Geosci. Model Dev., 6, 59515 2013
www.geosci-model-dev.net/6/591/2013/
doi:10.5194/gmd-6-591-2013

© Author(s) 2013. CC Attribution 3.0 License.

$$900Yy usdQ

Evaluation of a near-global eddy-resolving ocean model

P. R. Oke, D. A. Griffin, A. Schiller, R. J. Matear, R. Fiedler, J. Mansbridge, A. Lenton, M. Cahill, M. A. Chamberlain,
and K. Ridgway

Centre for Australian Weather and Climate Research, CSIRO Marine and Atmospheric Research, G.P.O. Box 1538,
Hobart TAS 7001, Australia

Correspondence td®. R. Oke (peter.oke@csiro.au)

Received: 26 November 2012 — Published in Geosci. Model Dev. Discuss.: 18 December 2012
Revised: 27 March 2013 — Accepted: 12 April 2013 — Published: 3 May 2013

Abstract. Analysis of the variability of the last 18 yr (1993— Meteorology (BoM), and the Royal Australian Navy. The de-
2012) of a 32yr run of a new near-global, eddy-resolving velopment of the new model — called the Ocean Forecasting
ocean general circulation model coupled with biogeochem-Australian Model, version 3 (OFAM3) —is the first step in the
istry is presented. Comparisons between modelled and obdevelopment of a new, operational short-range ocean fore-
served mean sea level (MSL), mixed layer depth (MLD), cast system that will deliver daily forecasts of mesoscale cir-
sea level anomaly (SLA), sea surface temperature (SST), anculation at mid- and low latitudes. This development builds
chlorophylla indicate that the model variability is realistic. on the success of Bluelink, and is intended to ultimately ex-
We find some systematic errors in the modelled MLD, with pand the scope of Australia’s operational, short-range ocean
the model generally deeper than observations, which resultforecast systemBrassington et a/2007, www.bom.gov.au/

in errors in the chlorophyld, owing to the strong biophysi- oceanography/forecastdfom just the Australasian region
cal coupling. We evaluate several other metrics in the modelfo most of the globe, and from forecasts of the circulation
including the zonally averaged seasonal cycle of SST, meridto include forecasts of the biogeochemistry. Bluelink is Aus-
ional overturning, volume transports through key straits andtralia’s main contribution to the Global Ocean Data Assimi-
passages, zonally averaged temperature and salinity, and Etion Experiment (GODAESmith 2000, and its successor
Nifio-related SST indices. We find that the modelled sea-GODAE OceanView\Www.godae-oceanview.org

sonal cycle in SST is 0.5-1°€ weaker than observed; vol- The Bluelink ocean model has been developed over many
ume transports of the Antarctic Circumpolar Current, theyears. The first and second versions of OFAM (OFAM1
East Australian Current, and Indonesian Throughflow are inand OFAM2) were eddy-resolving in the 98ector cen-
good agreement with observational estimates; and the cotred on Australia and south of about°20. The latest ver-
relation between the modelled and observed NINO SST insion of OFAM (OFAM3) is a major improvement over pre-
dices exceeds 0.91. Most aspects of the model circulation areious versions, with the eddy-resolving region being ex-
realistic. We conclude that the model output is suitable fortended to all longitudes and betweer® B-75 N, the ad-
broader analysis to better understand upper ocean dynandition of biogeochemistry and improvements to model pa-
ics and ocean variability at mid- and low latitudes. The newrameterisations and forcing. Results from OFAM1 were first
model is intended to underpin a future version of Australia’s described byOke et al(2005, demonstrating that when con-
operational short-range ocean forecasting system. strained by data assimilation, OFAM produces reanalysed
fields that were mostly in good agreement with with-held ob-
servationsOke and Schillef2007) described a series of ob-

] serving system experiments using OFAM2, showing that all
1 Introduction of the main components of the global ocean observing sys-

tem are important for constraining an eddy-resolving ocean

The purpose of this paper is to describe and assess a neWoqe| Oke et al.(2008 presented results using OFAM2
near-global eddy-resolving ocean model, developed undeg, gho that when constrained by data assimilation, their
Bluelink — a partnership between CSIRO, the Bureau of
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model reproduced the variability around Australia with seaheat, freshwater, and momentum fluxes from ERA-Interim
level anomaly (SLA) errors of 6-12 cm and sea surface tem{Dee and Uppala2009. Surface temperature is restored
perature (SST) errors of 0.5—-0.8. Schiller et al.(2008 to monthly averaged observations with a nominal restor-
used results from the data assimilating version of OFAM2ing timescale of 10 days. Similarly, surface salinity is re-
to quantify the seasonal and interannual variability of thestored to monthly averaged climatology with a restoring
major currents in the Australian region and the Indonesiantimescale of 30 days. The surface restoring term for tem-
Throughflow (ITF). Using the same modé&ghiller et al.  perature scales likpc, Azsuri/ At ~23Wn2K=1 (pc), ~
(2010 showed that the deep-reaching sub-surface intrasea4 x 108 JK-1m=3; Azsyr=5m is vertical grid spacing at
sonal variability in the eastern Indian Ocean and the ITFthe surface; andit = 10x 86 400, is the nominal restoring
is closely linked with equatorial wind stress anomalies in timescale). Each time step the impact of this restoring term
the central Indian Ocean. Other applications of previous veris quickly spread over the surface mixed layer, “diluting”
sions of OFAM include an investigation of a series of coral the impact of the restoring term by the ratiosfg,;/MLD
bleaching events in the Great Barrier ReBtliller et al, (where MLD is the mixed layer depth). So, if the MLD is
2009, an analysis of eddy dynamics in the Tasman &da( 50m (10 timesAzsyr), then the effective restoring timescale
and Griffin, 2011), an analysis of fronts in the Southern is ten times greater than the prescribed timescale.
Ocean Langlais et al. 2010, an investigation of the sea- The model was initialised at rest, with zero sea level, and
sonality of chlorophylla in anti-cyclonic eddies off Western with potential temperature and salinity from climatology,
Australia Qietze et al. 2009, and a climate downscaling then integrated for 32 yr. The first 14 yr is the spin-up pe-
(Sun et al.2012). The latest application of OFAM2 was for riod, and the last 18 yr, spanning the period 1993-2010, are
ocean reanalysis — called the Bluelink ReANalysis, version 3analysed in this study.
(BRAN3; Oke et al, 2013 - spanning 1/1993-9/2012, OFAM3 includes a BGC cycling model, called the Whole
where it was shown that BRAN3 outperforms the previousOcean Model with Biogeochemistry and Trophic-dynamics
reanalysis (BRANZ2), but required significantly less adjust- (WOMBAT). A comprehensive description of WOMBAT,
ment by the data assimilation system and is therefore moréncluding parameterisations, initial conditions and forcing,
dynamically consistent. An operational version of OFAM2 is is given in AppendixB. Briefly, WOMBAT is a three-
run at the Bureau of MeteorologiBfassington et al2007, dimensional NPZD (nutrient—phytoplankton—-zooplankton—
www.bom.gov.au/oceanography/forecastsbd date, the ap- detritus) model described Wjidston et al.(2011), with the
plications that depend on the current operational short-rangeaddition of the iron, oxygen, and carbon cycles. The iron,
ocean forecast system in Australia have been focussed on thaxygen, and carbon cycles are linked to the phosphate uptake
ocean around Australia. and remineralisation through a constant Redfield ratio, and
The details of the model configuration are described inthe formation of calcium carbonate is a constant fraction of
Sect.2. An evaluation of the last 18 yr of a 32 yr model run organic carbon production. The atmospheric iron deposition
is presented in Secs, followed by a summary and conclu- is set by a seasonal climatologydéngin et al, 2011); and
sions in Sect4. A comprehensive description of the technical the air—sea exchange of carbon dioxide is a function of wind
details of the model configuration is given in Appendiées speed \Vanninkhof 1992 and climatological sea ice con-
andB. centration Matear and Lentar2008. Phytoplankton growth
is limited by light, phosphate and iron, with the minimum of
these three terms limiting growth. Initial conditions for the
2 Model configuration biophysical fields are derived from an observation-based cli-
matology. The focus of this paper is on upper ocean variabil-
OFAMS is a near-global, eddy-resolving, configuration of  ity, which reaches quasi-steady state in about 2Matéar
version 4p1 of the Modular Ocean Modé&kffies, 2009, 1995, while the deep ocean takes much longer to reach
developed principally for the purpose of hindcasting andsteady stateMatear and Hirst2003.
forecasting upper ocean conditions in non-polar regions. The
key features of the configuration of OFAM3 are described
here, and a comprehensive technical description of OFAM33 Model evaluation
including model parameterisations, initial conditions, and
forcing, is given in AppendibA. The model grid has 1/20 3.1 Mean sea level
grid spacing for all longitudes and betweer? Band 75N,
with 5m vertical resolution down to 40 m depth and 10 m We compare the modelled mean sea level (MSL), averaged
vertical resolution to 200 m depth. over the last 18yr of the model run, with an observation-
OFAM3 uses the vertical mixing scheme described bybased estimate of the MSL from version 1.1 of the CNES-
Chen et al.(1994, and a biharmonic Smagorinsky vis- CLS09 Rio et al, 2009 in Fig. 1. The CNES-CLS09 field
cosity scheme described Wgriffies and Hallberg(2000 is computed for the time period 1993-1999, and is relative
OFAM3 is forced with 1.8-resolution, 3-hourly surface to a geoid computed from 4.5yr of GRACE data. Both the
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Fig. 1. Comparison of th€a) mean sea level from the modéh) the mean dynamic topography from CNES-CLS09 V1.1, @jdhe
difference between the CNES-CLS09 and the model MSL field.

modelled and observed estimate of MSL are similar, with theof the Antarctic Circumpolar Current (ACC), denoted here
key basin-scale gyres clearly evident. There are a few regionsy MSL of between about-0.8 m and—0.2m (dark blue
where there are systematic differences between the mode green), includes more structure in the model than the ob-
elled and observed MSL estimates. For example, the CNESservations. A systematic difference is evident in the Brazil—
CLSO09 estimate over the Indonesian seas, centred aroundalvinas Confluence (BMC), where the observational esti-
12 E, is up to 0.4 m less than the model estimate. The modimate of MSL is about 0.5 m higher than in the model. We in-
elled Kuroshio extension appears to track farther north tharterpret this as an indication that the complicated circulation
the observations indicate, showing up as a zonal band of negassociated with the BMC may be misplaced in the model.
ative MSL difference in Figlc. The meridional gradients of The modelled MSL south of Greenland is lower than the ob-
the MSL associated with the Gulf Stream are sharper in theservations by about 0.4 m. This may be a consequence of the
observations, with a stronger meridional gradient along theapproximations used in this model to represent variability as-
path of the Gulf Stream extension. This shows up as a quasisociated with the Arctic Ocean (see Appendix

zonal band of positive MSL difference in Fific. The path
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CARS-Model MLD (m)

Fig. 2. Comparison of the time-averaged MLD (m) from (@@ model,(b) CARS Ridgway and Dunp2003, and(c) the difference between
the CARS and model MLD field. The model MLD is calculated from daily means using the MLD definition descridedBmyer Montegut
et al.(2009.

3.2 Mixed Layer Depth temperature-based criterion is used in regions where there
are compensating layerdg Boyer Montegut et al2004).

We compare the modelled mean ocean surface Mixed LayeThe modelled and observed time-averaged MLD fields show
Depth (MLD), averaged over the last 18 yr of the model run, similar spatial patterns, with good correspondence between
with an observation-based estimate of the MLD from the regions of shallow and deep mixed layers. The anomaly cor-
CSIRO Atlas of Regional Seas (CARRidgway and Dunn  relation between the time-averaged modelled and observed
2003 in Fig. 2. The definition of the MLD that is used here MLD is 0.86. Both the modelled and observed MLD fields
is based orde Boyer Montegut et al2004). Specifically, =~ show shallow MLDs at low latitude. The mean and root-
for each grid point in the model we identify the depth over mean-square difference (RMSD) between the observed and
which the potential density increases by 0.3 kgfrand tem- ~ modelled MLD (Fig. 2c) within 15 of the Equator are
perature decreases by 0@ from the surface value. The —3.9m and 6.8 m, respectively; with the model showing
time-averaged MLD field shown in Fi@ is the maximum  deeper MLDs than the observations. Both the model and ob-

of the MLD estimates obtained using these two criteria. Theservations have deep mixed layers along the path of the ACC
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Fig. 3. (a) Seasonal climatology of zonally averaged modelled SST, the zonal average of the difference between modelled and observed SST
seasonal climatology usindp) Reynolds SST an¢t) AMSR-E SST, andd) the time-averaged and zonally averaged difference between
observed and modelled SST.

— particularly south of Australia and New Zealand, and be-the period ¥2003-122010; and the model and Reynolds
tween about 140W and 60 W. In the locations where the fields are for the entire 18 yr model run (note that we restore
model MLD exceeds 180 m in the Southern Hemisphere, theODFAM3 to Reynolds SST). These comparisons demonstrate
average model MLD is almost 60 m deeper than the CARSthe seasonal cycle in the model is generally too weak. In each
MLD. Similarly, at high latitudes (north of 30N and south  hemisphere at mid-latitude, the zonally averaged SST is 0.5—
of 60° S) the mean and RMSD between the observed and..5°C too cold in summer, and 0.5-*.G too warm in win-
modelled MLD are-48.8 m and 58.5 m, respectively —again ter. North of about 55N, the AMSR-E SST is up to 25C

with the model having deeper MLDs than observed. In gen-warmer than the model, and Reynolds SST is ovet dofder
eral, in regions of strong convection (e.g. Weddell, Ross andhan the model. This indicates that north of 5§ the ob-
Labrador seas, and south-eastern Pacific) the model mixeservations are in disagreement. For most latitudes, the time-
layers are too deep. We suspect that this mismatch betweesveraged, zonally averaged SST in the model is withirn Q.5
the model and observations is largely due to limitations ofof observations.

the model (e.g. with no coupled sea ice model) — but we note Recall that the model SST is restored to monthly Reynolds
that in situ ocean and atmospheric observations in those reéSST with a nominal restoring timescale of 10 days. We argue,
gions are scarce, with fewer observations in winter — so then Sect.2, that the heat flux associated with the SST restoring
observational estimates will contain some error, and possiblys likely to be relatively weak. This is quantified in Talle
some seasonal bias (e.g. not properly representing the deephere we show the time mean and standard deviation of the
winter mixed layer). This aspect of OFAM3 has been anal-globally averaged components of the heat flux — including

ysed in detail bySchiller and Ridgway2013. the restoring term. This shows that the fluxes associated with
the restoring term are small compared to the individual com-
3.3 SST seasonal cycle ponents of the prescribed flux. We suspect that the use of a

bulk formula for the heat flux will result in stronger sensible
Here, we compare the seasonal cycle of the modelled SShn( jatent heat fluxes (since they both have a feedback term
with gridded 1/4°—rgsolution satellite observations from that depends on the difference between the model SST and
AMSR-E (www.ssmi.com andReynolds et al(2007. The e air temperature) and may result in better agreement with

zonally averaged mean seasonal cycle from the model igpservations. This aspect of OFAM will be investigated in
shown in Fig.3a, along with the difference between the fture versions.

modelled and observed seasonal cycle in Big-c, and the
time-averaged, zonally averaged differences in Bij.The
AMSR-E fields are 7-day averages and are based on data for

www.geosci-model-dev.net/6/591/2013/ Geosci. Model Dev., 6, 58115-2013
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Table 1.Time mean plus/minus the standard deviation (W%of the area-averaged surface heat flux components for the full model domain
(column 2), and for each of the NINO regions (columns 3-6) presented i6.Fig.

Heat flux component Global NINO1.2 NINO3 NINO4 NINO3.4
Total 4.5+14.4 63.0+40.1 70.8+28.2 32.5+£21.9 55.6+ 27.9
Short wave 178.416.5 233.6:28.4 2445t14.4 234.3:21.0 247.9£17.8
Long wave —61.3+1.3 —49.9+ 8.5 —61.5+3.0 —63.9+4.1 —64.5+3.7
Latent —-104.0+£2.4 —-76.4+16.3 —-97.8+18.6 —-130.5+13.7 -—-118.0+19.4
Sensible —13.5+£0.8 —8.4+3.2 —6.5+1.3 —-9.54+2.0 —7.0+£1.5
Restoring 4915 —-35.9+16.1 —-7.94+10.2 2.1+6.6 —2.8+7.6
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Fig. 4. (a, b)Modelled,(c, d) observed, ane, f) modelled minus observed time and zonal méarc, e)temperature antb, d, f) salinity.
The contour intervals for temperature areClin (a, ¢, b)and 0.2C in (e). The contour interval for salinity is 0.2 psu (h, d) and 0.05 psu
in (f).

3.4 Zonally averaged fields includes a representation of the expected features, including
Antarctic Intermediate water, with salinity of 34.6 psu pene-
The time mean and zonal average of modelled potential temtrating to about 1000 m depth between 60>$5high salin-
perature and salinity are shown in Figalong with their dif- ity (up to 35.2 psu) over the top 300 m centred arount5
ferences from climatology. The time mean and zonal averagé Salinity minimum of 34.1psu at abouf B associated
modelled potential temperature field (Fi&) shows the ex- with the strong precipitation in the inter-tropical convergence
pected broad-scale features, with warm water at shallow, lowzone, high-salinity water associated with the Mediterranean
latitudes, and cold waters over all depths at high latitudesS€@ at about 33N, low-salinity water over the top 200m
The time mean and zonal average modelled salinity @&y.  north of 45 N associated with the meltwater from the Arctic
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Fig. 6. Time series of théa) NINO1.2,(b) NINOS3, (c) NINO4, and
(d) NINO3.4 SST anomalies from observations (OSTIAv2) and the
model (OFAM3).

The differences between the model and climatology for both
temperature and salinity are small below 2000 m depth owing
to the restoring to climatology (see Appendi).

The time mean zonally averaged meridional overturning
Fig. 5.Time mean, zonally a_lveraged meridionql overt_urning streaMgiream function is shown in Fi&.for a global mean, and a
function (Sv) for the(a) entire globe(b) Atlantic basin, andc)  ;4na| mean across the Atlantic basin, and the Indian+Pacific
Indian+Pacific _basms._Solld cpntours are positive (clockwise), 9"®Ypasins. The meridional overturning circulation (MOC) in
contours negative (anticlockwise), and bold contours zero. For clar- . . .
ity, fields have been averaged to eliminate features that are shortetpe Atla_ntlc basin pe_aks to 18.9 Sv arr4q and the cross-
than 1 degree. equatorial transport_ls 18.5Swv. 'I_'he globally averag_ed MOC

shows that the maximum MOC in the Deacon cell is 39 Sv.
These results are comparable to other model-based estimates
(e.g.Maltrud and McClean2005 Kohl and Stammer2007,
(although only represented through restoring along the northpoos et al,2008, and to observational estimates in the North
ern boundary in this model), and high-salinity (35.2 psu) wa- Atlantic (e.g.Cunningham et al2007).
ter below 300 m depth north of 80l associated with the for-
mation of North Atlantic Deep Water. All of these features 3.5 EI Nifio-related indices
are clearly evident in climatology.

The difference field for temperature (Fig) indicates that  Time series of the observed and modelled NINO1.2, NINO3,
between about 50 and 200 m depth, the model temperature iINO4, and NINO3.4 anomalies are shown in Fiy.The
too high, by up to 2C. The greatest temperature differences observed indices are based on monthly mean Reynolds SST
are evident at around 38, corresponding to the Mediter- (Reynolds et al.2007). The biggest event in the time se-
ranean Sea, and around*®b The difference field for salin- ries is the large positive anomaly in NINO1.2, NINO3 and
ity (Fig. 4f) indicates that the model is about 0.2—0.4 psu tooNINO3.4, corresponding to the 1997 Eliidi. This event is
fresh off Antarctica, between 50 and 1000 m depth. Con-well reproduced by the model, with the correct phase and am-
versely, the model is up to 0.2 psu too saline between O-plitude. The agreement between the modelled and observed
100 m depth at around 3@, and 0.1-0.3 psu too fresh within  NINO1.2, 3, 4 and 3.4 anomalies is excellent, with a correla-
20 degrees of the Equator in the upper 100 m of the water coltion of 0.91, 0.96, 0.96, and 0.97, respectively, and an RMSD
umn. The model is up to 1.5 psu too fresh north of Bbe- of 0.56, 0.38, 0.26, and 0.3€, respectively.
tween 100-200 m depth because of the errors associated with We note that the modelled and observed estimates of the
the crude salinity restoring at the northern boundary that isNINO indices shown in Fig6 are not independent. Recall
intended to provide some representation of the properties ofthat the model SST is restored to monthly mean observed
the flow from the Arctic basin. The model is about 0.2 psutoo SST to keep it relatively close to the observations. How-
saline near the surface north of40 and is about 0.1 psutoo ever, as we argue in Se@.the impact of the restoring term
saline between 100 and 1500 m depth between 50 ahN.70 on SST is weak. To quantify the degree to which the SST

4000
(c) Indiaq+Pacific ) -3

758 60S 458 308
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@ ‘ ‘ ‘ ‘ ‘ ‘ ‘ find that without this deep restoring, the sub-surface proper-
] ties drift significantly influencing the circulation over the en-

H160 R tire water column. We retain the deep restoring in this model
’ ::gg [S’fke because it is developed with short-range ocean forecasting
140 1 ACC Tas and upper-ocean mesoscale variability in mind — rather than

climate scales.

1801,

The volume transport through the ITF passages in-

0 NS WA =AY N e i\ R A% 7w Yyl A A vl o FIRAN
5—107 . cludes observational estimates from the INSTANT program
-15 ——— ITF Lombok (Gordon et al.2010. The INSTANT estimates are for a 3yr
=0 | ITF Ombai period, considerably shorter than the 18 yr model averages.

1093 1095 1097 1099 2001 2003 2005 2007 2009 | o Given these differences, the modelled and observed esti
mates agree within a reasonable tolerance. The partition-
ing of the volume transport (normalised to 100) between
Timor : Lombok : Ombai straits is 5915: 26 in the model,

in good agreement with the observed partitioning of: 50

restoring influences the model solution, we show the meant? : 33. Note that the total ITF estimate is the transport be-

and standard deviation of the area-averaged of the heat flufVe€n Indonesia and Australia at T, thereby capturing
components for each of the NINO regions (F8yjin Tablel. the transport between Timor and Australia. Times series of

Specifically, we show the total, short-wave, long-wave, la-the monthly averaged volume transports of the ITF are pre-
tent, and sensible heat flux, along with the restoring term S€nted in Fig7b. This shows that the modelled ITF transports

expressed as a heat flux. For both the NINO4 and NINO3.42"€ free from any significant drift. - _
regions, the restoring term is the smallest of all of the heat A More detailed comparison of the model velocities with

flux terms. For the NINO1.2 and NINO3 regions, the restor- tN€ INSTANT observations is presented in Féj.showing
ing term is only larger than the sensible heat flux Compo_t|me series of the along-strait velocities at Lombok and Om-

nent. This indicates that the impact of restoring the modelP@i Straits. At both Lombok and Ombai straits, there is very

SST towards observed SST is small compared to the othe900d correspondence between velocity fluctuations over the

components of the heat flux term — two orders of magnitudecPurse of the 3yr INSTANT program. The correlation be-
smaller than the largest term (short wave). We therefore contween the modelled and observed velocities exceeds 0.6 (0.8)
clude that most of the time variability shown in Figis at- ~ 220ve 210m (90 m) depth at Lombok, and exceeds 0.6 above

tributable to model dynamics — not the SST restoring. We1000m, and 0.8 between 200-400m depth at Ombai. The

also note that the nature of the restoring term is analogou§PServations show several reversals in the flow, with water
to the sensible and latent heat flux components within a buld!OWing out of the Indian Ocean and into the Indonesian seas,
heat flux formulation, where the model SST is effectively re- Which is well represented by the model. The strongest rever-

stored towards air temperature near the ocean surface. W& iS arfund mid-2004, with positive velocities in excess of
plan to adopt a bulk formula in future versions of OFAM. ~ 0-8m S over the upper 250 m at Lombok and 700 m at Om-
bai. The model shows good quantitative agreement during

3.6 Volume transports this major event. In general, the strength and vertical profile
of the modelled velocities at Lombok Strait agree well with
The time mean modelled volume transports through well-observations. However, at Ombai Strait, the model veloci-
defined straits and passages are listed in TAjddong with  ties are generally too weak and too shallow. The velocities
observation-based estimates (where available) for each reat Ombai Strait show a sub-surface maximum for much of
gion. In each case, the observational estimates are based dme INSTANT program. This feature of the observed veloc-
some assumptions, either about the governing dynamics (e.gties is also present in the model — though again, the model
geostrophy), level of no motion, or from interpolation and velocities tend to be too weak at depth.
extrapolation of discrete observations. The modelled ACC The range of depths for which the model velocities are pre-
transport is between about 144 Sv and 176 Sv. The time seriesented in Fig8 corresponds to the depths of the observations,
of monthly averaged volume transports of the ACC throughand excludes the near-surface velocity. We have found that in
the Drake Passage, south of South Africa, and south of Tasmany regions, the vertical velocity shear in OFAM3 near the
mania are presented in Figa. This demonstrates that the surface is greater than expected. Through a series of sensi-
ACC volume transports are free from any significant drift, tivity experiments, we have found this to be sensitive to the
and that the model transports are 10-15 % stronger than obralue of the maximum vertical viscosity (see Appendix
served estimates in Drake Passage and south of Tasmanisle are currently undertaking a detailed assessment of the
(Rintoul and Sokoloy2001 Cunningham et al2003. We model's surface and near-surface velocity.
attribute the lack of drift in the ACC transports to the weak, We compute the volume transport of the East Australian
deep-restoring of temperature and salinity to climatology. WeCurrent (EAC) between Brisbane and (just beyond) New

Fig. 7. Time series of the monthly averaged volume transport of the
(a) ACC and(b) ITF, through various straits.
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Table 2. Comparison of volume transports in key straits and passages from the model and from observations. Where error bars were available,
they are included below. The errors for the model estimates are standard deviations of monthly means. The EAC transports are based or
geostrophic velocities along frequently repeated expendable bathythermograph (XBT) lines and are referenced to 2000 db; showing the
mean and the maximum mean transport. The longitude of the maximum transport is also indicated.

Modelled (Sv) Observed (Sv) Reference

ACC
Tasmania 168.48.4 147+10 Rintoul and Sokolo{2001)
Drake Passage 151497.5 136.74 7.8 Cunningham et al2003
South Africa 152.6:8.1 —
ITF (Total, 114 E) —15.7+4.8 13.6 Lee etal(2010*
Timor Strait —7.6+1.7 —7.5 Gordon et al(2010
Lombok Strait -19+14 —2.6 Gordon et al(2010
Ombai Strait —-3.4+19 —4.9 Gordon et al(2010
Sape Strait —0.6+0.7 -
EAC mean
Brisbane-New Caledoni&* —8.6+8.6 -9.6£54 -
Sydney-Wellington —6.8+5.6 —10.7£56 -
EAC maximum
Brisbane (155.9E) —21.6+10.6 —-19.8+9.3 -
Sydney (153.9E) —16.2+19.6 —-17.2+176 -
Florida Current 23422 31.6 RAPID-WATCH MOC
Mozambique Channel —19.1+8.0 —16.7 van der Werf et al(2010

* Note that the “observational” estimate for the total ITF (Indonesian Throughflow) transport is based on the average of 14
data-assimilating ocean modelse et al, 2010. ** Note that the section between Brisbane and New Caledonia (NC) extends
between the Australian coast and a point to the south-east of NC; If the end point off NC is taken to be south of NC, the modelled
and observed transports are 3.3 and 5.7 Sy, respectively.

Caledonia, and between Sydney and Wellington along fre3.7 RMS of SLA, SST, and chlorophylla
quently repeated XBT lines. The mean transport and the

maximum transport along these XBT lines are computed3 7.1  SLA comparisons

based on geostrophic velocities referenced to 2000 db. The

modelled and observed mean transports are in good agregy, compare maps of the RMS of SLA in Fig.for the

ment, with estimates within one standard deviation. Siml—fuII model domain, and FigsL0 and11 for the key Western

!arly, the modell_ed anq observgd_ maximum transports .areBoundary Current (WBC) regions. The SLA comparisons are
in agreement, with estimates within one standard deV|at|0nbaseol on daily mean modelled SLA and weekly maps of SLA
Based on the standard deviation of the EAC transports, it ary, 4 13° grid, produced by Archiving, Validation, and In-

nggs ;t)g?:i(t:z?a?r;g\?vlar;/afsrognze?rfsrc\ggallzb/j\lgy than the observ erpretation of Satellite Oceanographic data (AVISycet

: ) . et al, 2000. The model SLA fields that underpin Fig8a
Other well-defined passages include the Florida Curren .
(Hamilton et al, 2004 and the Mozambique Channedi¢ tanleare the model sea level minus the model MSL (shown

. in Fig. 1a). The observed SLA fields (shown in Figgb
Marco et al, 2002. We find that the modelled volume trans- i
port of the Florida Current is considerably less than observedand 11) are referenced to the CNES-CLS09 MSL (Fip)

e ) . - .. and tend to have larger errors near the coast associated with
We suspect this is partially because of the decision to “fill in” 9

, . .the correction for tides.
a large portion of the Great Bahama Bank, as discussed in The SLA comparison (Figd) generally shows excellent

Appendle. Thg V°“.”“.e transport of the modelled Mozam'.agreement between the model and observations, with the
bigue Channel is within the broad range of observed esti-

mates, and is consistent with other eddy-resolving and eddy[nOOIeI reproducing aimost all of the local maxima in the
permitting models, as described BjMarco et al.(2002. observations. The SLA variability is high along the path of

the ACC, with good agreement between the model and the
observations regarding the location and magnitude of local
maxima there. There is also relatively high SLA variability
in both the model and the observations in the Indian Ocean,
around 28 S and 12 S; off the coast of Somalia; in the west-
ern Pacific, off Papua New Guinea and Taiwan; and in the
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o is an indication that the model transitions between these
J‘ * m" | N 4] r I m phases more frequently than in reality. This is supported by
' ' M , 1 analysis of animations of SLA in this region showing the
Kuroshio changing phase on irregular timescales — some-
times over several months, and sometimes over a couple of
300 1 years.
otaLObserved (hombok West) The band of high SLA variability along the path of the
N * W "*‘]‘N 1[I'§Y Gulf Stream extension is narrower in the observations than
toor ' | in the model (Figs9, 10b, and11b). Also, the band of high
variability includes a discontinuity at about 48/, 42° N,
where the Gulf Stream splits into the North Atlantic Cur-
300 1 rent and the Azores Currer®6uld 1985. This discontinu-
Jano(:)) ’\lfn(e)ajgzliledSepM Jan05 May05 Sep05 Jan06 May06 Sep06  Jan07 ity is evident in both the model and obse_rvations — but has
a more pronounced north-eastward turn in the observations
compared to the modeValtrud and McClear{2005 found
the same problem with their/10°-resolution model, report-

0
”rmw 'W l’ ' ‘Wl 'W ing that the Gulf Stream extension did not turn northeastward
200 g |’ w ! 1 sharply enough around the Grand Banks — but instead contin-

100

200

Depth (m)

Depth (m)

Along—s1ra|t velocny (m/s) 0

.:;400 ued eastward across the Atlantic.
3 The comparison of the RMS of SLA in the Agulhas re-
60077 1 gion shows good agreement between the model and the ob-
oLlc) Ooscaicl(Ormbai i) servations (Figs9, 10c, and11c), including a band of high
Ty *,"'"""" Sl T V. et SLA variability along the paths of the Mozambique Current
EZ"“’ 1 (de Ruijter et al.2002, the East Madagascar Current, and
£ 40| the Agulhas retroflection. To the north-west of the RMS SLA
8 maxima in the Agulhas region, the model shows a region of
6001 1 high variability, denoting the path of Agulhas rings (bgn-
Jano(f) h:lﬂz;:ﬂedsepm Jan0s Nas0s Sepos Jands Mayds Sews Janor causse and Arha2010 that is weaker in the obs_ervations.
This error was also reported for othet1D°-resolution (e.g,
= 08 0Bt veiodlme 0 1 Maltrud and McClean2005 van Sebille et a).2012 Bias-

toch et al, 2009 models and is an indication that the path of
Fig. 8. Time series of(a, c) observed angb, d) modelled along-  Agulhas rings in the model is too regular.
strait velocity at Lombokd—b; 115°45.55 W, 8°26.34' S) and Om- The modelled and observed RMS for SLA in the EAC re-
bai (c-d; 125°0.384 E, 838.1' S) Strait during the INSTANT pro-  gjon (Figs.9, 10d, and11d) shows good agreement, with a
gram Gordon et al.2010. Negative (blue) velocities indicate flow  |ocal maximum at about 33, 154 E. The magnitude of the
towards the Indian Ocean, and positive (red) velocities are towards,gdelled SLA variability at this maximum, off south-eastern
the Indonesian seas. Australia, is less than observed. Conversely, the model shows

high SLA variability at about 25S and east of 16CE.

This feature appears further east in the observations, but
central and eastern Pacific at around 3-M0The highest  with a smaller magnitude. It is possible that the higher-than-
SLA variability is in the WBC regions. These regions are observed SLA variability in this region acts to dissipate en-
discussed in more detail below. ergy from the South Equatorial Current that is “feeding” the

The comparison in the Kuroshio region shows three dis-EAC. This could partly explain why the variability of SLA
tinct local maxima in both the model and the observationssouth of the EAC separation point is less than observed.
(Figs. 10a and11a), with good agreement between the ob- In the BMC region, the SLA has high variability
served and modelled fields. The modelled SLA variability (Figs. 9, 10e, and1le) over a C-shaped region, around a
is greater than observations in the Kuroshio region aroundocal minimum at about 49V, 45° S; with a local maxi-
137 E. This region is where the Kuroshio Current transi- mum at about 50W, 42°S. The BMC region also has a
tions between a meandering phase, with an offshore excutocal maximum in SLA variability along a path extending
sion of the current before re-attaching to the coast, and drom Drake Passage. The location of the local SLA variabil-
non-meandering phase, where the current flows along th&y maximum at the confluence of the Brazil and Malvinas
coast (e.g.Kawabe 1995 Qiu and Miag 200Q Waseda Currents is misplaced by about 1-2 degrees in the model,
et al, 2003. Observations indicate that transitions occur compared to the observations. This displacement is consis-
on timescales of several yeai®ig and Miag 2000. The  tent with the systematic differences in the modelled and ob-
higher-than-observed SLA variability in this meander regionserved MSL (Fig.l), indicating that the mean flow and the
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RMS SSTA (Deg C)

RMS SSTA (Deg C)

Fig. 9. Comparison of the RMS SLA from th@) model andb) observations. The title of each panel includes the global maximum value of
RMS SLA that is off the colour scale used.
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Fig. 10. RMS modelled SLA for théa) Kuroshio,(b) Gulf Stream,(c) Agulhas,(d) EAC, and the(e) BMC region. The colour scheme is
different for different regions according to the inserted legend.

www.geosci-model-dev.net/6/591/2013/ Geosci. Model Dev., 6, 58115-2013



602 P. R. Oke et al.: Evaluation of a near-global eddy-resolving ocean model

RMS of Observed SLA
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Fig. 12.Comparison of the RMS SSTA from tlf@) model andb) observations.
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RMS of Modelled SSTA
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Fig. 13.RMS modelled SSTA for théa) Kuroshio,(b) Gulf Streamc) Agulhas,(d) EAC, and thge) BMC region. The colour scheme is
different for different regions according to the inserted legend.

associated variability is displaced by a degree or two in theerror because the signal-to-noise ratio is low. So the lower-

model compared to observations. than-observed variability in the model may be an overesti-
mate in the observed RMS, rather than an underestimate in
3.7.2 SST anomaly comparisons the model. Conversely, where the SSTA variability is high

(e.g. in the WBC regions), the modelled SSTA is generally

We compare maps of the RMS of SST anomaly (SSTA)greater than the observed SSTA (Fig). .
from the model and from observations in Fig for the full The SSTA fields in the WBC regions show some interest-

model domain, and for the key WBC regions in Fig& ing differences (Figsl13 and 14). The differences between
and 14. The SSTA comparisons are based on 7-day averthe RMS of the modelled and observed SSTA fields are great-
aged modelled SSTA and 7-day averaged AMSR-E SSTAest of all the WBC regions in the Kuroshio region (Fig38a
observations. The SSTA fields in FitR are anomalies from and14a). The model SSTA variability includes three regions
the seasonal cycle. So, for the RMS of the modelled (ob-of local maxima at around 3%, 37N, and 4EN. The
served) SSTA, the seasonal cycle from the model (observatwo northernmost bands are also evident in the observations,
tions) is first removed from 7-day averaged model (observathough with smaller amplitudes, but the southernmost band
tional) fields and the RMS of the resulting anomaly is com- is less clear in the observations (but the model maximum ap-
puted. The observed AMSR-E SST fields tend to have largepears to be over the continental shelf, which is not well de-
errors near the coast (we have retained only observations th#icted in the observational maps).

are over water depths 50 m), and have been excluded from  In the Gulf Stream region (Fig&3b and14b) there is high

the analysis presented in Fig2. The SSTA comparisons SSTA variability offshore of where the Gulf Stream separates
(Figs.12, 13 and14) demonstrate that the model reproduces from the coast{ 35-36 N) and at about 50W, where the
most of the observed local maxima in the RMS of SSTA. Gulf Stream splits into the North Atlantic Current and the
In regions where the SST variability is relatively low (e.g. Azores CurrentGould 1989. Although the model SSTA
between 5—-25N and between 13 and 140 W in the Pa-  Variability is generally greater than the observations, the lo-
cific Ocean), the modelled SSTA is less than the observacations of the local maxima generally agree well with obser-
tions by about 0.25-0%C. O'Carroll et al.(2008 suggested ~ vations.

that the RMS of the measurement error of AMSR-E SST is  In the Agulhas region (Figd3c and14c) there are several
about 0.42C. This indicates that in the regions where the local maxima that line up nicely in both the model and the
SSTA variability is small (between 0.5-C.€), the signal in ~ observations. This includes local maxima at aboutB and

the observations is likely to be dominated by measuremen20° E, and a band of high SSTA variability between® £5
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RMS of Observed SSTA
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Fig. 14.As for Fig. 13, except for observations.

and 65 E along the path of the ACC. There is also a local 3.7.3 Chlorophyll comparisons

maximum in both the model and the observations at about

30°E, 5C0° S. Again, although the model SSTA variability is \We compare maps of the root-mean-square (RMS) of sur-
generally greater than the observations, the locations of théace chlorophylla from the model and from observations
local maxima agree well with observations. in Fig. 15. The surface chlorophyk comparisons are be-

In the EAC region (Figs13d and14d) the area of high  tween daily mean model estimates (produced by converting
SSTA variability is consistent in both the model and obser-surface phytoplankton to chlorophyl) and 8-day 9 km com-
vations — associated with the EAC eddy field. However, theposite maps from SeaWiFS for 1997—2008. The evaluation
model also shows a band of high SSTA variability extend- of chlorophylla is more complicated than the assessment of
ing from the Australian coastline at about°Zs This fea-  SLA and SSTA for several reasons. Firstly, the conversion
ture is less clear in the observations. A similar maximum isof modelled phytoplankton concentration (in nitrogen units,
also evident in the model SLA fields, and almost absent inmmol m~3) to chlorophylla concentration (mg Chd m=3)
the observed SLA fields. Clearly, the model represents som@ssumes a fixed ratio of Chl ¢ of 50:1 and C:N of
variability in that region that is weaker in the observations. 106: 16, and is known to be an approximaticfaglor et al,

In the BMC region (Figs13e and14e), the SSTA fields  1997. Secondly, satellite-derived chlorophyllis based on
have a zonal band of high values at about82and 48S.  estimates of the water leaving radiance that is sensitive to
The observed SSTA variability also shows a narrow band ofpoorly known corrections of the atmosphere on radiances.
high variability stemming eastwards from the Drake PassageThirdly, satellite-derived chlorophy# tends to be underesti-
This feature is not clearly evident in the model fields. mated in the Southern Ocea@lémentson et 11998, and

In general, we find that in the major WBCs, the locations overestimated near the coast and sea ice because of the influ-
of the local maxima of SSTA in the model are in good agree-ence of dissolved organic matter and sediment resuspension
ment with the observations (Figs3 and 14). However, we  (Moore et al, 2007). Finally, the nominal uncertainty in the
find that the model variability is generally larger than that ev- SeawiFS and MODIS estimates of chlorophyih the open
ident in the observations. We attribute this difference to theocean water is-25-35 % Behrenfeld et a).2006 Moore
use of specified fluxes (with no feedback between the oceaet al, 2009. Because of these uncertainties in the observa-
and atmosphere) — rather than a bulk formula for the surtions, we focus our BGC evaluation on assessing the spatial
face heat flux (which would include a sensible and latent heapatterns of the modelled and observed chloropayhriabil-
component that involves a form of restoring to atmosphericity.
temperature). In a broad sense the modelled and “observed” chloro-

phyll a variability (Fig. 15) shows similar patterns of high
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Fig. 15.Comparison of the RMS of the surface chloroptayftom the model (top) and from SeaWiFS (bottom).

variability at high latitudes, and low variability in the olig- 3.7.4 Relating SLA, SST, and chlorophyla
otrophic gyres. There are clearly large discrepancies between comparisons
the modelled and observed surface chloroplayflelds in
many regions. In part, this is because the observed chloroThe RMS of modelled and observed SLA, SSTA, and chloro-
phyll a includes the impacts of mechanisms that are not in-phyll a (Figs. 9, 12, and15) show regions of high variabil-
cluded in the model, including iron fertilisation from sedi- ity in all WBC regions. However, on a broad scale, it ap-
ments and sea ice melt. The biggest differences inlHa@re  pears that the locations of the maxima in the RMS fields
adjacent to continental shelves and along the sea ice edgare different for each variable. The maxima in the RMS of
where the observed variability includes variability associatedSSTA and chlorophylh occur at the latitude of the strongest
with processes not represented in the model. Within the intemeridional gradient. The SSTA maxima in the Kuroshio,
rior of each ocean gyre, the model tends to have more variGulf Stream, Agulhas, and EAC regions are at higher lat-
ability in chlorophyllathan observed. This may be due to the itudes than the SLA maxima. This is because there is a
systematic errors in the model’'s MLD — with the model gen- large signal in SSTA associated with the intersection of the
erally showing mixed layers that are too deep. This meangjuasi-isothermal, warm WBC waters with colder higher lat-
that the model tends to entrain more sub-surface nutrientitude waters. Because the WBC flow is generally poleward,
into the euphoric layers of the ocean, “stimulating” phyto- the SSTA maxima are poleward of the SLA maxima. This
plankton growth at higher levels than observed. This differ-characteristic is less clear in the BMC region, probably be-
ence may also be a limitation of a BGC model with a single cause the northward flow of the Malvinas Current, east of
phytoplankton class — and may be improved if multiple size Argentina, advects the colder ACC waters northward into the
classes were usedrdllows et al, 2007, Baird and Suthers  path of the warmer Brazil Current, as well as vice versa. As a
2007). By contrast, the model shows weaker variability in result, the maxima in SLA and SSTA in the BMC region are
regions where wind-driven upwelling is prevalent (e.g. Ca-more closely co-located. The modelled chloroplaylinax-
nary Current, Peru/Chile Current, US west coast, Indonesiaimum in each WBC region is generally equatorward, and
coast), probably due to limitations in horizontal and vertical sometimes eastward, of the SLA maximum. In each basin,
resolution. the mean chlorophyk has a maximum at around 4N and

S (not shown) — and the maximum for the RMS of the mod-

elled chlorophyllis on the poleward edge of this maximum.

We suspect that the maximum in the RMS chlorophyield
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Example of Modelled Surface Phytoplankton
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Fig. 16. Example of daily averaged modelled surface phytoplankton fo(ah&uroshio,(b) Gulf of Mexico, (c) Agulhas,(d) EAC, and
(e) BMC region. The daily averaged velocity at 50 m depth is overlaid on the model fields, with one vector efeh@.dength of each
vector represents the trajectory of a particle over 2 days.

is due to the confluence of the high chlorophgllwaters  10° N that are associated with the North Equatorial Current
around 40N and S, towards the centre of each gyre, with and the North Equatorial Counter Current respectively. The
the low-chlorophylla waters of each WBC. SSTA fields (Fig.12) show maxima in the Pacific Ocean
At mid-southern latitudes, there is high SLA and SSTA along the Equator, extending from the coast of South Amer-
variability (Figs.9 and 12) in both the model and obser- ica to about 150-16(E. In the same region, the chloro-
vations in the Leeuwin Current region, and between 20-phyll afields show high variability along the Equator. These
30° S across the Indian Ocean. In the tropics, both thefeatures are evident in both the model and observations, al-
model and observations show high SLA and SSTA variabil-though the modelled SLA and SSTA variability is weaker
ity to the west of the ITF region between about 8%2 than observed, and the modelled chloroplaariability is
that is most likely associated with seasonal Rossby wavesigher than observed.
(Masumoto and Meyerd998 — though the modelled SSTA
does not show the high variability that is evident in the ob-3.8 Snapshots of chlorophyla
servations, as discussed above. Both the model and observa-
tions show high SLA and SSTA variability associated with \we include a qualitative assessment of the BGC in each
the Great Whirl off Somalia, where a corresponding max-\WBC region by showing a series of “snapshots” of modelled
imum in chlorophylla variability is evident in the observa- syrface phytoplankton (Fid.6) and satellite-derived chloro-
tions and (to a lesser extent) the model. Broad regions of highphyll a from MODIS (Fig.17). Due to the chaotic nature of
SLA variability, associated with instabilities originating in  the mesoscale circulation, and the lack of data assimilation in
the Kuroshio Current to the east of the Philippinesl®N)  the model, we do not expect to see one-to-one agreement be-
and east of Taiwam(22° N), are evident in both the model tween the model and observations. Rather, we expect to see
and the observations. High SLA variability is evident in the evidence of similar types of features, on similar spatial scales
Gulf of Mexico, associated with the Loop Current, in both the i these fields.
model and observations, coincident with a local maximum in In all regions shown in F|gs]_6 and 17, phyt0p|ankt0n
SSTA. and chlorophylla fields show features that are clearly as-
There are two zonal bands of high SLA variability (F&).  sociated with eddies, meanders, and high-nutrient filaments.
in the central and eastern tropical Pacific, at ab6l @nd  The model velocity field at 50 m depth is overlaid on the
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Example of Observed Chlorophyll « (MODIS)
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Fig. 17. Example of 8-day composite chlorophylfrom MODIS for the(a) Kuroshio, (b) Gulf of Mexico, (c) Agulhas,(d) EAC, and
(e) BMC region.

model fields to show the nature of the circulation. Strongwith the anti-cyclonic eddies in the model, phytoplankton
biophysical coupling is evident in all regions: the Kuroshio generally appear higher around the edges of cyclonic eddies
region, with mesoscale signals evident in both the model andFig. 16). A more detailed analysis of the biophysical cou-
observations; the Gulf of Mexico, with high BGC activity pling is needed to further explore these relationships. Such
around the periphery of the Loop Current; in the Agulhas re-studies have previously been undertaken using satellite ob-
gion, with evidence of small-scale mesoscale variability — onservations (e.gChelton et al. 2011). In a recent study by
scales of a few degrees, in both the modelled phytoplanktorEverett et al(2012), it was shown that in one particular zone
and the observed chlorophy| in the confluence of Malv-  of the EAC region — that they referred to as “Eddy Avenue”
inas and Brazil currents, with strong features associated witl+ cyclonic eddies typically have elevated chloroplglat
the intersection of different water masses; and in the EACtheir core, while anti-cyclonic eddies have lower than aver-
region, with the signature of mesoscale eddies and meandeege chlorophylh. These, and other, biophysical relationships
evident in both the model and observations. relating to the mesoscale ocean circulation could be further
Interestingly, the model fields (Fid~) typically show rel-  examined using data from OFAM3.
atively low phytoplankton in the centre of eddies, with higher
phytoplankton around the periphery. The only anti-cyclonic
eddies evident in Figl6 with elevated phytoplankton in the

eddies core are in the BMC-(55" W, 45 S) and Agulhas We present initial results from an analysis of the variability

(~ 3’.60 E, 28 S.; 4TE, 33 S). For most other gnti-cyclonic in the last 18 yr of a 32 yr run of OFAM3 — a new near-global
eddies, there is elevated phytoplankton flowing around the

.2 .2 eddy-resolving ocean general circulation model. Compar-
eddy. Good examples of this include the eddies in the centr? b
X . tw the RMS of SLA f th del and f
of the Kuroshio region{ 151° E, 39 S), the the south-west >0ns between e o fom the modet and from

comer of the Gulf of Mexico € 96° W, 21° N). the Agul- gridded observations indicate that the model variability is

: realistic, with local maxima and minima in the same loca-
hasf reglon_(v 3 E 28'S), "’?”d .EAC ¢151-157 E). The tions as observations and with similar magnitude. Similarly,
anti-cyclonic eddies shown in Fid6 are larger than the cy-

clonic eddies. Elevated phytoplankton in the core of Cyclomccomparisons between the RMS of SSTA from the model
. f i ti how local i in-
eddies are evident in the BMC regior 63° W, 44 S) and and from gridded observations show local maxima and min

) ) ) ima in the same locations as observations, except the model
in the EAC region - 158°E, 32'S). However, consistent tends to overestimate the magnitude of SST anomalies in

4  Conclusions
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regions of high variability, such as WBC regions. Analysesand to improve the vertical resolution near the bottom. We

of the model's MSL, MLD, volume transports through key set the minimum height for each partial cell to be no less

straits and passages, zonally averaged temperature, salinitian 5m or 20 % of the full cell height, whichever is greater

and MOC lead us to conclude that the model average state ifAzpgrtig| > Max(5 m, 0.2 x Azgy|)).

realistic; and that the model realistically represents the vari-

ability in the upper ocean and at intermediate depths. NeverA2 Topography

theless, a few systematic errors are evident in the model. For

example, the modelled mixed layer is generally too deep inThe topography for OFAM3 is derived from the 30arc-

mid-latitudes, and in some regions (e.g. the Brazil-Malvinassecond GEBC@8 topography www.bodc.ac.uk/data/

Confluence) the modelled variability is along a different path online.delivery/gebcd/ for most of the world, and a 9 arc-

to that observed from altimetry. The impact of these errors issecond topography produced by Geoscience Australia

evident on the modelled BGC fields that are evaluated hergéwhiteway, 2009. The minimum number of vertical levels

by comparisons with satellite observations. We find that thein the model is 3, so the minimum depth in the model is

variability of the modelled chlorophy#lis generally too high  15m. In regions where the real topography is less than 15m,

—acharacteristic that we attribute (in part) to the model’s systhe model topography is set to either zero (i.e. land) or to

tematic errors in MLD. Despite these systematic errors, wel5m. Often the decision to “fill in” or “dig out” a grid cell

have shown that the modelled variability is generally realis-is subjective. In some cases (e.g. Torres Strait, Indonesian

tic; and we conclude that the model variability is suitable for straits) some points are filled in, and others dug out so that

further analysis to better understand ocean dynamics, varithe correct cross-sectional area of a strait is preserved. In

ability, teleconnections and so on. other areas where a broad region is shallow, large areas are

The next step for OFAM3 is the performance of a 20 yr sometimes filled in with land (e.g. Great Bahama Bank),

ocean reanalysis (with data assimilation), similar to that de-and sometimes set to the minimum depth (e.g. southern

scribed byOke et al.(2005 2008 andSchiller et al.(2008. Persian Gulf). Additionally, some inland or regional seas are

Subsequent to that activity, OFAM3 is intended to be usedreplaced with land either because they are out of the scope

in the next generation of the operational ocean forecast sysfor planned applications of this model (e.g. Caspian Sea, Sea

tem at the Australian Bureau of Meteorology. The next phaseof Azov), to avoid problems with computational stability, or

of technical developments of the OFAM model will likely to avoid problems with the northern boundary (e.g. Laptev

include the development of a truly global model, including Sea, Kara Sea).

the Arctic Ocean with coupling to a sea ice model. Other

planned developments include the adoption of bulk surfaceA3 Forcing

heat fluxes, instead of prescribed fluxes, and the applica-

tion of an atmospheric boundary layer model. We expect thaDFAM3 is forced with 1.8-resolution, 3-hourly surface heat,

these developments will help address some of the shortconmfreshwater, and momentum fluxes from ERA-Interibeé

ings identified in this study. and Uppala2009. The surface heat flux is applied to the top
model layer for components associated with the latent, sensi-
ble and long-wave heat flux. The penetrating short-wave heat

Appendix A flux is applied over multiple model levels according to a sin-
gle exponential decay law, with penetration depths based on

OFAM3 SeaWiFS Kd-490 (e.d-ee et al, 2005. The SeaWiFS Kd-
490 is a measure of the turbidity of the water column that

Al Resolution guantifies the depth over which short-wave radiation pene-

trates the ocean. The model forcing includes climatological,
OFAMS is a near-global (i.e. non-Arctic) eddy-resolving seasonal river forcing estimated Byi and Trenbert2002
configuration of version 4pl of the Modular Ocean Model andDai et al.(2009. River forcing is applied as a water flux,
(Griffies, 2009 December 2009 release), developed prin-with the injection of zero-salinity water and local SST dis-
cipally for the purpose of hindcasting and forecasting up-tributed over the top 3 model layers at coastal grid points.
per ocean conditions in non-polar regions. The model gridSurface temperature and salinity are relaxed to monthly av-
has ¥10° grid spacing for all longitudes and between eraged Reynolds SSTRéynolds et a).2007) and monthly
75°S and 78N (~8-11kmx 11km) and is comprised of averaged CARS salinity (CSIRO Atlas of Regional Seas,
3600x 1500 grid points. The vertical model coordinate is released in 2009Ridgway and Dunn2003 with a nomi-
Z* (Griffies, 2009, with 51 vertical levels, with resolution nal restoring timescale of 10 days and 30 days, respectively.
grading from 5m at the surface to 10m between 100 andThe impact of variability in the Arctic Ocean is included by
200 m depth, then 120 m at 1000 m, and eventually 1000 nrestoring the temperature and salinity over all depths within 1
near the sea floor. Also, we use partial grid cefslroft degree of the northern boundary to monthly averaged fields
et al, 1997 to improve the representation of topography from version 2.1.6 of the Simple Ocean Data Assimilation
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(SODA,; Carton et al. 200Q Carton and Giese2008 ac- 0015
cessed on October 2010) between 1993 and 2008, using e | | | o |
restoring timescale of 30 days. After 2008, we restore to a ‘ * \

seasonal climatology based on SODA. Meridional velocities
at the northern and southern boundaries are zero, with a no-
slip condition for zonal velocities. To avoid any significant
drift in the deep ocean fields, the temperature and salinity are

0.005} | .
|

o

ighted sea—level (m)

NN
AU AV U O |
-0.005 LI Yo

| ‘J l

Area-wei

restored to CARS climatology below 2000 m with a restoring ~ -0o1- Modol 7
t|mescale Of 365 dayS 0015 : ‘ ‘ : : Observet‘:l (de—trende‘d:0,29 cm/)‘zear)

1995 1997 1999 2001 2003 2005 2007 2009
A4 Initialisation and integration Fig. Al. Time series of area-weighted global mean sea level from

the model (black) and observations (red), each relative to their own
The model was initialised at rest, with zero sea level, andtiime means. The linear trend has been removed from the obser-
with potential temperature and salinity from a global ver- vations that are based on gridded sea level anomaly maps from
sion of CARS Ridgway and Dunn2003. The model was  AVISO.
spun up for 14 yr, spanning the period 1993-2005, with time-
varying forcing, as described above. The temperature, salin-
ity, sea level, and velocity fields at the end of 2005 were usedestimates of tidal amplitudes that are obtained from a global
as initial conditions for a second run spanning the periodinverse modelEgbert et al.1994).
1993-2010. The analyses presented in this paper are basedA convective adjustment is applied every time step using
on model years 14-32, spanning the period 1993-2010, anfllly explicit mixing when the water column becomes unsta-

excludes the initial 14 yr spin-up period. ble. The explicit horizontal diffusion is zero. Horizontal vis-
cosity is resolution- and state-dependent using a biharmonic
A5 Numerics Smagorinsky viscosity schem@((ffies and Hallberg2000),

with an isotropic parameter of 3.0 and an anisotropic param-
The time step is 540s for model tracers, and 6s for seater of 3.0.
level and depth-integrated velocities. A staggered forward
time step is used for tracers and velocitgriffies, 2004 A7 Volume conservation
Sect. 12.6). The model time step is typically limited by ver-
tical velocities at about 200 m depth. A third-order Adams— OFAM3 is configured to be volume-conserving). Ther-
Bashforth scheme is used for velocity advection, and a third-mal expansion is therefore not included in the model. As
order upwind biased scheme is used for trackeisnfsdor-  a result, the thermostatic component of observed sea level
fer and Trompert1994), in conjunction with a flux limiter  rise that is evident in observations (e@hurch and White
scheme $weby 1984). A predictor-corrector time-filter is 2006 is not reproduced in OFAM3. However, the globally
also applied to sea level using a non-dimensional dampingveraged sea level of the simulated ocean is sensitive to any

parameter ofy = 0.2, as recommended b@riffies (2004 imbalance between the prescribed precipitation, evaporation,

Sect. 12.7). and river forcing. The globally averaged net freshwater flux
from ERA-Interim Dee and Uppala2009 is not zero. We

A6 Mixing parameterisations find that the annually and globally averaged evaporation al-

ways exceeds precipitation (and river forcing), so we apply
OFAM3 uses the mixed layer model describeddhen etal.  a very small spatially uniform precipitation — a “drizzle” —
(1999. The background vertical diffusivity and viscosity are that is fixed for each year of the spin-up run so that the net
1x107° and 1x 100*m?s™1, respectively. The maximum volume flux is zero. A similar approach was used Bgi-
vertical diffusivity and viscosity due to shear instabilities are maseda et al(2008 for a coarse-resolution global ocean
5x103m?s1and 2.5¢<10°3, respectively (though we note reanalysis and seasonal prediction system. The mean an-
that recent sensitivity experiments suggest that that maxinual “drizzle” that is applied accounts for a sea level change
mum viscosity may be too low — resulting in stronger-than- of 0.06 myr1. For comparison, the mean annual sea level
expected vertical shears in the velocity over the top 2 orchange due to the other components of the freshwater budget
3 layers). Additional vertical mixing is applied over the wa- is —1.31 myr ! for evaporation; 0.43 m ! for large-scale
ter column to represent the mixing effects of tides following precipitation; 0.72myr! for convective precipitation; and
Lee et al.(2006 (using a Munk—Anderson-P and Munk— 0.1 myr! for river run-off. The model is not intended for
Anderson-Sigma parameter of 0.25 and 3.0, respectively)studies of sea level rise, so it does not include forcing from
This results in stronger mixing in regions of large-amplitude glacial melt.
tides, such as the north-west of Australia. The tidal mixing Time series of the area-weighted global mean sea level
coefficients depend on spatially resolved, but time invariantfrom the model and from observations are shown in Bif.
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By design, the model does not have a trend in the global

mean sea level, but the time mean-ef.8cm has been re- _

moved from the model. The time mean of 1.6cm and the’ (2.7, T>N,F& = Jmax(T) (B6)
linear trend of 0.29 cm yr* have been removed from the ob- J(z,t,T) N Fe
servations. The seasonal fluctuations of the globally averaged Jmax(T) "N+ kN’ Fe+ kFJ

sea level have a magnitude of between 1 and 2 cm, in agree- —al(z,1)

ment with the observations, in both phase and amplitude. Be- J(z,t,T) = Jmax(T) (1 - eXp<J—T>> (B7)
cause a greater area of the Southern (Northern) Hemisphere max(T)

xmin|:

is covered by ocean (land), the global mean sea level has a I(z,1) = PARx 1(0,1) x Fradz) (B8)
minimum in late austral summer — owing to evaporation over Jmax(T) = ab‘T (B9)
the Southern Hemisphere and snow accumulation over the

Northern Hemisphere. whereJmax is the maximum phytoplankton growth at a given

T, assuming no light or nutrient limitationt(z, 7, T) is the
impact of light on growth rate, and is based Westwood

Appendix B et al. (2011, PAR is the photosynthetically available radia-
tion, I (0, r) is the time-varying incident solar radiation at the
WOMBAT surface, and Frdg) is the light attenuation that is obtained

from a single exponential decay law, with penetration depths

Details of the ocean biogeochemical (BGC) processes inyaged on SeaWiFS Kd-490 (which was the same as the value
cluded in the Whole Ocean Model of Biogeochemistry And  qoq by theChen et al(1994 mixing scheme).

Trophic-dynamics (WOMBAT) model are described below. — gqation B2) describes the zooplankton, represented as
This model is based on a NPZD (nutrient-phytoplankion—e pajance between growth due to phytoplankton grazing
zooplankton—detritus) model with the addition of bio- (G(P,2)) and losses due to zooplankton excretiopsZj

available iron limitation (Fe), dissolved inorganic carbon g mortality f:zZ2). The grazing of phytoplankton by zoo-
(DIC), calcium carbonate (CaGQ alkalinity (ALK), and plankton G (P, 2)) is given by
oxygen (O). In this model we have one class each of phyto-
plankton and zooplankton. These are calculated on the samg(P 7) = geP?
' g +eP?

grid as temperature.
The following equations parameterise the biogeochemical herey, is the efficiency of zooplankton grazing on phyto-

transformations between the various BGC state variables o¥vl K hile th : )
WOMBAT with the BGC model parameters summarised in plan toq, while the rema|nder becpme; detrltus: .

. . Equation B3) describes the detritus field, and includes in-
TableB1. In addition to the these BGC transformations, the ut from zooplankton grazing and mortality, as well as terms
BGC state variables are transported around the ocean usir%r detrital dgcom osi?ion;( gD) and sinkin ’ " dD) The
the same physical equations as usedZoand S. For Fe, ) positionipL) ¢ 9 Wo'g;):

i ; detrital decomposition is a function of temperature to reflect

DIC and oxygen in the surface layer, there are also air-segd . cnhance bacterial activity in warmer water (&ynin

flux terms which are discussed below. 200) and is allowed to occur when oxygen is zero through

Z, (B10)

O JGt.T.N.FOP—G(P.Z) — upP (B1) the process of de_nltr|f|_cat|on_. The process of (_JIenltrlflcatlon
dr decomposes detritus liberating the nutrients (i.e. phosphate
dz 2 and iron) without consuming oxygen, and in this way the
dr nG(P.2) —yZ —uzz (B82) oxygen concentrations can never be less than zero. The sink-
dD 2 dD ing term transports detritus vertically downward through the
o = I=mGP® D+ puzZ" = oD —wp- (B3)  water column. In the deep ocean detritus remineralises back
dN _ into inorganic form, completing the nutrient cycle.
o = MoD+y2Z+pupP—J(z. 1, T.N.FoP (B4) Equation B4) describes the nutrient (phosphate) field that
dFe N is controlled by physical supply (upwelling and vertical mix-
T O'OZE — tscavnax0, Fe—0.6) (B5)  ing) and phytoplankton growth rate and remineralisation. We

) . assume a Redfield ratio of:16: 106: —172 (P:N:C: Q)
Equation ~ Bl1)  describes  phytoplankton  growth jth phosphate, nitrate, carbon and oxygen. The choice of
(J(z,t,T,N,FeP), loss due to .zooplankton grazing phosphate as our macro-nutrient rather than nitrate allows
(G(P,2)), and phytoplankton mortality.{pP). Phytoplank- s o neglect nitrification, denitrification and atmosphere de-
ton growth rate is a function of temperaturE)( light (/) position, which add and remove nitrate from the ocean and
gnd_ nutrient concentrations (N and Fe) and the growth ratgnske the nitrogen cycle more complicated than the phos-
is given by phate cycle, which is conserved in the ocean.

An additional source of limitation on phytoplankton
growth rate is iron (Fe), which is described by E&5J.
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Table B1. Model parameters of the BGC model were set to the values optimised in the 1-D model of the North ABahtictdu and
Oschlies2003.

Iron is supplied to the ocean by dust deposition at the sur-

Parameter Symbol Value Units
Phytoplankton model parameters
Initial slope of P+ curve o 0.025 day /(Wm=2)
Photosynthetically active radiation PAR 0.43 -
Maximum growth rate parameters a 0.6 day!

b 1.066 -

¢ 1.0 ct
Half saturation constant for N uptake iy 1.0 mmol N nt3
Half saturation constant for Fe uptake kpe 1.0 mmol N n3
Phytoplankton mortality up 0.016¢T day!
Zooplankton model parameters
Assimilation efficiency Y1 0.85 -
Maximum grazing rate g 2.1 day?!
Prey capture rate € 1.1 (mmolNnT2) ~1day1
Quadratic mortality wz 0.06 (mmolN nT3) ~1day1
Excretion 2 0.01p<T day”
Detritus model parameters
Remineralisation rate{ 180 m) “D 0.02p°T day!
Remineralisation ratex( 180 m) UD 0.01p°T day 1
Sinking velocity wp 5.0 mday 1
CaCQ; model parameters
Remineralisation rate ucacos 0.0035 day?
Sinking velocity wp 10.0 mday !
Fe model parameters
Scavenging rate TFe 1.0 day?!

In the model we include two DIC tracers, represented here

face Mongin et al, 2011 and from sediments where the by Eq. B13), for the natural and anthropogenic DIC. These
depth is less than 200 nMpngin et al, 2009. Changes in  two DIC tracers only differ in the atmospheric @@on-
iron are related to phosphate uptake, using a molar ratio focentration used in the air—sea flux calculation. For the nat-
Fe: P of 2.0x 107°: 1/16 (Christian et al.2002, and iron  ural DIC the atmospheric Cwas set to 280 ppm while for

is scavenged when it has a concentratio®6 pmol n3, anthropogenic DIC the atmospheric &€@creases accord-
which works to maintain the deep ocean iron concentrationing to observations. At the surface we calculated the air—

at this value Archer and Johnsqr2000. Calcium carbon-
ate (CaCQ) production is fixed at 8 % of detritus production
(Yamanaka and Tajikd 996, and is given by

dCaCQ 0.08x 106

(@-yG(P.2)+uz2?)

sea exchange of the two carbon tracers and oxygen follow-
ing Lenton and Mateaf2007), which uses the partial differ-

ence pressures between the ocean and atmosphere, the sea-
sonal climatology of sea ice concentrations, and the wind
speed squared and temperature-dependent gas exchange co-
efficient. The initial conditions for P and Oare derived

dr 16 4 caca by the 2005 version of the World Ocean Atlas (WOA2005;
- -~ a Garcia et al. 2006agb). Chlorophyll was taken from a cli-

Heacod-8CQ — weacos—g (B atology of SeaWiFS (1997-2008) and then scaled to P

dO;  172dN B12 to initialise phytoplankton in the top 100 m, using the ra-

“dr 16 dr B12) 4o P:Chla =1/16 mmolnT3 P: 1.59 mg n73 Chl a). Zoo-

dDIC 106dN dCaCQ plankton (Z) were initially estimated to be 0.05 of the ini-
“d 16 dar | ar (B13) tial phytoplankton concentration. The initial field for Fe was
d ALK dN d CaCQ taken from a 500yr integration of a coarser resolution sim-
== T2 (B14) ulation with the same BGC module. Preindustrial DIC was

dr

dr

dr
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initialised from GLODAP Key et al, 2004. To generate Balmaseda, M. A., Vidard, A., and Anderson, D. L. T.. The
the annual mean fields of DIC and ALK for the nominal ECMWEF ocean analysis system: ORA-S3, Mon. Weather Rev.,

year 1997, we started with the observed climatologyaka- 136, 3018-3034J0i:10.1175/2008MWR2433,2008.
hashi et al(2009 from the year 2000, and then calculated Behrenfeld, M. J., O'Malley, R. T., Siegel, D. A., McClain, C. R.,
ALK and DIC following Lenton et al (2012 using the an- Sarmiento, J. L., Feldman, G. C., Milligan, A. J., Falkowski,

. P. G., and Letelier, R. M.: Climate-driven trends in contempo-
nual mean sea surface and salinity from WOA2005 ftam ’ o
Y rary ocean productivity, Nature, 444, 752—755, 2006.

carnini et al.(2006§ andAntonov et al.(2006 respectively. Biastoch, A., Bning, C. W., Scheinert, M., and Lutjcharms, J.
To correqt the DIC to 1997, we used the observed global at- . 1pe Agulhas System as a Key Region of the Global
mospheric growth rate from Mauna LoBdrth System Re- Oceanic Circulation, in: High Performance Computing in Sci-
search Laboratory2009 and the approximation of the Rev-  ence and Engineering '08, edited by: Nagel, W. Egér, D. B.,
elle factor Garmiento and Grubg200§. We then calculated and Resch, M. M., Springer Berlin Heidelberg, 459-469, 2009.
the difference in the surface between our calculated DIC an®rassington, G. B., Pugh, T. F., Spillman, C., Schulz, E., Beggs,

ALK, and GLODAP DIC and ALK Key et al, 2004, and H., Schiller, A., and Oke, P. R.: BLUEIlink development of op-
corrected the entire water column based on this surface dif- erational oceanography and servicing in Australia, J. Research
ference. Pract. Inf. Tech., 39, 151-164, 2007.

Carton, J. A. and Giese, B. S.: A reanalysis of ocean climate using
Simple Ocean Data Assimilation (SODA), Mon. Weather Rev.,
136, 2999-3017, 2008.

Carton, J. A., Chepurin, G., and Cao, X.: A Simple Ocean Data
Assimilation analysis of the global upper ocean 1950-95, Part II:

To assess the variability of the modelled phytoplankton,
we convert it to chlorophylk (using a ¥16: 1.59 ratio as
described above), and compare it to chlorophydistimates
from SeaWiFS. We show the RMS of the model-derived

chlorophylla and satellite-derived chlorophylfrom SeaWw- Results, J. Phys. Oceanogr., 30, 311—326, 2000.
iFS in Fig.15, and a series of “snapshots” of modelled phyto- chelton, D. B., Gaube, P., Schlax, M. G., Early, J. J., and
plankton and satellite-derived chlorophglfrom MODIS in Samelson, R. M.: The influence of nonlinear mesoscale ed-

Fig. 17. These comparisons involve several assumptions and dies on near-surface oceanic chlorophyll, Science, 334, 328-332,
several limitations. The satellite measurements include the doi:10.1126/science.12088%011.

impacts of mechanisms that are not included in the modelChen, D., Rothstein, L., and Busalacchi, A.: A hybrid vertical mix-
including iron fertilisation from sediments and sea ice melt. N9 scheme and its application to tropical ocean models, J. Phys.
Also, the conversion of modelled phytoplankton concentra- _ O¢€anogr., 24, 2156-2179, 1994.

tion to chlorophylla concentration involves several assump- Cfristian. J. R., Verschell, M. A., Murtugudde, R., Busalacchi, A. J.,
. . . and McClain, C. R.: Biogeochemical modelling of the tropical
tions, as described in Se&.7.3

Pacific Ocean |. Seasonal and interannual variability, Deep-Sea
Res., 49, 545-565, 2002.
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