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Abstract

An eddy-resolving global ocean model (BRAN) is downscaled for the waters off
southeast Australia and the performance assessed against remotely-sensed and ship-
board observations. The downscaling involves assimilating hydrographic fields from
a ~10 km resolution global analysis (BODAS) into a ~3 km resolution southeast
Australian configuration of the Princeton Ocean Model (SEAPOM). Numerical ex-
periments establish that the optimal strength and duration of the assimilation of
BODAS fields into the SEAPOM configuration for the purpose of producing hind-
casts of ocean state is 1 d~! for 1 day. SEAPOM, BRAN and BODAS are assessed
against two high resolution SST products for the austral summer and winters of
2002-2006. SEAPOM achieves best results in winter when the remote forcing is
weakest, obtaining a root mean square error of 1.01°C on the continental shelf, re-
ducing the errors relative to BRAN by ~0.12°C. For the whole domain extending
~400 km offshore, the improvement in winter is ~0.03°C. In summer when tem-
perature variability is the greatest, SEAPOM has a similar performance to BRAN
both on and off the shelf. A more detailed comparison is made against vertical slices
of temperature and velocity obtained in situ using a towed SeaSoar in September
2004. This comparison shows the higher resolution SEAPOM configuration resolves
frontal features better than the coarser BRAN. The downscaling effort improves
the estimation of ocean state off southeast Australia, especially on the continental
shelf, in winter, and for finer spatial features.

Key words: East Australian Current, data assimilation, model initialisation,
Bluelink, Princeton Ocean Model
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1 Introduction

The continental shelf off southeast Australia varies in width from a minimum
of 16 km off Smoky Cape (31°S) to a maximum of ~50 km off Newcastle
(33°S) (Fig. 1). The processes on the continental shelf are dominated by the
presence of the East Australian Current (EAC), a strong poleward-flowing
western boundary current, and the mesoscale eddies that are spawned at its
separation (Cresswell and Legeckis, 1986; Tilburg et al., 2001; Ridgway and
Dunn, 2003). In particular, the interaction between the uplift of slope water
due to the bottom stress associated with the EAC and the alongshore wind
stress drives intermittent upwelling along the southeast Australian coast (Oke

and Middleton, 2001; Roughan and Middleton, 2002).

Understanding the continental shelf circulation off southeast Australia is im-
portant, among other reasons, because of: (1) the role of filaments of upwelled
water in determining the carbon (Macdonald et al., 2009) and nitrogen (Baird
et al., 2006b) shelf budgets, and the population dynamics of algal blooms
(Ajani et al., 2001); (2) the dispersal of marine populations from coastal sites
(Booth et al., 2007; Banks et al., 2007; Roughan et al., in prep.); (3) the
need for effective positioning of marine parks (NSW Marine Parks Authority,
2008); (4) and locally important issues such as the presence of large discharges
of treated sewerage (Pritchard et al., 1997) and de-salination brine (Sydney
Water, 2005) off Sydney. Each of these phenomenon depend on processes that
occur on spatial scales of less than 10 km. In particular, the baroclinic radius
of deformation that approximates the seaward extent of the surfacing of wind-
driven upwelling plumes is approximately 5-8 km in the region (Roughan and

Middleton, 2002).

A coarse ~10 km regional configuration of the Princeton Ocean Model (POM)

* Corresponding author.
Email address: m.baird@unsw.edu.au (Mark E. Baird).



27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

for the waters off southeast Australia has previously been used to investi-
gate coastal upwelling (Oke and Middleton, 2001) and particle trajectories
(Roughan et al., 2003), finding the importance in particular of bottom water
transport. More recently a ~3 km configuration for the waters off southeast
Australia has been applied to consider details of the underwater light field
(Baird et al., 2007) and biogeochemical processes (Macdonald et al., 2009).
These numerical simulations have been necessarily idealised and short in du-
ration due to strong inflows on the northern boundary and the importance
of non-linear mesoscale processes whose dynamics have not been captured. In
order to provide both more realistic and longer duration simulations, the re-
gional model needs to exploit ocean state estimates to incorporate the effects
of remote forcing, account for non-linear mesoscale processes, and to correct

for model errors during model integration.

Recently the Bluelink Project, a partnership between CSIRO, the Bureau of
Meteorology and the Royal Australian Navy, has greatly increased Australia’s
ocean modelling capabilities (for a list of acronyms used in this paper see
Table. 1). This has resulted in BRAN (Bluelink ReANalysis), an ensemble
optimal interpolation reanalysis system applied to a global ocean general cir-
culation model with a 0.1° (~10 km) spatial resolution around Australia (Oke
et al., 2005, 2008). BRAN is presently available as a daily hindcast of ocean

state from October 1992 and is likely to be provided on an on-going basis.

Products from the Bluelink project have been used to investigate the mesoscale
dynamics of waters off southeast Australia. Oke et al. (2005, 2008) demon-
strated good qualitative agreement between reanalysed sea-level and Lagrangian
tracks of surface drifting buoys in the Tasman Sea. Schiller et al. (2008) showed
that the EAC transport in BRAN2p1, including the barotropic component, is
at the upper end of earlier estimates derived from observation-based transport
estimates. One interesting result from this study was that in the retroflection

zone, and along the Tasman Front, they found vertical velocities of up to £+20
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m d~!. BRAN has also been used to show the interaction of local and remote
processes leading to three anomalous SST events in the Coral Sea (Schiller

et al., 2009).

In the present 0.1° resolution BRAN configuration it is expected that a number
of coastal and continental shelf processes may not be well resolved. In particu-
lar, the coastline itself is represented by pixels with ~10 km edges, limiting the
use of BRAN velocity fields for the purpose of studying particles released from
or settling on, the complex coastline. Furthermore, the horizontally uniform
thickness of vertical layers and the polar horizontal grid are not well suited
to processes such as topographic steering, shelf break dynamics and bottom
boundary layer transport. To capture the dynamics of coastal and continen-
tal shelf regions as influenced by remote and mesoscale processes requires an

eddy-resolving global model to be downscaled to a shelf-scale model.

In this paper, the archived temperature and salinity fields of the Bluelink
Ocean Data Assimilation System (BODAS) are assimilated into a ~3 km res-
olution configuration of the Princeton Ocean Model for the waters off southeast
Australia (SEAPOM). To optimise assimilation effectiveness, numerical exper-
iments are undertaken to find the most suitable strength and duration of assim-
ilation. Three month model simulations are then undertaken for the austral
summer (December-February) and winter (June-August) for 2002-2006. For
these 10 integrations, a comparison is undertaken of the analysed data (BO-
DAS), the re-analysis (BRAN) and the downscaled model (SEAPOM) against
independent SST observations. Finally, in situ observations from September
2004 are used to investigate the ability of the downscaled model to improve

the representation of smaller scale processes.
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2 Methods

The modelling system detailed in this paper involves assimilating data from
a global analysis with ~10 km resolution in the Australian region (BODAS)
into a regional POM configuration with a ~3 km resolution (SEAPOM). By
assimilation, we refer to the relaxation of model state to the analysis, that
might also be referred to as initialisation. SEAPOM output is compared with
output from BRAN, a similar reanalysis product at the same resolution as
the analysis. Each component of the modelling system is described in detail

below.

2.1 BODAS

The data assimilation system developed under Bluelink is the Bluelink Ocean
Data Assimilation System (BODAS; Oke et al. (2008)). BODAS employs an
ensemble optimal interpolation (EnOI) scheme that uses a stationary, 120-
member ensemble of intraseasonal model anomalies to approximate the sys-
tem’s background error covariance. The covariances that are implicit to the
ensemble are used to interpolate and extrapolate observations onto the 0.1°
resolution model grid. The system is multivariate, using observations of one
type (e.g., temperature) to update fields of all types (temperature, salinity,
velocity, and sea-level). BODAS was specifically developed for application to
long reanalyses, like the Bluelink ReANalysis (BRAN; see below), and for oper-
ational short-range forecast system of the mesoscale ocean circulation around
Australia. Consequently, computational efficiency was an important consider-
ation in its development. As a result, BODAS employs practical “short-cuts”
that make its implementation feasible for the intended applications. For a
comprehensive description of BODAS, the reader is referred to Oke et al.
(2008).
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2.2 BRAN

BRAN is a multi-year model integration with sequential data assimilation. The
Bluelink model is a global configuration of MOM4p0d (Griffies et al., 2004),
with 0.1° resolution around Australia and coarser elsewhere. Version 2pl of
BRAN, hereafter BRAN2p1, used in this study, spans the period October
1992 to December 2006. For BRAN2pl the model is forced with 6-hourly
surface fluxes, provided by the European Center for Medium Range Weather
Forecasting (ECMWF'). Observations assimilated by BRAN include sea-level
anomalies from along-track altimetry and coastal tide gauge stations, satellite
SST from the AMSR-E mission and Pathfinder database, in situ temperature
and salinity from the Argo program, and temperature from XBT sections and
tropical moorings. Data are assimilated once a week. For each assimilation
cycle, observations from a time window of up to 9 days is used. Observations
collected before or after the analysis time are ascribed a larger observation

error, to down-weight their influence on an analysis.

Oke et al. (2008) showed that in the region around Australia, fields from
version 1p5 of BRAN (BRANI1p5), are typically within 6-12 cm of withheld
altimetric observations, within 0.5-0.9°C of observed SST and within 4-7 cm of
observed coastal sea-level. Comparisons with Argo profiles and surface drifting
buoys show that BRAN fields are within 1°C of observed sub-surface temper-
ature, within 0.15 of observed sub-surface salinity and within 0.2 m s~* of
near-surface currents. Results of BRAN2pl are presented by Schiller et al.
(2008), showing details of the seasonal circulation of the various current sys-
tems in the Asian-Australian region, with a strong focus on the circulation in

the Indonesian Seas.
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2.3 SEAPOM

SEAPOM is a configuration of the Princeton Ocean Model (POM) for the
waters off southeast Australia. SEAPOM 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 variables u, v and w correspond to
cross-shore (z direction), along-shore (y direction), and normal to the sigma
surfaces velocity components respectively. The x/y grid orientation is approx-
imately shore normal/shore parallel everywhere. The primitive variables are
solved on an Arakawa-C staggered grid such that u is computed in the centre
of the western boundary, v is computed in the centre of the southern boundary
and w and variables related to turbulent kinetic energy are computed in the
centre of the grid cell on the bottom face. Temperature, salinity, and surface

elevation are solved in the centre point of the grid cell.

The version of the POM used (circa 2003) includes the Craig and Banner
(1994) scheme for calculating the wave-driven flux of turbulent kinetic energy
at the surface and a hydrostatic correction term for sigma-coordinate models
(Chu and Fan, 2003). The Smagorinsky (1963) scheme is utilised in calculating
horizontal diffusion and is applied with an inverse turbulent Prandtl number
(TPRNTI) of 1.0 and a horizontal diffusivity coefficient (HORCON) of 0.1. Tem-
perature and salinity are advected using three iterations of the Smolarkiewicz
upstream advection scheme (Smolarkiewicz, 1984). Coastal boundary condi-
tions are: zero normal velocity, free slip tangential velocity and zero gradient

for vertical velocity, temperature and salinity.

The physical configuration (Fig. 1) extends along the NSW coast from 28°24'S
to 37°30’'S, a distance of 1025 km, and extends offshore between 395 km (at
28°24'S) and 500 km (at 37°30’S). The grid for the model has 130 points in the

cross-shore direction with a resolution between 1 and 6 km, and 325 points in
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the along-shore direction with a resolution between 1.5 and 6 km. The outer
six boxes on the northern, eastern and southern boundaries have smoothed

topographies and a tapered wind stress to reduce unwanted boundary effects.

Along the eastern and southern boundaries a volume constraining radiation
boundary condition with relaxation that permits oblique waves to radiate
outwards (Marchesiello et al., 2001) is applied to elevation and the baroclinic
horizontal velocity components. For the barotropic horizontal velocity com-
ponents the Flather condition is applied (Flather, 1976). The model is forced
with daily-averaged winds and radiative fluxes from the 2° NCAR 40-year
reanalysis project (Kalnay et al., 1996).

The vertical sigma coordinates contains 36 levels, with greater resolution in
the top and bottom boundary layers. Model depth and coastline are based on
a global 2" bathymetry produced at the Naval Research Laboratory (NRL).
The minimum and maximum depths are set at 15 m and 2000 m respectively.
A minimum depth of 15 m reduces numerical instability along the coastline
while a maximum depth of 2000 m (rather than the actual maximum depth of
> 4000 m) increases the allowable time step while not significantly influencing
the model results (Oke and Middleton, 2001). The circulation model solves the
external (barotropic) mode with a 1.7 s timestep and the internal (baroclinic)

mode with a 60 s timestep.

2.3.1 Comparison of model grids

Fig. 2A compares the SEAPOM curvilinear ~3 km resolution grid with the
BRAN polar 0.1° resolution grid for a region around Port Stephens where
the EAC typically separates from the coast, and shelf processes are partic-
ularly important. In addition to higher resolution, the SEAPOM grid has a
significant advantage over the BRAN grid as a result of being oriented cross-

shore/along-shore which is aligned with the dominant currents for the length
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of the NSW coast (Fig. 2A). Additionally, the coastline itself is better resolved
as the curvilinear ocean-land interface is more generally along the coast when
compared with the BRAN polar grid. Both model bathymetries are based
on the NRL 2’ (~3-3.6 km) data. The SEAPOM grid is slightly more re-
solved than the 2’ bathymetry data in the shallow regions, and, as a result,
the SEAPOM grid coastline is occasionally one grid cell displaced from the
more accurate coastline shown in Fig. 2A. This mismatch is small but could
be eliminated with the use of a 1’ or less resolution bathymetry in the near

shore regions.

The 36 layer vertical sigma coordinate system of SEAPOM gives improved
vertical resolution in shallow, shelf regions (Fig. 2B). At the 200 m isobath,
the maximum layer thickness is 8.7 m, compared to the BRAN grid of 10 m.
Shallower than 230 m, the SEAPOM grid has thinner layer thickness than
BRAN throughout the water column. The vertical sigma coordinate system,
like the horizontal curvilinear grid, is favourably oriented for capturing along
grid processes that occur on the shelf such as bottom boundary transport.
Uplift of slope water through bottom boundary layer transport is known to

be important on the NSW shelf (Oke and Middleton, 2001).

In the deepest (> 2000 m) regions, at depths between 50-740 m, the SEAPOM
grid has vertical layers with a thickness of 43 m, while the BRAN grid has
layers with a constant 10 m thickness in the top 200 m (Fig. 2B). As the total
depth shallows, the maximum layer thickness in SEAPOM reduces, such that
at 230 m of depth the maximum thickness is ~10 m. Thus, the surface mixed
layer is better resolved by SEAPOM in waters shallow than 230 m, and by
BRAN for deeper waters.
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2.4  Model initialisation

The model initialisation for SEAPOM consists of two stages. Stage 1 is di-
agnostic, where temperature and salinity are initially set to BODAS fields,
and held constant while allowing velocity to evolve. Forcing functions such as
solar radiation and winds are also held constant. Numerical experiments (not
shown) reveal that kinetic and potential energy increase for up to 20 days be-
fore stabilising. As a result, a 20 day duration has been used in Stage 1 for all
simulations. Stage 2 is prognostic, where temperature and salinity are allowed
to evolve and are relaxed to the BODAS data following the assimilation cycle
described below. Additional numerical experiments (not shown) reveal that up
to two assimilation cycles are required before the RMS errors stabilise. Stage
2 therefore begins 14 days before the first reported results, and is forced with

daily varying wind and radiative fluxes.

2.5 Data assimilation

BODAS temperature and salinity fields are available as a daily-mean every
7 days. The SEAPOM assimilation cycle involves relaxing to BODAS for a
period (later shown ideally to be one day) centred on midday of the BODAS
output day. For the rest of the 7-day cycle, model integration occurs without
relaxation. The SEAPOM temperature and salinity fields are relaxed to BO-
DAS fields based on the difference between the daily-mean BODAS field and
the time-evolving POM field. The relaxation term is given by:

aT(t, )

T |retaz = (8) (Tsgapom(t,s) — Tpopas(s)) /T (1)

where t is time, s is space, Tspapoum(t,s) is the instantaneous value of the

POM configuration temperature field and is evaluated every 60 seconds, Tpopas(s)

is the daily-mean temperature field of the analysis, 7 is the time-scale for as-

10
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similation, and ¢(s) is a factor between 0 and 1 that optionally tapers the
assimilation strength in shallow water. In simulations with tapered assimila-
tion, the factor ¢(s) varies horizontally and is a function of total water depth,

H:

¢(s) = min[(H (s)/400),1]) (2)

To horizontally smooth the assimilation strength, H is given by the mean
depth of the grid box and its 8 surrounding neighbours. For untapered assimi-
lation in shallow water ¢(s) = 1 everywhere. For both tapered and untapered
simulations, boundary boxes (within 6 cells of the northern, eastern and south-
ern boundary) have ¢ = 1 independent of depth. In Sec. 3.1 the optimal time

scale, 7, and duration of the assimilation are investigated.

2.6 In situ observations from September 2004

A research cruise from the 3 - 13 September 2004 on the Southern Surveyor
(cruise number SS200408; Baird et al. (2008)) deployed a towed undulating
device (SeaSoar) that measured temperature and salinity, while the shipboard
ADCP measured depth-resolved velocity. The SeaSoar moved between the
surface and 120 m (depth permitting). The ADCP velocities reported are

relative to the bottom (i.e. corrected for ship movement).

2.7 SST data

The assessment of the downscaling of the 0.1° Bluelink ocean modelling out-
puts to a ~3 km regional ocean model is made difficult by the errors in the
SST products. Initially CSIRO 3-day AVHRR SST1m composites, that are
available from the beginning of the BRAN simulations in 1992, were used. In

a comparison of SST products with in situ temperature data, Beggs (2007)

11
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found the mean and standard deviation (u £ o) of CSIRO 3-day composite
AVHRR minus buoy observation for a broad region around Australia was -
0.01 £ 0.62°C. When compared to model predictions with errors of ~1.0°C,
the 3-day composite AVHRR errors of ~0.62°C are significant. Despite the
length of the AVHRR data set, it was concluded that it was best to use the
LBoMSST and especially the RAMSSA data sets described below. Even with
these more sophisticated products, up to one third of the RMS error estimates
of SST in BODAS, BRAN and SEAPOM are due to errors in the observed
SST.

For model assessment, the primary SST products used are:

(1) The Integrated Marine Observing System (IMOS) archived Legacy Bureau
of Meteorology SST “Mosaic” (LBoMSST) is a 0.01° x 0.01° gridded compos-
ite product from 1.1 km High Resolution Picture Transmission (HRPT) Ad-
vanced Very High Resolution Radiometer (AVHRR) subskin (~1 mm) SST
(SSTsubskin) from operational NOAA polar-orbiting satellites (Rea, 2004).
This product is based on a running, weighted mean of observations over a 14

day period, with the most recent observations given the greatest weight.

(2) The Regional Australian Multi-Sensor SST Analysis (RAMSSA) isa 1/12°
Optimal Interpolation SST analysis over the Australian region that combines
infrared and microwave sensor observations with n situ measurements to pro-
duce daily SST estimates of “foundation” SST (SSTfnd) with the effects of
nocturnal cooling and diurnal warming largely removed. The Gamma Test
(and equivalent operational 1.0) versions of RAMSSA (Beggs, 2007), available
from the 12 June 2006 to 26 October 2007, were used.

A comparison with in situ buoy observations over the region 60°E - 180°E,
20°N - 65°S from 1 October 2007 to 31 March 2008 gave bias and standard
deviations of 0.0 £ 0.4°C for RAMSSA (pers comm. Helen Beggs). The SST

products that do not remove the effects of nocturnal cooling and diurnal warm-

12
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ing, such as LBoMSST, are noisier.

3 Results

3.1  Assimilation strategy assessment

In order to determine the best assimilation strategy for SEAPOM, a set of
simulations with assimilation durations of 3, 12 and 24 hours and assimilation
coefficients, 7, of 0.25, 0.5, 1 and 2 d™! (Eq. 1) are undertaken . The simula-
tions began on the 18 August 2004 and error statistics were calculated daily
and spatially-averaged for both the continental shelf and the whole domain
for the 6 weeks following the 1 September 2004, with tapering of assimila-
tion effort on the shelf. The RMS errors of SEAPOM when compared to the
LBoMSST product gave the best results on the continental shelf for 7 = 1 d~!
applied for 24 hours (Table 2). Off the shelf a reduced strength (7 = 0.5 d™1)
slightly decreased errors. Given that the aim of the downscaling is improved
performance on the shelf, and that BRAN also employed 7 = 1 d~! applied

for 24 hours, this strategy was used for all subsequent simulations.

3.2 Comparison with SST products

The comparison with SST products includes both calculation of the average
RMS errors for seasons and model regions, and for averages through the 7-
day assimilation cycle. For comparison of BRAN and SEAPOM, which have
model outputs once daily, model day and observation day can be matched.
The BODAS analysis is undertaken only every 7 days. For days that do not
have an analysis, comparison is made with the last analysis undertaken. This
is referred to as persistence (i.e. comparison of an estimate of SST for an

earlier day with the present day observed value).
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In addition to assessing the SEAPOM integration against SST products,
SEAPOM persistence is also calculated. SEAPOM persistence does not take
advantage of the SEAPOM integration over the days following the assimila-
tion. However, the state at the end of the assimilation period is still strongly
influenced by the model integration over the previous 7 days. An assimilation
strength of 1 d=! implies the model output is ~37 % model determined and
~63 % data constrained. The big advantage of persistence is that it is free of

initialisation shock from the most recent assimilation period.

3.2.1 RAMSSA SSTfnd for winter 2006

In terms of spatial resolution and comparison with in situ observations, the
best available SST product tuned for the Australian region is the RAMSSA
SSTind analysis, which is available for June 2006 onwards. The RMS errors
for winter 2006 for the continental shelf and whole domain with shelf-tapered
and untapered assimilation are summarised in Table 3. The winter of 2006
was a time with a strong poleward extension of the EAC and therefore remote
forcing of shelf waters. At this time SEAPOM performance is best with an
untapered shelf assimilation strategy, and achieved a reduction of RMS error
on the shelf of 0.13°C and 0.22°C relative to BRAN and BODAS respectively.
As RAMMSA SST is only available for winter 2006, LBoMSST is used for
2002-2006, for which the comparison is restricted to the better performing

untapered assimilation strategy.

3.2.2  LBoMSST for 2002-2006

The RMS errors of BODAS, BRAN and SEAPOM are assessed against LBoMSST

for 9 weeks starting in the June and December of years 2002-2006 (actually

December 2001-2005 for the summers of 2001/2 - 2005/6, but referred to as
summers 2002-2006). The average over the 9 weeks of the RMS errors for

14
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each day of the 7-day assimilation cycle are plotted for winter (Fig. 3) and
summer (Fig. 4) for each year. On the shelf in winter the relaxation effort (re-
duction in RMS error during assimilation period due to relaxation) is small,
and the RMS errors for SEAPOM remain fairly steady over the 7-day cycle
(Fig. 3A-F). In contrast, for the whole domain SEAPOM RMS errors increase
by ~0.2°C through the 7 days, and require a larger relaxation effort.

In summer SEAPOM RMS errors also increase through the 7-day assimila-
tion cycle, both on the shelf (Fig. 4A-F) and throughout the whole domain
(Fig. 4G-L), although like winter the increase is less on the shelf. BRAN sim-
ilarly required greater assimilation effort off the shelf and in summer. While
on average SEAPOM performs better than BRAN, the assimilation effort as

measured by the change in RMS errors between Day 1 and 2 are similar.

The average RMS errors based on nine 7-day assimilation cycles for winter
and summer each year of SEAPOM, BRAN and BODAS on the shelf and for
the whole domain are given in Table 4. RMS errors for all models are worse
on the shelf than over the whole domain, and for summer compared to winter.
This worse performance in summer versus winter partly reflects the 0.3°C
greater variability in LBoMSST for summer compared to winter (Table 4). In
contrast, for both summer and winter, the shelf and the whole domain have

similar LBoMSST variability, but the models perform worse on the shelf.

SEAPOM performs better than BRAN on the shelf in winter for all years, im-
proving the mean RMS errors by 0.11°C. The mean RMS errors for SEAPOM
for whole domain in winter improve on BRAN by only 0.03°C, and are worse
in three of the 5 years. In summer on the shelf SEAPOM is 0.04°C worse, and
for the whole domain 0.03°C better.

The best estimate of SST on the shelf in 5 of the 10 seasons is achieved by
SEAPOM, with 3 by SEAPOM persistence and 2 by BRAN. The persistence
of analysis (BODAS) never records the lowest RMS errors on the shelf indicat-

15



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

ing that both the downscaling exercise, and model integration, are important
for capturing shelf dynamics. In contrast, off the shelf SEAPOM persistence
achieves the lowest RMS errors in 8 of the 10 seasons, with BODAS recording
the other two. In the open ocean, where processes are less dynamic, the cost
of model integration in terms of initialisation shock is greater than the gain of
simulating 7 days. This was also found to be the case for BRAN versus BRAN
persistence for southeast Australia (Fig. 12d of Oke et al. (2008)).

3.8  Comparison with in situ observations from September 200

The 2004 Southern Surveyor cruise included transects across the Tasman Front
at 152°E, 153°E and 153°30’E, and a shore normal shelf transect at Diamond
Head, 31°45" (Fig. 1). The surface temperature and velocity fields for BODAS,
BRAN and SEAPOM for the region are shown in Fig. 5. Superimposed are
the surface (~20 m depth) ADCP velocities along the four transects. BRAN,
BODAS and SEAPOM all place the EAC at approximately the same distance
offshore at Diamond Head, in agreement with observations (see below). In
contrast, there is some disagreement between the in situ observations of the
location of the offshore fronts and those of BODAS, BRAN and SEAPOM.
The ADCP transects were centred on the observed thermal fronts. While the
location of the thermal front at 153°E in BRAN is in agreement with ob-
servations, the orientation of the current is not (Fig. 5B). As a result, the
downstream front at 153°30'E in BRAN appears 46 km too far south. Neither
SEAPOM nor BRAN form the thermal front that was observed at 152°E. In
order to compare the structure of thermal fronts formed along 153°30'E, the
below analysis compares the in situ observations and SEAPOM at the same

latitude as the observations, and BRAN from 46 km further south.
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3.83.1  Shelf processes

The ability of SEAPOM to resolve continental shelf properties is illustrated
by a transect off Diamond Head (Fig. 6). The observations (Fig. 6C) show
cool slope water has been lifted onto the continental shelf, with 16°C water
seen as shallow as 60 m at 12 km offshore. In the BRAN integration (Fig. 6B)
this water has fallen to 135 m since the last relaxation period. In contrast,
the SEAPOM integration has 16°C water at 70 m and isotherms are lifted
right up to the coast (Fig. 6D), suggesting the sigma co-ordinate grid is better
suited to the shelf density profile. The offshore location of the 19.5°C isotherm
at the surface representing the thermal front is well positioned in each simu-
lation, however the temperature maximum in the core of the EAC is too high,
especially in SEAPOM (Fig. 6D). Neither simulation captures the wave-like

structure of the thermocline seen in the observations (Fig. 6C).

The observed northward component of the velocity field of the 6 September
2004 (Fig. 6C) shows a maximum southward current of 0.4 m s~ at 20-50 m
depth and 20 km offshore (the shipboard ADCP does not have measurements
for the top 20 m). In the bottom waters of the continental shelf the velocities
decrease to less than 0.2 m s™! southward. Off the continental shelf the south-
ward currents reduce from the 0.4 m s™! maximum to ~0.2 m s™'. SEAPOM
does an excellent job of capturing the onshelf velocity field. The current is less
than 0.2 m s! southward close to the bottom and coast, and has a similar
maximum at approximately the same distance offshore. A region of 0.6 m s~!
southward currents are evident in SEAPOM above 20 m (Fig. 6D), but cannot
be assessed against the observations that are not resolved in the top 20 m.
However, off the shelf SEAPOM overestimates the southward velocities. The
BRAN velocity field generally captures the shape of the observations. While
BRAN overestimates shelf velocities, particularly at depth and close to the
coast, the offshelf velocity field is more realistic than SEAPOM.
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3.8.2 Tasman Front

The boundary between warm Coral Sea waters and cool Tasman Sea waters,
the Tasman Front, forms an eastward flowing jet between 31°S and 37°S. The
formation of the Tasman Front in the model simulations is assessed using a
transect at 153°30'E on the 3 September 2004 (Fig. 7). Between temperatures
of 17.5°C and 19°C, the observed surface temperature gradient is ~0.4°C km~!
(Fig. 7C and Baird et al. (2008)). For the same temperature range (slightly
displaced in the model outputs), BODAS and BRAN both have a gradient of
0.03°C km~! while SEAPOM has a gradient of 0.09°C km~!. The factor of
3 greater spatial resolution of SEAPOM allows an approximately factor of 3
sharpening of the thermal front, and better resolution of the frontal jet (Fig. 7).
Although the temperature gradient is not as sharp as observed, SEAPOM has
approximately the correct magnitude of along front velocities, and slope of the
isotherms. BRAN, in contrast, has such weak temperature gradients that no

concentration of along front current emerges.

4 Discussion

When moving from the coarse resolution BRAN model to the finer resolution
SEAPOM, it might be expected that smaller scale features would be better
resolved in a qualitative sense, but that circulation (as measured by RMS er-
rors in SST) be degraded in a quantitative sense. That is, the higher resolution
model may have add noise to the large scale signal that is being quantified in
SST RMS errors. Instead we find that SEAPOM resolves finer scale features

with no quantitative degradation in broad scale performance.

SEAPOM performed better on the shelf in winter than summer, and worst
of all in the summer of 2006. To illustrate this performance, LBoMSST,
BRAN, BODAS and SEAPOM are compared on the 7 June 2003 (Fig. 8) and
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the 2nd January 2006 (Fig. 9). On the 7 June 2003, BRAN and SEAPOM
were similar, with relatively low RMS errors for the continental shelf, and
SST fields that well capture the observations. The main source of error in
BRAN and SEAPOM is the cooler coastal waters between 29°S-31°S relative
to LBoMSST.

Cooler water between 29°S-31°S relative to LBoMSST is also present in the
model SST fields for the 2 January 2006 (Fig. 9), and is the reason for their
poor performance. The LBoMSST field suggests that no upwelled water is
reaching the surface (Fig. 9), despite the strong upwelling favourable winds
evident in both the NCEP 2° winds that forced SEAPOM (not shown), and
the observed 10 m winds from the QuikSCAT satellite (Fig. 10). Persistent
winds of up to 15 m s~! in a northerly, alongshore direction in the region are

sufficiently strong to bring upwelled water to the surface, as seen in November

1998 (Roughan and Middleton, 2002).

While LBoMSST, an AVHRR-based SST product based on a weighted 14 day
window shows very little upwelling on the 2 January 2006, the CSIRO 3-day
AVHRR composite (Fig. 10) does show 20°C water at the surface at 32°S. It
may be that the intermittent nature of upwelling events is not well captured
by the LBoMSST product, even though on average its errors are smaller than
the CSIRO 3-day AVHRR composite. If the CSIRO 3-day AVHRR composite
is more realistic on 2 January 2006, then BRAN would appear to have the
upwelling intensity approximately correct, with SEAPOM over estimating the
effect upwelling on SST by perhaps a 1°C.

A spatially-resolved image of SST bias of SEAPOM and BRAN relative to
LBoMSST in both summer and winter reveals that both models are too cool on
the northern continental shelf (Fig. 11), with BRAN in summer being the worst
(Fig. 11C). The general trends of SST bias are quite similar for both BRAN
and SEAPOM (compare Fig. 11A & B with Fig. 11C & D) and for BODAS

19



474

475

476

477

478

479

480

481

482

484

485

486

489

490

491

492

493

494

495

496

497

498

499

500

501

(not shown), illustrating that the relaxation to BODAS is quite strong. The
standard deviation of LBoMSST - model SST are less for SEAPOM than
BRAN which is another metric of the improvement the downscaled SEAPOM

achieves.

A considerable component of the poorer results in summer can be attributed
to local versus remote forcing. The East Australian Current has a maximum
transport at 30°S in summer (Ridgway and Godfrey, 1997). The poleward
extension of the EAC, forcing water along the NSW shelf south of the sepa-
ration point, also has a maximum in summer. In contrast, local winds have
a maximum in winter. Of the summer years, 2006 had a particularly strong
poleward extension, and has by far the worst errors. Off the shelf, however,
BODAS and BRAN did not do any worse in 2006 (Table 4). Remote forcing,
interacting with the shelf, appears to be most difficult processes to incorporate

into circulation models of the NSW shelf.

SEAPOM Persistence is a best estimate of SST for the whole domain for 8 of
the 10 integrations (Table 4). This appears to be due to an initialisation shock
that occurs after assimilation. The RMS errors of the SEAPOM integration
for the whole domain quickly degrades after assimilation, before stabilising
(Fig. 4). The strategy of assimilating data for 1 day every 7 days was chosen
to match the BRAN 7-day assimilation strategy, and the outcome of experi-
ments in Sec. 3.1. For the use of SEAPOM predictions off the shelf, the best
performance may be obtained by assimilating data less often (say every 2-3

weeks).

In this paper the primary means of regional scale assessment of the downscale
model performance has been the use of high-resolution SST products. Appli-
cations of the downscaled model for use in particle distribution and biological
responses depend primarily on the current field. The assessment of current

fields using ship-board ADCP transects showed improved representation of
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frontal features in SEAPOM, although assessment is limited to one period
of time. While data does not exist to make a comparison of surface velocity

fields, it is still worth commenting on the local current fields that develop in

SEAPOM.

To illustrate differences, the surface velocity field for BRAN and SEAPOM
on the 10 August 2004 are used (Fig. 12). For the region shown in Fig. 12,
the RMS errors compared to LBoMSST of BRAN were 1.26°C and 1.22°C for
SEAPOM. The broad-scale patterns of a strong warm southward flowing cur-
rent off the shelf, and a cooler northward flowing counter-current on the shelf
can be seen in both SEAPOM and BRAN. The relatively large RMS errors
for the region occur because the EAC waters for both BRAN and SEAPOM
are too warm. On the shelf, SEAPOM forms 4 small eddies, while BRAN
produces only one relatively large rotating cell. In particular, the 0.1° BRAN
configuration does not produce the strong cyclonic circulation south of Port
Stephens in the Stockton Bight (33°S) that is regularly observed and believed
to be important in creating a nursery for pelagic fish stocks (I. Suthers, pers.
comm.). In any case, RMS errors of SST, the main data set available for model
assessment, is not a good metric for judging the abilities to resolve shelf cur-
rents, perhaps the most important feature required of a downscaled model.
The planned installation of a coastal radar on the northern NSW coast may
in the future provide the data needed for a more thorough assessment of model

shelf circulation.

4.1 Summary

The downscaling of Bluelink products to a ~3 km resolution shelf model is
shown to have modest quantitative improvements in estimations of SST, being
most effective on the shelf and in winter. In situ observations provide a higher

spatial resolution for assessment, and suggest that shelf and frontal features
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are better captured by the downscaled model. Apart from these modest but
significant improvements, SEAPOM produced believable but difficult to assess
fine scale shelf currents without degrading the larger scale features that are
assessable. Previous applications (Marchesiello and Middleton, 2000; Oke and
Middleton, 2001; Roughan et al., 2003; Baird et al., 2006a, 2007; Macdonald
et al., 2009) of the southeast Australian configuration of the POM have been
used to reproduce events in a qualitative sense. The present demonstration of
quantitative reproduction of circulation over longer durations introduces the
potential for quantitative inter-annual modelling applications such as coastal

connectivity, and biological and chemical modelling.
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ADCP Acoustic Doppler Current Profiler

AMSR-E Advanced Microwave Scanning Radiometer - Earth observing system
AVHRR Advanced Very High Resolution Radiometer

Bluelink Collaboration between CSIRO, BoM and RAN

BODAS Bluelink Ocean Data Assimilation System

BoM Bureau of Meteorology (Australia)

BRAN Bluelink ReANalysis

CSIRO Commonwealth Scientific and Industrial Research Organisation (Australia)
EAC East Australian Current

IMOS Integrated Marine Observing System (Australia)

LBoMSST Legacy BoM SST

MOM Modular Ocean Model

NCEP National Centers for Environmental Prediction (USA)

NSW New South Wales (state of Australia)

POM Princeton Ocean Model

QuikSCAT Sea winds estimated from NASA Scatterometer
RAMSSA  Regional Australian Multi-Sensor SST Analysis

RAN Royal Australian Navy
RMS Root Mean Square
SEAPOM  SouthEast Australian configuration of POM
SST Sea Surface Temperature
SSTfnd SST with diurnal effects removed
Table 1

Acronyms used in this paper.
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Duration (h)

Cont. Shelf Whole D.
Strength (d~!) 3 12 24 30 12, 24
0.25 1.01 0.989 1.02 0.972 0.902 0.936
0.5 1.04 0.985 0.982 1.09 0.894 0.882
1 1.04 0.969 0.946 1.15  0.926 0.895
2 1.12 0.966 0.987 1.25 0.968 0.888

Table 2

RMS error for model SST against LBoMSST for durations of 3, 12 and 24 hours
and assimilation coefficient of 0.25, 0.5, 1 and 2 d~!. The simulations began on the
18 August 2004 and error statistics were calculated daily and spatially averaged
for both the continental shelf and the whole domain for the 6 weeks following the
1 September 2004, with tapering of assimilation effort on the shelf. RMS error is
calculated daily and averaged for the 6 week period. The RMS errors for the strategy
used in the rest of the study are in bold.
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6¢

Coastal Continental shelf Whole domain
assimilation SEAPOM SEAPOM P. BRAN BODAS SEAPOM SEAPOM P. BRAN BODAS

Untapered 0.853 0.88 0.981 1.07 0.868 0.708 0.981 0.86
Tapered 0.945 0.917 0.981 1.07 1.02 0.912 0.981 0.86
Table 3

The RMS error of SEAPOM, SEAPOM persistence, BRAN and BODAS when compared to RAMSSA SSTfnd for winter 2006.



0¢

Continental Shelf Whole Domain

Year SEAPOM SEAPOM P. BRAN BODAS Obs SEAPOM SEAPOM P. BRAN BODAS Obs
W 2002 1.021 0.9851 1.10 1.22 1.06 1.03% 0.845" 0.984"  0.890" 1.16
W 2003 0.892f 0.906' 1.02° 1147 1.21 0.855 0.747" 0.963"  0.8337 1.14
W 2004 1.031 1.047 1.18 1157 1.17 0.913f 0.811f 0.886"  0.775"7 1.05
W 2005 1.14 1.22 1.21 1.42 1.05 0.930f 0.8071 0.917t  0.872F  1.02
W 2006 0.982 0.998 1.13 117 0.742 1.041 0.878" 1.13  0.946"  1.06
W mean 1.017 1.03T 1.13 1.22 1.05 0.954f 0.818f 0.981F  0.863"  1.09
S 2002 1.30% 1.10f 1.17% 1.19"  1.47 1.121 0.993f 1.21f L.o7t 1.42
S 2003 1.27% 1.231 1.29% 1.39 1.34 1.07t 0.914" .09t 0979t  1.18
S 2004 1.50 1.49 1.47 1.64 134 1.14% 1.061 1.16t  1.05"  1.60
S 2005 1.47 1.54 1.49 1.65 1.30 1.14% 1.02f 1.17% .07t 1.34
S 2006 1.81 1.79 1.72 1.91 1.37 1.15 0.994f 1.141 .07t 1.30
S mean 1.47 1.43 1.43 1.56 1.36 1.121 1.00f 1.15% 1.05"  1.37

Table 4

The RMS error of SEAPOM, SEAPOM persistence, BRAN and BODAS when compared to LBoMSST for 2002, 2003, 2004, 2005 and
2006 in winter (W) and summer (S). The smallest RMS error for each season and region is in bold. The columns headed ’Obs’ are the
RMS difference between daily LBoMSST and the mean LBoMSST for the season and region given. Simulations that have less error than
observed seasonal variability are noted with a §. The SEAPOM simulations had untapered relaxation on the continental shelf.



Fig. 1. The regional bathymetry and SEAPOM horizontal grid. The insert shows
the location of the study off the coast of southeast Australia. The white lines show
every 10th grid line. A high resolution coastline is shown in black, with light shading
signifying land cells in the model. The colour scale shows a 2’ bathymetry used to
calculate model depth. The 200 m isobath is shown in white. The boxed area shows
the region plotted in Fig. 2 and Fig. 12. The location of the Tasman Front transect
in Fig. 7 is shown in white and the Diamond Head transect in Fig. 6 in black.

Fig. 2. A. The Australian coastline (thick black line), the interface between land
and ocean for the SEAPOM grid (thick dark grey) and for the BRAN grid (thick
light grey). The polar BRAN grid (thin grey) and curvilinear SEAPOM grid (thin
black) for the shelf near Port Stephens. B. Cross-shelf slice (shown as a dash-dot line
in Panel A) with the SEAPOM sigma-coordinate grid (thin black lines) and model
bathymetry (thick dark grey). A BRAN z-level grid of 0.1° horizontal resolution
that would best resolve the SEAPOM slice is shown (thin light grey).

Fig. 3. The RMS error [°C] in winter for SEAPOM, SEAPOM persistence, BRAN
and BODAS against LBoMSST on the continental shelf (top row) and for the whole
domain (bottom row). Columns 1-5 show averages of RMS error for each day based
on 9 consecutive 7-day assimilation cycles for 2002, 2003, 2004, 2005 and 2006. The
6th column shows the average of all years. Assimilation occurred between Days 1
and 2, as shown by the grey area.

Fig. 4. The RMS error [°C] in summer for SEAPOM, SEAPOM persistence, BRAN
and BODAS against LBoMSST on the continental shelf (top row) and for the whole
domain (bottom row). For more details see Fig. 3.

Fig. 5. Surface temperature (colour) and velocity (arrows) from: (A) BODAS anal-
ysis field at midday on the 1 September; (B) BRAN integration daily mean of the 5
September 2004; (C) SEAPOM at midday on the 5th September. ADCP measured
surface (~20 m deep) velocities of the four transects of the Southern Surveyor cruise
of 2004 at Diamond Head and across the observed Tasman Front (Baird et al., 2008)
are shown in pink. Model velocity shown as the path of a particle in the velocity
field for one day from the 5th September. The ADCP arrows are one day travel in
a straight line. The grey line at 153°30'E in the centre panel shows the location of
the BRAN section used to characterise the front in Fig. 7.
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Fig. 6. Temperature (colour) and northward velocity (contours) fields along an E-W
transect at 31°45’S in early September 2004. (A) BODAS analysis field at midday on
the 1st of September; (B) BRAN integration daily mean of the 6th September 2004;
(C) Observations from the Southern Surveyor undertaken in an easterly direction
from 19:53 to 22:01 on the 6th September Eastern Standard Time using a towed
undulating SeaSoar (path shown with dots, bottom topography from shipboard
depth sounder) and shipboard ADCP; and (D) SEAPOM integration snapshot at
1200 on the 6th September. The observation region is shown on the model outputs
as a thin black line, and the bottom topography as a thick white line. The x-axis is
offshore distance.

Fig. 7. Temperature (colour) and eastward velocity (contours) fields along a N-S
transect at 153°30’S in early September 2004. Distance is given from the beginning
of the SeaSoar transect. The BRAN transect is shifted 46 km south in order to
capture the same frontal features (Fig. 5). For more details see Fig. 6.

Fig. 8. SST for LBoMSST, BODAS, BRAN, and SEAPOM on the 7 June 2003
when the RMS errors of BRAN and SEAPOM were significantly less than BODAS.
The 200 m isobath is shown as a black line. The RMS error for the continental shelf
on this day is given for each model at the bottom of the panel.

Fig. 9. SST for LBoMSST, BODAS, BRAN, and SEAPOM on the 2 January 2006
when the RMS errors were large. For more details see Fig. 8.

Fig. 10. Observed QuikSCAT 10 m wind field and a 3-day composite CSIRO AVHRR
SST for the 7 June 2003, the same time period as shown in Fig. 8.

Fig. 11. Spatially-resolved mean temperature difference [°C]| between LBoMSST and
SEAPOM (A & B) and BRAN (C & D) in summer (A & C) and winter (B & D)
for 2002-2006. The mean (x) and standard deviation (o) for the whole domain for
each model and season is given in the panels.

Fig. 12. Surface temperature and velocity fields for (A) SEAPOM and (B) BRAN
for 10 August 2004 (6 days after assimilating BODAS). To emphasize resolution
differences, the images contain the original model’s resolution of both temperature
and velocity. Velocity is given at the centre of the model grid cell, calculated from

interpolation from the grid edges at which it is solved. For more information see
Fig. 1.

32



Figure 1

:
ad

Diamond He:

285

308

38

182 E 154 E 156 E

150 E



Figure 2

O -

A S

50 VNN

32.5 5+ ; w TR
Port Stephens ,,,,;E:;E,,,

{ 100 \\Q Aty
Vi
150 \

33S A >
\

depth [m]
N
o
o

S SSSSE

5
2
LR

250

NERRR

33.5 S % %

300+ cross-shelf

slice

350

—

34 S - B

(]
% % 400

151.5E 152 E 1525 E 151.7E 152E 1523 E



Figure 3
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Figure 4
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Figure 5
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Figure 6
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Figure 7
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Figure 8

7™ June 2003
30St+
32St
34 St
36SH[, .
[ A1 /0.898 J0.894

LBoMSST BODAS BRAN SEAPOM



Figure 9
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Figure 10
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Figure 12
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