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[1] Using a high‐resolution hydrodynamic model, this work explores the formation of a
subsurface pool of cold and nutrient‐rich water on the continental shelf southwest of
Kangaroo Island, South Australia. Findings reveal that localized upwelling in shelf break
canyons south of Kangaroo Island play an important role in the pool’s formation.
Supported by observational evidence, this study suggests a direct link between canyon
upwelling, pool formation, and the appearance of coastal upwelling centers in austral
summer. The shelf and slope circulation establishing during this season creates a
particularly deep canyon upwelling from an average depth of ∼310 m, which is much
deeper than previously suggested. Results indicate that model applications, not resolving
the shelf break canyons, underestimate upwelling‐related volume fluxes across the shelf
break by a factor of 3.5 and nitrate fluxes by a factor of 5.
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1. Introduction

[2] The eastern Great Australian Bight (GAB) accom-
modates a large seasonal upwelling system [Kämpf et al.,
2004]. This region is the prime feeding ground for juve-
nile Southern bluefin tuna (Thunnus maccoyii) [Ward et al.,
2006a] and accommodates one of the world’s most diverse
soft sediment ecosystems [Ward et al., 2006b]. Analyses of
hydrographical data archived in the Commonwealth Scien-
tific and Industrial Research Organization’s Atlas of Regional
Seas (CARS) showed that during early austral summer and
prior to the surface appearance of coastal upwelling, a pool
of anomalously cold shelf bottom water forms southwest of
Kangaroo Island [McClatchie et al., 2006] (Figure 1), named
the “Kangaroo Island Pool.” Being a subsurface feature, this
pool cannot be detected from satellite imagery.
[3] Middleton et al. [2007] systematically analyzed water

properties measured in vicinity of the Kangaroo Island Pool
for a dozen surveys undertaken during summer months over
the period 1981–2005. Their findings indicated pronounced
year‐to‐year variations in the upwelling intensity in coin-
cidence with El Niño‐Southern Oscillation (ENSO) events.
Further analysis by Middleton and Bye [2007] suggests that
the pool formation intensifies during El Niño events. In the
austral summer of 1998, for instance, pool temperatures
dropped to values below 12°C in a near‐bottom layer of
several tens of meters in thickness [see Middleton et al.,
2007]. In La Niña years, on the other hand, pool water was
substantially (by ∼2°C) warmer. Previous observational evi-

dence also suggests that the Kangaroo Island Pool remains
nutrient rich during the upwelling season [McClatchie et al.,
2006], which could be a sign of either light‐limited lack
of nutrient consumption or continuous nutrient supply from
other sources (e.g., upwelling in nearby shelf break canyons).
Mechanisms involved in the formation of this pool are not
well understood.
[4] Based on modeling studies, Herzfeld and Tomczak

[1999] proposed that intensified upwelling in the eastern
GAB was the result of bottom stress curl driving a bottom
Ekman transport convergence in this region. The modeling
study by Middleton and Platov [2003] confirmed this mech-
anism. Nevertheless, the predicted near‐bottom temperatures
of the Kangaroo Island Pool of ∼15.6°C were substantially
warmer (∼3–4°C) than observed temperatures. This indicates
that the hydrodynamic model employed by Middleton and
Platov [2003] substantially underestimated the depth of
upwelling. Previous modeling studies of Herzfeld and
Tomczak [1999] and Middleton and Platov [2003] did not
resolve the fine spatial scales of shelf break canyons, known
as the “Murray Canyon Group” [von der Borch, 1979], located
south of Kangaroo Island and ∼100 km southeast of the
Kangaroo Island Pool.
[5] Previous academic numerical studies [e.g., Klinck,

1996; Kämpf, 2006, 2007, 2009] explored the general
dynamics inherent with canyon flow interaction. In principal
agreement with observational evidence [e.g., Hickey, 1997;
Allen et al., 2001], these studies demonstrate that canyon
upwelling establishes for slope currents running opposite to
coastal Kelvin wave propagation. This criterion implies
shelf/slope currents being right bounded by the coast in the
southern hemisphere. Locally wind‐generated coastal upwell-
ing jets satisfy this direction criterion, but canyon upwelling
occurs only if these jets extend to shelf break depth. Instead,
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the existence of an undercurrent of opposite direction on the
upper continental slope, which is a typical feature in many
upwelling regions, may hinder the canyon upwelling process
[Allen and Hickey, 2010].
[6] The Flinders Current is a northern boundary current

that runs westward along the upper slope of the continental
margin of the South Australian Basin [Bye, 1972;Middleton
and Cirano, 2002]. This current exists year‐round and, the-
oretically, should always favor shelf break upwelling in
interaction with the Murray Canyon Group. In austral spring
and summer, coastal wind forcing creates a northwestward
coastal upwelling jet running in the same direction as the
Flinders Current. During this period, which is the focus of
this work, the Flinders Current combines with the surface
flow and virtually extends to the sea surface [Middleton and
Bye, 2007]. The Kangaroo Island Pool forms during this
period and coastal upwelling centers develop off the southern
tip of Eyre Peninsula and at the southwestern corner of
Kangaroo Island [Kämpf et al., 2004]. In late summer, the
nutrient‐poor South Australian Current, formed in the west-
ern GAB [Herzfeld and Tomczak, 1997], appears in the
eastern GAB as a shelf break current running opposite
to the Flinders Current. Shelf currents reverse in winter

and, thus, run opposite to the Flinders Current [Middleton
and Bye, 2007]. During this season, the surface flow
becomes decoupled from the Flinders Current and the
density‐driven outflow from Spencer Gulf exports saline
water onto the adjacent shelf being steered toward the
Murray Canyon Group [Lennon et al., 1987].
[7] The research hypothesis tested here is that shelf break

upwelling during austral spring is the principal agent creating
the Kangaroo Island Pool as a preconditioningmechanism for
coastal upwelling occurring in subsequent summer months.
To test this hypothesis, the author applies a high‐resolution
hydrodynamic model to the eastern GAB to explore whether
upwelling in shelf break canyons (as yet unexplored for
this region) has the potential to create the observed features
(location, spatial extent, and water mass properties) of the
Kangaroo Island Pool. Research questions include: How deep
is shelf break upwelling? What is the magnitude of the
associated flux of dense water across the shelf break? Are
there direct links between canyon upwelling, pool formation,
and the appearance of coastal upwelling centers? Which
requirements must be met in order for hydrodynamic
models to adequately predict the formation of shelf water
masses in the eastern GAB? Given the lack of suitable

Figure 1. Climatologic shelf bottomwater temperatures in the eastern Great Australian Bight (December–
January) derived from CARS. The 100 and 200 m bathymetric contours are highlighted. K. I., Kangaroo
Island. The dashed rectangle indicates the model domain used in this study. Modified from McClatchie
et al. [2006].
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hydrographic data for other years, this study focuses on
austral summer months of 1997–1998, corresponding to
El Niño conditions.

2. Methodology

2.1. Model Domain and Bathymetry

[8] The model domain has been rotated by 20° anti-
clockwise with respect to true north in order to align long
fractions of the shelf break with the model’s x coordinate
(Figure 2). The rotated model region covers 215 km by
200 km resolved by a lateral grid spacing of ∼1 km, which
is sufficiently high to resolve the widths of shelf break
canyons width by >10 grid points. The depth of the shelf
break is ∼150–200 m. Shelf break canyons are the “du
Couedic Canyon” and shelf break extensions of the “Murray
Canyon” and the “Sprigg Canyon” [von der Borch, 1979].
Depth variations across these canyons are 170, 100, and
150 m, respectively. The ambient shelf break is void of
noticeable seafloor undulations. Another remarkable fea-
ture of the bathymetry is a sharp turn and divergence of
bathymetry contours southwest of Kangaroo Island. This
feature is hereafter referred to as “Great Bend.”
[9] A diffusion equation has been applied to smooth grid

size topographic irregularities and the steepness of the con-
tinental slope has been reduced by a factor of 2 (Figure 3)
in order to satisfy the condition of “hydrostatic consistency”
[see Luyten et al., 1999]. The slightly modified bathymetry is
cast into a rectangular Cartesian coordinate system. Using
the f plane approximation, the Coriolis parameter is set to
−0.9 × 10−4 s−1 representing a geographical latitude of
∼36°S.
[10] To maximize model efficiency, regions deeper than

600 m are replaced by a uniform depth of 600 m. Test
studies using a cutoff depth of 800 m yielded similar results
(not shown). The sigma coordinate hydrodynamic model
(more details below) uses a total of 30 equidistant vertical
levels. This implies a vertical grid spacing of 20 m in the
deepest portions of the model domain and a sufficiently fine

vertical resolution of a grid spacing of 5 m at shelf break
depth. Water shallower than 50 m is treated as land. In
conjunction with full‐slip lateral boundary conditions, this
treatment implies that geostrophic shelf flows follow the
50 m depth contour, in agreement which previous model
predictions [see Middleton and Bye, 2007]. The artificial
closure of Spencer Gulf is justified for the austral spring‐
summer period during which there is little exchange between
shelf waters and South Australian gulfs [Petrusevics, 1993].

2.2. Model Description

[11] This study employs the COHERENSmodel [Luyten et
al., 1999], which is formulated in terrain‐following sigma
coordinates. The governing Navier‐Stokes equations are
based on conservation principles for momentum, volume,
heat, and salt. See Luyten et al. [1999] for a comprehensive
model description. The model is applied in its standard con-
figuration with a few modifications, being outlined in the
following. To minimize numerical diffusion, advection of
scalars (temperature, salinity, and Eulerian tracers) is dis-
cretized by means of the Total Variation Diminishing (TVD)
scheme with the Superbee limiter. Vertical diffusion of
momentum, temperature, and salinity is parameterized by
means of a classical turbulence closure scheme proposed by
Pacanowski and Philander [1981]. A small uniform back-
ground vertical viscosity/diffusivity of 10−4 m2 s−1 is pre-
scribed. A quadratic bottom friction law is employed with a
friction coefficient of 0.002. Note that bottom friction has
little impact on the canyon upwelling process [see Kämpf,
2009]. Horizontal eddy viscosity is formulated by the Sma-
gorinsky formula using a value of 0.4 for the free parameter
[Oey et al., 1985]. Seawater density is calculated from a lin-
earized equation of state given that nonlinear density effects
(caballing) are usually small in the ocean and pressure effects
on density (thermobaric effects) can be neglected in coastal
regions.

2.3. Initial Conditions and Forcing

[12] Initially, the model ocean is assumed to be at rest and,
accordingly, void of horizontal gradients in temperature and
salinity. The model’s initial temperature and salinity profiles
(see Figure 3) are based on a transect taken in the eastern

Figure 2. Bathymetry (m) of the study region. Shading
shows smoothed bathymetry. Curves are selected bathymetric
contours (m) of the original data. Crosses indicate the loca-
tions of vertical profiles used for comparison with field obser-
vations. Data courtesy of Geoscience Australia (available at
http://www.ga.gov.au/).

Figure 3. Comparison between original and smoothed
bathymetry (m) for a transect south of Kangaroo Island.
The insert shows the initial temperature‐salinity structure.
Dashed curves indicate the 200, 300, and 400 m levels.
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GAB in March–April 1998 [Richardson et al., 2009].
Unlike the data discussed by Middleton et al. [2007], this
transect is one of the few measurements in the region that
extended well past the shelf break. Below the surface mixed
layer with a thickness of 50 m, temperature decreases from
15°C at a rate of 1.3°C per 100 m, with 12°C water found at
∼280 m. Salinity decreases from 35.7 at 50 m water depth at
a rate of 0.22 per 100 m. Temperature and salinity in the
surface mixed layer were adjusted to values of 17°C and
35.8. Variation of hydrographic properties of the surface
mixed layer had no noticeable impact on the results (not
shown).
[13] Coastal winds during austral summer create shelf

currents running in the same direction as the Flinders Cur-
rent [Middleton and Bye, 2007]. The easiest option, taken
here, to create a circulation resembling the real situation is to
force the model exclusively by regional wind stresses and to
ignore any larger‐scale dynamical influences. Indeed, remotely
forced temporal variability of the Flinders Current or invasion
of nutrient‐low shelf water by the South Australian Current
cannot be simulated with this approach. Based on monthly
mean upwelling index data for the region [Kämpf et al., 2004],
the model is forced by a uniform southeasterly wind of a speed
of 6 m s−1 reflecting average January 1998 conditions. Sensi-
tivity experiments consider a reduced wind speed of 4 m s−1.
The model’s wind speed is gradually adjusted from zero to its
final value over the first 5 days of simulation to avoid the
generation of unwanted gravity and inertial waves. The choice
of uniform wind stress as opposed to spatially variable wind
forcing implies zero wind stress curl in the entire model
domain. This eliminates the upwelling mechanism proposed
by Herzfeld and Tomczak [1999] and Middleton and Platov
[2003] as a direct forcing mechanism.
[14] Temperature and salinity values are kept unchanged

along the southeastern boundary of the model domain and
serve as source properties for the resultant geostrophic
inflow. This use of “clamped” temperature and salinity
boundary properties is justified, given that relatively slow
bottom Ekman drift does not lead to significant onshore
heat and salt transports at smoother portions of the shelf
break being void of bathymetric undulations (which is the

case in the vicinity of the boundary). The sea level along
the open‐ocean offshore boundary is kept at its initial
value (zero elevation) during the entire simulation. Zero‐
gradient conditions are used at open boundaries for all other
variables. Unwanted boundary effects (i.e., pronounced
density and velocity disturbances in vicinity of lateral
boundaries not being support by observational evidence)
start to appear after about 20 days of simulation triggering
an unrealistic clockwise recirculation south of Kangaroo
Island. Results for the first 2 weeks, shown below, are not
noticeably influenced by these boundary effects. Without
any forcing, the initial configuration leads to negligibly
small residual erroneous flows of <0.5 cm s−1 in speed,
being caused by the transformation of level isopycnal sur-
faces into sigma coordinates in the presence of variable
bathymetry. This makes the author confident that swift
flows (>20 cm s−1) created from the forcing imposed are the
true result of the physics.
[15] Two different experiments are conducted in order to

reveal the influence of the Murray Canyon Group on the
formation of the Kangaroo Island Pool. The control experi-
ment employs full model bathymetry. Using the same forcing
conditions, a comparison experiment is based on a locally
smoothed version of bathymetry in which theMurray Canyon
Group has been fully removed, using a simple diffusion
algorithm.

2.4. Upwelling Measures

[16] Three independent Eulerian tracer concentration fields
are used as weighting factors to mark water masses from
different depth ranges. The first tracer marks water initially
located in a depth range of 200–300 m; the second tracer
refers to a depth range of 300–400 m; and the third tracer
marks water underneath (>400 m). The concentration fields
are initialized with values of unity inside the respective depth
ranges. Zero values are allocated outside. Tracer fields are
kept unchanged at the eastern inflow boundary during a
simulation. No‐flux (zero‐gradient) conditions are used at
all other boundaries. Prognostic advection‐diffusion equa-
tions, the same form as for temperature and salinity, are
applied for prediction of changes in concentration fields. A
number of upwelling measures can be calculated from the
predicted tracer concentration fields. First, the volume of
the slope water on the shelf can be calculated from the
volume integral:

Vi ¼
ZZZ

Ci dxdydz; ð1Þ

where Ci refers to tracer concentration with reference to one
of three depth ranges specified above. This integral is cal-
culated for the entire model domain excluding regions
deeper than 150 m.Haidvogel [2005] used a similar method
based on simulated density anomalies on the shelf; how-
ever, his method can only specify the average upwelling
depth, not the range of source depths contributing to the
upwelling. Second, the extent of shelf area occupied by
upwelled water can be estimated from

Ai ¼
ZZ

CB
i dxdy; ð2Þ

Figure 4. Control experiment. Distribution of sea surface
elevation (shading) and surface currents (arrows, averaged
over 5 × 5 grid cells) after 7 days of simulation. Curves
are selected bathymetric contours (m).
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where CB
i refers to near‐bottom concentration values in

regions of water depths <150 m. Third, the results from
(1) and (2) can be combined to yield the average vertical
scale of upwelled water, henceforth referred to as “patch
thickness”; that is,

hi ¼ Vi

Ai
: ð3Þ

Onshore volume fluxes associated with shelf break
upwelling (hereafter referred to as upwelling flux) can be
indirectly determined from the increase of the volume of
slope water fractions detected later on the shelf; that is,

Qi ¼ dVi

dt
: ð4Þ

Fluxes are expressed in units of sverdrups (1 Sv = 106 m3

s−1). The depth fractioning of upwelling fluxesQi is slightly
biased by enhanced vertical diffusion across the “edges” of

concentration layers. To verify findings of the Eulerian
method, nonbuoyant Lagrangian particles are deployed in
the model domain for an analysis of flow trajectories. Dif-
fusive effects are hereby disabled to reveal the advective
nature of upwelling flows. See the work by Luyten et al.
[1999] for a description of the associated numerical meth-
ods. To this end, a total of 4000 Lagrangian floats are instantly
released after 5 days of simulation at random locations within
20 m of the seafloor. This is done in four zones (using 1000
floats in each) extending from x = 85 km to x = 205 km and
distinguishing the depth ranges of 200–300, 300–400, 400–
500, and 500–600 m.

3. Results and Discussion

3.1. Control Experiment

[17] Wind forcing creates offshore drift in the surface
Ekman layer. As a result, the nearshore sea level drops by

Figure 5. Control experiment. Distributions of near‐bottom temperature (shading) and near‐bottom cur-
rents (arrows, averaged over 5 × 5 grid cells) (a) after 7 days and (b) after 14 days of simulation. Curves
are selected bathymetric contours (m).
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∼15 cm within 7 days of simulation (Figure 4). Geostrophic
adjustment creates a geostrophic shelf circulation of ∼20–
30 cm s−1 in speed. The resultant flow becomes topo-
graphically steered along bathymetric contours of the Great
Bend. The structure of this geostrophic flow is similar to that
shown by Middleton and Bye [2007]. The strong curvature
of the Great Bend supports a relatively large Rossby number
of Ro ≈ 0.2 (using a speed of 0.2 m s−1 and a length scale of
10 km). As a result, topographic steering remains imperfect
and gives rise to slight ageostrophic meandering of the flow.
More importantly, the shape of isobaths on the shelf sup-
ports onshore (northward) steering of the barotropic geo-
strophic flow southwest of Kangaroo Island. This onshore
steering along bathymetry contours of the Great Bend plays
an important role in the formation of the Kangaroo Island
Pool.
[18] Flows on the upper continental slope in vicinity of the

shelf break canyons are upwelling favorable. In interaction
with the canyons, they create localized upwelling of cold
(∼11–13°C) slope water onto the shelf (Figure 5a). The
structure of individual upwelling plumes resembles that
reported in previous academic studies [e.g., Kämpf, 2006].
Localized upwelling also occurs at the shelf break near the
Great Bend. Individual upwelling plumes are confined to the
lower 20–30 m of the water column being void of a surface
temperature signature (not shown). Interestingly, individual
upwelling plumes merge to form a submerged bottom‐
attached frontal jet that becomes deflected back toward the
shelf break. This backward deflection gives the erroneous
impression that the Great Bend is the main source region of
upwelling along the shelf break. Owing to the appearance of
upwelling‐induced subsurface density fronts on the shelf,
near‐bottom frontal flows are swifter (∼40 cm s−1) than
surface flows.

[19] The Kangaroo Island Pool forms within two weeks of
simulation (Figure 5b). The predicted 13°C near‐bottom
isotherm tends to follow the 100 m depth contour. This is in
agreement with observational evidence [see Middleton and
Bye, 2007, Figure 22b], noting that this model simulation
captures only the initial phase of pool formation, whereas
observational evidence shows a fully developed situation in
which pool water has spread farther to the northwest. The
source water of this pool is derived from localized shelf
break upwelling in conjunction with topographic steering
by the ambient geostrophic shelf circulation. The predicted
progression of near‐bottom temperature anomalies is in
overall agreement with the hypothesis that the Kangaroo
Island Pool is advectively connected upstream with the
Murray Canyon Group and, downstream, with the upwelling
center off the southern tip of Eyre Peninsula.
[20] Dense slope water appears on the shelf from day 5 of

the simulation onward (Figure 6a). The dense water pool
attains a total volume of ∼100 km3 after 2 weeks of simu-
lation. This corresponds to an average upwelling flux of
∼0.12 Sv (Table 1). Direct calculations of onshore volume
transports across the shelf break gave a similar value (not
shown). The Eulerian method suggests that slope water
originating from the depth range of 200–300 m makes up
37.7% of this pool, 26.3% stems from the depth range of
300–400 m, and slope water from deeper than 400 m has a
surprisingly large contribution of 36%. The areal extent
of the dense water pool approaches a value of ∼3200 km2

(equivalent to the area of a circle of ∼32 km in radius)
(Figure 6b). The average patch thickness of the simulated
Kangaroo Island Pool is 30 m (Figure 6c), which is similar
to the vertical extent of cold near‐bottom layers observed in
the Kangaroo Island Pool [see Middleton et al., 2007].
[21] The trajectories of Lagrangian floats reflect the dis-

tribution of near‐bottom temperatures (Figure 7). This
demonstrates the advective nature of the canyon upwelling
process and also confirms a deep upwelling contribution
from depths >400 m. The Lagrangian method, however,
indicates that the Eulerian method slightly overestimates
the relative contributions of deeper upwelling. This method
rather indicates that 48.6% of drifters found in the Kangaroo
Island Pool stem from a depth range of 200–300 m, 34.1%
from 300 to 400 m, and 17.3% from depths >400 m
(Figure 8). Based on the float results, the average upwelling
depth can be estimated at 312 m corresponding to an ambient
water temperature of ∼11.6°C. This shelf break upwelling is
significantly deeper than that suggested by Herzfeld and
Tomczak [1999] and Middleton and Platov [2003]. It is
noticeable that none of the floats released below 500 m
make their way onto the shelf and that ∼1/3 of all floats

Figure 6. Control experiment. Evolution of (a) upwelled
volume, using equation (2), (b) areal extent, using equation
(3), and (c) patch thickness, using equation (4).

Table 1. Average Upwelling Fluxes

Depth Range
(m) Q (Sv), Control Run

Q (Sv), No‐Canyon
Run Canyons

200–600 0.1197 0.0339

Depth Range Contributions Qi (Sv)
200–300 0.0451 (37.7%) 0.0223 (65.8%)
300–400 0.0315 (26.3%) 0.0073 (21.5%)
>400 0.0431 (36.0%) 0.0043 (12.7%)

KÄMPF: PRECONDITIONING OF COASTAL UPWELLING C12071C12071

6 of 11



released in the other depth ranges (200–500m) end up in the
Kangaroo Island Pool.
[22] Predicted near‐bottom temperatures in the Kangaroo

Island Pool are in a range of 11–13°C, which agrees well
with observations (Figure 9). It should be noted that the
observed layer of the cold pool has a greater thickness

(∼50 m) than predicted here. It is likely that this thicken-
ing, not captured in this model simulation, develops on
longer time scales. Given that the Kangaroo Island Pool is
the only plausible source water for the coastal upwelling
center forming off the southern tip of Eyre Peninsula, it
makes sense to compare the water mass properties of the
pool predicted for January 1998 with those observed in the
upwelling center a couple of months later. Rather than
being characterized by a single point in the temperature‐
salinity diagram, the simulated shelf break upwelling
produces a coastal water mass characterized by a curve
segment (Figure 10). This curve segment nicely forms a
lower bound for the observed temperature‐salinity cluster
noting that there is excellent agreement between observed
and predicted salinity ranges. Indeed, this comparison
could have been purely based on field data; unfortunately,
neither Middleton and Bye [2007] nor Middleton et al.
[2007] report salinity data for the Kangaroo Island Pool.
[23] A 33% reduction of the wind forcing from 6 m s−1 to

4 m s−1 leads to a 25% decrease of net upwelling fluxes
from 0.12 Sv to 0.09 Sv (not shown). The cause of this
decrease of upwelling fluxes is a weakening of model’s
slope current incident on the Murray Canyon Group. By
how much regional winds influence the dynamics of the
Flinders Current, however, is not known.

3.2. No‐Canyon Experiment and Comparison

[24] Removal of the Murray Canyon Group leads to dis-
appearance of pronounced upwelling along this section of
the shelf break (Figure 11). Most (>99%) of the shelf break
upwelling takes now place in vicinity of the Great Bend.
Supported by the ambient shelf circulation, cold slope water
is again advected toward the approximate location of the

Figure 7. Control experiment. Horizontal locations of
Lagrangian floats after (a) 7 days and (b) 14 days of simula-
tion. Symbols denote different depth origins. Floats of origin
>500 m (not displayed) are not involved in the upwelling. For
visualization purposes, floats of deeper origin are plotted on
top of other floats. This should not be confusedwith the actual
vertical positioning of floats, which is ignored here.

Figure 8. Control experiment. Number of floats that have
reached the Kangaroo Island Pool at total water depths
<150 m after 14 days of simulation plotted against deploy-
ment depth.

Figure 9. Control experiment. Comparison of predicted
temperature profiles (curves) at locations shown in Figure
2 with 1998 field data (crosses) taken from Middleton and
Bye [2007]. The dashed curve shows the model’s initial
configuration. The ellipse highlights the temperature prop-
erties of the Kangaroo Island Pool.
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Kangaroo Island Pool. Nevertheless, the associated volume
flux is ∼3.5 times smaller in comparison with the control
experiment flux (Figure 12a, compare with Figure 6a), the
pool’s areal extent is halved (Figure 12b, compare with
Figure 6b), and the total patch thickness is reduced to ∼20 m
(Figure 12c, compare with Figure 6c). The most striking
difference is the marked reduction of deeper upwelling (see
Table 1). Compared with the control run and based on the
Eulerian method (4), a much larger fraction (∼65.8%) of the
pool originates now from a relatively shallow depth range of
200–300 m, and the deeper contributions are reduced from
62.3% to 34.2%.
[25] The Lagrangian float method, predicting float tra-

jectories in accordance with the bottom temperature distri-
bution (Figure 13), indicates again that the Eulerian method
overestimates the contribution of deeper upwelling sources.
The float results indicate rather that 86% of upwelling is
derived from the 200–300 m depth range, and the remaining
14% from 300 to 370 m (Figure 14). The float‐derived
average upwelling depth is ∼245 m, being 67 m shallower
than in the control experiment. This corresponds to an
ambient water temperature of ∼12.47°C. This lack of deep
upwelling explains why the resultant Kangaroo Island Pool
is substantially warmer (by ∼1–1.5°C) than in the control
experiment (Figure 15).
[26] Notice that a total of 293 Lagrangian floats make

their way to the Kangaroo Island Pool, whereas 3.5 times
more (1028) floats end up in the pool with inclusion of the
Murray Canyon Group. This float‐based ratio matches the
ratio of total upwelling fluxes between the control experiment

Figure 10. Temperature‐salinity diagram of measurements
taken in the coastal upwelling center off the southern tip of
Eyre Peninsula during an upwelling event in March 1998.
Data source is South Australian Research and Development
Institute, Aquatic Sciences, West Beach, South Australia
(see Kämpf et al. [2004] for details on sampling stations
and dates). Only data below 40 m depth are shown. Small
black dots are near‐bottom pool temperatures predicted in
the control experiment after 14 days, excluding total water
depths exceeding 125 m.

Figure 11. Same as Figure 5 but for the no‐canyon
experiment.

Figure 12. Same as Figure 6 but for the no‐canyon
experiment.
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and the no‐canyon scenario. This difference in upwelling
fluxes has important implications for nutrient fluxes. To
illustrate this, we take typical nitrate levels of 5 mM in a depth
range of 200–300 m, 10 mM at 300–400 m, and 15 mMbelow
400 m, based on measurements reported by Richardson et al.
[2009]. Instead of using the upwelling fluxes of Table 1,
which are biased to some extent by diffusion effects, depth
distributions of upwelling fluxes can be reconstructed using

total upwelling fluxes derived from the Eulerian method
in conjunction with the depth fractioning derived from
the Lagrangian float predictions (Table 2). The product of
reconstructed depth‐dependent upwelling fluxes and
depth‐dependent nitrate levels yields a nitrate flux of ∼1 k
mol s−1 in the control experiment being ∼5 times greater
than the nitrate flux without canyons (∼0.2 k mol s−1).
Values in Table 1 lead to a similar ratio. To this end, this
study indicates that ∼72% of the volume and 81% of the
total amount of nitrate in the Kangaroo Island Pool are
directly derived from shelf break upwelling in the Murray
Canyon Group.

3.3. Comparison With Other Shelf Break Canyons

[27] Allen and Hickey [2010] summarize observations of
upwelling events for several shelf break canyons; namely, the
Astoria, Barkley, Quinault, Carson, and Tidra canyons. Re-
ported upwelling depths for these canyons are in a range of
30–90 m below shelf break depth. The average upwelling
depth predicted here for the Murray Canyon Group is slightly
deeper than this with an average source depth at ∼310 m, or
110–160m below shelf break depth. A possible reason for the
particularly deep canyon upwelling in the eastern GAB is the
unique shelf and slope circulation establishing in the austral
spring/summer period being void of any counter flow that
could limit the deepness of the canyon upwelling process. For
completeness it should be noted that extreme upwelling
depths (>400 m) have been reported for the Juan de Fuca

Figure 13. Same as Figure 7 but for the no‐canyon
experiment. Floats of origin >400 m (not displayed) are not
involved in the upwelling.

Figure 14. No‐canyon experiment. Number of floats that
have reached the Kangaroo Island Pool at total water depth
<150 m after 14 days of simulation plotted against deploy-
ment depth.

Figure 15. Comparison of water column temperature va-
lues at the locations displayed in Figure 2 between the
control experiment and the no‐canyon experiment. Only
temperatures below 15°C are shown.

Table 2. Reconstructed Average Upwelling Fluxes

Depth Range (m) Q (Sv), Control Run Q (Sv), No‐Canyon Run

200–600 0.1197 0.0339

Depth Range Contributions Qi (Sv)
200–300 0.0582 (48.6%) 0.0292 (86.0%)
300–400 0.0408 (34.1%) 0.0047 (14.0%)
>400 0.0207 (17.3%) 0.0 (0%)
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Canyon [Freeland and Denman, 1982] and the Mackenzie
Canyon [Carmack and Kulikov, 1998].

4. Summary and Conclusions

[28] Findings of this hydrodynamic model study indicate
a causal link between upwelling in submarine shelf break
canyons located south of Kangaroo Island, formation of
the Kangaroo Island Pool, and the appearance of coastal
upwelling centers in the eastern GAB. The principal
ingredients in this chain of processes are (1) Flow on the
upper continental slope (i.e., the Flinders Current) favorable
for localized upwelling in shelf break canyons; (2) the
structure of the wind‐driven shelf circulation involving
onshore (northward) topographic steering of flow along
isobaths of the Great Bend; and (3) summertime wind
conditions supporting the classical wind‐driven coastal
upwelling process.
[29] The average source depth of upwelling could be

estimated at ∼310 m (110–160 m below shelf break depth)
which is much deeper than that suggested by previous
modeling studies [Herzfeld and Tomczak, 1999; Middleton
and Platov, 2003] that did not resolve the shelf break can-
yons of the Murray Canyon Group. This upwelling is also
deeper than that reported for many other shelf break can-
yons [see Allen and Hickey, 2010], presumably due to the
absence of a counter flow on the upper continental slope
that is typical for many upwelling regions. Volume fluxes
associated with the upwelling were in the order of ∼0.12 Sv.
As a result of the magnitude of these fluxes, the Kangaroo
Island Pool formed on time scales of a few weeks. The time
of existence of the pool remains unknown and should be
investigated.
[30] In this simplified model study, the Flinders Current

was the mere result of uniform coastal wind stress forcing.
In reality, the Flinders Current is rather remotely driven by
the wind stress curl distribution over the adjacent South
Australian Basin [e.g., Herzfeld and Tomczak, 1999]. Future
studies should include a more realistic representation of the
Flinders Current for investigation of the intradecadal vari-
ability of the upwelling intensity, described by Middleton et
al. [2007]. Another process worth future investigation is the
late summer appearance of the nutrient‐poor South Australian
Current in the eastern GAB, not included in this study. Not
only its low nutrient content but also its flow direction hin-
dering the canyon upwelling process possibly limits nutrient
levels in the eastern GAB in certain periods of the year.
[31] The climatology of shelf water properties produced

by Middleton et al. [2007] reveals vast intradecadal varia-
tions of temperature properties of the Kangaroo Island Pool
between El Niño and La Niña years. Middleton et al. [2007]
proposed that these variations were caused by vertical
dynamical adjustments of the upper permanent thermocline
in the eastern GAB in response to variations of the strength
of the Flinders current. Given that canyon‐induced upwell-
ing fluxes are strongly modified by the speed of ambient
flows [e.g., Hickey, 1997], it is plausible that the interplay
between wind stress curl–driven dynamic uplift and the
canyon upwelling process controls the upwelling intensity in
the eastern GAB. Nevertheless, the existence of the Flinders
Current is only supported by a handful of field observations
[see Middleton and Bye, 2007]. More observational effort is

required to improve the understanding of the dynamics of
the Flinders Current and its influence on shelf break
upwelling in the eastern GAB. Hopefully, the Integrated
Marine Observing System (IMOS), recently implemented
around Australia, will close this critical data gap.

[32] Acknowledgments. This work has been funded by a Flinders
University grant. Model simulations were performed on Supercomputers
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