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What is the Bureau of Meteorology looking for… 
 
Ø  Delivery of a MOM5(1/10) and MOM6(1/10 + 1/30?) on year 2 and year 4 respectively 

Ø  Validated, minimising systematic bias 
Ø  Pathway to potential ocean forecast upgrades 

Ø  Provide a pathway for the introduction of sea-ice into the ocean forecasts 
Ø  Full global ocean sea-ice forecasting 
Ø  Pathway to sea-ice forecasting 

Ø  Provide the infrastructure for exchange variables between MOMx and WWIII 
 



COSIMA 
 
What is the Bureau of Meteorology looking for… 
 
Ø  Network/forum for all global ocean sea-ice modelling expertise (Forecasting through Climate) 

Ø  Primary motivation has been to build community support for sea-ice modelling 
Ø  Scope includes all Bureau ocean models (MOMx, NEMO, CICE) 

Ø  Bureau responsibility but community acceptance and engagement 
Ø  Provide a current report card of community ocean and sea-ice models 

Ø  Pros/cons of available models against common metrics 
Ø  Engage in global community evaluation frameworks 
Ø  Southern hemisphere tuned 

Ø  Linkage with coastal community (global models need to be credible for nesting/downscaling) 
Ø  1/10 => 1/30 pushing into shelf resolving (5 year time frame for ocean forecasting) 
Ø  Explicit tides 

 



Bureau ocean forecasting targets 
 
Ø  OceanMAPSv3.1 – 2017 

Ø  MOM5(1/10) 
Ø  Research projects 

Ø  CICE data assimilation research project (MSA) 
Ø  OceanMAPSv4 – 2018/19 

Ø  MOM5(1/10) + CICE (full global domain) 
Ø  Options (Explicit tides, Ensemble (small), Bulk or Weakly coupled atmosphere) 

Ø  Research projects (2018-2020)  
Ø  Coupled modelling MOM5/6-WWIII-CICE (unfunded/UniMelb collab?) 
Ø  Coupled data assimilation MOM5/6-WWIII (MSA) 

Ø  OceanMAPSv5 – 2020/21 
Ø  MOM6(1/10 + 1/30?) + WWIII + CICE?  
Ø  Coupled ocean-wave-sea-ice DA 
Ø  Options (Explicit tides, Ensemble (large), Bulk/Weakly coupled atmosphere) 



OceanMAPS 
version 3.0 

Ocean Model 
MOM 4p1, Griffies et al., 2008 
z* vertical coordinate 
Smith and Sandwell, v11.1 
3599×1499×50 
 
0-360, 75S-75N (0.1°×0.1°) 
0-15 m  (Δz = 5 m) 
15-90 m  (Δz~5 to 10 m) 
90-200m  (Δz=10 m) 
Minimum column depth – 15 m 
 
GOTM, K-eps mixed layer scheme 
No tides 
No sea-ice 

Data Assimilation 
ENKF-C (Sakov, 2014) 
Ensemble optimal interpolation 
State vector (eta, T, S, u, v) 
144-member ensemble  
Restart initialisation 
 
Observations 
Satellite altimetry (Jason2, SARAL, Cryosat2) 
Satellite SST (AMSR2, NAVO) 
CTD (Argo, GTS), XBT (GTS) 
 
Forcing 
ACCESS-G APS1 (fluxes) 
Climatological river discharge 



h"p://www.marine.csiro.au/ofam1/om/OM_af01_SAgulfs_sp1/20160502.html		





4-cycle	ensemble	weight	-	SST	OceanMAPS – forecast error history 
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Hurlburt, H.E. (1984). The potential for ocean prediction and the role of altimeter data. Mar. 
Geod. 8, 17–66 
TOPEX Science Working Group, Jet Propulsion Laboratory (US), & Space Administration. 
Environmental Observation Division. (1981). Satellite Altimetric Measurements of the 
Ocean: Report. Jet Propulsion Laboratory. (only 46 citations) 
 

50-100 km  
60 days 
 
Requirement 
10 km resolution 
(>4Δ) 

Model resolution – Why 1/10? 
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Figure 2.5 Sketch of the frequency-wavenumber spectrum of the general circulation at mid-
latitudes, with arbitrary contour units.

By combining the general observations on temporal and spatial variability, we can
sketch (figure 2.5) the outline of the frequency-wavenumber spectrum of the general
circulation of the ocean, a sketch that will be useful for the following discussion of stra-
tegies for sampling the ocean. The peak near 100 days and 100 kilometers is due to
mesoscale eddies, and the ridge at one year is the annual variability which can be found
at many wavelengths. Little variability is expected at scales smaller than the Rossby
radius of deformation, or at high frequencies, but considerable variability is expected at
long periods. All these sweeping generalities must be modified in detail in the presence
of bottom topography, proximity to strong mean flows, and oceanic boundaries. In the
vicinity of the Gulf Stream (and by inference the Kuroshio and other western boundary
currents) the eddy band becomes considerably more intense and tends to shift toward
somewhat-shorter periods (circa 50 days; Schmitz, 1978). When strong currents are
channeled, as in the Florida Current (Duing and Mooers, 1977), and the Circumpolar
Current through the Drake Passage (Nowlin and Pillsbury, 1981) the spectra have
strong motions at periods of 3-20 days. On the equator (Wunsch and Gill, 1976) velo-
city and hence sea level also tend to have considerable energy at periods between 2 and
30 days. These special regions are, in terms of geographical area, a small fraction of
the world ocean, but they are kinematically and dynamically important.
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Model resolution - distribution 
Xu, Y., & Fu, L. L. (2011). Global variability of the wavenumber spectrum of oceanic 
mesoscale turbulence. Journal of physical oceanography, 41(4), 802-809. 

In addition to spectral slopes, the SQG turbulence
theory also predicts an inverse cascade of surface kinetic
energy (Capet et al. 2008a) from small to large scales.
This prediction was validated by the results of Scott and
Wang (2005), who computed energy flux in wavenumber
spectral space from satellite altimeter data and demon-
strated an inverse cascade of baroclinic energy from
scales of the Rossby radius of deformation to larger
scales. However, these results are in contradiction to the
prediction of the classical QG turbulence theory. The
QG theory predicts a cascade of baroclinic energy from
both large and small scales toward the Rossby radius
of deformation, where the energy is converted into
the barotropic mode and then an inverse cascade takes
place, transferring barotropic energy from the Rossby
radius of deformation toward larger scales (Salmon
1980; Smith and Vallis 2001; Fu and Flierl 1980).

To examine the applicability of the SQG-predicted
k211/3 power law in the ocean, Fig. 3 exhibits the areas in
which the SSH spectral slopes are indistinguishable from
211/3 within the 95% confidence level. We categorize
the global ocean into three types of regions. The type-1
regions, denoted by black color, are where the SQG
theory applies. They are quite patchy and most of them
tend to form around the regions of the highest eddy

energy (e.g., the Gulf Stream, the Brazil–Malvinas
Confluence, and the Agulhas Current). In such cases,
they are in the transition zones from the edge to the core
of the major current systems. The type-2 regions, de-
noted by gray color, are where the spectral slopes are
significantly steeper than k211/3. They include the core
regions of the current systems mentioned above. The
spectral slopes in these regions are close to k24, consis-
tent with a k22 kinetic energy spectrum of an ocean
dominated by the presence of fronts (Boyd 1992). In
fact, the inverse cascade of kinetic energy predicted by
the SQG theory dictates an energy flux from fronto-
genesis to convert potential energy to kinetic energy
(Capet et al. 2008a). This implies the incompleteness of
the SQG theory, which does not include frontogenesis.
The transition of near k24 SSH spectrum to k211/3 spec-
trum in the high eddy-energy regions requires more the-
oretical work to explain.

The type-3 regions, denoted by white color, include
the tropical oceans and the vast extratropical areas
outside major current systems. In this vast majority of
the global ocean, the SSH spectral slopes are signifi-
cantly flatter than k211/3. This has raised concerns for
the effects of measurement errors, which may cause the
flatness of the SSH spectrum in the low energy regions.

FIG. 3. Three types of areas in terms of the spectral power law. The black color represents the
type-1 areas where the spectral slopes follow the SQG k211/3 power law within the 95% con-
fidence level, the gray color represents the type-2 areas where the spectral slopes are steeper
than k211/3, and the white color represents the type-3 areas where the spectral slopes are flatter
than k211/3.
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TYPE 1  k-11/3 (SQG theory) 

TYPE 2  steeper k-11/3 

TYPE 3  flatter k-11/3 

Seasat data. Similar analyses based on longer datasets
from later altimeter missions revealed a range of results.
Results from the Geosat data showed that the spectrum
in high energy regions was closer to k24 than k25 and
that, in low energy regions, the spectral slopes varied
between 22 and 23 (Le Traon et al. 1990). Analysis
based on 3 yr worth of the Ocean Topography Experi-
ment (TOPEX)/Poseidon data suggested the existence
at midlatitudes of a normalized universal wavenumber
spectrum following k24.6 (Stammer 1997). More recent
results based on data from multiple satellites, however,
called for a k211/3 spectrum in high energy regions (Le
Traon et al. 2008).

Given the different results from regional studies noted
above, we feel compelled to conduct a systematic global
survey of the SSH wavenumber spectrum to evaluate the
geographic pattern of spectral slope and its consistency
with existing theories. In this paper, we present results
from analyzing 7-yr SSH observations made by the
Jason-1 satellite (Ménard et al. 2003), which carries a
state-of-the-art radar altimeter system. We have con-
structed the first global map showing the variability of

SSH spectrum. The results are compared to theoretical
predictions. The comparison has shed light on the limi-
tations of the existing theories and provided guidance
for future studies.

2. Global survey of altimeter wavenumber spectra

We used the Jason-1 along-track SSH observations
over 7 yr from January 2002 to January 2009, covering
259 10-day repeat cycles, to study the SSH wavenumber
spectrum. The time mean at each location of observa-
tion was first removed to obtain SSH anomalies for
spectral computations. The SSH anomaly spectral slopes
were then computed via a least squares fit of a power law
between 70- and 250-km wavelengths at 28 3 28 grid
resolution over the global ocean. The spectrum at each
grid point was obtained by averaging all the spectra of
SSH anomalies along the Jason-1 ground tracks that are
longer than 500 km within a 108 3 108 box centered at
the grid point.

The areas poleward of 608S and 608N are excluded
from the study to avoid the ice influence on the SSH

FIG. 1. Selected wavenumber spectra from Jason-1 observations. (top left) The map shows the locations of the
centers (A, B, and C) of 108 3 108 boxes for the averaged wavenumber spectra indicated in the other panels. The red
line in the wavenumber spectrum is the fitted slope line in the range between 70 and 250 km, the mesoscale tur-
bulence band. The value of the wavenumber spectrum slope is noted in the plot.
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In addition to spectral slopes, the SQG turbulence
theory also predicts an inverse cascade of surface kinetic
energy (Capet et al. 2008a) from small to large scales.
This prediction was validated by the results of Scott and
Wang (2005), who computed energy flux in wavenumber
spectral space from satellite altimeter data and demon-
strated an inverse cascade of baroclinic energy from
scales of the Rossby radius of deformation to larger
scales. However, these results are in contradiction to the
prediction of the classical QG turbulence theory. The
QG theory predicts a cascade of baroclinic energy from
both large and small scales toward the Rossby radius
of deformation, where the energy is converted into
the barotropic mode and then an inverse cascade takes
place, transferring barotropic energy from the Rossby
radius of deformation toward larger scales (Salmon
1980; Smith and Vallis 2001; Fu and Flierl 1980).

To examine the applicability of the SQG-predicted
k211/3 power law in the ocean, Fig. 3 exhibits the areas in
which the SSH spectral slopes are indistinguishable from
211/3 within the 95% confidence level. We categorize
the global ocean into three types of regions. The type-1
regions, denoted by black color, are where the SQG
theory applies. They are quite patchy and most of them
tend to form around the regions of the highest eddy

energy (e.g., the Gulf Stream, the Brazil–Malvinas
Confluence, and the Agulhas Current). In such cases,
they are in the transition zones from the edge to the core
of the major current systems. The type-2 regions, de-
noted by gray color, are where the spectral slopes are
significantly steeper than k211/3. They include the core
regions of the current systems mentioned above. The
spectral slopes in these regions are close to k24, consis-
tent with a k22 kinetic energy spectrum of an ocean
dominated by the presence of fronts (Boyd 1992). In
fact, the inverse cascade of kinetic energy predicted by
the SQG theory dictates an energy flux from fronto-
genesis to convert potential energy to kinetic energy
(Capet et al. 2008a). This implies the incompleteness of
the SQG theory, which does not include frontogenesis.
The transition of near k24 SSH spectrum to k211/3 spec-
trum in the high eddy-energy regions requires more the-
oretical work to explain.

The type-3 regions, denoted by white color, include
the tropical oceans and the vast extratropical areas
outside major current systems. In this vast majority of
the global ocean, the SSH spectral slopes are signifi-
cantly flatter than k211/3. This has raised concerns for
the effects of measurement errors, which may cause the
flatness of the SSH spectrum in the low energy regions.

FIG. 3. Three types of areas in terms of the spectral power law. The black color represents the
type-1 areas where the spectral slopes follow the SQG k211/3 power law within the 95% con-
fidence level, the gray color represents the type-2 areas where the spectral slopes are steeper
than k211/3, and the white color represents the type-3 areas where the spectral slopes are flatter
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Model resolution – is 1/10 enough? 
Hurlburt, H. E., and Hogan, P. J. (2000). Impact of 1/8 to 1/64 resolution on Gulf Stream 
model–data comparisons in basin-scale subtropical Atlantic Ocean models. Dynamics of 
Atmospheres and Oceans, 32(3), 283-329. 
Hogan, P. J., and Hurlburt, H. E. (2000). Impact of Upper Ocean-Topographical Coupling and 
Isopycnal Outcropping in Japan/East Sea Models with 1/8° to 1/64° Resolution*. Journal of 
Physical Oceanography, 30(10), 2535-2561. 

EKE16>>>EKE8 
 
EKE32>>EKE16 
 
EKE64>EKE32 
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Forecasting – error growth in a chaotic system 
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Forecasting – what do we need from a model ? 
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Unbiased 
Optimum error growth 



Systematic errors 

EX TM −TO[ ] = 1
IJK

Ti, j,k
M (tn )−Ti, j,k

O (tn )
i, j,k=1

I ,J ,K

∑

e.g., mean increment field (time-averaged spatial map) 

ET TM −TO[ ] = 1
N

TM ,n (xi, yj, zk )−TO,n
n=1

N

∑ (xi, yj, zk )

Mean error – temporal average 

Mean error – spatial average 

Mean error – conditional (sub-population) 

EP TM −TO[ ] = 1
P

Tp
M −Tp

O

p=1

P

∑

e.g., dynamics (storm-surge, upwelling),  
        events (search and rescue),  
        extremes (exceed threshold) 

Posterior 
calibration 

Majority of theory data assimilation and ensemble forecasting likes to assume 
the model and observations are unbiased. Posterior bias removal is challenging. 
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CLASS4 – forecast verification 

Forecast models interpolated to reference observations 

Reference observations 
Argo T/S profiles 
Buoy SST 
Jason2 altimetry 



Systematic errors – even more model relevant 

Mean error – conditional (sub-population) 

EP TM −TO[ ] = 1
P

Tp
M −Tp

O

p=1

P

∑

Example diagnostic populations 
F1 > 90th percentile of F1 distribution  
F1 > % of total F 

T n+1 = T n +F1 +F2 +…+Fn Model update 

F – advection, mixed layer, geostrophic balance 



COSIMA 
 
What is the Bureau of Meteorology looking for… 
 
Ø  Network/forum for all global ocean sea-ice modelling expertise (Forecasting through Climate) 

Ø  Primary motivation has been to build community support for sea-ice modelling 
Ø  Scope includes all Bureau ocean models (MOMx, NEMO, CICE) 

Ø  Bureau responsibility but community acceptance and engagement 
Ø  Provide a current report card of community ocean and sea-ice models 

Ø  Pros/cons of available models against common metrics 
Ø  Engage in global community evaluation frameworks 
Ø  Southern hemisphere tuned 

Ø  Linkage with coastal community (global models need to be credible for nesting/downscaling) 
Ø  1/10 => 1/30 pushing into shelf resolving (5 year time frame for ocean forecasting) 
Ø  Explicit tides 

 

THANK YOU 





Sea surface temperature ensemble STD
Jan 2012

Sea surface temperature ensemble STD (degC)
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