deepening
to a depth of 148 m by July. The deepening of the maximum phytoplankton growth follows that of the
mixed layer depth within the GAB (Figure 9).

Figure 5. (a) Monthly climatologies of the % of instances of phytoplankton growth sorted by nitrate sources; the color-
scale logarithmic. Mean (colorbar) and standard error (bars) monthly climatologies of (b) daily changes in chlorophyll-a
concentration, and (c) nitrate concentration, across instances of phytoplankton growth from 1993 to 2005 sorted by local
nitrate source (i.e., Pacific, Southern, Indian ocean, SAFn-GAB, GAB).
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In the GAB, both chlorophyll-a concentration, and phytoplankton growth have a prominent annual periodic-
ity at most depths with a maximum in September (Figure 10). However, between 60 and 100 m, the annual
periodicity is not significant and instead, a semiannual periodicity, driven by peaks in phytoplankton growth
in early spring (September), and autumn to early winter occur (Figure 10).

4. Discussion

We have diagnosed the sources of nitrate for phytoplankton growth in the GAB using 12 years outputs of a
coupled hydrodynamic-biogeochemical model. Our study exemplifies advantages of an Eulerian-
Lagrangian approach to examine biogeochemical processes in the ocean. The Lagrangian component of
our study permits identifying increases in phytoplankton concentration caused by phytoplankton growth
rather than by biomass advection. Further, determining the water parcel back-trajectories preceding phyto-
plankton growth provides insight into mechanisms facilitating phytoplankton growth (e.g., topographical
uplift). Finally, we define the concept of memory time; this concept establishes a time limit to track water
parcels, backward in time, before determining the origin of nitrate. Because water parcel trajectories could
be tracked indefinitely, without the nitrate memory time definition, the concept of origin in Lagrangian
analysis would be ambiguous. The nitrate memory time (59 days for the GAB in our model) is then used to
identify the sources of nitrate fueling phytoplankton growth. We find that the overwhelming majority of
phytoplankton growth in our model (98%) is fueled by nitrate recycled within the GAB and the adjacent
GAB-SAFn region rather than directly supplied from oceans afar.

4.1. Nitrate Sources and Supply into the GAB
The geography and prevailing circulation in the region influence the local sources of nitrate. The Indian
Ocean acts as a local source of nitrate for phytoplankton growth more often (�1%) than other Oceans
(<0.1%) surrounding the GAB through the intrusion of the poleward flowing Leeuwin Current into south

Figure 6. (a) Monthly climatologies of the % of instances of phytoplankton growth sorted by local nitrate source depth.
Mean (colorbar) and standard error (bars) monthly climatologies of (b) daily changes in chlorophyll-a concentration, and
(c) nitrate concentration, across instances of phytoplankton growth from 1993 to 2005 sorted by local nitrate source
depth (i.e., <100 and >100 m).
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Australia, and the presence of the eastward flowing South-Australia surface current (Coleman et al., 2013;
Hanson et al., 2005; Herzfeld & Tomczak, 1997; Ridgway & Condie, 2004; Yit Sen Bull & van Sebille, 2016,
Figure 4). However, nitrate concentrations in the Indian Ocean and the Leeuwin Current are low (Dietze
et al., 2009); hence, this source of nitrate can only induce small phytoplankton growth instances (Figure 5).

Figure 8. GAB horizontal spatial distribution maps of (a) instances of phytoplankton growth from 1992 to 2005 in percentage relative to the total, (b) mean
chlorophyll-a concentration across phytoplankton growth instances, (c) mean change in depth of water parcels associated with upwelling and phytoplankton
growth instances, and (d) maximum change in chlorophyll-a concentration across phytoplankton growth instances. Instances of phytoplankton growth are binned
into 0.28 3 0.28 cells.

Figure 7. Climatologies of nitrate flux (lmol N s21, colorbar) in (1) and out (2) of the (a) GAB and (b) GAB-SAFn boxes integrated across all boundaries. Annual
nitrate fluxes through the GAB (a1) and GAB-SAFn boundaries (east, west, and south). Depth integrated monthly climatologies of nitrate flux for the GAB (a2) and
GAB-SAFn (b2).
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In contrast, the Southern Ocean has high nitrate concentrations, and the phytoplankton growth that it fuels
within the GAB is large in magnitude. However, this rarely occurs except for a few times between winter
and spring when seasonal wind speeds between Australia and Antarctica are stronger (e.g., Luis & Pandey,
2004), potentially intensifying the Ekman flow from the Southern Ocean into the GAB and the delivery of
nitrate from the Southern Ocean into the GAB. These results suggest that a positive Southern Annual Mode
(SAM), which implies a southward shift and intensification of the southern hemisphere westerlies (e.g.,
Thompson & Wallace, 2000), could facilitate the supply of more nutrient rich Subantarctic Mode Water
(SAMW) to the GAB and enhance primary productivity. Ayers and Strutton (2013) have observed this mech-
anism in the Pacific sector of the Southern Ocean.

Figure 9. Climatology of depths where maximum phytoplankton growth (squares) and maximum chlorophyll-a concen-
tration (circles) occur. Error bars show the mean and standard deviation of the mixed layer depth within the GAB from de
Boyer Mont�egut et al. (2004).

Figure 10. Within the GAB the mean and standard error climatologies of (a) daily change in chlorophyll-a concentration
and (b) chlorophyll-a concentration, across instances of phytoplankton growth from 1993 to 2005 sorted by depth (i.e.,
2.5 and 100 m). Within the GAB the power spectrum (colorbar) of (c) daily change in chlorophyll-a concentration and (d)
chlorophyll concentration at each depth. Only significant periodicities are shown. The global power spectrum is calculated
using code from Torrence and Compo (1998) and Liu et al. (2007) bias correction.
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Insight into the nitrate supply to the GAB by different oceans in our model is gained from our Eulerian-
Lagrangian approach. Together, particle trajectories and nitrate fluxes, support the conclusion that most of
the water entering the GAB comes from either the Southern or Indian Oceans rather than the Pacific. The
main pathways of Southern and Indian Ocean waters into the GAB are through the west and south bound-
aries of the GAB and GAB-SAFn (Figure 5); these are also the boundaries with the largest nitrate flux into
the GAB and GAB-SAFn (Figure 7). Differently, water from the Pacific Ocean enters the GAB through its east-
ern boundary below 400 m where nitrate fluxes are lower (Figure 7). Because nitrate concentrations are
higher in Southern than Indian Ocean waters (Condie & Dunn, 2006) our results imply that most of the
nitrate transported into the GAB is originally supplied by the Southern Ocean.

4.2. Nitrate Input Over Depth and Supply Mechanisms for Phytoplankton Growth
Most of the nitrate enters the GAB at depth but local nitrate sources that account for 79% of the phyto-
plankton growth are in the top 100 m (Figures 7a2 and 5). In addition, phytoplankton growth can only occur
in the presence of light; therefore, there must be mechanisms inside the GAB delivering nitrate from deep
waters into the euphotic zone. Our results show that topographical uplift as well as stratification erosion
facilitate the supply of nutrients into a depth shallow enough for phytoplankton growth to occur.

We find maximum phytoplankton growth along the shelf break coinciding with a region where upward
water displacement is largest (Figures 8c and 8d). These results suggest that in addition to localized wind-
induced upwelling (e.g., K€ampf et al., 2004), topographical upwelling may lead to considerable phytoplank-
ton growth within the GAB. Supporting this hypothesis, water-cooling events in the absence of upwelling
favorable winds have been reported in the eastern GAB (e.g., Griffin et al., 1997; K€ampf, 2010); similarly,
water upwelled below the mixed layer depth but within the euphotic zone induces deep chlorophyll max-
ima (van Ruth et al., 2010). Moreover, studies of the circulation in the region show the interaction with the
bottom of the westward flowing subsurface Flinders Current (centered along the shelf break) is upwelling
favorable (Middleton & Bye, 2007; Richardson et al., 2009; van Ruth, 2009); Similarly, Herzfeld and Tomczak
(1997) found that flow strengthening and consequent bottom stress intensification west of Eyre Peninsula
(�1378E longitude) induces bottom boundary layer upwelling, which can exceed upwelling driven by the
winds (Middleton & Platov, 2003). Importantly, a strengthening of the Flinders Current has occurred over
the last several decades (Feng et al., 2016) and such an intensification could increase primary productivity
in the GAB through enhanced current driven upwelling and nitrate supply into the euphotic zone.

Furthermore, below 100 m, phytoplankton growth is largest from June to September when enhanced winds
and surface heat loss reduce stratification and the mixed layer deepens (Condie & Dunn, 2006). Conversely,
episodes associated with shallow water (above 100 m) occur year-round and peak in spring (Figure 6) when
stratification starts to re-establish. Therefore, a second mechanism enabling nitrate entrainment above the
nutricline and leading to phytoplankton growth within the GAB is weak stratification.

4.3. Phytoplankton Growth Climatology
Focusing on patterns of phytoplankton growth that is consistent throughout the GAB, climatologies of
chlorophyll-a and its daily changes are calculated at different depths across all instances of phytoplankton
growth within the region. We found evidence of a canonical spring-autumn phytoplankton growth with
both chlorophyll-a concentrations and phytoplankton growth peaking in spring throughout the water col-
umn (Figure 10); such periodicities have persisted over 12 years (1993–2005). The occurrence of localized
coastal summer blooms has a limited impact on the seasonal signal, and it is only evident at the surface
where maximum phytoplankton growth occurs in spring followed by summer. Conversely, at depth, phyto-
plankton growth is greatest in spring and autumn. The spring-autumn pattern usually emerges as a result
of stratification breakdown in autumn, which makes nutrients accumulated below the summer pycnocline
available for uptake, and seasonal increase in solar radiation during spring (e.g., Cloern, 1996; Cushing,
1959; Longhurst, 1995). Indeed, the mixed layer deepens in autumn-winter reaching �60–100 m in the mid-
dle of the GAB (Condie & Dunn, 2006; de Boyer Mont�egut et al., 2004).

Recently, K€ampf and Kavi (2017) examined satellite-derived monthly chlorophyll-a concentrations and
found moderate phytoplankton blooms widespread in southern Australian shelves during autumn and early
winter. In agreement, our results support the occurrence of considerable phytoplankton growth within the
GAB during autumn; furthermore, they show that autumn phytoplankton growth peaks at depth and is
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associated with a semiannual periodicity. We show that both chlorophyll-a and phytoplankton growth have
a subsurface maximum for 6 and 8 months of the year, respectively (Figure 9). The deepening of maximum
phytoplankton growth follows the mixed layer depth (Figure 9) suggesting that mixing and loss of stratifica-
tion supplies deep nutrient rich water into the euphotic zone inducing large phytoplankton growth at
depth. The subsurface maximums of chlorophyll-a and phytoplankton growth within the GAB evidenced in
this study highlight the importance of complementing satellite-derived chlorophyll-a with model outputs or
observations at depth when examining ocean productivity.
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