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1 | INTRODUCTION

The Met Office global ocean and sea-ice Forecast Ocean
Assimilation Model (FOAM) analysis and forecasting sys-
tem has been operational since August 1997, using a tripo-
lar ORCA grid with 1/4° horizontal grid spacing since
December 2008 (Bell et al., 2000; Blockley et al., 2014;
Storkey et al., 2010). FOAM runs the hydrodynamic model
Nucleus for European Modelling of the Ocean (Madec
etal.,2016) for the ocean forecast component, the Commu-
nity Ice Code (Hunke et al., 2015) for the sea-ice forecast
component, and a multivariate incremental variational
data assimilation (DA) system to incorporate observa-
tional updates (Waters et al., 2015). The system assimilates
observations from diverse sources: in-situ temperature and
salinity profiles, in-situ and satellite sea-surface tempera-
ture (SST), satellite altimeter sea-level anomaly (SLA), and
sea-ice concentration (SIC).

In September 2018, global FOAM was updated to
the Global Ocean configuration version 6 (GO6) cou-
pled to the Global Sea Ice configuration version 8.1
(GSI8.1) (Ridley et al., 2018; Storkey et al., 2018), retaining
the 1/4° horizontal grid. This configuration has recently
been incorporated into the Met Office’s operational global
atmosphere numerical weather prediction (NWP) system,
which became a coupled atmosphere-land—-ocean-sea-ice
model in May 2022 (Guiavarc’h et al., 2019). The results
reported here are from coupled ocean-sea-ice simulations
with prescribed Met Office Unified Model atmospheric
forcing (Walters et al., 2017).

The present study is motivated by the growing inter-
est in higher resolution ocean models over recent years.
Progressing from eddy-permitting to eddy-resolving con-
figurations is important for climate projections and for
operational short-range forecasting systems (Hewitt
etal.,2017). Moreover, using comparable resolutions in the
different components of the global coupled NWP system
should yield better performance overall. Other operational
centres have been running high-resolution global ocean
forecasting systems for several years. For example, Merca-
tor Ocean International runs a NEMO system with a 1/12°
horizontal grid (Lellouche et al., 2018a) and produces a
global ocean reanalysis GLORYS12 (Lellouche et al., 2021),
and the US Naval Research Laboratory runs a Hybrid Coor-
dinate Ocean Model system at 1/25° (Barton et al., 2021).

The performance of a forced 1/12° ocean-sea-ice con-
figuration (ORCA12) is evaluated here and compared
with the forced version of the current 1/4° configura-
tion (ORCAO025), both using the same GO6 and GSIS8.1
model configurations but with specific parameters cali-
brated for each resolution. ORCAO025 is eddy permitting,
whereas ORCA12 enables eddies to be resolved over a
wider range of latitudes. The oceanic eddy length scale is

largely determined by the first baroclinic Rossby radius of
deformation, which is highly dependent on the Coriolis
parameter and depth, varying by an order of magnitude
between the Equator (about 200km) and high latitudes
(up to 10km). As a result, even the higher resolution con-
figuration described here can barely resolve any eddies
poleward of 50° latitude (Hallberg, 2013) and will only
resolve eddies in 8% of regions shallower than 500 m (Holt
etal., 2017).

Traditional root-mean-square (RMS) metrics are not
ideal when verifying model fields on grids with differ-
ent resolutions against observations. If forecast features
are offset in space and time compared with corresponding
observations then there is a double-penalty effect (Rossa
et al., 2008), which is more apparent in the higher reso-
lution model when compared with the smoother features
of the lower resolution model. To provide a fairer com-
parison and validation between ORCA025 and ORCA12
experiments, in addition to traditional metrics we use the
High-Resolution Assessment (HiRA) framework, which
applies neighbourhood verification methods to compare
model results with observations at common spatial length
scales (Crocker et al., 2020).

This article documents how the system has evolved
since Blockley et al. (2014). Subsequent key DA devel-
opments have been described by Mirouze et al. (2016)
and While and Martin (2019). In Section 2 we describe
the NEMO and CICE numerical models used in the lat-
est FOAM configuration, and Section 3 describes the
NEMOVAR DA system, including some recent develop-
ments in its operational implementation in FOAM not
documented elsewhere. Section 4 then describes the obser-
vations assimilated in the experiments that are described
in Section 5. An overview of the results for the global ocean
is presented in Section 6, first using traditional metrics
and then HiRA. Conclusions and plans for future work are
finally given in Section 7.

2 | OCEAN AND SEA-ICE MODELS

21 | NEMO/GO6

The ORCA grid used in NEMO is based on a global
isotropic Mercator grid in which the meridional grid
spacing is reduced polewards to match the zonal spac-
ing (Madec & Imbard, 1996). To avoid the singularity
at the North Pole, the Northern Hemisphere grid is
quasi-isotropic, with two poles over land in Russia and
Canada. FOAM uses 75 vertical levels, with thicknesses
increasing from 1 m near the surface to 200m at depth,
which has been shown to be the minimum required to
resolve the second baroclinic mode (Stewart et al., 2017).
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A partial-cell formulation is used at the lower boundary
(Barnier et al.,, 2006), where the bathymetry has been
derived from Earth Topography 1’ for ORCA025 (Amante
& Eakins, 2009), and General Bathymetric Chart of the
Oceans 2014 for ORCA12 (Weatherall et al., 2015). The
prognostic model state variables are three-dimensional
potential temperature, practical salinity, horizontal veloc-
ities, and the two-dimensional nonlinear sea-surface
height (SSH).

The GO6 global ocean configuration, based on NEMO
v3.6, is described by Storkey et al. (2018) and uses the
1980 International Equation of State for seawater densi-
ties UNESCO (1981). A nonlinear free-surface boundary
condition is used, allowing for time-varying cell thick-
nesses throughout the water column and a better rep-
resentation of surface freshwater flux. Bulk formulae
from Large and Yeager (2009) are called at every time
step and account for turbulent flux transfer of momen-
tum, sensible heat, and evaporation. Lateral diffusion of
momentum uses bi-Laplacian viscosity with coefficients of
—-1.5x 10" m*:s™! for ORCA025 and —1.25 x 10" m*-s™!
for ORCA12, both reducing polewards with the cube of the
grid spacing. Lateral diffusion of tracers is along isoneu-
tral surfaces using Laplacian mixing with coefficients of
150 m?-s~* for ORCA025 and 125m?-s~ for ORCA12.
Fresh water runoff from land is specified as climato-
logical monthly estimates and augmented by point-like
Lagrangian icebergs, which were implemented in NEMO
by Marsh et al. (2015). The grid extends southwards to
include closed (for computational efficiency, at present)
ice-shelf cavities around Antarctica with a prescribed cli-
matological freshwater input along their vertical bound-
ary, mimicking the effect of ice shelf basal melt on the
wider circulation, a parametrisation described in Mathiot
et al. (2017). To avoid instabilities associated with artificial
cliffs at the edge of the ice shelves (due to closed cavi-
ties), the momentum lateral boundary condition (free slip
elsewhere) changes around the coastline of Antarctica to
a partial slip condition in ORCAO025 and a no-slip condi-
tion in ORCA12. In contrast to Storkey et al. (2018), the
model time steps used here are shorter: 900 s for ORCA025
and 180 s for ORCA12. This is needed for model robustness
since the system here has more energy due to (a) the DA,
and (b) the higher resolution NWP forcing (see Section 5).
Haney (1971)’s retroaction is used to control sea-surface
salinities, adding a flux correction based on the difference
between the model and climatology, with a restoring coef-
ficient of —33.33 mm-day! -psu~!. A three-dimensional
Newtonian damping is applied, with a 360-day time-scale,
to compensate for the poor spatio-temporal observational
coverage and consequent limited ability of DA to constrain
values at depth. The purpose is to control the long-term
evolution of subsurface tracer fields, nudging model values
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to temperature and salinity climatologies created by aver-
aging EN.4.1.1 analyses (Good et al., 2013) over the years
2011-2015.

2.2 | CICE/GSI8.1

GSI8.1isbased on version 5.1.2 of CICE (Ridley et al., 2018)
and uses an ORCA grid like NEMO, and for our experi-
ments the CICE time step matches that of NEMO at both
grid resolutions. This configuration has a prognostic ice
thickness distribution so that, in each grid cell, there are
five ice thickness categories (plus open water). The model
uses a multilayer thermodynamics scheme with four ver-
tical layers of ice plus one of snow, defined independently
in each thickness category with an associated prognostic
temperature profile and a fixed salinity profile.

Several other dynamics and thermodynamics prognos-
tic variables are incorporated. The dynamics prognostics
are the ice horizontal velocity, plus three principal ice
stress components (in the form of a tensor with units of
kg-s72) evaluated at the same grid points as velocity; that
is, at each corner of a cell in the sea-ice model (Storkey
et al., 2018). Three thermodynamics prognostics are com-
puted for each ice category (ice concentration, ice thick-
ness, and snow thickness), and enthalpy per unit volume
(not temperature) is computed for each of the four layers
of ice plus the snow layer.

The model includes prognostic melt ponds and an
explicit calculation of their impact on the sea-ice albedo,
using the topographic melt pond formulation described by
Flocco et al. (2010, 2012) and Hunke et al. (2015). Melt
ponds play a critical role in the radiative balance since they
change the sea-ice albedo.

3 | DATA ASSIMILATION

In this section we provide a consolidated description of
the DA approaches used in FOAM. Many aspects of the
system have been detailed elsewhere, but we recapitu-
late these and provide a brief description of three recent
developments that have not yet been described in the lit-
erature. These developments are used in the experiments
presented here.

The NEMOVAR multivariate incremental variational
DA system has been used operationally in FOAM at the
Met Office since January 2013. It minimises a cost function
measuring the least-squares departures of a model state
vector! from both the previous forecast and recent observa-
tions, while taking into account bias vectors. NEMOVAR
generates analysis increments (corrections) to the previous
forecast and bias increments to the estimated biases. On
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each forecast/assimilation cycle, NEMOVAR is run sepa-
rately for ocean and sea-ice observations. In this section,
we describe the main developments since the implemen-
tation described by Mirouze et al. (2016) and some specific
aspects of running NEMOVAR on an ORCAO025 grid, while
both NEMO and CICE use an ORCA12 grid.

Our NEMOVAR  implementation uses a
three-dimensional variational first guess at appropriate
time (3DVar-FGAT Huang et al, 2002; Lawless, 2010)
algorithm, assimilating observations valid within a 1-day
assimilation window that runs between T — 24 and T + 0,
where the notation T + n denotes a validity time nhr
after (positive n) or before (negative n) the nominal
analysis time T+ 0 (0000 UTC). NEMOVAR produces
three-dimensional increments of potential temperature,
practical salinity, and horizontal velocity, together with
two-dimensional increments of SSH and SIC. Additionally,
using the methods of While and Martin (2019) and Lea
et al. (2008), two-dimensional increments are produced to
correct biases associated with satellite observations of SST
and SLA (related to SSH; Section 3.1.2). NEMOVAR also
assimilates SIC observations using a separate NEMOVAR
minimisation to the ocean variables. This is because
we have not yet developed multivariate relationships in
NEMOVAR between the ocean and sea-ice variables and
performing the minimisation separately for both improves
convergence in the cost function.

For SST observations, biases are assumed to arise from
atmospheric effects on the SST retrievals and are expected
to differ between the different SST products. As described
in Section 3.1.2, biases in SLA are assumed to come from
inaccuracies in the mean dynamic topography (MDT) and
dynamic atmosphere correction (DAC); these biases are
treated separately but are assumed to affect all SLA obser-
vations equally. For the purposes of bias correction we split
the observations into a number of different groups. First,
all observations that are not bias corrected (temperature
and salinity profiles, sea ice, in-situ SST, and reference
satellite SST) are put into the observation vector y. SLA
data, which are all considered biased, are in the vector
ySLA, Finally, SST observations that need bias correction
(most satellite SST) are put into separate vectors for each
type of sensor y>*T, with i = 1, ... , p and p being the num-
ber of sensors. The length of each vector is equal to the
number of observations in each group.

Each day, a model forecast is run from T —24 to T +
0 (the assimilation window) by applying the nonlinear
model (NEMO/CICE) to the initial model state valid at
T — 24 to output innovations spanning the assimilation
window. Innovations are the differences between obser-
vations (ideally unbiased) and model equivalent values,
obtained by applying an observation operator to the model

state vector at the appropriate observation time. Denot-
ing the combined state vectors throughout the assimilation
window by the single trajectory vector x{, our 3DVar-FGAT
innovations can be written as

’

d=y- Hx, ¢))

diSST — nyT _ HiSST(Xf) _ HiSSbe,SST,
fori=1,...,p, ()
dSLA — ySLA _ HSLA(Xf) _ HSLA(bfl\,/ISS’? + bfﬁ%cA)’ (3)
where, as with the observation vectors, qast4 diSST,

and d are the innovations of the bias-corrected SLAs,
bias-corrected SSTs, and other observations respec-
tively. Likewise, bf’SST are the forecast vectors of the
two-dimensional SST bias fields projected onto the top
level of the model grid, with the vectors for the SLA MDT
and DAC biases given by bf\’,%TA and b]fi]“CA respectively
treated similarly. The observation operators (H, H>T,
and HS) include both a time and space interpolation
of the model forecast. The linear operators applied to
the bias vectors (H®" and H%"*) only include a bilinear
interpolation in space and so are written as matrices. For
convenience, we have omitted any time indexing from the
observation vectors (which represent a collection of obser-
vations spanning the assimilation window), prior forecast
trajectory x!, and observation operators.

The bias-correction scheme of While and Mar-
tin (2019) also includes what are referred to as
“observations-of-bias”, which are the differences between
biased observations and co-located, assumed unbiased,
reference observations (as described in Section 3.1.1). In
our system we only use observations-of-bias, zf‘STb, for
the bias correction of SST. As implied by the subscript
i, observations-of-bias are calculated separately for each
SST satellite sensor, with details of the calculation given
in Section 3.1.1. The observations-of-bias vectors have

their own associated innovation vector diSSTb, which is
defined as
SSTb __ , SSTb SSTby,£,SST .
4>’ =z""-H; bl. , fori=1,...,p, @)
where H™ is the observation operator for 5™ and rep-

resents a bilinear interpolation in space to the position of
the observations-of-bias. For SLA data, there is no inde-
pendent reference dataset available with global coverage,
So no observations-of-bias can be used (but note that the
SLA data preprocessing already includes inter-satellite cal-
ibration).

Using the aforementioned definitions, NEMOVAR
finds the best-fitting increment 6x to the prior forecast as

A

well as a set of bias increments §b°", §b3;, and §b3% to
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the various prior bias estimates. This is done by minimis-
ing

20(6%, 5657, ..., 53T, 5BSLA  sbSLA)
2

2
= [l6I13 + l1d — Hox||} + [[sb3fa:

SLA
+ [|obiie

SLA SLA
0MDT ODAC

+ ||dSLA — HSUA(SSMA5x + bSIA. + 5bSIA )|

RSLA
p
SST
+ 3 Jov
i=1

SSTb SSTb ¢1,SST
+ @™ - HETsb;

2

i - +H d5ST — HST(SS5T5x + 6b3T)

SST
Ri

2
e )

where J is the cost function and ||v]|a = VVTA lv is the
Mahalanobis norm for column vector v and weighting
matrix A, using superscript T to denote transposition from
a column to a row vector. The error covariance matrices
B, R, RS R¥T, o8 OflA, 0%T, and LS™ corre-
spond respectively to the errors in the prior (background)
forecast, observations assimilated without bias correction,
biased SLA observations, biased SST observations, back-
ground bias vectors for SLA (MDT and DAC components)
and SST, and observations-of-bias for SST. More detail on
the meaning and specification of these error covariance
matrices is provided in the following subsections. The
matrices ST and S5 extract the surface temperature and
SLA from the state vector. The linear observation oper-
ator H is a set of bilinear (horizontal)/cubic spline (ver-
tical) interpolations and variable transforms that match
the model state increments to the innovations.? The other
observation operators are the same as in Equations 2—4.
The minimisation of Equation (5) provides the analy-
ses of the model and bias increments §x?, 6bl.a’SST, ébi&%ﬁ,

and 6b%iLCA, where the “a” superscript indicates an analysis
(updated) vector. The bias increments are used to update

the bias states for the next assimilation cycle as
axxx _ p.fxxx a,XXX
bl = by + by, (6)

where “xxx” is a substitute for “SST” or “SLA”, and “yyy”
represents the different bias subscripts “MDT”, “DAC”, or
SST sensor index i. The analysis increments 6x?, on the
other hand, are added into another reforecast of the same
1-day assimilation window, this time using an incremental
analysis update (IAU) method, in which a fraction of the
increments is added to the state variables on each model
time step as a time-tendency forcing (Bloom et al., 1996).
The full benefit of the DA is consequently obtained by the
end of the time window at T + 0.

For SIC, the assimilation increments are still applied
using an IAU, but CICE adds positive increments with
an assumed thickness of 0.5 m and progressively subtracts
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negative increments from the different ice categories, start-
ing with the thinnest. This and other aspects of the SIC
assimilation have not changed since the description by
Blockley et al. (2014).

3.1 | Bias correction
Equation (5) includes penalty terms for the bias incre-
ments 6b>T, sby, and §bY% used to correct biases
arising from remotely sensed SST and SLA observations.
The associated covariance matrices 03T, O3, and OF
use 10 iterations of an implicit diffusion operator to model
spatial correlations (Mirouze et al., 2016), replacing the
second-order auto-regressive function of Lea et al. (2008).
Following cost function minimisation, each analysis
bias vector is further relaxed (denoted by an “r” super-
script) through multiplication by a factor e < 1 (detailed
in Sections 3.1.1 and 3.1.2), which has the effect of relaxing

the bias towards zero if there are no observations:

pix

O = B, )

= Cyyylyyy

The relaxed bias vector then becomes the forecast bias
vector b§;§,"y‘x in the next forecast/assimilation cycle. The
relaxation e-folding time is given by — T/ log &>, where T
is the forecast/assimilation cycling period (24 hr).

3.1.1 | SST

Unlike SLA data, remotely sensed SST data use
observations-of-bias (Equations 4 and 5) when calculat-
ing bias corrections. Observations-of-bias are formed by
taking the difference between co-located pairs of biased
observations and, assumed unbiased, reference observa-
tions. In our system we use in-situ drifting buoys and
nocturnal observations from a high-quality satellite source
(SNPP-VIIRS; Section 4) as reference observations. A sig-
nificant number of these (up to 20% of in-situ and up to
5% of nocturnal SNPP-VIIRS observations) are withheld
from direct assimilation and used instead to generate
the observations-of-bias for each SST sensor (While &
Martin, 2019). The remaining observations are directly
assimilated.

When calculating observations-of-bias, observations
points from each individual satellite are matched to refer-
ence observations within a given radius and time window.
The match-up parameters for in-situ and satellite refer-
ence observations vary according to the respective spatial
and temporal densities: 50km and 1hr for observations
from drifting buoys, and 2 km and 6 hr for nocturnal obser-
vations from SNPP-VIIRS. A limit is set to only allow an
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individual reference observation to be used a maximum
of five times for each sensor being corrected. However, as
matching is performed separately for each sensor, the over-
all limit for a single reference observation is five times the
number of sensors being corrected.

A separate SST bias increment is estimated for
each sensor being corrected, each having its own back-
ground (sixth) and observation-of-bias (eighth) terms
in Equation (5). The relaxation factor o™ = 0.9 is used
throughout, which is equivalent to an e-folding time of
9.5days, and the correlation length scale used to define
the covariance matrix 07" is 4° (approximately 400 km at
25° N).

31.2 | SLA

SLA data are provided by the Copernicus Marine Envi-
ronment Monitoring Service (Pujol, 2022). These data
are assimilated using the Centre Nationale d’Etudes
Spatiales-Collecte Localisation Satellites (CNES-CLS13)
MDT, which blends altimetry, gravimetry, and in-situ
drifter data over the period 1993-2012 (Rio et al., 2014),
to relate SLA to model SSH when calculating innovations.
MDT is defined as the difference between mean sea sur-
face, which is a time-averaged SSH, and the geoid, which is
the surface the ocean would have if it were at rest (LeGrand
et al., 1998), whereas SLA is the difference between SSH
and mean sea surface. We note that CMEMS follows the
convention that SSH is measured relative to a reference
ellipsoid, whereas NEMO defines SSH relative to the geoid,
meaning that the NEMO SSH is equivalent to the CMEMS
absolute dynamic topography, which is the sum of the
MDT and SLA—y in Vidard et al. (2009). Uncertainties
in the geoid lead to inaccuracies in the stationary MDT,
which is subtracted from the NEMO SSH obtained from
the previous forecast to calculate the model equivalent
SLA observations H3“A(xf) in Equation (3). This leads to
a stationary, but spatially varying, bias in the innovations.
The bias-correction framework described in Section 3 is
then able to correct for MDT inaccuracies using bi’,%,? in
Equation (3). Because the error is stationary, no relaxation
is applied to this bias (ay, = 1). An offline estimate of
the bias could be made, but the online scheme is more
convenient since it avoids multiple long runs for its esti-
mation and use, and new observations in previously poorly
observed areas can produce updates to the bias estimate.
The error covariance associated with the bias, OISVILST, is
specified to have a correlation length scale of 0.4° (approx-
imately 40 km at 25° N), allowing the bias vector bi,[%TA to
address small-scale errors, which are known to be large for

MDT (Lea et al., 2008). The diagonal elements of OIS\/1L€T are

derived from the error estimates provided with the latest
version of the MDT.

The second bias term associated with SLA data, bg%?,
is a recent development in FOAM and is described here
for the first time. The SLA data processed by CMEMS
have had ocean tides removed and a further DAC
applied, the latter consisting of a low-frequency inverse
barometer correction and a high-frequency correction
derived from atmospheric wind and pressure forcing.
The high-frequency correction, spanning periods from
0.5 to 20days, is necessary because altimeter measure-
ments alias oceanic signals with frequencies more than
the Nyquist frequency, which is twice the orbital repeat
frequency, onto low frequencies (Chen & Lin, 2000). To
do this, the high-frequency response to ocean winds is
calculated by CMEMS using Modele aux Ondes de Grav-
ité 2-Dimensions pour 'océan Global simulations forced
by European Centre for Medium-Range Weather Fore-
casts (ECMWF) pressure and wind fields (Carrére &
Lyard, 2003). The overall DAC mainly benefits high lati-
tudes. A final correction has also been made by CMEMS
to the remaining orbital long-wavelength errors, which
also include high-frequency errors associated with large
spatial scales, following a similar approach to that of Le
Traon et al. (1998).

The NEMO GO6 configuration used in these exper-
iments does not include tides or the inverse barometer
effect, so the removal of these signals from the observations
by CMEMS is appropriate. However, the model does repre-
sent the remaining DAC high-frequency elements, which
we should ideally restore to the SLA data before calculat-
ing innovations. The experiments presented here pre-date
the availability of correction data. Even if those data were
available with the remaining DAC elements included, dis-
crepancies in the modelled and observed estimates of these
signals would pose challenges for DA due to the sparse
sampling by the observations compared with the high
frequency of the signals. Without addressing this incon-
sistency, the assimilation of SLA data (including DAC)
generates SSH increments that are large in both their mean
and variability (Figure 1).

The second SLA bias term has been introduced to indi-
rectly address this discrepancy in the barotropic response
to pressure and wind forcing by removing a large-scale sig-
nal from the innovations using a correlation length scale
of 4° (approximately 400 km at 25° N), matching that of
the unbalanced (barotropic) SSH background-error covari-
ance matrix. The standard deviation used in the O3:%
covariance matrix is small at low latitudes, increasing to
2 cm between 40° and 50° N, and to 3 cm between 40° and
50° S. A relaxation factor a2, = 0.95 has also been cho-

DAC
sen, equivalent to an e-folding time of 19.5 days, which is
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(a) Mean of control SSH increments (m)
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FIGURE 1 (a,c)Mean(m)and (b, d) standard deviation (m)
of daily sea-surface height (SSH) increments over January 2013 for
an ORCAO025 experiment assimilating sea-level anomaly data with
(a, b) only the small-scale mean dynamic topography bias
correction term applied and (c, d) another experiment that includes
a second large-scale bias term to reduce the discrepancy between
the preprocessed sea-level anomaly observations and the Forecast
Ocean Assimilation Model arising from the dynamic atmosphere
correction. [Colour figure can be viewed at wileyonlinelibrary.com]
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similar to the 20-day cut-off period used in the DAC pro-
cessing (Carrere & Lyard, 2003) and should have a similar
effect to the preprocessing of the model counterpart of the
observations done by Lellouche et al. (2018Db).

The effect of the new bias-correction term b]fsiLCA on
the SSH increments is illustrated in Figure 1, where we
see significant reductions in the mean and variability of
the increments at high latitudes in both hemispheres. The
innovation statistics for SSH are largely unchanged, with

some decrease in their RMS at high latitudes (not shown).

3.2 | Background error

Background-error spatial correlations are modelled using
an implicitly formulated diffusion operator (Weaver
et al., 2016), whereas multivariate relationships are spec-
ified through a linearised balance operator (Weaver
et al., 2005). An inverse balance operator K~! is used to
transform the state vector x into a control vector w of
mutually uncorrelated variables comprising temperature,
unbalanced salinity, and unbalanced SSH as w = K~'(x).
The inverse of this equation, namely x = K(w), can be lin-
earised as 6x = Kéw, where K is the Jacobian matrix of
K evaluated at the prior forecast x' (taken at the start of
the assimilation time window here), and éw is the incre-
ment to control vector w. This enables Equation (5) to be
minimised in terms of 6w and the bias increments sbyyy
using the block-diagonal covariance matrix By, which is
related to the background-error covariance matrix B from
Equation (5) via B = KB K", where superscript T repre-
sents matrix transposition. Apart from temperature, only
unbalanced background-error covariances are required.
No balance relationships are defined between the ocean
and SIC variables, whose increments are obtained from a
separate NEMOVAR minimisation.

A detailed description of the background-error covari-
ances for the original FOAM system is provided in Waters
et al. (2015). Since then, there have been several updates to
the background-error correlations. The horizontal correla-
tions are now modelled using an implicit two-dimensional
diffusion operator (Weaver et al.,, 2016) that allows for
improved modelling of the correlations around coast-
lines compared with the previous approach of applying
one-dimensional diffusion successively to the two hori-
zontal directions. NEMOVAR has also been updated to
allow for multiple length scales in the background-error
correlations (Mirouze et al., 2016). In our FOAM imple-
mentation, we specify two correlation length scales for
temperature and unbalanced salinity. A shorter scale
depending on the Rossby radius represents the mesoscale
errors, whereas a longer 4° scale represents the errors asso-
ciated with atmospheric and other larger scale processes.
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The ratio of the variances associated with the two scales
(which determines the effective overall length scale) varies
seasonally and spatially and was estimated using a com-
bination of the National Meteorological Center method of
Parrish and Derber (1992) and the innovations method
of Hollingsworth and Lonnberg (1986). The scale ratio
is modified to only use the short scale when the back-
ground (prior forecast) SST falls below a specified thresh-
old, thereby preventing increments from being spread
under sea ice. For the other control variables, a single hor-
izontal background-error correlation scale is specified. For
unbalanced SSH, this is a 4° length scale (the balanced
component of SSH has the same spatial scales as temper-
ature and salinity), whereas SIC uses 25km everywhere.
The vertical length scales for temperature and salinity
are unchanged from those of Waters et al. (2015) and
are parametrised based on the local mixed-layer depth in
the background field. Likewise, the background-error vari-
ance specification follows Waters et al. (2015), with the
temperature error standard deviations being related to the
vertical temperature gradients in the background field.

The diffusion operator’s computational cost is propor-
tional to the ratio of the length scale to the local grid
spacing. At high latitudes, this ratio is large for the long
length-scale component, so we cap the temperature and
salinity length scales at 40 times the DA grid spacing
(which affects regions south of 60° S and north of approx-
imately 50° N).

3.3 | Pressure correction

A pressure-correction algorithm (Bell et al, 2004) is
applied to the model at each time step to improve assim-
ilation at the Equator, where the dominant balance is
between the horizontal pressure gradient and the wind
stress. When assimilation increments are applied to the
model, the pressure gradient no longer balances the wind
stress. The pressure correction aims to reduce the impact
of systematic biases in the equatorial balance by grad-
ually accumulating potential temperature and salinity
assimilation increments that are then converted to a
pressure-correction bias, combining the equation of state
for sea water with hydrostatic balance. This correction is
then applied in the model’s equations of motion.

The second recent development to FOAM, which has
not been reported elsewhere, is that the pressure correc-
tion’s gradients have been set to zero at the bottom of the
ocean (rather than the top, as done previously) to avoid
introducing spurious barotropic motions when applying
the pressure correction. Through this small change in the
implementation, the RMS of the SSH innovations in the
tropical Pacific is reduced from 4.4 cm to 4.1 cm, averaged

over lyear. Figure 2 shows that the RMS temperature
profile innovations are reduced over all depths, particu-
larly between 50 m and 200 m. The largest impact is in the
western tropical Pacific, where the vertical velocity stan-
dard deviation is significantly reduced, as shown in the
same figure.

3.4 | Freshwater balance

The third change to the FOAM system not described else-
where is that we include a change in the NEMO config-
uration to address the issue of freshwater inputs (rivers
and precipitation) and outputs (evaporation) not balanc-
ing, leading to significant drifts in the model’s SSH. We use
climatological estimates of freshwater inputs by rivers R
and three-hourly estimates of evaporation E and precipita-
tion P calculated using operational Met Office atmospheric
NWP fields.> Here, we use a NEMO option to prevent
the model’s SSH from drifting due to freshwater imbal-
ances. The imbalance is calculated on each time step and
used to adjust the evaporation or precipitation. When the
global E — P — R is negative, the evaporation is increased
in regions where the evaporation dominates to restore the
total freshwater balance. When the global E — P — R is pos-
itive, the precipitation is increased in regions where P + R
dominates to restore the balance. The model’s global mean
SSH can consequently only change in time through the
application of SSH assimilation increments.

3.5 | Global ocean heat content

The altimetry bias-correction enhancement and freshwa-
ter balance update have been partly motivated by the use
of FOAM as the ocean component of the seasonal global
atmosphere-land-ocean-sea- ice coupled system GloSea
(MacLachlan et al., 2015), which is also used to generate
a historical reanalysis going back to October 1993, when
many fewer temperature and salinity profile observations
were available to constrain the model. Altimeter obser-
vations impact global ocean heat content (OHC) because
the DA projects SSH increments onto the subsurface tem-
perature. ORCAO025 experiments have been carried out
to examine the impact of assimilating altimeter data on
global OHC in an Argo period (for about 15 months start-
ing in July 2012) and to look at the expected impact during
the pre-Argo period by running experiments for the same
period, but withholding Argo data.

Comparing the “control” and “control_noArgo” results
in Figure 3, we see that, when there are no Argo data
to constrain the global OHC directly, the altimetry assim-
ilation generates very large drifts and variability in the
global OHC when applied in the form described by Waters
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(a) Tropical Pacific temperature profile (°C)
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FIGURE 2 (a)Updated pressure-correction impact on

tropical Pacific temperature profile (° C) innovations calculated
from February 1, 2015, to January 31, 2016, with dashed lines
indicating the mean and solid lines the root-mean-square for the
control (blue) and updated pressure-correction experiment (red).
(b) Vertical velocity standard deviation (m-s~!) depth/longitude
cross-section at the western tropical Pacific Equator for the control,
and (c) the difference (m-s~!) between the experiment and control.
[Colour figure can be viewed at wileyonlinelibrary.com]

Royal Meteorological Society

et al. (2015). These drifts are caused partly by the impact
of the SLA assimilation at high latitudes due to discrep-
ancies in the representation of the DAC components of
the SSH between the model and CMEMS data, and partly
by drifts in the SSH due to freshwater imbalances. Local
changes in the SSH due to both these issues are seen by
the SLA assimilation as an error and projected onto the
subsurface temperature through the multivariate balance
relationships used in the assimilation.

The impact of applying the altimetry bias correction
for the DAC component (described in Section 3.1.2) alone
on the global OHC when assimilating Argo data is appar-
ent by comparing the “control” and “newAlt” results,
where we see that there is a small reduction in global
OHC. In comparison, without Argo data, global OHC
is significantly reduced (compare “control_noArgo” with
“newAlt_noArgo”) and is now much lower than in the
experiments that assimilate Argo data. The experiments
that assimilate Argo data are more consistent with each
other than those that do not, since they are well con-
strained by the data and are likely to more accurately
estimate global OHC.

Without Argo data, the addition of the freshwater
balance adjustment from Section 3.4 (“newAlt-
Fwb_noArgo”) brings the spuriously low global OHC for
“newAlt_noArgo” more into line with the experiments
that assimilate Argo data (“newAltFwb”). Global OHC
variability is still larger than for experiments assimilat-
ing Argo data, but the overall values are much improved.
We nevertheless note that, when assimilating Argo data,
the impact of including the freshwater balance update is
smaller (compare “newAlt” with “newAltFwb”).

Though the enhancements from Sections 3.1.2 and 3.4
are not expected to significantly affect global OHC when
assimilating data from the present-day global observation
network, they are expected to produce significant improve-
ments to the quality of global OHC in the pre-Argo period
of GloSea reanalyses.

3.6 | Implementationin ORCA12

It is common for high-resolution systems to perform the
DA at a resolution lower than that of the forecast model in
operational NWP and oceanography, such as the Bluelink
(Oke et al., 2013), Mercator Ocean International (Lel-
louche et al., 2018a), and Global Ice Ocean Prediction
System Smith et al. (2019) ocean DA systems. Though
our ORCAO025 control runs the DA at the model resolu-
tion, the ORCA12 experiment’s DA still uses the 1/4° grid,
using bilinear interpolation to transform necessary fields
between the 1/4° and 1/12° grids. The innovations cal-
culated through Equations 1-3 use the ORCA12 model
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Global average ocean heat content (J-m~2) integrated between 0 m and 700 m depth. Control (red): standard Forecast

Ocean Assimilation Model, assimilating all standard data, with no change to altimeter assimilation or freshwater budget; newAlt (green): as
for control but including changes to the altimeter assimilation described in Section 3.1.2; newAltFwb (orange): as for newAlt but also
including the change to the freshwater balance described in Section 3.4; the experiments with “_noArgo” are the same but do not assimilate
the temperature/salinity profiles from Argo floats. [Colour figure can be viewed at wileyonlinelibrary.com]

forecast, with the model counterpart of the observations
taken from the nearest model time steps to the observation
times. The background fields used to estimate multivari-
ate balance fields are output on the ORCA12 grid and then
interpolated to the ORCAO025 grid used by NEMOVAR.
The analysis increments generated by NEMOVAR on the
ORCAO025 grid are interpolated to the ORCA12 grid before
being applied using an IAU in a 1-day model run of
the higher resolution model. This approach significantly
reduces the overall computational cost compared with
running the DA at full resolution and allows us to make
use of the well-established 1/4° DA configuration.

In the experiments described later, the DA settings for
both ORCA12 and ORCAO025 are the same and include
all the components described thus far. We have not
retuned the error covariances for the ORCA12 exper-
iment, despite the increased model resolution being
expected to change the background-error standard devi-
ations and the representation-error component of the
observation-error standard deviations whose innovations
involve the model forecast, namely those used in R, R34,
and R®" (Lorenc, 1986). Instead, we have retained the
same covariances for both the ORCAO025 control and
ORCA12 experiment. Work is under way to calculate
new error covariances for the 1/12° system (Carneiro
et al., 2021) using the outputs of the experiments described
in Section 5.

4 | OBSERVATIONS

The experiments described in Section 5 both assimilate the
observations listed in Table 1. SLA and SIC observations

have already been reprocessed as global along-track level 3
data and a daily gridded product on a 10 km stereographic
projection respectively.

Following evidence that the operational system
was overfitting the subsurface data (Ryan et al., 2015),
the coupled atmosphere-land—ocean—-sea-ice forecast
model has restricted profile observations to one per
model level since its operational implementation in May
2022 and we have adopted the same approach in our
experiments.

In-situ and satellite SST innovations are compared
with the observation and background errors prior to assim-
ilation to assess a probability of gross error (Ingleby & Hud-
dleston, 2007), removing observations where this exceeds
50% (about 2% of the total number).

SNPP VIIRS nocturnal observations with quality
level 5 are used as reference observations for SST
bias correction, following their adoption as reference
in the Operational Sea Surface Temperature and Sea
Ice Analysis Good et al. (2020), augmenting the much
smaller and sparser data from in-situ drifting buoys
(Section 3.1).

5 | EXPERIMENTS

An ORCAO025 control and ORCA12 experiment have been
run over a 2-year period 2017-2018, running 2-day fore-
casts for most of the period. For July-December 2018,
5-day forecasts were produced each day. As well as
assessing ORCA12 performance against ORCA025, these
forecasts enable future recalibration of background-error
covariances for the ORCA12 configuration (Section 7).
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TABLE 1 Observations available for assimilation in our experiments.
Observation Instrument Bias corrected Reference Source
In-situ T profile Argo floats, buoys (moored and drifting), N N MOHC
CTD, gliders, marine mammals, thermistor
chains, XBT
In-situ S profile Argo floats, buoys (moored and drifting), N N MOHC
CTD, gliders
In-situ SST Moored buoys, ships N N WMO GTS
In-situ SST Drifting buoys (GDP) N Y WMO GTS
Satellite SST GCOM-W1 AMSR2 Y N PODAAC
NOAA-18 and NOAA-19 AVHRR Y N PODAAC
MetOp-B AVHRR Y N EUMETSAT
Meteosat-11 and MSG-3 SEVIRI Y N OSI SAF
Sentinel-3A SLSTR (dual view) Y N EUMETSAT
SNPP VIIRS diurnal Y N PODAAC, EUMETSAT
SNPP VIIRS nocturnal N Y PODAAC, EUMETSAT
Satellite SLA SARAL AltiKa Y N CMEMS
Cryosat-2 SIRAL Y N CMEMS
HaiYang-2A Y N CMEMS
JASON-2 and JASON-3 Y N CMEMS
Sentinel-3A and Sentinel-3B SRAL Y N CMEMS
Satellite SIC DMSP SSMIS N N OSI SAF, EUMETSAT

Note: “Y” (yes) or “N” (no) indicates which are bias corrected and/or used as reference observations (Section 3.1). For profiles, T denotes temperature and S
salinity.

Abbreviations: AltiKa, altimeter Ka-band; AMSR, advanced microwave scanning radiometer; AVHRR, advanced very high-resolution radiometer; CMEMS,
Copernicus Marine Environment Monitoring Service; CTD, conductivity temperature depth (sonde); DMSP, Defense Meteorological Satellite Program;
EUMETSAT, European Organisation for the exploitation of Meteorological Satellites; GCOM-W1, Global Change Observing Mission water “Shizuku”; GDP,
Global Drifter Program; GTS, Global Telecommunications System; JASON, Joint Altimetry satellite oceanographic network; MetOP, meteorological
operational; MOHC, Met Office Hadley Centre; MSG, Meteosat second generation; NOAA, National Oceanographic and Atmospheric Administration; OSI
SAF: Ocean and Sea Ice Satellite Application Facility; PODAAC, Physical Oceanography Distributed Active Archive Centre; SARAL, satellite with Argos and
AltiKa; SEVIRI, spinning enhanced visible and infrared imager; SIC, sea-ice concentration; SIRAL, synthetic aperture radar interferometric radar altimeter;
SLA, sea-level anomaly; SLSTR, sea and land surface temperature radiometer; SNPP, Suomi National Polar-orbiting Partnership; SRAL, synthetic aperture
radar altimeter; SSMIS, special sensor microwave imager/sounder; SST, sea-surface temperature; VIIRS, visible infrared imaging radiometer suite; WMO,
World Meteorological Organization; XBT, expendable bathythermograph (probe).

5.1 | Surface forcing motivated by the findings of Schrider et al. (2019). A

Surface forcing is provided by the operational global atmo-
spheric model’s archived output in the form of hourly
fields of 10-m winds together with three-hourly fields of
10-m temperature, 10-m specific humidity, precipitation
fluxes, and radiation fluxes. These fields are interpolated
in time and space onto the appropriate ORCA grid. The
Unified Model’s operational grid spacing reduced dur-
ing the period covered by these experiments from being
approximately 17 km (at 50° N) before July 11, 2017, to
approximately 10 km after that date.

When GO6/GSI8.1 was introduced in our opera-
tional FOAM system in September 2018, snowfall was
halved over sea ice to account for snow blown off the ice,

thicker snow cover leads to increased insulation of the
ocean beneath with consequent reduced cooling and
sea-ice growth. The halving of snowfall over sea ice was
found to bring the analysis sea-ice volumes closer to the
Pan-Arctic Ice Ocean Modeling and Assimilation System
(Zhang & Rothrock, 2003) reanalysis product (not shown)
and has also been included in our experiments.

5.2 | Initial conditions

A new ocean experiment is typically started from a fully
spun-up state from an earlier experiment or operational
forecast. The ORCAO025 control took its initial data from an
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assimilative experiment whose configuration had minimal
differences compared with the control and ran from Febru-
ary 1, 2015, until January 1, 2017. The ORCA12 experi-
ment, on the other hand, was initialised from an ORCA025
assimilative experiment whose output was interpolated
to ORCA12 then run for 18 months with a slightly older
DA configuration, followed by a further 6 months from
June 29, 2016, until January 1, 2017, with the same DA
version as described here.

6 | RESULTS

To reduce the computational cost of the control and
experiment, the first 18 months of the 2017-2018 period
have been run using 2-day forecasts to support the DA
cycling and future covariance recalibration. Only the last
6 months have been run with 5-day forecasts, with the
caveat that this gives a limited insight into the performance
of the system over different seasons. As a result, the full
2-year period is studied using innovations statistics com-
paring the 1-day lead time forecasts with the next day’s
observations. We have also compared 1-day forecasts of
ocean currents, eddy kinetic energy (EKE), and sea-ice
volume with reanalysis datasets. Finally, 5-day forecasts
for the latter half of 2018 are analysed using neigh-
bourhood verification metrics at different forecast lead
times based on the continuous ranked probability score
(Hersbach, 2000).

6.1 | Innovations statistics

Time series of mean and RMS innovations of in-situ SST,
SLA, and SIC for ORCA025 and ORCA12 are shown
in Figure 4, averaged over the global ocean. Generally,
higher RMS values for ORCA12 appear to suggest a
small degradation in performance, but this is due to the
intrinsic double-penalty effect that occurs when compar-
ing model forecasts at different resolutions and is not
supported by the neighbourhood verification results of
Section 6.4. Mean innovations for in-situ SST are con-
sistent for ORCA025 and ORCA12. Poorer SLA perfor-
mance, measured by higher RMS innovations, is mainly
accounted for by discrepancies in the Southern Ocean and
the Zapiola anticyclone region in particular, as seen in the
time-averaged innovation maps of Figure 6. SIC shows a
sharp reduction (improvement) in RMS innovations after
March 2017 for ORCA12, and this configuration seems
to perform better (with smaller mean innovations than
ORCAO025) during July and August, which correspond to
the Arctic melt season. The March 2017 reduction of RMS
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FIGURE 4
minus background model equivalent value) time series for the
global ocean, with ORCAO025 in dark blue and ORCA12 in light
green for (a) in-situ sea-surface temperature (SST, °C), (b) sea-level

Spatially averaged innovations (observation

anomalies (SLAs, m), and (c) sea-ice concentration (SIC). The mean
values are very close to zero and plotted with dashed lines, whereas

root-mean-square deviation (RMSD) values are higher and use solid
lines. [Colour figure can be viewed at wileyonlinelibrary.com]

innovations coincides with an update to the observations
product from the Ocean and Sea Ice Satellite Application
Facility, with additional filters removing some observa-
tions along the coasts of Denmark, Iceland, and some
Japanese islands.

Figure 5 shows time-averaged innovation profile statis-
tics for temperature and salinity averaged for the global,
North Atlantic, and Indian oceans. For the global ocean,
the top 250 m of the temperature innovations show that
ORCA12 forecasts are less biased compared with observa-
tions, but there is an overall increase in their RMS inno-
vations. Temperature statistics are overall less favourable
for ORCA12 in the North Atlantic and Indian oceans. For

85U80|7 SUOWWIOD aAeaID 8|qedl|dde ayy Aq peusenob ae Ssple YO ‘@SN JO S8 10 A%eiqi]8UlIUO A8]IAA UO (SUORIPUOD-pUe-SW.el W0 A3 1M ARelq 1 Ul |UO//:Sdny) SUORIPUOD pue swie | aures *[720z/20/c2] uo AriqiTauliuo Ae|im ‘uoidureyinos Jo AisieAlun Aq 86/ [b/200T 0T/I0p/woo" A8 1M Aeiq Ul U0 SIBWL//SARY W1} pOPeOUMOQ ‘0 XOL8LLYT


http://wileyonlinelibrary.com

BARBOSA AGUIAR ET AL. Quarterly Journal of the S RMets
Royal Meteorological Society
(a) Global ocean POTM (b) North Atlantic POTM c¢) Indian Ocean POTM
01 o 07 & - 01 i ——
ii a N ==
-2501 § -2501 -2501 i1 —
: Y A
b i i i
=500 ! -5001 i} -5001 i
H H
! Hl H
~ —7501 | —~ =7504 1 —~ =7507 i
£ -1,0009 i £ -1,0001 j £ -1,0001 #
Q I o 1 Q. i
[ I (] 3 [ EL
0 12501 ! S -1,2501 3 0 -1,2507 i
[} i :
-15001 & -1,5001 } -15001 }
£ i i
H t 1
— 4 ¢ - ] — ]
L7301 ¢ —e— ORCA025 L7501 4 —— ORCA025 L7507 1 —e— ORCA025
~2000] ¢ ORCA12 20001 E ORCA12 ~20001 i ORCA12
00 02 04 06 08 10 0.00 025 050 0.75 1.00 1.25 000 025 050 075 1.00
OmB mean error and RMSD (°C) OmB mean error and RMSD (°C) OmB mean error and RMSD (°C)
(d) Global ocean PSAL (e) North Atlantic PSAL f) Indian Ocean PSAL
01 /:/ /—e—)- 01 r) /,—e—‘e 0 1, /e,’—‘-
i — ] i _—*
—2501 A —2501 —2501 e
-500 1 -500 1 -500 1 </
—~ =750 —~ =750 —~ =750 L
E E E /
£ —1,0001 | £ -1,0001 S —1,000 /
o H Q § o
O H oy i O
O 12501 i O _1,250 O _1,250
—1,500 1 —1,500 —1,5001
—1,7507 —e— ORCA025 ~17501 —e— ORCA025 ~1,7501 —e— ORCA025
—20001 ORCA12 20001 ORCA12 20001 ORCA12
000 005 010 015 020 0.25 0.0 01 0.2 03 0.00 0.05 010 0.15 020 0.25
OmB mean error and RMSD (psu) OmB mean error and RMSD (psu) OmB mean error and RMSD (psu)
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(a-c) temperature T and (d-f) salinity S in ORCA025 (dark blue) and ORCA12 (light green). Mean values are plotted using dashed lines,
whereas root-mean-square deviation (RMSD) values use solid lines. [Colour figure can be viewed at wileyonlinelibrary.com]

salinity, the differences between configurations are gen-
erally small, but more noticeable in the North Atlantic
Ocean.

RMS innovation statistics for geographically binned
data are shown in Figure 6 for in-situ SST, SIC, SLA, and
temperature and salinity profiles as a percentage change
in the ORCA12 minus ORCAO025 values relative to the
ORCAO025 control, averaged over the whole time period.
For in-situ SST, ORCA12 shows somewhat higher values
in areas of high eddy activity, such as the Antarctic Cir-
cumpolar Current (ACC), the Gulf Stream, and the eastern
equatorial Pacific. For SIC, it is worth noting that Arc-
tic SIC values are lower for ORCA12 everywhere except
along the sea-ice edge, whereas ORCAO025 appears to
be better overall in the Antarctic. ORCA12 shows larger
SLA values for North Atlantic and Kuroshio currents.
The Zapiola anticyclone in the southwest Atlantic has
an even more pronounced difference of about 75%. This

is a confluence region where the northward turn of the
ACC after Drake’s Passage and the South Brazil Cur-
rent meet, and there is strong eddy activity as well as
strong topography-driven circulation due to the complex
bathymetry there (de Miranda et al., 1999). The apparently
poor performance of ORCA12 in that region is thought
to be due to the DA still using a 1/4° grid, which was
defined with a different (and smoother) bathymetry to the
one used in ORCA12. This affects the model initialisa-
tion in regions where the bathymetry has sharp horizontal
gradients. Griffies et al. (2015) have also found a striking
sea-surface variability over the Zapiola anticyclone, in an
independent global coupled model with resolution similar
to that of ORCA12, and were unsure if this represented “a
limitation of the model or the coarseness of the satellite
measurements”. The remaining plots of Figure 6 show that
RMS temperature and salinity profile innovations are con-
sistently larger for ORCA12 over most of the global ocean.
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FIGURE 6  Percentage changes in root-mean-square innovations (100 X (ORCA12 — ORCA025)/ORCA025) averaged over time
(2017-2018) and depth (0 m to 2,000 m) for profiles, and binned in latitude-longitude cells. The colour scale is the same for all these plots.
The bin sizes are 2° x 2° for (a) sea-surface temperature, (b) sea-ice concentration, and (c) sea-level anomaly, and 10° x 10° for (d)
temperature and (e) salinity profiles. [Colour figure can be viewed at wileyonlinelibrary.com]

6.2 | Analysis validation associated strong eddy activity. OSCAR and GlobCur-
rent offer observations-based estimates of the surface cur-
6.2.1 | Surface currents rents: OSCAR “combines geostrophic, Ekman and Stom-

mel shear dynamics, with a complementary term from the

We now compare analyses of surface currents in the
regions of the Gulf Stream and Agulhas currents with
the Ocean Surface Current Analysis Real-time (Bonjean
& Lagerloef, 2002) and GlobCurrent monthly mean grid-
ded products, averaged over July to September 2017
in Figures 7 and 8. Each of these locations is char-
acterised by a highly dynamic boundary current and

surface buoyancy gradient”, whereas GlobCurrent com-
bines surface geostrophic currents derived from altime-
try observations with an Ekman component estimated by
applying an empirical model to wind stress reanalysis (Rio
et al., 2014). The underlying assumption of geostrophy
means that both products underestimate the total surface
current, being unable to account for the full ageostrophic
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component of the flow. OSCAR data are averaged over
S5days and presented on a 1/3° latitude-longitude grid,
whereas GlobCurrent provides daily and monthly average
fields on a 1/4° regular grid.

In general, both ORCA025 and ORCA12 represent
the main characteristics of each region well. However,
ORCA12 exhibits more details in agreement with obser-
vations and displays more eddies than ORCA025. A good
example of that can be seen in Figure 7, which shows a
prominent eddy south of the Gulf Stream (36° N, west of
60° W) that is very clear in ORCA12 but much weaker
in ORCAO025. Another example is the Agulhas Current
retroflection (near 40° S, 20° E), which appears well
defined in both ORCA12 and OSCAR and is also visi-
ble in GlobCurrent but is very fragmented in ORCA025
(Figure 8). Still in the Agulhas Current, both OSCAR and
GlobCurrent fields show two eddies south of 40° S and
20°-30° E plus a meander at 37°-40° S and 30°-35° E that
are roughly captured in ORCA12 but not in ORCAO025.

We have also compared the zonal and meridional com-
ponents of near-surface velocity against drifter observa-
tions by interpolating the daily mean model currents with
the locations of the drifter-based velocity observations. For
this purpose, and to avoid double-penalty effects, the out-
put of ORCA12 at 15m depth was regridded onto the
ORCAO025 grid, before interpolating to the locations of the
drifter-derived velocities (Blockley et al., 2012). Results for
the two configurations are very similar for both velocity
components (not shown), with larger mean differences
in the zonal component and over the Southern Ocean in
particular.

6.2.2 | EKE

Specific EKE provides a good proxy to measure the degree
of eddy activity by quantifying the anomalies of the veloc-
ity field with respect to a mean value. We have computed
the specific EKE as [(u — @t)? + (v —v)?]/2, where u and
v are daily means of the zonal and meridional compo-
nents of surface velocity respectively, and & and v are their
respective monthly averaged values. Figure 9 shows the
mean EKE in 2018 as derived from GlobCurrent daily sur-
face observational data, how it compares with the mean
EKE from each model configuration, and also the differ-
ence between the two configurations. Not surprisingly,
the model EKE values tend to be higher than GlobCur-
rent along boundary currents, the equatorial region, and
ACC, which are regions largely characterised by turbu-
lent flow (Figure 9b,c). This is probably due to the limited
temporal and spatial sampling of GlobCurrent. ORCA12 is
the most energetic overall, but ORCA025 exhibits higher
EKE in some locations, notably in parts of the ACC and

(a) GlobCurrent EKE, 2018
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(b) ORCA025 minus GlobCurrent EKE, 2018
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FIGURE 9 Annual mean specific surface eddy kinetic

energy (EKE) in 2018 for (a) GlobCurrent, (b) difference between

ORCAO025 and GlobCurrent, (¢) difference between ORCA12 and

GlobCurrent, and (d) difference between ORCA12 and ORCA025.
[Colour figure can be viewed at wileyonlinelibrary.com]
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near the coast of Somalia (Figure 9d). Elsewhere, in the
interior of all the ocean basins (more-quiescent regions),
there is widespread underestimation of surface EKE by the
models.

For a quantitative comparison of all three datasets,
zonal mean EKE estimates (i.e., longitude-averaged
monthly mean EKE over 2017-2018) are plotted as a func-
tion of latitude in Figure 10. The comparison of zonal
mean EKE in the three datasets highlights how ORCA12
outperforms ORCAO025 in modelling the Gulf Stream and
the Kuroshio Current, getting closer to the local maxi-
mum of 200 cm? -s~2 displayed by the GlobCurrent data
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FIGURE 10 Zonal mean specific eddy kinetic energy (EKE)

averaged over 2017-2018 for ORCA12 (solid light green), ORCA025
(solid dark blue), and GlobCurrent (dashed dark green).
GlobCurrent data poleward of 60° latitude are discarded here
because data coverage is sparse at high latitudes (see Figure 9a).
[Colour figure can be viewed at wileyonlinelibrary.com]
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at 30°-40° N. North of 40° N, the EKE in both models is
about half of the GlobCurrent estimate, probably due to
inadequate numerical representation of dynamical pro-
cesses in the northeast Atlantic Ocean and Northwest
European Shelf. Just north of the Equator, zonal GlobCur-
rent EKE peaks at almost 500 cm? -s72, in two locations:
southwest of Somalia and west of Indonesia (Figure 9a).
We nevertheless note that GlobCurrent has higher errors
in equatorial regions, where its geostrophic approxima-
tion becomes increasingly invalid.* Both models capture
the strong equatorial currents as a broad asymmetric +5°
jet shifted slightly north of the Equator, with EKE val-
ues between 200 and 400 cm? -s=2 (Figure 10). ORCA025
and GlobCurrent share similar EKE values in the South-
ern Hemisphere but not in the Northern Hemisphere.
Between 40° S and 50° S, ORCA12’s zonal EKE is sur-
prisingly large in comparison with GlobCurrent but
in remarkable agreement with the findings of Griffies
etal. (2015).

6.2.3 | Sea-ice volume

The seasonal cycle of the integrated sea-ice volume
for each hemisphere, comparing analysed model values
(following DA) with PIOMAS reanalyses, is shown in
Figure 11. The total volume is computed by multiplying
the mean ice thickness of each individual grid cell by its
area and summing over the target region. The volume
is an indicator of the integrated sea-ice thickness since
the sea-ice area is largely constrained by the assimilation
of SIC in our experiments. Both models agree well, with
ORCA12 showing a tendency for somewhat thicker sea
ice during the Arctic melt season from July to September.
In the Arctic, both configurations are comparable to the
reference reanalysis of PIOMAS, albeit with some differ-
ences, such as FOAM having more sea ice than PIOMAS
during the winter and less sea ice during the summer.
There is no equivalent reference reanalysis product for
Antarctic sea ice, but it is known that the ACC is not cor-
rectly reproduced in either ORCA025 or ORCA12 (Roberts
etal.,2019), and this is expected to have an adverse impact
on sea-ice predictions.

Arctic sea-ice volume forecasts are further assessed
for July 2018, during the melt season. Figure 12 shows
analyses and 5-day forecasts for sea-ice volume and area
(aggregate ice fraction multiplied by the grid cell area and
summed over the region) starting from each daily anal-
ysis. It is apparent that ORCAO025 loses sea-ice volume
more quickly than ORCA12 does. Although the sea-ice
area is similar following SIC assimilation, ORCA025 fore-
casts a very rapid decrease in sea-ice area in comparison
with ORCA12 during this Arctic melting month. This is
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explained by a discrepancy in the total melt pond area,
which peaks at around 2 x 10> km? for ORCA12, an order
of magnitude below the 2017-2018 maximum of nearly
3 x 10% km? for ORCA025, as shown in Figure 13. The lat-
ter is much closer to an estimate of 2 x 10% km? based on
moderate-resolution imaging spectro-radiometer obser-
vations (Rosel et al., 2012). The total melt pond area was
estimated as the sum over all grid cells (in the Northern
Hemisphere) of melt pond effective area fraction multi-
plied by grid cell area. Having lower melt pond area means
that ORCA12 will have a higher albedo with reduced
absorption of solar radiation, and hence lower sea-ice
melt. Despite the improved representation of sea-ice melt-
ing, there appears to be an issue in the representation
of melt ponds in this ORCA12 configuration. The rate
of sea-ice melting in ORCAO025 over the 5-day forecast
(Figure 12) is nevertheless unrealistic, as shown by the
large difference between forecast and analysed values
from subsequent cycles.

6.3 | Forecast verification

Assessments of forecast accuracy typically compare model
forecasts with observations. On global forecasting scales,
the traditional approach is to use the bias, mean absolute
error (MAE), RMS error (RMSE), and anomaly correlation

of large-scale forecast fields to assess forecast accuracy.
A common procedure in the ocean community is to
use the OceanPredict class 4 methodology (Hernandez
et al., 2015), which compares observations and forecasts
in observation space using a common set of observations
to enable comparison of models from different systems
(Aijaz et al., 2023; Divakaran et al., 2015; Ryan et al., 2015).

Figure 14 shows class 4 results obtained from the
trial period July to December 2018 for both SST and SLA
daily mean forecasts with lead times of 12, 36, 60, 84, and
108 hr. The 3DVar-FGAT assimilation window is from
T—-24t0 T+0,s0oT—12 is chosen as being a represen-
tative time. Of note is the clear trend of ORCA025 having
lower RMSE than ORCA12 for all lead times (Figure 14).
The SST mean error for ORCA12 is marginally smaller
than for ORCA025 and improves with increasing forecast
lead time, whereas for SLA there is no noticeable dif-
ference between the mean errors, which remain largely
unchanged with increasing forecast lead time, possi-
bly due to error cancellation. SST MAE displays similar
behaviour to that of RMSE. The forecast error grows at the
same rate for both ORCA025 and ORCA12. OceanPredict
intercomparisons over a more recent period (not shown)
reveal significant differences between different systems in
the error growth rate over the first 36 hr. This is perhaps
due to the DA fitting the observations in different ways
across the independent systems, which is not the case
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here. However, beyond T + 36, growth rates in Ocean-
Predict intercomparisons appear very similar for most
systems with a mix of resolutions: 1/4°, 1/12°, and 1/16°.
We think this is because the statistics are aggregated over
a large area. If there was sufficient observational cover-
age to focus, for example, on Western Boundary Current
systems, we might see the impact of different resolutions
reflected in different rates of error growth.

ORCAO025 SST has lower RMSE than ORCA12 for the
majority of the 6-month period for which 5-day forecasts
were produced, with quite clear differences in the early
and latter stages (Figure 15). Both configurations have a
similar warm bias throughout. For SLA, ORCAO025 consis-
tently displays lower RMSE than ORCA12 throughout the
full 6 months. Both models have similar biases, with a ten-
dency towards forecast values being too low in the final
3 months. Note that the results presented in Figure 15 are
for a 3-day forecast (having a lead time of 60 hr relative to
the T — 12 nominal analysis time), but equivalent results
have been produced for other lead times (not shown).

Although the higher resolution ORCA12 forecasts
may be better at resolving coastlines, eddies, and bathy-
metric features, and qualitatively appear more realistic,
Figures 14 and 15 illustrate that RMS measures can still
show them to be apparently inferior to, or show no obvi-
ous improvement over, ORCAO025. This is because a lower
resolution model produces smoother forecast fields with
less variability, leading to smaller errors when measures
such as RMSE are applied (Mass et al., 2002). Increasing
the resolution makes the model more susceptible to the
double-penalty effect (Rossa et al., 2008), where a given
detail is forecast to be at the wrong time and/or place,
yielding two mismatching contributions to the RMSE.
The development of more-appropriate techniques for
comparing forecasts from different resolution models and
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demonstrating forecast skill and reliability at the local level
has been an active field of research in the atmospheric ver-
ification community (Ebert, 2008; Gilleland et al., 2009,
2010), and several new spatial verification methods have
been developed recently (Dorninger et al., 2018).

6.4 | Neighbourhood verification

Neighbourhood verification can account for the
double-penalty effect by regridding forecasts from differ-
ent resolutions onto a common grid. This approach has
gained popularity in the atmospheric community over
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FIGURE 15 Global ocean (a) sea-surface temperature (SST, °

C) drifter and (b) sea-level anomaly (SLA, m) forecast 60 hr time
series of “model minus observation” differences for 3-day

(T + 60 hr) forecasts from ORCA12 (light green) and ORCA025
(dark blue). Both figures show the trend of RMSE (solid lines) and
mean error (dotted lines) for July-December 2018, with daily 5-day
forecasts. [Colour figure can be viewed at wileyonlinelibrary.com]

recent years for both deterministic and ensemble fore-
casts and has recently been trialled with high-resolution
SST forecasts on the European Northwest Shelf (Crocker
et al., 2020).

The forecast assessments undertaken here are focussed
on location-specific verification using the HiRA spatial
method (Mittermaier, 2014), where forecast grid points
within neighbourhoods centred on an observing location
are treated as being pseudo-ensemble members, so that
typical ensemble and probabilistic forecast verification
metrics can be used to verify the forecast. An assumption is
made that the observation is not only valid at the location
at which it is measured but is representative of the sur-
rounding area as well. The CRPS is then applied to quan-
tify the difference between two cumulative distributions,
consisting of a forecast distribution formed by ranking the
pseudo-ensemble members in a given neighbourhood and
a step function describing the observed state. CRPS is a
negatively oriented score, in that smaller scores are better,
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with zero being perfect. Further information on the CRPS
formulation can be found in Hersbach (2000) and Crocker
et al. (2020).

Figure 16a summarises the HiRA results for SST. For
ORCA12, we show results for 0.083° (1 x 1 grid point),
0.25° (3 % 3), 0.75° (9 X 9), and 1.25° (15 X 15) neighbour-
hoods. For ORCA025, the neighbourhoods start at 0.25°
(1 x 1), proceeding to 0.75° and 1.25° for equivalent num-
bers of grid points (3 x 3 and 5 x 5). To make this clearer,
matching line styles have been used for comparable
neighbourhood sizes, as shown on the plot legends. At the
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FIGURE 16 Continuous ranked probability scores (CRPSs)

for global ocean (a) sea-surface temperature (SST) and (b) sea-level
anomaly (SLA) over July-December 2018, with daily 5-day forecasts,
for ORCA12 (light green) and ORCA025 (dark blue). Matching line
styles correspond to neighbourhoods with equivalent areas. The
legend refers to the grid scale of the neighbourhood defined as a
latitude-longitude square. Thus, for example, a grid scale of 0.75°
corresponds to the ORCA12 neighbourhood of 9 x 9 = 81 cells and
is comparable to the ORCA025 neighbourhood of 3 X 3 = 9 cells.
[Colour figure can be viewed at wileyonlinelibrary.com]
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grid scale (0.25° for ORCAO025 and 0.083° for ORCA12),
CRPS reduces to the MAE, and ORCAO025 has lower
scores than ORCA12 across all lead times, consistent with
the traditional class 4 metrics shown in Figure 14. At the
equivalent grid scale (e.g., neighbourhood size 0.25°),
there is a large improvement in the CRPS for ORCA12,
which now has lower values than ORCA025. The first
comparable neighbourhoods capable of resolving com-
mon features are the 3 x 3 ORCA025 and 9 X 9 ORCA12
neighbourhoods, both 0.75°, where it is again evident that
ORCA12 has a lower CRPS than ORCAO025 across all lead
times. As the equivalent neighbourhood sizes increase,
ORCA12 generally has lower CRPS than ORCA025,
although the differences between the two reduce grad-
ually as the detail becomes increasingly smoothed out.
However, for the forecast lead time of 12 hr (a 1-day fore-
cast after the T — 12 nominal analysis time) at the next
equivalent neighbourhood size (1.25°), the SST CRPS for
both ORCAO025 and ORCA12 has started to decline in rela-
tion to the previous 0.75° neighbourhood, suggesting that
at this scale the SST observation no longer represents this
larger neighbourhood. All CRPS values degrade (become
larger) with increasing lead time for both ORCA025 and
ORCA12, as found with traditional RMS metrics.

Figure 16b shows HiRA results for SLA using the same
neighbourhood sizes used to assess SST. At equivalent grid
scales, the ORCA12 CRPS is lower than that of ORCAO025,
and at the first equivalent neighbourhood size for both
configurations (0.75°) the ORCA12 neighbourhood has
lower CRPS than the equivalent ORCAO025 across all lead
times. As the neighbourhood sizes increase, ORCA12 gen-
erally has lower CRPS than ORCA025 (comparing match-
ing line styles). Again, all CRPSs degrade linearly (become
larger) with increasing lead time for both ORCA025 and
ORCA12.

7 | CONCLUSIONS AND FUTURE
WORK

In anticipation of a future upgrade to the ocean and sea
ice model resolutions in the Met Office’s operational
coupled atmosphere/land/ocean/sea ice forecast model,
which currently uses a 1/4° ORCAO025 grid, we have tested
a GO6/GSI8.1 configuration in a forced ocean-sea-ice
forecast model driven by uncoupled atmospheric surface
boundary conditions using a 1/12° ORCA12 grid. In so
doing, we have kept assimilating observations using an
ORCAO025 analysis grid and have taken this opportunity to
provide an updated description of our ocean DA set-up. We
have compared the performance of the ORCA025 control
and ORCA12 experiment using traditional RMS measures
based on the differences between 1-day forecasts and

85U80|7 SUOWWIOD aAeaID 8|qedl|dde ayy Aq peusenob ae Ssple YO ‘@SN JO S8 10 A%eiqi]8UlIUO A8]IAA UO (SUORIPUOD-pUe-SW.el W0 A3 1M ARelq 1 Ul |UO//:Sdny) SUORIPUOD pue swie | aures *[720z/20/c2] uo AriqiTauliuo Ae|im ‘uoidureyinos Jo AisieAlun Aq 86/ [b/200T 0T/I0p/woo" A8 1M Aeiq Ul U0 SIBWL//SARY W1} pOPeOUMOQ ‘0 XOL8LLYT


http://wileyonlinelibrary.com

22 Quarterly Journal of the ERMets

BARBOSA AGUIAR ET AL.

Royal Meteorological Society

observations (innovations) and class 4 metrics applied to
5-day forecasts. In addition, we have used neighbourhood
verification metrics that allow a fairer comparison of fore-
casts produced using models run at different resolutions.
Application of traditional metrics such as the mean error,
RMSE, and MEA have been unable to clearly demonstrate
the superiority of ORCA12 over the coarser ORCA025,
despite ORCA12 qualitatively having the ability to better
resolve features of interest, such as eddies.

Statistically, the performance of the two systems is
comparable for SST, but ORCA12 shows some increase
in RMS innovations for temperature and salinity pro-
files, and even larger increases for SLAs and SIC. This
could be partly due to the use of background-error covari-
ances that were tuned for the ORCAO025 system or the
double-penalty effect associated with traditional perfor-
mance measures. Upgrading the set-up of the ORCA12
DA to use background-error covariances based on 1/12°
forecasts might be expected to give a small improvement
in comparison with ORCAO025, as shown by Lellouche
et al. (2021). Unsurprisingly, the less favourable results for
ORCA12 analyses lead to larger forecast errors overall. We
think that the reason for the large degradation in RMS
SLA innovations is mainly due to the smoother bathymetry
used in the ORCAO025 resolution DA, which has signif-
icant differences compared with the bathymetry of the
ORCA12 model. Also, the ORCA12 configuration has not
yet had the benefit of years of development and tuning that
have gone into ORCAO025. Further tuning of the ORCA12
model settings could also improve the performance of this
configuration.

Analysis of surface currents and EKE favours ORCA12
as it tends to represent better strong currents such as the
Gulf Stream, Agulhas, and Kuroshio currents. ORCA12
exhibits very large zonal EKE values over the Zapiola anti-
cyclone, which also appears as a conspicuous region with
high levels of RMS SLA innovations. Given the strong
influence of topography on the dynamics over the Zapiola
anticyclone, this region is expected to be better repre-
sented in ORCA12 and is a potential candidate for a case
study of the benefit of increasing the resolution of the DA
in ORCA12.

Integrated sea-ice volumes (and sea-ice thickness) at
analysis time are comparable for ORCA025 and ORCA12,
with ORCA12 being slightly better in the Arctic sum-
mer. Nevertheless, both configurations lose sea ice too
quickly during 5-day forecasts (ORCA025 more so than
ORCA12), and there are almost no melt ponds in the
reported ORCA12 configuration. The latter issue is partic-
ularly significant because melt ponds play a critical role in
radiative balance by changing the sea-ice albedo, prompt-
ing ongoing investigations.

Results obtained from applying the HiRA neighbour-
hood verification method have shown that the higher
resolution ORCA12 has lower errors than ORCAO025 (as
measured by the CRPS) when equivalent neighbourhood
sizes are compared, emphasising the importance of this
technique when comparing models run at different res-
olutions. This approach also has the advantage of being
extensible to evaluating the performance of a future ocean
and sea-ice ensemble forecasting system (Lea et al., 2022).

Following these initial results, we intend to recali-
brate the error covariances used in NEMOVAR DA to
better represent ORCA12 forecasts and to also investi-
gate the performance of running DA with an ORCA12
grid, recognising that performance enhancements may be
required to make this fast enough for future operational
implementation. At the time of running the experiments
reported here, our research workflow was still configured
to match the 24-hr cycling and assimilation window of
the Met Office’s 1/4° operational ocean-sea-ice model.
Additional flexibility has since been introduced to allow
other cycling periods, allowing future ocean-sea-ice
development experiments to match the 6-hr cycling
and assimilation window of our operational coupled
atmosphere-land-ocean-sea-ice model.

The next planned major upgrade to the system will
introduce the global ocean and sea- ice configuration
GOSI9, based on the updated ocean model configuration
NEMO v4, including the thermodynamic equation of sea-
water TEOS-10 equation of state (Pawlowicz et al., 2012),
and changing to use the Sea Ice Modelling Integrated Ini-
tiative sea-ice model. We also expect to update the mean
dynamic topography configuration used for SSH radar
altimeter assimilation.

In conclusion, the adoption ofa 1/12° ORCA12 grid has
a mixed impact on the performance of our global ocean
and sea-ice forecasting system, with some improvements
demonstrated using neighbourhood verification methods,
and has the potential to benefit our operational coupled
atmosphere-land-ocean-sea-ice forecast model through
improved representation of high-resolution features.

ACKNOWLEDGEMENTS

This work was conducted through the Weather and Cli-
mate Science for Service Partnership (WCSSP) India, a col-
laborative initiative between the Met Office, supported by
the UK Government’s Newton Fund, and the Indian Min-
istry of Earth Sciences (MoES). We also acknowledge fund-
ing from the European Union’s Horizon 2020 research and
innovation programme under grant agreement no. 821926
(IMMERSE). Additionally, we have benefited from con-
figurations developed by the Joint Marine Modelling Pro-
gramme, a partnership between the Met Office, National

85U80|7 SUOWWIOD aAeaID 8|qedl|dde ayy Aq peusenob ae Ssple YO ‘@SN JO S8 10 A%eiqi]8UlIUO A8]IAA UO (SUORIPUOD-pUe-SW.el W0 A3 1M ARelq 1 Ul |UO//:Sdny) SUORIPUOD pue swie | aures *[720z/20/c2] uo AriqiTauliuo Ae|im ‘uoidureyinos Jo AisieAlun Aq 86/ [b/200T 0T/I0p/woo" A8 1M Aeiq Ul U0 SIBWL//SARY W1} pOPeOUMOQ ‘0 XOL8LLYT



BARBOSA AGUIAR ET AL.

Quarterly Journal of the ERMets

Oceanography Centre, British Antarctic Survey, and the
Centre for Polar Observation and Modelling.

We acknowledge Anthony Weaver from the Centre
Européene de Recherche et de Formation Avancée en Cal-
cul Scientifique (CERFACS) and other NEMOVAR part-
ners at ECMWF and the Institut National de Recherche
en Sciences et Technologies du Numérique (INRIA) for
developing improvements to the NEMOVAR software. We
are also grateful to Doroteaciro Iovino from the Centro
Euro-Mediterraneo sui Cambiamenti Climatici (CMCC)
for assistance configuring the XIOS I/O server for early
work to run experiments at ECMWF and to David Storkey,
Catherine Guiavarc’h, and Jonah Roberts-Jones from the
Met Office for their insight and support.

DATA AVAILABILITY STATEMENT

Met Office Hadley Centre temperature and salinity qual-
ity controlled profile observations EN.4.2.1.f.profiles.g10
were downloaded from https://www.metoffice.gov.uk
/hadobs/en4/download-en4-2-1.html in June 2019 and
assimilated in the simulations; EN.4.1.1.f.analysis.g10
for years 2011-2015 were downloaded prior to March
2016 and used to produce a reference temperature and
salinity climatology. EUMETSAT, Global Drifter Pro-
gram, and Ocean and Sea Ice Satellite Application Facility
data were obtained from https://user.eumetsat.int/data
-access/eumetcast-europe,  https://www.aoml.noaa.gov
/phod/gdp/index.php, and https://osi-saf.eumetsat.int
/products/sea-ice-products respectively. The OSCAR 1/3°
version 1 PO.DAAC dataset was accessed on April 29,
2020, at https://doi.org/10.5067/OSCAR-03D01. Univer-
sity of Hamburg weekly averages of Arctic sea-ice area
are available from https://www.cen.uni-hamburg.de/en
/icdc/data/cryosphere/arctic-meltponds.html. This study
has been conducted using E.U. Copernicus Marine Ser-
vice Information: https://doi.org/10.48670/moi-00146
(altimetry data) and https://doi.org/10.48670/moi-00050
(GlobCurrent data).

ENDNOTES

!The multidimensional variables are rearranged and concatenated

into a one-dimensional vector.
2H is closely related to the nonlinear H in Equation (1), but in

3DVar-FGAT H ignores any time component and so is not the Jaco-
bian matrix of H. Although the observations in y occur at specific
times within the assimilation window, the innovations are treated
as being valid at the middle of the window.

3For comparison, Zuo et al. (2017) balance the global freshwater
budget by applying a spatially uniform freshwater flux calculated
using the difference between the change in SSH from the altimeter
observations and the steric change in SSH derived from the model’s
density fields as a result of warming and salinity changes.

Royal Meteorological Society

4See fig. 3 of https://catalogue.marine.copernicus.eu/documents
/QUID/CMEMS-MOB-QUID-015-004.pdf.
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