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A four-year eddy-permitting assimilation of sea-surface
temperature and altimetric data in the

South Atlantic Ocean

by Thierry Penduff1, Pierre Brasseur1, Charles-Emmanuel Testut1,

Bernard Barnier1 and Jacques Verron1

ABSTRACT

Sea-surface temperature (SST) and sea-surface height (SSH) data are assimilated with a reduced-

order sequential �lter every 10 days over four years (1993–1996) in a 1/3-degree resolution South

Atlantic primitive equation model. At every assimilation step, the mis�t between observations and

their model counterparts is evaluated and projected onto the dominant 10 multivariate, full-depth

local modes of variability diagnosed from a free model run (without assimilation). Satellite

observations are used to perform a sequential update of all model variables according to their

“natural” correlations with the surface variables. In this paper, we perform a validation of both the

mean state and the eddy �ow. Over the four years of assimilation, the forecast-data RMS mis�t is

decreased (i) by 55% on SSH; (ii) by 40% on SST; (iii) by about 20% on temperature in the upper

700 m with regard to independent, synoptic XBT data; (iv) as deep as 3500 m on the time-averaged

temperature distribution compared to a recent climatology. These statistical estimates of the

assimilation performance were complemented by a more original oceanographic investigation that

revealed a signi�cant improvement in the mean circulation (in particular in the Con�uence region

and in the deep ocean), the position of the main fronts, the averaged level and basin-scaledistribution

of SSH variance, the detailed evolutionof individualmesoscale structures, the vertical distributionof

the eddy kinetic energy, and the salinity �eld. These results would further be improved by the

assimilation of in-situ data below sharp thermoclines that tend to decorrelate subsurface dynamics

from the observed surface.

1. Introduction

Satellite measurements of sea-surface temperature (SST) and sea-level anomalies (SLA)

provide oceanographers with a real-time monitoring of the surface state of the world ocean.

They also highlight the need for a better knowledge of other crucial surface variables

(salinity, absolute velocities) and of subsurface processes. The combined use of high-

resolution numerical ocean models and advanced data assimilation methods constitutes a

physically-consistent way to interpolate this valuable but incomplete surface dataset in

time, to extrapolate the surface information toward the ocean depths, and to learn about
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nonobserved dynamical variables, as recommended in the AIMS (Analysis, Interpretation,

Modeling and Synthesis) phase of the WOCE program. Reliable three-dimensional,

multivariate model-data syntheses are also required for the initialization of oceanic

prediction systems.

Our goal is to produce a consistent picture of the mean state and variability in the South

Atlantic Ocean through the assimilation into a numerical model of sea-surface height

(SSH) and SST data based on observations. The aim of this paper is to estimate the impact

of assimilation on the mean oceanic state and the eddy �ow, not only from the usual

statistical indexes, but also from direct comparisons of the solution with independent

information such as transport estimates, circulation patterns, or current meter data.

The South Atlantic Ocean is connected to the North Atlantic, the Paci�c, the Indian and

the Antarctic oceans. These sub-basins mostly interact in localized and eddy-active regions

of the South Atlantic. For example, the eddies produced in the con�uence region of the

Malvinas and Brazil currents mix Subantarctic waters with Atlantic waters, and the eddies

produced in the Agulhas Current are responsible for a large part of Indian-Atlantic

exchanges. A numerical model able to resolve the mesoscale dynamics and to represent the

thermodynamics of water masses properly is required to simulate these processes. The

assimilation method should also be able to control the highly nonlinear eddy �eld and to

extrapolate surface data toward the subsurface and nonobserved variables in accordance

with the local dynamics and strati�cation.

In the present study, the impact of data assimilation is evaluated from a statistical point

of view (model-data mis�ts), and from an oceanographicpoint of view. Since the available

independent synoptic XBT data are too sparse below the surface in the South Atlantic to

perform an accurate validation, we will also compare our solution to a long-term T-S

climatology, current meter data, circulation schemes, and in-situ transport estimates.

Section 2 describes the model con�guration, the assimilation method, the assimilated

dataset and the experimental design. The impact of assimilation is presented in Section 3,

both statistically and physically, for observed and nonobserved variables. A summary of

the results and a conclusion is given in Section 4.

2. Numerical model and assimilation method

a. Model con�guration and forcing

The geopotential-coordinate primitive equation model used in this study is OPA8.1

(Madec et al., 1998) in a con�guration derived from the Clipper Atlantic 1/3-degree

experiment (Tréguier et al., 1999). The model is therefore “eddy-permitting”: it cannot

represent mesoscale features very accurately without assimilation. However, a high

vertical resolution (42 levels) was chosen to simulate subsurface processes, to represent

surface-subsurface covariances correctly, and to achieve a good extrapolation of surface

data toward the ocean depths.

In the present application, the computational domain (Fig. 1) is limited by three
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open-active boundaries at 68W (Drake Passage), 30E (Africa to Antarctica), and 16S

(Brazil to Angola). The Weddel Sea is not included in the domain because no altimeter data

is available there. Along the closed southern boundary (65.8S), the model temperatures and

salinities are relaxed within a 2.4-degree-wide buffer zone toward the Reynaud et al.

(1998) seasonal climatology (hereafter referred to as RLMB) interpolatedat each timestep.

The three open boundaries radiate outgoing perturbations away and relax model �elds

toward the RLMB seasonal climatology interpolated at each timestep. The topography was

interpolated from the 1/12-degree Smith and Sandwell (1997) database on the 1/3-degree

model grid. Vertical mixing is achieved by a prognostic TKE closure model (Blanke and

Delecluse, 1993), reinforced by convective adjustment in the case of static instability. A

140-Sv Antarctic Circumpolar Current (ACC) is forced through the meridional boundaries

and a zero net transport is prescribed across 16S. Details of the model con�guration are

provided in Penduff et al. (2001).

The model is started from rest on the fourth of June, 1988, with temperature and salinity

�elds initialized from the RLMB climatology interpolated at this date. The daily surface

forcing (wind stress, heat �ux, and evaporation minus precipitation) is taken from the

ECMWF atmospheric reanalysis. The heat �ux is corrected by a relaxation of model SSTs

Figure 1. Model bathymetry; contours every 1000 m. Marks show the location of the WOCE current

meters used to validate the eddy kinetic energy �eld in Section 3d(ii).
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toward reference values (weekly SSTs, Reynolds and Smith, 1995) that mimics the

negative feedback of SST on the heat �ux (Barnier, 1998). ECMWF evaporation minus

precipitation�elds were converted into equivalent salt �uxes, which are similarly corrected

by restoring model sea-surface salinities (SSS) toward reference RLMB values. Surface

�uxes and reference SST/SSS �elds are interpolated at each timestep. The relaxation terms

are applied in the same fashion with and without assimilation to keep the model forcing

method unchanged. It seems a priori that this choice may induce a competition during the

assimilation run between the �elds to which model SSTs are relaxed and those which are

assimilated. However, the relaxation terms primarily act on surface tracer �elds on

timescales of 45 to 65 days (increasing poleward), which are much longer than the duration

of the assimilation cycle (10 days), whereas assimilation instantaneously affects all model

variables over the whole water column every 10 days. SST assimilation is thus expected

not to be adversely affected by the relaxation of SST.

b. Data assimilation method and assimilated dataset

i. Method. Satellite data is assimilated sequentially. A series of correction/prediction

cycles is carried out to �t the model trajectory to the data. The state vector of the problem is

composed of all prognostic variables of the primitive equation model, i.e. the barotropic

streamfunction, and the three-dimensional �elds of horizontal velocity, temperature, and

salinity.

For linear systems, the optimal combination between model and observed data can be

obtained with the Kalman �lter, which consistently takes into account the balance between

the con�dence in the model prediction and the accuracy of the observed quantities (Kalman

and Bucy, 1961; Gelb, 1974). However, a full Kalman �lter cannot be implemented

because of the amount of computation required by the error propagation equation, and also

because of the lack of knowledge of prescribed error statistics. An interesting approach

consists of approximating the evolution equation for the prediction error by computing its

asymptotic limit in a reduced space [Fu et al., 1993; Fukumori and Malanotte-Rizzoli,

1995]. In the present implementation, we consider a static error covariance matrix

estimated from statistics of the model variability. This hypothesis makes the assimilation

scheme sub-optimal, but the nonlinearities of the model equations and the size of the

numerical system would make an optimal treatment practically impossible in any case.

As in the reduced-order Kalman �lter introduced by Pham et al. (1998), the background

error is expressed by means of a limited number of three-dimensional, multivariate,

empirical orthogonal functions (EOFs) describing the dominant modes of the system

variability,

P 5 ST 2S, (1)

where S is a simpli�cation operator (of dimension r 3 n) related to the r EOF directions

{S}k of the error sub-space, and 2 is related to their amplitude. The analysis equations

are those derived for the SEEK �lter described in several earlier publications (Pham et al.,
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1998; Verron et al., 1999; Brasseur et al., 1999). The reduced-rank approximation allows

the update of the state vector to be written as:

xi
a
5 x i

f
1 K@yi 2 H~x i

f !# (2)

with the gain matrix K expressed in terms of the simpli�cation operator S:

K 5 ST@~ 2!21
1 SHTR21HST#21SHTR21. (3)

The forecast state vector (of dimension n) obtained by model integrationup to timestep i

is noted xi
f; xi

a is the state vector after the analysis step, and yi is the vector of observed

quantities of dimension p (in our case study, maps of SST and sea-surface height). The

observation operator H is of dimension p 3 n and relates the data to the model variables,

and R is the observation error covariance matrix (which is diagonal here). The assimilation

cycle is completed with a 10-day forecast, using the non-linear model M initialized with

the updated state:

x i11
f

5 M$x i
a% (4)

A key-point of the method is the three-dimensional, multivariate nature of the analysis,

which is essential to project the information from the observed quantities to the whole state

vector (i.e. to specify how satellite observations of the sea-surface are used to correct the

subsurface and non-observed ocean variables). Combining (2) and (3), the correction of the

forecast can further be expressed as a weighted combination of the r error modes:

x i
a
5 x i

f
1 STw (5)

with

w 5
1SHTR21@yi 2 H~x i

f !# (6)

and

1
5 @~ 2!21

1 SHTR21HST#21 (7)

The truncation of the EOF analysis of the free run (without assimilation) variability

determines the dimension of the inverse (7) that must be computed at each analysis step. In

the present application, we determined empirically that the �rst 10 EOFs were appropriate

to reduce the cost of the analysis suf�ciently while preserving enough degrees of freedom

to correct the model state. The error of the analysed state vector is equal to:

Pa
5 ST 1S (8)

Eq. (8) expresses the error reduction due to the addition of new information into the

system: the error decreases as a function of the accuracy (i.e., R 1) and quantity (i.e., dim

H) of observations available at each analysis cycle. In the present study, the error statistics

were kept constant (equal to P) during the assimilation experiment.
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ii. Local assimilation procedure. A new algorithmic feature has been introduced in this

experiment to increase the impact of the data on the control of the mesoscale circulation.

Instead of considering global EOFs, as was done in similar reduced-rank assimilation

problems (e.g. Verron et al., 1999), we compute local EOFs from the full model state

vector variability over independent, full-depth, 2 3 2-gridpoint square sub-systems. The

analysis step is performed using Eqs. (2) and (3) to update each group of 4 water columns,

taking into account the SST/SSH observations available within 3 3 3-degree zones of

in�uence centered on each sub-system. The in�uence of surface observations on each

sub-system decreases with distance (through an exponential increase of the observation

error variance) and is virtually nil at the limits of the zones of in�uence. Two neighboring

sub-systems use almost the same local dataset because their zones of in�uence largely

overlap each other. This ensures the continuity of the gain between adjacent subsystems

and the smoothness of the correction at basin scale. In case of absence of data within a

particular zone of in�uence, no correction is applied within the corresponding subsystem.

The size of the boxes and zones of in�uence were determined empirically, in order to

achieve the best possible control of the eddy activity.

Like so-called “optimal interpolation” schemes, our assimilation method is sub-optimal

and makes use of �xed background error covariances. However, the use of spatially-

dependent, tridimensional, multivariate statistics derived from a free model integration

relates the present method to a simpli�ed, reduced-order Kalman �lter.

iii. Implementation and dataset. The local EOFs computed from the four-year free run are

not expected to be trustworthy where threshold processes occur. Therefore, local EOFs

were not computed (and no assimilation was performed) wherever ice was detected during

the free model run. This southern region without assimilation was extended northward by 7

grid points to take into account the extent of the zones of in�uence. This area is represented

in white along the southern boundary in Figure 2. To avoid interferences between the open

boundary conditions and the assimilation, SST and SSH data were also masked along the

domain limits. The white area in Figure 2 corresponds to the mask actually applied to SST

data. In addition to this, SSH data were masked for areas shallower than 200 m because of

the lack of accuracy of tidal and inverse barometer corrections in coastal zones. The area

where SSH is actually assimilated is bounded by the black line in Figure 3. Only SSH is

assimilated where and when clouds mask SST values, and only SST is assimilated where

SSH is masked.

The time window chosen for the assimilation experiments extends from November 1992

to December 1996, i.e., a period for which both ECMWF reanalysis, SST and SLA data

products are available simultaneously. The SST data consist of composite AVHRR

observations, gathered and processed within the NASA Path�nder project. In addition,

these products have been quality controlled, compared with Reynolds analyses and gridded

on maps at 1/4-degree resolution every 10 days as part of the European DIADEM project.

AVHRR observations cover the entire model domain, but the presence of clouds, to some
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extent, restricts the practical availability of SST data at high latitudes and during the winter

season. An accuracy of 0.5C on the gridded SST products has been assumed, which

corresponds to the sum of errors in acquisition procedures, processing algorithms and

space/time interpolation.The assimilated altimetric dataset consists of 10-day SSH maps at

the resolution of 1/4 degree, obtained as the sum of a time-invariant dynamic topography,

and SLA maps from the AVISO project. The gridded SLA �elds at 1/4-degree resolution

were calculated by combining TOPEX/Poseidon (T/P) and ERS altimeter data, and

interpolating between tracks according to the method described by Le Traon et al. (1998)

which minimizes the along-track ERS and T/P dual crossover differences and takes long

wavelength errors into account. The uncertainty of the SLA products can be decreased to

3 cm on average because of an ef�cient correction of along-track orbit errors.

The mean SSH added to SLA maps is shown in Figure 3. It was derived by Le Grand

(1998, personal communication) from inverse modeling of the Atlantic circulation at

1-degree resolution using the RLMB climatology as a dynamical constraint (see Le Grand

et al., 2003). This mean SSH is representative of the large-scale, geostrophic circulation,

and includes a representation of Ekman transports from ERS wind products. The use of

climatological density data gives this �eld a smooth character, with the exception of a

frontal structure around (5W, 45S). This artifact actually appears in the RLMB climatology

used to constrain the inverse model probably because of a local lack of (or bias in) in-situ

data (Le Grand, personal communication, 2002). This front does not seem realistic,

especially since it is not associated with any topographic feature, and it will be shown that

Figure 2. No assimilation is performed in the white area which includes the vicinityof the three open

boundaries and the southernmost region (labeled ICE) where some ice is detected in the free run

between 1993 and 1997. In addition, SSH data is not assimilated along the shallow part of the

western boundary or east of 20E where no mean SSH data is available (see Figure 3). The

performance of the assimilation procedure within the “CONFLUENCE,” “SUBTROPICAL

GYRE” AND “AGULHAS” regions is evaluated in Figure 4. See text for details.
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it has a signi�cant but local impact on the assimilation results. A bulk RMS error of 5 cm

on the total SSH data has been prescribed in the assimilation system, taking into account

the cumulated effect of measurements, inverse estimates, and mapping procedures.

c. Experimental design

The model was spun up from rest during 3.5 years (June 4, 1988 to December 11, 1991)

forced by the ECMWF reanalysis at the surface. The integration was continued without

assimilation (free run) until December 31, 1996 to build the EOF basis used in the �lter.

The model was then restarted on November 1, 1992 and integrated with assimilation. This

run became statistically stable after about two months, and was continued until December

31, 1996. The assimilation run and free run are compared with one another over the same

4-year period. They will be compared with different types of data in the next section. The

duration of the �rst two phases (spinup and free run) is justi�ed hereafter.

The dominant 10 local modes of the model variability during the free run determine the

quality of the full-depth, multivariate corrections performed during the assimilation run.

Figure 3. Mean SSH �eld (cm) deduced from an inverse model (Le Grand, 1998, personal

communication). This �eld was added to the Topex-Poseidon/ERS1-2 SLA dataset to build the

SSH �elds that are assimilated in the model. SSH is assimilated within the area limited by the

black line.
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Since these modes are largely affected by mesoscale turbulence, the eddy �ow must be

stabilized during the model spinup. Preliminary tests showed that it takes about 3 years

from rest to obtain a globally stabilized eddy kinetic energy �eld, to stabilize the

temperature and salinity drift triggered at start in the upper 800 m, and to put surface

�uxes, tracer distribution and circulation in mutual equilibrium over this depth range. The

model was thus spun up for 3.5 years before the free run was started. This duration is too

short to allow for a full-depth adjustment of the basin, but long enough to adjust the

upper-layer ocean characteristics and short enough to avoid signi�cant modi�cations of

deep water masses during the spinup. The 4-year free run resolves the seasonal cycle

properly. Model variables were saved every ten days during the free run to sample the

mesoscale eddy �eld suf�ciently and build an EOF base that adequately represents the

statistics of the mesoscale and seasonal variability. The �rst ten local EOFs of this 4-year

free run constitute the basis of the �lter used for data assimilation.

3. Impact of assimilation

a. Assimilated variables (SSH, SST) and main fronts

i. Statistics. The RMS mis�t between the assimilated data and their model counterparts is

shown in Figure 4 for the free and assimilated runs in the regions shown in Figure 2. In the

free run, the mean SST RMS error estimated over the whole assimilation region is about

1.8C, ranging between 1 and 2.5C regionally. The amplitude of the seasonal cycle is about

25% of the mean mis�t and its phase varies regionally. The SSH mis�t remains close to

20 cm in the free run (17 cm in the Subtropical Gyre, 30 cm in the more turbulent

Con�uence region). The assimilation system requires about 2 months of spinup after which

it stabilizes: errors on the analysed and forecasted SSH/SST �elds remain roughly

constant. After each analysis step, the RMS mis�t on SSH/SST is close to the prescribed

observation error (5 cm/0.5C) and increases up to 10 cm/1C during forecasts. This

systematic increase is primarily due to model and/or forcing errors, and to the local

assimilation procedure since corrections are expected to be decorrelated in the horizontal at

scales larger than the in�uence radii. A physical adjustment is thus expected, and occurs

during the 10-day forecasts. With respect to the forecasts, the assimilation procedure thus

performs a twofold decrease of the model-data mis�t on the (surface) observed variables in

the regions shown in Figure 2.

Our subsequent diagnostics will be focused on the series of forecasts ( xf �elds) to

illustrate the dynamics that are retained by the model after 10-day adjustments. In this

study, we shall also restrict our analysis to the mean model �elds and their annual variances

averaged over the four years of assimilation.

ii. Physical �elds. The SSH and SST model forecasts, averaged over the period 1993–

1996, are now compared with their counterparts in the free run, with the assimilated SSH

data, and with the SST �eld in the RLMB climatology.The time average of the assimilated
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SST data was not computed since these �elds exhibit gaps associated with clouds. Instead,

the RLMB SST �eld was taken as a reference to validate the model SST. These

time-averaged SSH and SST reference �elds are presented in the middle panels of Figure 5.

Figure 4. Time evolution of the basin-averagedRMS model-data mis�t on SST (left panel) and SSH

(right panel) in the regions shown in Figure 2. For each assimilated variable, the label “ICE-

FREE” refers to the area where assimilation is performed (shaded regions in Figure 2 for SST,

region limited by the black line in Figure 3 for SSH). Upper and lower lines correspond to the free

and assimilated run, respectively. Dates are indicated along the horizontal axis in format

year/month/day. The thick dot-dashed line shown in the right-upper panel indicates the 4-year

period over which our subsequentdiagnostics are focused (12/31/1992–12/31/1996).
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Figure 6 shows the mean position of the three main fronts of the basin in the model and in

the RLMB climatology at 200 m. This climatological state should be compared with the

model tracer �elds with caution because of its smooth character, its lower resolution and its

non-synopticity with the model solution, but is useful to estimate how the model fronts

tend towards their climatological latitude at large scale. Snapshots of SSH are shown in

Figure 7 and will be discussed below.

Subtropical Gyre

The mean SSH �elds (Fig. 5) show that the shape of the STG is more realistic (more

Figure 6. Mean positions of the Subtropical Front (STF, upper panel), Subantarctic Front (SAF,

middle), and Polar Front (PF, lower panel) in the free run (thin line), the annual RLMB

climatology (medium line), and the forecast sequence (thick line). STF, SAF and PF are identi�ed

at 200 m by S 5 35.0, T 5 5.0C, and T 5 2.0C respectively. Model tracer �elds have been

averaged over 1993–1996. Shaded areas show the STF, SAF, and PF areas used for horizontal

averaging in Figure 9.
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rectangular) in the forecasts than in the free run. Indeed, the eastern limit of the gyre

(Benguela Current) becomes more meridional, and, as shown below, its southern limit

(the South Atlantic Current/Subtropical Front) becomes more zonal. The doming of

the subtropical gyre and the associated bowling of the thermocline are also enhanced,

showing that the transport of those currents, and of the Brazil Current, is increased by

the assimilation. In the free run, the Agulhas Current retro�ection apparently pen-

etrates too far west into the South Atlantic (positive SSH anomaly in the upper left

panel of Figure 5). This feature is the signature of the Agulhas Rings which tend to

follow similar trajectories in this model without assimilation (Penduff et al., 2001,

2002). As shown below, this unrealistic tendency of the model, already noted in the

FRAM experiments (Quartly and Srokosz, 1993), is removed by the assimilation

procedure. The SST �eld is quite realistic north of 34S in the free run. This can be seen

in the lower panels of Figure 5 and in Figure 4 where the SST mis�t is as low as 1C in

the Subtropical Gyre in the free run (this is also the case below the surface, see section

3.2). The assimilation procedure therefore leads to relatively small corrections. The

main discrepancy in the free SST in the subtropics is the absence of the basin-wide

zonal gradient observed between 25 and 35S. This feature is partly reconstructed by

the assimilation.

Con�uence—Subtropical and Subantarctic Fronts

RLMB (Fig. 5) and satellite SSTs show that the Malvinas Current (MC) brings cold

waters northward along the western boundary up to about 38S, and steers sharply to

the south along the southern �ank of the warm Brazil Current (BC). The BC separates

from the shelf around 37S. The complex interactionbetween the MC, the BC, the eddy

�ow and the topography in the Con�uence region then gives birth to the Subtropical

Front (STF) and the Subantarctic Front (SAF). In the Argentine basin, the SAF

follows a wide anticyclonic loop that brings it southwards, away from the more zonal

STF (Fig. 6).

This circulation pattern in the Con�uence region is not well simulated without

assimilation (Figs. 5 and 6). The MC and the BC collide along the shelf much too far

south (around 44S) and form an eastward jet which then spreads out meridionally and

forms the STF and SAF. In the free run, these two fronts are located too close to each

other and several degrees away from their climatological location in the Argentine

Basin (Fig. 6). As expected from the conservation of potential vorticity, the STF in the

free run undergoes a strong shift northwards along the western �ank of the Mid-

Atlantic Ridge (MAR), also visible on the SSH �eld, and continues its eastward

course about 3 degrees north of its climatological position. In a similar way, the SAF

is locally deviated above the crest of the MAR, but remains 3–4 degrees south of its

climatological position until it leaves the basin.

In the assimilation run, the cold waters advected by the MC attain a more realistic

latitude (36S, see Fig. 5). The BC does not overshoot unrealistically to the south along

the shelf but separates from it at this latitude. The STF is shifted to the north by
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3–4 degrees west of 30W and to the south elsewhere, bringing it close to its

climatological latitude. The better location of the STF (identi�ed by the 35.0

isohaline) in this area shows that the non-observed salinity �eld is improved below the

surface (see also section 3.2). In the assimilation run, west of 42W, the SAF and STF

remain slightly (1 degree) south of their climatological positions, but their relative

position is much more consistent with the climatology. As in the free run, the SAF

(better located with assimilation) is shifted northwards above the MAR. This de�ec-

tion is surprisingly absent from our climatological tracer �elds, but in accordance with

potential vorticity conservation. Except for this local exception, the STF and SAF

remain less than 1 degree away from their climatological path across the entire basin

in the assimilation run.

Polar Front

Figure 6 shows that in the climatology, the Polar Front (PF) enters the domain through

Drake Passage, steers northwards above the North Scotia Ridge, follows the northern

�ank of the Maurice Ewing Bank and then takes a rather zonal route around 49S

towards the eastern boundary. This front is located at its climatological position in the

free model run west of 50W, but then takes a zigzagging path to the north above the

North Scotia Ridge. It remains south of the Maurice Ewing Bank and continues

towards the eastern boundary 2–3 degrees south of its climatological latitude. Be-

tween 50W and the eastern boundary, the assimilation procedure successfully brings

the PF northwards, close to its climatological position (see also Section 3c). The PF is

locally deviated northwards around 5W, following the unrealistic artifact mentioned

in the mean SSH �eld in Section 2b. However, the front quickly converges to its

climatological position downstream.

To summarize, data assimilation signi�cantly improves the location of the three

main fronts all across the basin, despite a few local exceptions. Assimilation is

particularly bene�cial in the Con�uence region, even though the BC leaves the coast

more sharply than suggested by the observations (Fig. 5). The absence of SSH

assimilation here (masking along the shelf) probably contributes to this discrepancy.

This suggests that the free model tendency to keep the BC attached to the shelf (see

Penduff et al., 2001, 2002) is not completely compensated for by the assimilation

procedure applied further east. Such unrealistic model tendencies contribute to

explain the increase in model-data mis�t in the course of a 10-day forecast.

Snapshot of SSH

Figure 7 shows snapshots of SSH on June 29, 1995 from the free run, the assimilated

dataset and the assimilated run (forecast taken 10 days after the previous analysis). As

mentioned previously, the model without assimilation produces Agulhas Rings that all

have the same sign (anticyclones) and follow similar trajectories. Five to six Agulhas

Rings are present in the free run at this date. This �eld is very different from that

reconstructed from the mean SSH �eld and T/P1ERS SLA observations at that time

(middle panel in Fig. 7). In the real ocean, about ten Agulhas Rings are present at that
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time. They are dispersed meridionally, present further to the west and surrounded with

cyclonic structures. All the mesoscale eddies (except one at 10E, 40S) and meanders

observed that day from altimetry are present and well located in the model forecast,

although their SSH signature is slightly weaker than observed. Despite this quantita-

tive difference, probably due to the moderate resolution of the model, the system is

able to control and properly forecast the horizontal distribution, structure, and

evolution of mesoscale eddies over a long time.

b. Temperature and salinity below the surface

Figure 8-a shows the XBT lines where temperature pro�les were collected in the domain

between 1993 and 1996. This dataset is completely independent from the assimilated data,

and thus constitutes a valuable reference for validation. The associated RMS mis�t is

evaluated by comparing XBT data with model temperatures at the same time and location.

Figure 8-b shows that this mis�t is decreased by 0.2–0.5C (about 20%) near the surface

and over the depth range 100–700 m.

This latter diagnostic illustrates the improvement of the thermal structure in the upper

ocean, but does not help to distinguish between the improvement in the phase of thermal

transients and the improvement in the mean temperature �eld. Figure 9-a shows that the

mis�t between the 4-year averaged temperature �eld in the model and the RLMB annual

climatology is decreased by 0.8C over the upper 400 m, and by 0.1C at 2500 m. This

bene�cial effect of assimilation reaches 3500 m for the mean temperature �eld and 700 m

for the mean salinity �eld (Fig. 9-f), which is remarkable since only surface variables are

assimilated. The difference between T and S probably comes from the better correlation of

subsurface temperature than of subsurface salinity with assimilated surface variables

(SSH, SST). As expected from the improvement in the position of the fronts, the

Figure 8. (a) Distribution of available XBT data in the assimilation area between 1993 and 1996.

This data set was not assimilated in the model. (b) RMS mis�t (degrees C) between XBT

temperature pro�les and their model counterparts interpolated at the same dates and locations, in

the free run and in the assimilation run (analyses and forecasts).
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assimilation procedure very clearly improves the mean tracer �elds along the SAF and STF

(subdomains shown in Fig. 6) down to 1000 m (Figs. 9-c, d, h, i). Along the PF, the

assimilation procedure improves the time-averaged temperature �eld in the depth range

0–3500 m and the time-averaged salinity �eld in the depth range 50–1000 m (Figs. 9-e, j).

The horizontal distribution of salinity at 872 m is discussed in section 3.3. Data assimila-

tion has a slight adverse effect on the mean tracer �eld in the Subtropical Gyre below the

surface (band 20–34S, Figs. 9-b, g). This discrepancy might be due to the use of an EOF

basis based on the model variability (rather than on errors, as should be done in theory) to

propagate the surface information downwards. The truncation of the EOF basis might also

induce spurious correlations between surface and subsurface variables, especially in this

highly strati�ed region where correlations across the thermocline are naturally weak and

Figure 9. Area-averaged RMS mis�ts between the model tracer �elds averaged over the period

1993–1996 and the RLMB annual climatology as a function of depth (m, log scale). Temperature

on upper plots (a, b, c, d, e), salinity on lower plots (f, g, h, i, j). From left to right: averaged over

the whole basin (a, f), in the bands 20–34S (b, g: Subtropical Gyre), 34–45S (c, h: STF), 42–52S

(d, i: SAF), and 45–60S (e, j: PF). Areas STF, SAF and PF are shaded in Figure 6.
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thus more likely to be distorted by our simple statistical model. Nevertheless, the

assimilation reduces the mis�t between model temperatures and XBT data (Fig. 8), which

are particularly abundant in this latitude band. This suggests that the phase of the thermal

transients, mainly associated with the Agulhas Rings there, is signi�cantly improved north

of 34S.

Figure 10 shows the bene�cial impact of assimilation on the mean salinity and velocity

�elds in the Con�uence region down to about 1500 m. The free run exhibits a salty

southward-�owing Brazil Current attached to the shelf, while in the assimilated run the

fresh and relatively shallow Malvinas Current realistically �ows northwards, inshore of the

Brazil Current. Further east, the distribution and properties of Antarctic Intermediate

Waters (AAIW, located by the salt minimum around 400–500 m) are also largely

improved by the assimilation, even though the AAIW remains slightly below its climato-

logical depth and the warm thermocline waters located above remain a bit thicker than in

the climatology. At around 2500 m, the North Atlantic Deep Water (NADW) advected to

this latitude by the Deep Western Boundary Current appears more salty in the assimilation

run than in the climatology and in the free run. Despite these small differences, this plot

con�rms the ability of the assimilation system to substantially improve the mean oceanic

state in this dynamically complex region.

c. Barotropic and subsurface circulation

The barotropic streamfunction averaged over the period 1993–1996 is shown in Figure

11 for the free and assimilated runs (forecasts). The transport of the ACC (140 Sv) is the

same in both runs. The part of it that �ows directly eastwards south of South Georgia is

decreased by 25% by the assimilation procedure (45 Sv instead of 60). More water thus

�ows northwards west of South Georgia in the assimilation run (96 Sv instead of 80

without assimilation). This transport is closer to recent estimates (129 1/2 21 Sv, Arhan et

al., 2002) even though it is still too weak. Most of this northward �ow steers eastwards

along the North Scotia Ridge, and does not signi�cantly increase the transport of the

Malvinas Current, which decreases from about 65 Sv at 48S to about 35–40 Sv at 46S in

both runs. This transport remains smaller than the 70 Sv estimated by Peterson et al. (1992)

at this latitude. More realistically, the Malvinas current brings cold waters further

northward with assimilation.

The transport of the Brazil Current increases southwards through recirculations in both

runs but is stronger with assimilation. It exceeds 70 Sv at 37S (compared 50–55 Sv in the

free run), in good agreement with the estimate by Peterson and Stramma (1991). The

assimilation process generates a permanent anticyclone around (53W, 45S). This perma-

nent feature, also present in sigma-coordinate model solutions without assimilation (de

Miranda et al., 1999; Béranger, 2000; Penduff et al., 2001), is the signature of warm eddies

coming southward from the Brazil Current that are blocked along the Falkland escarpment.

The assimilation procedure thus improves the model solution in the Argentine basin with

respect to the separation of the Brazil Current from the shelf, the location of the SAF and
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STF, and the eddy �ow (see section 3.4). However, the Zapiola anticyclone, a strong,

permanent, barotropic circulation observed around (45W, 45S) is not present in Figures 10

and 11. de Miranda et al. (1999) and Penduff et al. (2001, 2002) suggest that the

representation of topographic slopes in geopotential-coordinate models like the one used

here leads to a misrepresentation of eddy-topography interactions that build up this

Figure 11. Barotropic streamfunction c (in Sverdrups) averaged over the period 1993–1996 in the

free run (upper panel) and the assimilated run (lower panel). Contour interval is 10 Sv, areas of

anticycloniccirculation (c , 0) are shaded. The area of SSH assimilation is superimposed.
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permanent feature. The present results lend credence to this idea, since the assimilation,

which improves the representation of the mean and eddy �ows in this area, does not

generate any anticyclonic circulation, even at depth. The transport of the Agulhas Current

is almost the same in both runs: indeed, it is largely constrained by the eastern boundary,

and assimilation is not fully performed east of 20E. However, the assimilation enhances the

retro�ection cell by 40 Sv at (22E, 38S), creates a cyclonic circulation in the Cape Basin,

and a C-shaped barotropic structure wrapped around the latter at the southeastern corner of

the Subtropical Gyre. Data are too sparse to verify whether the intensity of these structures

is realistic. Again, it is interesting to note that these assimilation results tend towards quite

realistic sigma-coordinate solutions obtained at the same resolution without assimilation

(Béranger, 2000; Penduff et al., 2001). This is the case not only in the Agulhas region

(signi�cant Agulhas Current recirculation cell, cyclonic circulation in the Cape Basin,

C-shape pattern northwest of it), but also in other regions (realistic overshoot of the Malvinas

Current, relatively strong transport above the North Scotia Ridge, standing anticyclonewest of

Zapiola Drift, SAF and STF paths). The features added by the assimilation process and

mentioned above may thus be physically consistent, and not artifacts of the method.

The mean velocity �eld at 872 m is shown in Figure 12 for the free and assimilation

runs, along with the mean salinity �eld which exhibits marked meridional gradients at this

intermediate depth. The RLMB climatological salinity, which is not assimilated in the

model, is shown at the same depth for comparison. The bene�cial impact of the

assimilation on velocity and salinity �elds appears clearly, especially in the southern part

of the domain. The 5-degree northward shift of the PF allows the salty Surface Circumpo-

lar Waters located south of it reach more realistic latitudes. The salinity front associated

with the SAF also tends towards its climatological location (further north), and salinity

values in the Con�uence region between the STF and SAF are decreased toward more

realistic, “subtropical” values (lower than 34.35). Even at depth, the assimilation procedure

leads to substantial improvements in the simulated circulation and the tracer �elds.

d. Eddy �ow

i. Sea-surface height variability. The middle panel in Figure 13 shows the average of

annual SSH variances (noted SSH92 hereafter) computed from the assimilated dataset

(T/P1ERS1-2) over the years 1993–1996. Its mean value is 102 cm2, averaged over the

area where SSH is assimilated. The most turbulent regions are found along the SAF and

STF in the Con�uence region, in the Agulhas region and Cape Basin where Agulhas Rings

are produced and exported westward, and near the western boundary in the band 60–50S

along the path of the Malvinas Current. High values of SSH92 are generally expected to be

aligned with the main fronts and it appears that the variances measured during these four

years are well aligned with the climatological position of the SAF and STF. This shows a

posteriori that the comparisons made previously between the position of the fronts in the

RLMB climatology and in the model during this period were meaningful.

On average over the same area, the SSH variance simulated by the model without
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assimilation (upper panel, Fig. 13) accounts for only 44% (45 cm2) of the observed

variance. It is also too weak along the path of the Malvinas Current in the free run. The

observed C-shape pattern is not reproduced in the Con�uence region where the STF and

Figure 12. Upper panel: Topography (contours every 1000 m), velocity (vectors) and salinity

(colors) �elds at 872 m, averaged over 1993–1996 in the free run. Middle panel: Salinity at 872 m

from the RLMB annual climatology. Lower panel: as the upper panel but in the assimilation run

(forecasts). Only one vector in every four is shown; maximum velocities in the upper and lower

panels are 35.4 and 43.9 cm s21 , respectively.The color scale is the same in the three panels. The

area of SSH assimilation is superimposed.
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SAF are not well separated, and the maximum variance associated with the westward drift

of the Agulhas Rings is too narrow in the Cape Basin because all the rings follow similar

trajectories without meridional spreading.

Figure 13. Sea-surface height variance (cm2) over the period 1993–1996 in the free run (upper

panel), the assimilated data (middle panel), and the forecasts (lower panel). The shading scale is

the same in the three panels. The area of SSH assimilation is superimposed.
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The assimilation procedure increases the horizontally-averaged SSH variance by 42%

up to 64 cm2 (63% of the observed). As expected from the more realistic location of the

SAF/STF system, the horizontal distribution of turbulence is considerably improved in the

Con�uence region where the observed C-shaped pattern is well reproduced (but with a

smaller intensity), a more realistic eddy activity is found in the Brazil Current between 30S

and 40S and in the Malvinas Current south of 50S along the western boundary. With

assimilation, the Agulhas Rings spread meridionally in a more realistic way and the

associated SSH variability is signi�cantly enhanced in the Cape Basin.

Downstream of the Agulhas region, however, the zonal band of high SSH variance

visible along 30S in the free run and in the assimilated data is absent from the assimilated

solution. This seems surprising since the assimilation scheme should a priori maintain the

realistic features of the free run instead of eroding them. In the free run, however,

individual Agulhas Rings are not in phase with observed ones even though they are

statistically well located according to SSH92. The assimilation procedure tends to erode

out-of-phase rings and to create (or strengthen) in-phase rings since the corrections are

proportional to SSH/SST mis�ts. Because the model-�lter system is not perfect (i.e.

limited resolution, linear and constant EOFs), assimilated rings are somewhat “too weak”:

their signature on individual SSH/SST �elds, and ultimately on the SSH92 �eld (lower

panel of Fig. 13), remains weaker than observed. To summarize, the forecasted mesoscale

activity is a bit weaker than observed throughout the basin (possibly weaker than in the free

run in some regions), but mesoscale features are located where observed and evolve in

phase with the real ocean (see Fig. 7) over the four years of assimilation. The use of a

higher-resolution model and of a more sophisticated assimilation technique would cer-

tainly help strengthening the forecasted individual eddies, and further enhance the eddy

intensity throughout the domain.

ii. Vertical distributionof eddy kinetic energy. The surface eddy kinetic energy (EKE) and

SSH92 �elds are closely linked by the geostrophic balance. Both exhibit very similar

horizontal distributions and highlight areas of strong mesoscale variability. We now

estimate the impact of the assimilation procedure on EKE at depth. Since the horizontal

distribution of EKE is qualitatively the same at all depths, the subsurface EKE �eld will be

described by vertical pro�les EKE( z). In-situ estimates of EKE( z) were computed from

WOCE current meter measurements grouped into 6 clusters (Table 1). These estimates are

compared with their model counterparts at the same locations, with and without assimila-

tion (Fig. 14). Penduff et al. (2002) have shown that with respect to current meter data, the

present model (forced climatologically,without assimilation) produces EKE �elds that are

too baroclinic and too weak in the band 30–35S. In the free run, indeed, EKE( z) is too

weak over most areas. The impact of assimilation on the EKE at depth proves bene�cial

with the exception of the ACC cluster and, to a lesser extent, the Agulhas cluster (all or

some moorings of which are located outside the area where assimilation is fully per-

formed). In the 4 other clusters, EKE is strongly enhanced and tends towards observed
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values over the whole water column. EKE( z) pro�les are particularly improved by the

assimilation procedure in the Rio Grande and Western Boundary Current areas. The

assimilation scheme thus propagates sea-surface �uctuations downwards very ef�ciently,

although EKE values remain globally smaller than observed.

4. Conclusion

The present validation study has shown that the sequential assimilation of SST and SSH

data into an eddy-permitting model of the South Atlantic Ocean over four years improves

the realism of the model solution (mean circulation, mean tracer distribution, and

mesoscale activity), not only on assimilated surface variables but also at depth. Available

in-situ observations are signi�cantly sparser in the South Atlantic than in the northern

basin, so in addition to the more usual statistical evaluation of the assimilation performance

we also referred to different types of independent data (XBTs, temperature/salinity

climatology, direct transport estimates, current meter measurements) to validate the model

solution from different points of view.

Our assimilation method is a simpli�ed version of a reduced-order multivariate Kalman

�lter, where the EOF base is held constant during the assimilation period. More innovative

is the use of local EOFs which maximize the impact of high-resolution data and propagate

the surface information towards the ocean depths in accordance with local vertical

covariances diagnosed from the free run.

At the surface, the mis�t between assimilated data and the model forecasts is globally

reduced by 50%. The mean position of the main fronts, the current system in the

Con�uence region, the horizontal distribution and intensity of the surface height variability

are also signi�cantly improved. Within the upper 700 m, the mis�t between model

temperatures and independent synoptic XBT data is decreased by 20%. The model

temperature (T) and salinity (S) �elds, averaged over the period 1993–1996, were shown to

tend toward the RLMB climatology, down to 3500 m for T and 700 m for S. A direct

comparison of the model solution with this climatology also revealed a clear improvement

of the distribution of the main fronts and of water masses down to around 900 m.

Table 1. De�nition of the six WOCE current meter clusters. Rows 2–5 de�ne the longitude and

latitude bands that locate each cluster, and row 6 indicates the number of moorings available in

each cluster (see Fig. 14).

Cluster min lon max lon min lat max lat Moorings

West. Bound. Curr. 30S 47W 38W 32S 28S 11

Cape Basin 6E 9E 30S 30S 2

Rio Grande 29W 27W 35S 31S 5

Agulhas 15E 23E 42S 37S 8

Falklands 42W 34W 50S 47S 12

ACC 4W 6E 60S 50S 4
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The assimilation technique is able to control the evolution and trajectories of individual

mesoscale structures and to bring the simulated eddy activity closer to the observations

over the basin. The SSH variance is still lower than observed (for example along the

Figure 14. Vertical distributionof EKE (cm2 s22 ) from available WOCE current meter data (marks)

and from the model (lines) at the same locations. Thin and thick lines represent EKE pro�les

computed over the period 1993–1996 from the free run and the assimilated run (forecasts),

respectively.Figure 1 exhibits the locationof these WOCE moorings, organizedin six clusters (see

Table 1) corresponding to each panel. In-situ EKE measurements were computed from low-pass

�ltered (cutoff at 5 days) horizontal velocity time series to allow a comparison with model EKEs

within each cluster.Model EKE pro�les were computed at the same locationsas individualWOCE

moorings, and then averaged horizontally over the moorings available within each cluster.
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Agulhas Rings pathway). The use of a more sophisticated assimilation method and of a

higher resolution would help improve the representation of individual eddies and increase

the basin-scale eddy activity. The enhancement of the eddy �eld is not con�ned near the

surface. Subsurface eddy kinetic energy levels are increased by up to one order of

magnitude and come close to available current meter estimates, throughout the water

column.

Our analysis has revealed that the most adverse effect of assimilation is found on the

mean temperature and salinity �elds between 150 and 1000 m in the Subtropical Gyre

(increase of the model-data mis�t, see Fig. 9). Although the origin of this problem is

uncertain, it is likely that the truncated EOF basis deduced from the free model

variability introduces spurious correlations between observed and unobserved vari-

ables. Assimilation of additional subsurface in-situ data would certainly help control

the solution below highly strati�ed thermoclines. Given satellite data and a good

estimate of the mean sea-surface height, the present method is thus able to compensate

for major model de�ciencies and to improve many non-observed features of the

undersampled South Atlantic Ocean. The combined use of an innovative local

assimilation procedure, a high vertical resolution (42 levels) and full-depth multivari-

ate local EOFs that represent well the links between surface and subsurface dynamics

allows a consistent propagation of surface information toward non-observed and

subsurface variables in most regions.

We believe that the validation of data assimilation experiments requires full-depth,

multivariate investigations like the present one in addition with the more usual statistical

validation. The present study is a prelude to a longer reanalysis of the South Atlantic

circulation, and to a more detailed validation of the simulated seasonal to interannual

variability (work currently underway). Validation of models results in general, and of

assimilation results in particular, is dif�cult because of the lack of synoptic data. The next

observational programs should encompass provision of the extra data that are necessary to

go beyond the validation that has been shown here.
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