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Abstract

A coupled physical–biomechanical Nitrogen–Phytoplankton–Zooplankton (NPZ) model of the pelagic ecosystem is configured

for the East Australian Current (EAC). The biomechanical NPZ model uses a combination of physiological and physical

descriptions to quantify the rates of planktonic interactions. Physiological rates include the maximum growth rates of phytoplank-

ton and zooplankton, while physical processes include the diffusion of nutrients to phytoplankton cells and the encounter rates of

predators and prey. Model simulations are conducted for two different scenarios: a northerly (upwelling favourable) and southerly

(downwelling favourable) wind. The model output is compared to satellite derived sea surface colour images and in situ

measurements of biological properties. A further comparison is made with output from the commonly used Franks et al. [Franks,

P.J.S., Wroblewski, J.S., Flierl, G.R., 1986. Behaviour of a simple plankton model with food-level acclimation by herbivores. Mar.

Biol. 91, 121–129] NPZ model with empirical descriptions of planktonic processes. The biomechanical model better captures the

formation of a deep chlorophyll maximum during downwelling favourable winds and coastally confined phytoplankton blooms

during upwelling favourable winds. A diagnostic tracer is used to interpret the large scale physical–biological coupling, and reveals

the importance of the transport and entrainment of upwelled filaments in determining the temporal and spatial trends of biological

properties in the waters off south eastern Australia.

D 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The link between physical and biological processes

in the world’s oceans is well known (Denman and

Gargett, 1995). The advances of the last decade in

satellite remote sensing have significantly improved
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our understanding of the coupling of physical and bio-

logical processes. Satellite images of surface tempera-

ture and surface chlorophyll concentration off the New

South Wales (NSW) coast during northerly (upwelling

favourable) winds illustrate this coupling (Fig. 1). The

northerly winds cause an offshore Ekman transport

which brings cool, nutrient rich waters to the surface

at the coast, resulting in a phytoplankton bloom which

can be seen in the sea surface colour image. The spatial

distribution of the chlorophyll is also affected by the
s 59 (2006) 249–270



Fig. 1. Remotely sensed sea surface temperature (left) and chlorophyll concentration (right) inferred from measurements by the MODIS instrument

on 13 September 2004. A high pressure system moved from the NSW coast westward in the week prior to the 13th, creating the upwelling

favourable conditions.
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local currents, and forms both filament-like and eddy-

like structures. It is clear that to model the spatially-

resolved behaviour of the pelagic ecosystem off NSW

requires a coupled physical–biological model.

The East Australian Current (EAC) is a poleward

flowing western boundary current that is observed be-

tween 188S and 358S and dominates the oceanographic

processes along the eastern coast of Australia (Godfrey

et al., 1980). The dynamics of the EAC have been well

studied using observational (Nilsson and Cresswell,

1980; Roughan and Middleton, 2002) and modelling

(Tilburg et al., 2001; Oke and Middleton, 2001) techni-

ques. The evolution of the EAC can be described in four

distinct stages (Ridgway and Dunn, 2003): the current

forms between 158S to 248S, intensifies between 228S
and 358S as the continental shelf narrows, separates from
the coast between 308S and 31.58S, and, for the portion
of the EAC that remains connected to the coast, a current

of declining strength is seen through to 438S.
Nutrient enrichment has often been observed in the

surface waters off the NSW coast (Rochford, 1972; Hal-

legraeff and Jeffery, 1993; Rendell and Pritchard, 1996;

Ajani et al., 2000). Roughan andMiddleton (2002, 2004)

identified a number of upwelling mechanisms off the

NSW coast: wind-driven upwelling, upwelling driven by

the encroachment of the EAC onto the continental shelf,

acceleration of the current resulting from the narrowing

of the continental shelf at Smoky Cape, and the separa-

tion of the EAC from the coast. Further, a diagnostic

modelling study of particle trajectories in the EAC with
fixed climatological temperature and salinity demon-

strated water at depth on the 25.25 rt isopycnal north

east of Smoky Cape is likely to be move along the

isopycnal to the surface at Smoky Cape and can recircu-

late offshore of Port Stephens (Roughan et al., 2003).

A recent observational and modelling study (Pritch-

ard et al., 2003) assessed the mechanisms of the devel-

opment of algal blooms along the mid-NSW coast. The

intrusion of nutrient-rich slope water onto the continen-

tal shelf was found to be the primary cause of algal

blooms, which can extend over hundreds of kilometres

along the coast. Algal blooms have been regularly

observed along the NSW coast over the past century

(Gibbs et al. (1997) and overviews by Jeffery and

Hallegraeff (1990) and Ajani et al. (2001)). The major-

ity of visible algal blooms have been caused by the

large heterotrophic dinoflagellate Noctilucca scintillans

(Dela-Cruz et al., 2003) or the filamentous cyanobac-

teria Trichodesmium erythraeum. Ajani et al. (2001)

has suggested that bloom frequency is increasing.

In addition to potentially improving our understand-

ing of the pelagic ecosystem off the NSW coast, the

modelling exercise undertaken in this paper provides

an opportunity to assess the ability of a relatively new

approach to the modelling of the pelagic ecosystem: the

preference, where possible, of quantifying planktonic

interactions with physical limits to biological processes

as opposed to using empirical descriptions of physiolog-

ical processes. In Baird and Emsley (1999) physical

limits for the processes of diffusion of nutrient molecules



Fig. 2. The model grid. The first grid line, and then every 2nd grid line

in the north–south and east–west directions are shown. The heavily

shaded region on the coastal boundary is the portion of the grid that is

land. The lightly shaded regions on the northern, eastern and southern

boundaries are regions of the grid on which boundary conditions are

applied. The locations of CTD casts from the R/V Franklin 14/1998

cruise are marked at Smoky Cape, as well as the CARS data point used

for biological initialisation at 308S, 153.58E. Depth contours shown in
bold are 200, 1000 and 2000 m, and the intermediate contours are 500

and 1500 m. The dash–dot line is the cross shelf slice used for Fig. 19
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and light capture by phytoplankton cells, and the en-

counter rates of predators and prey were first incorporat-

ed into a pelagic ecosystem model. The physical

descriptions of phytoplankton processes were assessed

in Baird et al. (2001), and the approach applied in an

estuarine context in Baird et al. (2003). The pelagic

ecosystem model was simplified, and its behaviour fur-

ther explored in an idealised two dimensional model

(Baird et al., 2004). However, the biomechanical ap-

proach remains untested against data from a natural

environment. The remotely-sensed and in situ data

from the EAC provides such a data set. As a further

means of model assessment, the ability of the common-

ly-used Franks et al. (1986) NPZmodel is comparedwith

that of the biomechanical model.

This paper details a configuration of a coupled

physical–biological model of the EAC and describes

results for idealised northerly and southerly wind

simulations. Output of the biomechanical and Franks

et al. (1986) NPZ models are compared to sea surface

colour images and the cross-shelf transects sampled by

the R/V Franklin in the summer of 1998/99 during

downwelling favourable conditions. These compari-

sons provide insights into the dynamics of the pelagic

ecosystem off NSW and the relative abilities of the

two biological models. A dynamical analysis of the

coupled physical–biomechanical model presented here

is undertaken in Part II: Biological dynamical analysis

(Baird et al., 2006—this issue).

2. The physical model

The physical model is the Princeton Ocean Model

(POM) which has a free surface and solves the non-

linear primitive equations on a horizontal orthogonal

curvilinear grid and a vertical sigma (terrain following)

coordinate system using finite difference methods

(Blumberg and Mellor, 1987). The Craig–Banner

scheme (Craig and Banner, 1994) for calculating the

wave-driven flux of turbulent kinetic energy at the

surface has been implemented.

The physical configuration (Fig. 2) extends along

the NSW coast from 28.48S to 37.58S, a distance of

1025 km, and extends offshore between 395 km (at

28.48S) and 500 km (at 37.58S). The grid has 130 grid

points in the offshore direction with a resolution be-

tween 1 and 6 km, and 82 in the alongshore direction

with a resolution between 6.5 and 24 km. The outer

six boxes on the northern, eastern and southern bound-

aries have smoothed topographies and are used to

implement the boundary conditions. The interior of

the model domain consists of points 1 to 124 in the
.

offshore direction, and 7 to 76 in the alongshore

direction.

The highest resolution regions are on the continental

shelf. The vertical sigma coordinates contains 31 r-
layers, with greater resolution in the top and bottom

boundary layers. The minimum and maximum depths

are set to 50 and 2000 m, respectively. The physical

model solves the external (barotropic) mode with a 2 s

timestep, and the internal (baroclinic) mode with a 60 s

timestep. A diagnostic variable ideal age (England,

1995; Hall and Haine, 2002) is used to track the trans-

port of nutrient rich bottom waters into the euphotic

zone. The dynamics of ideal age, s, are described by:
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KY and KZ are the eddy diffusion coefficients in the X,

Y and Z directions, respectively. The term H increments

the value of s by one day every day for water above 90

m. Ideal age in this application is the average time

parcels of water within a volume have been above the

90 m depth level since the beginning of the simulation,

and is subject to mixing and advective processes. As

such, s can be considered as a clock that measures the

time a parcel of water has been above 90 m and aids in

interpreting spatial distributions of biological quantities

in terms of the time they have been in the euphotic

zone. For the rest of this paper s will be referred to as

simply age.

3. The biomechanical NPZ model

The biomechanical NPZ model used is the pelagic

ecosystem model of Baird et al. (2004). The biome-

chanical model contains 5 state variables: dissolved

inorganic nitrogen (N), phytoplankton (P), zooplank-

ton (Z), and phytoplankton reserves of nitrogen (RN)

and energy (RI). The model includes the processes of

nutrient uptake and light capture by phytoplankton,

phytoplankton growth from internal reserves, zooplank-
Table 1

Parameter values used in the biomechanical model simulations

Parameter Symbol BM1

P radius rP 1

Z radius rZ 20

Assimilation coefficient c 0.3

P mortality fP 0.0

Z mortality fZ 0.2

Parameters calculated from rP and rZ
P nitrogen content mP,N 1.34�
P energy content mP,I 8.87�
Max. P N reserves RN

max 1.34�
Max. P energy reserves RI

max 8.87�
Z nitrogen content mZ,N 1.22�
Diffusion shape factor w 1.26�
P Chl concentration C 1.35�
Absorption cross-section aA 2.17�
P Chl :N ratio CV/mN 4.21

Max. growth rate of P lP
max 2.82

Max. growth rate of Z lZ
max 1.40

Max. sinking rate of P wP 0.04

Max. sinking rate of Z wZ 0.0

Rel. encounter vel. U 310

The values for two parameter sets, BM1 and BM5 are given. Set BM1 repre

Baird et al. (2004) for a 1 Am radius phytoplankton cell, and 20 Am rad

phytoplankton and zooplankton, which were found in Baird et al. (2004) to

model. The growth rates, relative encounter velocity, and sinking terms
ton grazing on phytoplankton, and the mortality and

sinking of both phytoplankton and zooplankton. Where

possible, biomechanical descriptions of ecological pro-

cesses have been used. For example, the description of

grazing rates of zooplankton on phytoplankton incor-

porates an encounter rate calculation, based on the

encounter rates of particles in a turbulent fluid. The

model equations can be found in Part II (Baird et al.,

2006—this issue) and a more detailed description of the

model in Baird et al. (2004).

3.1. Parameter values

Two parameter sets are used for the biomechanical

model: BM1, which is based on allometric relationships

and is a representation of the biomechanical model

tailored for the EAC region (with 1 Am radius phyto-

plankton cells); and BM5 (with 5 Am radius phyto-

plankton cells), which is based on the matching the

rates of biological processes in the Franks model with

those of the biomechanical model (Table 1). Unless

explicitly stated, the results section gives output from

the biomechanical model obtained using the BM1 pa-

rameter set.
BM5 Units

5 Am
50 Am
0.3 –

0.1 d�1

0.2 d�1

10�14 5.21�10�13 mol N cell�1

10�13 3.45�10�11 mol I cell�1

10�14 5.21�10�13 mol N cell�1

10�13 3.45�10�11 mol I cell�1

10�11 9.78�10�11 mol N cell�1

10�5 6.28�10�5 m cell�1

10�7 3.01�10�6 mg Chl m�3

10�13 4.18�10�11 m2 cell�1

3.03 mgChl a

mmol Nð Þ�1

2.00 d�1

4.0 d�1

48 0.0 m d�1

0.0 m d�1

180 Am s�1

sents the parameter values calculated from allometric relationships in

ius zooplankton cell. Set BM5 uses radii of 5 Am and 50 Am for

most closely match the rates of planktonic interactions of the Franks

for BM5 were also chosen to closely match the Franks model.
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3.2. Temperature dependence of physiological

processes

In Baird et al. (2004), the temperature dependence of

the maximum growth rates of phytoplankton and zoo-

plankton was modelled using an exponential function.

The initial temperature field in the EAC configuration

varies from 2.2 8C at depth in the south to 26.3 8C at the

surface in the north, which would result in a 5.3-fold

change in the maximum growth rates of organisms

using the temperature formulation of Baird et al.

(2004). A 5.3-fold change in physiological rates in

the EAC model domain is unrealistic, given the plank-

ton assemblages in the north are likely to be made up of

species adapted to tropical conditions, and those in the

south to temperate conditions. Furthermore, initialising

the grid with quasi steady-state conditions (see Section

6) for temperature dependent processes would be diffi-

cult, as the quasi steady-state will be a function of

temperature. Due to these difficulties temperature de-

pendence of physiological processes are not included in

the determination of initial conditions, or in the biolog-

ical rates calculated in the simulations. The temperature

dependence of physical processes (diffusion, viscosity

etc.) used in Baird et al. (2004) have been retained as

their effects on the initial conditions are small, and their

calculation during the simulations does not change with

biogeographical region.

4. The Franks NPZ model

The Franks NPZ model (Franks et al., 1986) is a

commonly used pelagic ecosystem model. It contains 3

state variables: dissolved inorganic nitrogen (DIN), N,

phytoplankton biomass, P, and zooplankton biomass, Z.

The model does not include nutrient and energy status

of the phytoplankton cells, and includes a light limita-

tion term that decays exponentially with depth but is

independent of surface irradiance or water column

chlorophyll concentration. The simulations of the

Franks model given in this paper use the microzoo-

plankton parameter set of the Edwards et al. (2000a)

study. The microzooplankton parameter set was pre-

ferred to the Edwards et al. (2000a) macrozooplankton

set (which is similar to parameter sets used in Franks et

al. (1986), Franks and Walstad (1997) and Franks and

Chen (2000)) because (1) the biomechanical model

zooplankton size is 20 Am, which would generally be

considered a microzooplankton and (2) for the concen-

trations of DIN measured in the mixed layer off the

NSW coast the stable state for the Franks model with

the macrozooplankton set is unrealistic: a zero zoo-
plankton population, N99% of the available nitrogen

held as phytoplankton biomass, and b1% held as DIN.

For a further discussion of the Franks model see Franks

et al. (1986) and Edwards et al. (2000a).

5. Coupling of the physical and biological models

The coupling of the physical and biological models

results in an advection–diffusion-reaction (ADR) equa-

tion for phytoplankton biomass of:

BP
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where FP is the local rate of change of phytoplankton

due to biological processes and wP is the sinking

velocity of phytoplankton. Noting the change from

two to three dimensions, the ADR equations for DIN,

zooplankton and reserves of nitrogen and energy are in

given in Eqs. (12)–(16) of Baird et al. (2004). The

equations for local rates of change of DIN, phytoplank-

ton, zooplankton, nutrient and energy reserves, FN, FP,

FZ, FRN
, and FRI

are given in both Eqs. (3)–(7) of Baird

et al. (2004) and Eqs. (2)–(6) of Baird et al. (2006—this

issue). The physical and biological models are also

coupled at the scale of individual plankton. The en-

counter of predators and prey is dependent on the local

dissipation rate of turbulent kinetic energy (TKE), tem-

perature and viscosity, while the diffusion of nutrient

ions to phytoplankton cells is a function of temperature,

salinity and viscosity.

6. Simulation details

6.1. Integration techniques

The partial differential equations describing the

advection of biological tracers are integrated using 3

iterations of a positive definite advection scheme

(Smolarkiewicz, 1984). The ordinary differential equa-

tions describing biological transformations are inte-

grated using an adaptive 5th order Cash–Karp

Runge–Kutta method (Press et al., 1992) with an

absolute tolerance of 10�9 mol N m�3 for N, P and

Z and 10�9 for the ratios RN /RN
max and RI /RI

max. The

different integration schemes are combined by updat-

ing the state variables sequentially. For further details,

see Appendix B of Baird et al. (2004).



Fig. 3. The initial surface temperature [8C] and velocity [m s�1] fields for both the northerly and southerly wind simulations.

Fig. 4. Conservative diagnostic tracer during the northerly wind simulation on Days 2.5 (A–D), 6.5 (E–H) 10.5 (I–L) and 18.5 (M–P) at depths of

10, 100, 1000 and 1990 m. The northern, eastern and southern boundaries are relaxed to a tracer concentration of 1. The dashed line shows the

extent of the model interior as defined in Fig. 2.
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Fig. 5. The concentrations of DIN, phytoplankton and zooplankton with depth that are used as the initial and northern, eastern and southern

boundary conditions for the (A) biomechanical model with parameter set BM1, (B) biomechanical model with parameter set BM5, and (C) Franks

models with the Edwards et al. (2000a) microzooplankton parameter set. A typical initial temperature profile, which varies horizontally, is given.

Fig. 6. Diagnostic tracer age [days] during the northerly wind simulation at 10 m (A–D) and 50 m (E–H) and the southerly wind simulation at 10 m

(I–L) and 50 m (M–P) on Days 2.5, 6.5, 10.5 and 18.5. The latitude (308S, 328S, 348S and 368S) and longitude (1508E, 1528E, 1548E and 1568E)
grid lines correspond to those in Fig. 2. Note that Fig. 2 is drawn to scale, while to maximise plot area, this figure is stretched by a factor of 1.7

along the east–west axis.
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6.2. Physical details

6.2.1. Initial conditions

The initial temperature field is interpolated from sea

surface temperature (SST) data and temperature at 250

m depth (T250) from January 1992 (Oke and Middle-

ton, 2001). Initial velocities are calculated using the

thermal wind equations (Fig. 3). The model is allowed

to spin up for 2 days to ensure the internal velocity field

has time to adjust before temperature and salinity are

permitted to evolve.

6.2.2. Boundary conditions

Along the southern and eastern boundaries a radia-

tion boundary condition with relaxation is used which

permits oblique waves to radiate outwards (Marche-

siello et al., 2001). At the northern boundary, the south-

ward velocity is specified from the initial velocity

estimated from the thermal wind equations and held

constant. The western boundary, the NSW coast, is a

closed boundary. To illustrate the forcing of the model
Fig. 7. Dissolved inorganic nitrogen concentration [mol N m�3] during the

southerly wind simulation at 10 m (I–L) and 50 m (M–P) on Days 2.5, 6.5
domain by the boundary conditions, the northern, east-

ern and southern boundaries for a conservative diag-

nostic tracer are relaxed to 1 for the northerly wind

simulation. Fig. 4 illustrates the strong forcing of the

domain at the surface by the northern boundary, as

would be expected for a strong western boundary cur-

rent. The tracer in the southern and eastern boundaries

is not transported into the domain interior.

6.2.3. Forcing

The northerly and southerly wind simulations are

forced with a 0.1 N m�2 stress, ramped linearly from

zero to 0.1 N m�2 over one day, and which remains

constant for rest of the simulation. The stress is tapered

over the last 6 grid points to zero on the open bound-

aries. Awind stress of 0.1 N m�2 corresponds to a wind

of approximately 5 m s�1. After a further day of spin-

up of the velocities, temperature and salinity are dy-

namically calculated. Model time begins after these 2

days of spin-up. The temperature and salinity fields

undergo an adjustment during the formation of a bot-
northerly wind simulation at 10 m (A–D) and 50 m (E–H) and the

, 10.5 and 18.5. For more details see Fig. 6.
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tom boundary layer along the shelf break on a time-

scale of approximately 1.5 days. To prevent unrealistic

mixing during this adjustment phase, all biological state

variables are held constant for further 2 days. Age

begins varying at the same time as the biological vari-

ables, and so has a zero value at Day 2.0 throughout the

domain.

6.3. Biological details

6.3.1. Initial conditions

The biological component of the coupled model is

particularly sensitive to the specification of initial and

boundary conditions in the EAC configuration because

(1) the EAC is a strong boundary current that advects

physical and biological properties into the model do-

main from the north, and (2) while the physical model

takes a few days to spin up, the time scale for the

biological dynamics to reach a quasi steady-state is

weeks to months. The sensitivity to initial conditions

presents a particular problem for the biological proper-

ties of the model because the bulk of the initial condi-
Fig. 8. Phytoplankton biomass [mol N m�3] during the northerly wind simula

at 10 m (I–L) and 50 m (M–P) on Days 2.5, 6.5, 10.5 and 18.5. For more
tions are unknown, and the time frame of response that

is most relevant to capturing phytoplankton blooms is

days to weeks. Despite these difficulties, a set of initial

conditions that allows meaningful results to be

extracted from the model simulations is still possible.

Initial conditions were determined using the same

long-duration spin-up used in Baird et al. (2004). The

spin-up consisted of a two dimensional grid with zero-

mean oscillating alongshore wind stress which sets up a

realistic profile of vertical diffusivity. In particular, the

idealised forcing forms a surface mixed layer. By os-

cillating between an upwelling and downwelling

favourable wind stress, no net upwelling occurs. The

two dimensional model is run for 375 days, at which

stage the time derivatives of the biological fields are

small. The output from the two dimensional grid after

375 days can be viewed as a quasi steady-state response

to idealised vertical mixing. A depth profile of the state

variables at the centre of the grid is then linearly

interpolated onto the 3D EAC grid to give the initial

conditions. The initial conditions of the two parameter

sets for the biomechanical model, and the microzoo-
tion at 10 m (A–D) and 50 m (E–H) and the southerly wind simulation

details see Fig. 6.
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plankton parameter set for the Franks model are given

in Fig. 5.

Naturally, the three dimensional structure of the flow

field during the simulations will perturb the quasi steady-

state. The results of the simulations should be interpreted

as the effect of the three dimensional flow structure of the

EAC on an initial idealised biological state. The compar-

ison with in situ and remotely sensed data, although

important, is limited by use of idealised initial conditions.

6.3.2. Forcing

Apart from the physical forcing, the biological model

is forced by daily-varying photosynthetically available

solar radiation calculated at 31.48S for a cloudless day

using the Brock (1981) formulation for January 1 (sum-

mer). So as not to create an annual signal in the solar

forcing, the PAR radiation cycle of January 1 is repeated

for each day of both the spin-up and the simulation.

6.3.3. Biological boundary conditions

The biological boundary conditions at the surface,

bottom and coast (western boundary) are zero flux. The
Fig. 9. Zooplankton biomass [mol N m�3] during the northerly wind simulat

at 10 m (I–L) and 50 m (M–P) on Days 2.5, 6.5, 10.5 and 18.5. For more
open boundaries (north, south and east) have the same

radiation condition as the physical variables, and are

relaxed to the quasi steady-state initial conditions. The

boundary conditions at surface, bottom and coast for

age are zero flux. On the open boundaries, age is

relaxed to zero below 90 m, and to the time since the

biological variables began varying in the top 90 m of

the boundary.

7. Results

Model time begins when the physical variables start

evolving, which, for the purpose of calculating the

daily-varying irradiance, is midnight local time. The

biological processes begin two days later. Model out-

puts are average over an inertial period (= |2k /
f | =0.9022 d) at midday on Days 2, 6, 10, and 18,

where f=�8.06�10�5 s�1 is the Coriolis parameter

in the centre of the model domain.

The model is investigated under two forcing: a

northerly wind which is upwelling favourable on an

east coast in the Southern Hemisphere, and a southerly
ion at 10 m (A–D) and 50 m (E–H) and the southerly wind simulation

details see Fig. 6.
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wind, which is downwelling favourable. The age, DIN,

phytoplankton and zooplankton fields are shown for

both simulations in Figs. 6–9, respectively, while 3D

snapshots of the model output on Day 18.5 for the

northerly wind (Figs. 10 and 11) and southerly wind

(Fig. 12) simulations are also given.

7.1. Northerly Wind (NW) simulation

The coastal upwelling of nutrient rich water from

below 90 m is evident in the spatial distribution of the

tracer age (Fig. 6). By Day 6.5 at 50 m depth (Fig. 6F),

a streak of young water is located on the inshore and

southern edges of the EAC. At Day 10.5, more young

water is evident at 50 m (Fig. 6G), and some has

reached the surface and been advected southward

(Fig. 6C). For the next eight days, the continual up-

welling of young water and entrainment into surface
Fig. 10. The temperature, velocity, dissipation rate of TKE and fraction of su

have been interpolated from the r-grid onto 0, 33, 66 and 99 m z-levels. T

northern face of each graph. Note the scaling of the cones representing vel
filaments occurs (Fig. 6D and H). As a result of the

contrast in DIN concentration between the surface and

depth, the upwelling of water from below 90 m is

evident in the DIN field (Fig. 7). In general, age and

DIN have a distribution that is approximately inversely

correlated (see Section 7.5).

A coastal phytoplankton response is also evident at

50 m and on the surface by Day 6.5 (Fig. 8F and B,

respectively). North of 328S the coastal phytoplankton

response is strongest at the surface, while south of

328S it is stronger at depth. Along the interface be-

tween EAC and Tasman Sea waters, a strong deep

chlorophyll maximum develops, increasing in intensity

until Day 10.5 (Fig. 8G), but decreasing by Day 18.5

(Fig. 8H). By Day 18.5, the surface phytoplankton

bloom extents to 348S (Fig. 8D), a result of the south-

ward advection of surface waters and further wind-

driven upwelling.
rface light fields on Day 26.5 of the northerly wind simulation. Fields

he r-levels for the northern most cross-shelf slice are drawn on the

ocity vectors in the top right hand corner of the velocity plot.
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The upwelled nutrient rich water is initially low in

zooplankton biomass. On Day 6.5, low zooplankton

biomass is evident in the young waters at 50 m depth

(Fig. 9F). The response of the zooplankton biomass

occurs later and further downstream than the phyto-

plankton response. In particular, high zooplankton

biomass occurs at 50 m depth along the interface

between EAC and Tasman Sea waters (Fig. 9G and

H), and in a coastal filament south of 348S on Days

6.5–18.5 (Fig. 9B–D).

Snapshots of the three dimensional structure of the

physical and biological fields on Day 18.5 of the NW

simulation are shown in Figs. 10 and 11, respectively.

These figures illustrate the continuity of some physical

and biological features with depth. For example, the

eddy structure that is forming at 348S, 152.58E pene-

trates from the surface to 100 m in the temperature,

velocity, age, DIN and zooplankton biomass fields. It
Fig. 11. The age, DIN, phytoplankton and zooplankton fields on Day

Fig. 10.
is interesting to note the effect of phytoplankton bio-

mass (Fig. 11) on light penetration (Fig. 10). With high

phytoplankton biomass in the coastal surface water, the

light availability at 33 m is less than 3% of the surface

value, while in some offshore regions, higher light

levels are seen at 99 m. Another notable feature is

the higher biomass of zooplankton in the core of the

eddy at 99 m compared to that on its outer edge, while

the reverse is true at surface.

7.2. Southerly Wind (SW) simulation

A southerly wind is downwelling favourable on an

east coast in the Southern Hemisphere. However, the

presence of the warm EAC current produces cross-shelf

isopyncals that roughly follow the bathymetry of the

continental shelf. This pre-conditions the shelf region

for upwelling (Gibbs et al., 1998). Furthermore, cross
18.5 of the northerly wind simulation. For more information see
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shelf transport occurs in the bottom boundary layer due

to the action of the EAC alone (Oke and Middleton,

2001; Roughan and Middleton, 2002; Roughan et al.,

2003; Roughan and Middleton, 2004). The southerly

winds, however, act to prevent nutrient-rich water

reaching the surface, so the age (Fig. 6I–L) and DIN

(Fig. 7I–L) of the surface waters look quite different to

the NW simulation (Figs. 6A–D and 7A–D). In con-

trast, the subsurface water of the SW simulation (Figs.

6M–P and 7M–P) looks similar to that of the NW

simulation (Figs. 6E–H and 7E–H). Without nutrient

rich water reaching the surface, the phytoplankton and

zooplankton surface fields remain relatively constant

(Figs. 8I–L and 9I–L). At 50 m depth, the phytoplank-

ton and zooplankton fields in the NW and SW simula-

tions phytoplankton and zooplankton fields look

similar, with slightly less spatial variability in the SW

simulation. One significant difference at depth is the
Fig. 12. The age, DIN, phytoplankton and zooplankton fields on Day 18.5
development of a strong, coastally confined deep chlo-

rophyll maximum between 318S and 338S in the SW

simulation (Fig. 8P). In the NW simulation, the surface

phytoplankton bloom acts to impair light reaching

depth. In contrast, in the SW simulation the combina-

tion of downwelling winds and nutrient uptake by

phytoplankton at the base of the thermocline produces

a chlorophyll maximum at depth.

Snapshots of the three dimensional structure of the

biological fields on Day 18.5 of the SW simulation are

shown in Fig. 12. Again, the penetration of the eddy

structure with depth is evident. Other features appear to

have limited vertical extent. For example, occasional

phytoplankton maximum appear at 33 and 66 m which

are not seen above or below this level at the same

location. Also, the large zooplankton maximum seen

at 33 m depth on Day 18.5 at 348S 1528E is barely

visible at 0 or 66 m, and to only a limited extent at 50 m
of the southerly wind simulation. For more information see Fig. 10.
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(Fig. 9P). This feature has evolved from a portion of the

Tasman Front that has been pinched off by the forming

warm-core eddy. It lasts a few more days (not shown),

before disappearing.

7.3. Effects of wind stress on offshore frontal features

In addition to the large differences between the

NW and SW simulations due to upwelling/downwel-

ling on the continental shelf, differences can also be

seen in offshore behaviour. To isolate the effects of

deep ocean phenomena, a second age tracer is imple-

mented which separates the components of the age

distribution due to shelf upwelling and offshore up-

welling (Fig. 13).

The outer portion of the young water in the NW

simulations is water that has been upwelled on the

shelf, and advected offshore. The young water closer

to the centre of the warm-core eddy, as seen in both the

NW and SW simulation is due to offshore upwelling.

Noteably, the offshore upwelling is stronger in the NW

simulation than the SW simulation. As a result of this,

the biological response around the outer edges of the

eddy is stronger in the NW simulation than the SW

simulation.

An interesting feature can be seen on the offshore

edge of the EAC current. There is younger water and a
Fig. 13. The components of the surface field of the diagnostic tracer age [d

(centre) or offshore transport (right) of young bottom water for the north

shelf upwelling is the transport of water across the 90 m depth level in re

transport across the 90 m depth level in depths greater than 200 m. Onc

and ages as per Eq. (1). The latitude (308S, 328S, 348S and 368S) and lo

those in Fig. 2.
stronger biological response at 50 m depth in the east-

ern front of the EAC jet from 328S to 348S in the SW

simulation than the NW simulation (compare Fig. 8, O

with G). The interaction of a surface wind stress and an

oceanic jet can produce an oscillating (on an inertial

period) vertical velocity with a non-zero mean. In the

Southern Hemisphere, with the wind blowing in the

direction of the flow, the mean vertical velocity at the

base of the mixed layer will be upward on the edges of

the jet, and downward in the middle of the jet (Franks

and Walstad (1997) gives the example in the northern

hemisphere). This may explain the presence of the

young water that has driven a significant biological

response on the offshore edge of the EAC in the SW

simulation, but not the NW simulation.

7.4. Comparison of the biomechanical and Franks

models

The phytoplankton biomass predicted by the biome-

chanical model with parameter sets BM1 and BM5, and

the Franks model can be compared for the NW (Fig.

14) and SW (Fig. 15) simulations. The BM1 parameter

set is based on allometric relationships and using small

phytoplankton and zooplankton radii representative of

the oligotrophic EAC (Table 1). The BM5 parameter set

simulation has larger radii plankton, which aligns it as
ays] on Day 18.5 that result from all transport (left), shelf transport

erly (top) and southerly (bottom) wind simulations. For this figure,

gions with a depth of less than 200 m, while off-shore upwelling is

e transported across the 90 m depth level, age is advected, diffuses

ngitude (1508E, 1528E, 1548E and 1568E) grid lines correspond to



Fig. 14. Phytoplankton biomass [mol N m�3] for the northerly wind simulations for the biomechanical model with the BM1 parameter set at 10 m

(A–D) and 50 m (E–H), the BM5 parameter set at 10 m (I–L) and 50 m (M–P) and the Franks models at 10 m (Q–T) and 50 m (U–X) on Days 2.5,

6.5, 10.5 and 18.5. The latitude (308S, 328S, 348S and 368S) and longitude (1508E, 1528E, 1548E and 1568E) grid lines correspond to those in Fig.

2. The individual panels are drawn to scale as is Fig. 2.
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close as possible to the rates calculated by the Franks

model (Baird et al., 2004).

The quasi steady-state of the biomechanical model

with parameter sets BM1 and BM5, and the Franks

model can be seen Fig. 5. It is significant to note that

the quasi steady-state surface phytoplankton biomass

for BM1 is half that of either BM5 or the Franks

model, for approximately the same zooplankton con-

centration. This can be seen in the initial surface phy-

toplankton concentration of the three models (Fig. 14A,

I and Q). Earlier studies (Franks and Walstad, 1997;

Franks and Chen, 2000; Edwards et al., 2000a) have

used as initial conditions the analytical solution to the
Franks biological model. Simulations from these initial

conditions in the EAC configuration only produce a

strong biological response away from upwelling

regions (not shown). This occurs because upwelled

water contains phytoplankton and zooplankton concen-

trations close to the initial steady-state so the tendency

for these values to change is small. This is not a

problem with the quasi-steady-state developed during

the 375 2D biological simulations, which has depth

varying initial conditions, and which has the further

advantage of including the affects of vertical mixing. In

any case, the quasi steady-state initial conditions have

been shown to be useful for model comparison in an



Fig. 15. Phytoplankton biomass [mol N m�3] for the southerly wind simulations for the biomechanical model with the BM1 parameter set at 10 m

(A–D) and 50 m (E–H), the BM5 parameter set at 10 m (I–L) and 50 m (M–P) and the Franks models at 10 m (Q–T) and 50 m (U–X) on Days 2.5,

6.5, 10.5 and 18.5. For more details see Fig. 14.
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earlier 2D upwelling study (Section 5.2, Baird et al.

(2004)), and the same has been found for the 3D EAC

configuration.

In the NW simulation of the Franks model, the

offshore regions increase in phytoplankton biomass

from initial conditions until Day 10.5 (Fig. 14S). At

the initial conditions, the phytoplankton growth and

grazing loss terms are 7.1 and 5.3�10�4 mol N

m�3, respectively. After Day 10.5, the phytoplankton

biomass generally decreases as phytoplankton growth is

exceeded by grazing pressure. Thick filaments of chlo-

rophyll remain where coastal upwelling supplies nutri-

ents to offshore regions that overcomes the zooplankton

grazing pressure.
In contrast, the biomechanical model with parameter

set BM1 produces a more coastally-confined surface

bloom under upwelling conditions (Fig. 14B–D). The

surface bloom is advected offshore as in the Franks

model (the physical models are identical) but grazing

losses are greater than the growth rate, and the bloom is

confined to the coast. The stronger grazing pressure in

the biomechanical model results from the greater initial

slope of the encounter rate formulation in the turbulent

surface mixed layer than the depth-independent initial

slope of the empirical Ivlev formulation (see Baird et al.

(2004), Appendix 3).

The magnitude and spatial distribution of the output

of the biomechanical model is more consistent with sea
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surface colour images of the region (Fig. 1) than the

Franks model. The parameter set BM5, with larger

plankton radii and faster zooplankton growth rates, pro-

duces a smaller coastal bloom than BM1 (Fig. 14J–L),

and more offshore activity, but on the whole is more like

the BM1 simulation than the Franks simulation.

In the SW simulation, the biomechanical model with

both BM1 and BM5 parameter sets produces a deep

chlorophyll maximum (DCM). This result can be com-

pared with DIN and chlorophyll concentration mea-

sured along a cross-shelf transect from R/V Franklin

cruise on 16th November 1998 (Roughan and Middle-

ton, 2002) during downwelling favourable winds (Fig.

16). While the DCM of the BM1 parameter set is

confined to the coastal regions and along fronts, the

BM5 parameter set produces more widespread DCMs.

In contrast, the Franks model produces higher chloro-

phyll values at the surface than at depth. Again, this

difference between the Franks and biomechanical mod-

els is largely due to the inclusion of a turbulence

dependent grazing formulation in the biomechanical

model, which encourages the formation of the DCM

(see Section 4.2.1 of Baird et al. (2004)). At the same

time, the growth formulation used in the biomechanical

model, which is dependent on internal reserves of the
Fig. 16. Dissolved inorganic nitrogen [mmol N m�3] (top row) and chloroph

situ observations (left column), the biomechanical model with BM1 parame

(column 3), and Franks model (right column) on Day 6.5 of the southerly win

At these station, chlorophyll was measured continuously with depth. A conv

3.03 mg chl mol N�1 for BM5 (Table 1).
phytoplankton, allows phytoplankton growth at greater

depths than the Franks model, which has a light-limi-

tation formulation that has a constant exponential decay

with depth.

In summary, the most significance differences be-

tween the two modelling approaches results from the

inclusion of a turbulence dependent grazing formula-

tion and the phytoplankton growth model that resolves

internal reserves. The combination of these two for-

mulations produces vertical and horizontal distribu-

tions of phytoplankton blooms that resemble existing

observations.

7.5. Relationship between age and biological fields

In the model simulations, age represents the aver-

age time that parcels of water in a particular grid box

have been shallower than 90 m depth since the bio-

logical variables began varying (Day 2). Figs. 17 and

18 present phase plots that graph model variables

against each other for all horizontal grid points inter-

polated onto a 10 m depth level. Phase space plots are

given for age against DIN (Fig. 17A), phytoplankton

biomass (Fig. 17B), and zooplankton biomass (Fig.

17C) and against both phytoplankton biomass and
yll concentration [mg chl m�3] (bottom row) at Smoky Cape from in

ter set (column 2), the biomechanical model with BM5 parameter set

d simulation. The dots on the observed DIN plot are sample locations.

ersion factor of 4.22 mg chl mol N�1 is used for the BM1 output, and



Fig. 17. Phase space plots of biological variables for the northerly wind simulation at Day 25.5 for the surface (interpolated from the r-grid onto a

10 m z-level) on all grid points (82�130). Grid points along a filament of water on the Tasman Front near the separation point, and recently

upwelled water from Smoky Cape are distinguished. The dots on the observed DIN plot are sample locations. At these stations chlorophyll was

measured continuously with depth.
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zooplankton biomass (Fig. 17D) for the NW simula-

tion in the surface layer for Day 25.5. The four plots

show that the youngest water to reach the surface is

64 days old (i.e., it takes four days for water to be

transported from 90 m to the surface) during which

time it may have been transported a significant hori-

zontal distance. Upwelled water has a characteristic

DIN concentration of 0.015 mol N m�3, and low

phytoplankton and zooplankton biomass.

At 10 m on Day 25.5 there is a distribution of age

from 4 to 25 days. An age of less than 25 days occurs

due to mixing with younger water — the greater the

dilution and the more recently that the water has been

upwelled, the younger the age becomes. The NW sim-

ulation at Day 25.5 shows a general reduction in DIN

concentration with age (Fig. 17A), an increase in phy-

toplankton biomass with age up to 8 days (Fig. 17B),

then a decrease in phytoplankton biomass accompanied

by an increase in zooplankton biomass (Fig. 17C). For

ages over 20 days the biomasses approach a quasi

steady-state.
Among the scatter of points in all phase plots,

structure can be seen in both the NW and SW (Fig.

18A–D) simulations. Two sources of this structure are

identified on the NW simulation phase plots (Fig. 17).

Filaments of water that are upwelled will increase in

age with time, and will also see a biological response

triggered upon entering the euphotic zone. An initial

increase in phytoplankton biomass and decrease in

DIN concentration is evident, followed by a decrease

in phytoplankton biomass and increase in zooplankton

biomass, as seen most clearly in the filament associat-

ed with the separation of the EAC (� in Fig. 17A–D).

The points identified with an � come from a cross-

shelf slice just north of Point Stephens (Fig. 2) and

extend from 22.6 km offshore to 63.6 km offshore with

an average spatial interval of 1.5 km, along a current

streamline. The filament of water is first identifiable at

22.6 km offshore with an age of 6.60 days, a DIN

concentration of 0.012 mol N m�3, a phytoplankton

concentration of 0.015 mol N m�3, and a zooplankton

concentration of 0.00007 mol N m�3. The peak in



Fig. 18. Phase space plots of biological variables for southerly wind simulation at Day 25.5 for the surface (interpolated from the r-grid onto a 10 m
z-level) on all grid points.
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phytoplankton biomass occurs at 43.2 km offshore by

which time the filament is 9.39 days old, has a DIN

concentration of 0.0043 mol N m�3, a phytoplankton

concentration of 0.0037 mol N m�3, and a zooplank-

ton concentration of 0.00088 mol N m�3. The filament

is last identifiable 63.6 km offshore with an age of

10.86 days, a DIN concentration of 0.0079 mol N

m�3, a phytoplankton concentration of 0.0010 mol N

m�3, and a zooplankton concentration of 0.00060 mol

N m�3.

A similar filament of upwelled water advects south-

ward from Smoky Cape. This filament is broader than

the filament associated with EAC separation, and is

identified within a 15 km cross-shelf and 270 km

alongshore region. When plotted against age, which

varies on Day 25.5 in this region from 4.2 to 13.2

days, the DIN, phytoplankton and zooplankton concen-

trations follow a qualitatively similar description to the

EAC separation filament.
A further insight into the relationship between age

and biological fields can be seen by focusing on the

warm core eddy in the NW simulation. Fig. 19 shows

the phytoplankton biomass and age of the water

along a cross-shelf slice at Day 26.5. The warm

core eddy is centred at about 1528E. The top 40 m

of the centre of the warm core eddy contains warm,

low density water, which does not mix with the

younger, less dense water surrounding it. As a result

the core ages with the simulation and by Day 26.5 is

made up of old (b20 days) water. The young water

at depth is able to upwell on the side of the eddy

following isopycnals, introducing young water to the

near surface regions at the fringes of the eddy. The

young water is nutrient rich, and as a result, the

phytoplankton biomass is seen to increase with age

as it enters the sunlight surface waters, reaching a

maximum at around 12 days old and at 630 m

depth on the fringes of the eddy. The asymmetry of



Fig. 19. The phytoplankton biomass (surface height) and age (surface colour) along a cross-shore model slice that runs from 150.88E 34.38S to

155.98E 35.68S (see Fig. 2) through the middle of a warm core eddy on Day 26.5 of the northerly wind simulation.
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the eddy (younger inshore than offshore) results from

some additional young water which has been

upwelled at the coast and entrained into the edge

of the eddy.

8. Discussion

The biomechanical model was initially presented in

Baird and Emsley (1999) as a zero-dimensional mixed

layer model. Since then components of the biomechan-

ical approach have been assessed against laboratory

data (Baird et al., 2001), and against a conceptual

understanding of biological responses of estuarine sys-

tems (Baird et al., 2003). Recently, the biomechanical

model was compared with the Franks NPZ model in an

idealised 2D ocean basin (Baird et al., 2004). This

paper is the first detailed assessment of the biomechan-

ical approach in a semi-realistic three dimensional sim-

ulation, allowing the model to be assessed against in

situ and remotely sensed data.

The biomechanical model captures two important

features of the pelagic ecosystem off the coast of

NSW: the presence of a coastally confined DCM during

downwelling conditions, and a coastally confined sur-

face bloom during upwelling conditions. The magni-

tude and spatial extent of these blooms is consistent

with observations. In contrast, the Franks NPZ model

overestimates the surface chlorophyll concentration in

both the NWand SW simulations, and does not produce

a DCM.
The BM1 and BM5 parameter sets for the biome-

chanical model can be used to explore the differences

between the biomechanical and Franks models. The

BM5 parameter set contains the same values of maxi-

mum growth rates of phytoplankton and zooplankton,

and planktonic radii calculated to give the similar phy-

toplankton nutrient uptake rates and encounter rates in

low turbulence environments. Despite these accommo-

dations, the BM5 simulations appears more like the

BM1 simulations than the Franks simulations. The

reason for this lies in the resolution of internal reserves

of nitrogen and energy and the dependence of grazing

on turbulence in the biomechanical model. In particular,

as detailed in Baird et al. (2004), the increased grazing

pressure in the surface mixed layer due to high turbu-

lence encourages the formation of a DCM, which the

growth rates based on internal reserves allows to form.

All simulations were run from initial quasi steady-

state conditions for the particular biological model.

Nonetheless, the Franks model appears to undergo a

large oscillation away from the initial state once ex-

posed to the three dimensional flow field. This phe-

nomenon in the Franks model has been studied by

Edwards et al. (2000b), but does not seem to be an

issue for the biomechanical model, presumably because

of tighter control of phytoplankton biomass due to

grazing.

As has been found throughout the world’s ocean,

physical processes in the EAC drive biological dy-

namics. As seen in Fig. 10 physical fields (T, v and



M.E. Baird et al. / Journal of Marine Systems 59 (2006) 249–270 269
e) are dominated by the presence of the EAC. The

effect on the physical fields of changing the wind

forcing between upwelling and downwelling favour-

able conditions appears small. In contrast, the effect

on the surface phytoplankton and zooplankton con-

centrations near the coast is large. This illustrates the

sensitivity of the biological model to relatively small

changes in physical properties such as surface mixed

layer depth, vertical velocity and surface turbulence.

It is an open question as to whether hydrodynamic

models, which are perhaps better at quantifying large

scale advection patterns than small scale mixing pro-

cesses, are refined enough to provide realistic phys-

ical fields for biological models. Of course, the form

of the biological models themselves is still an active

area of research.

In summary, a pelagic ecosystem model with bio-

mechanical descriptions of key planktonic processes

has been coupled to an EAC configuration of the

Princeton Ocean Model, and compared to output from

the Franks NPZ model and field data. The biomechan-

ical model captures a number of important features of

the NSW pelagic ecosystem, especially the presence of

a coastally confined DCM during downwelling condi-

tions, and a coastally confined surface bloom during

upwelling conditions. Key components of the improved

performance of the biomechanical model are the inclu-

sion of a turbulence dependent encounter rate formula-

tion for grazing and the resolution of internal reserves

of nitrogen and energy. Model outputs were analysed

in terms of the diagnostic tracer age, and illustrate the

importance in oligotrophic waters of tracking the ad-

vection of nutrient rich upwelled water for understand-

ing the spatial and temporal trends in biological

activity.
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