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Abstract. This paper describes an observation-based ap-

proach that efficiently combines the main components of

the global ocean observing system using statistical meth-

ods. Accurate but sparse in situ temperature and salinity

profiles (mainly from Argo for the last 10 yr) are merged

with the lower accuracy but high-resolution synthetic data

derived from satellite altimeter and sea surface temperature

observations to provide global 3-D temperature and salin-

ity fields at high temporal and spatial resolution. The first

step of the method consists in deriving synthetic temperature

fields from altimeter and sea surface temperature observa-

tions, and salinity fields from altimeter observations, through

multiple/simple linear regression methods. The second step

of the method consists in combining the synthetic fields with

in situ temperature and salinity profiles using an optimal in-

terpolation method. Results show the revolutionary nature of

the Argo observing system. Argo observations now allow a

global description of the statistical relationships that exist be-

tween surface and subsurface fields needed for step 1 of the

method, and can constrain the large-scale temperature and

mainly salinity fields during step 2 of the method. Compared

to the use of climatological estimates, results indicate that

up to 50 % of the variance of the temperature fields can be

reconstructed from altimeter and sea surface temperature ob-

servations and a statistical method. For salinity, only about

20 to 30 % of the signal can be reconstructed from altimeter

observations, making the in situ observing system essential

for salinity estimates. The in situ observations (step 2 of the

method) further reduce the differences between the gridded

products and the observations by up to 20 % for the tempera-

ture field in the mixed layer, and the main contribution is for

salinity and the near surface layer with an improvement up to

30 %. Compared to estimates derived using in situ observa-

tions only, the merged fields provide a better reconstruction

of the high resolution temperature and salinity fields. This

also holds for the large-scale and low-frequency fields thanks

to a better reduction of the aliasing due to the mesoscale vari-

ability. Contribution of the merged fields is then illustrated to

describe qualitatively the temperature variability patterns for

the period from 1993 to 2009.

1 Introduction

Via the Global Monitoring for Environment and Security

program (GMES) and its Marine Core Service Fast Track

program, the European community is consolidating past ef-

forts in pre-operational ocean monitoring and forecasting

capacity by setting up the MyOcean project (http://www.

myocean.eu). This project has developed an integrated sys-

tem based on observations organized as Thematic Assem-

bly Centers (TAC) and Monitoring and Forecasting Centers

(MFC) (Ocean Science, this issue). Whereas TACs are orga-

nized by ocean variables (sea level, SST, sea ice, ocean color,

in situ temperature and salinity profiles, etc.), the MFCs are

organized by regions that cover not only the European seas

(Black, Mediterranean, Baltic and Arctic seas, North West

Shelf and the Bay of Biscay) but also the Global Ocean.

Two components have been developed as part of the Global

Ocean MFC led by the French Operational Oceanography

Mercator Océan project: a model/assimilation component

and an observation-based one that provides Global Ocean
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Observation-based Products (GOOP). The latter generates

global 3-D thermohaline and geostrophic current fields us-

ing satellite and in situ measurements.

Despite the impressive increase in the number of temper-

ature and salinity profiles from the Argo array (the 3000

floats target was reached in November 2007; Roemmich et

al., 2009), in situ data still strongly undersample the ocean

thermohaline variability. Global 3-D thermohaline analysis

from in situ observations is only possible at large-scale and

low-frequency resolution (see for ex. Roemmich and Gilson,

2009; von Schuckmann et al., 2009; among others). In con-

trast, remote-sensing measurements have provided synoptic

observations of sea level and sea surface temperature (SST)

over the world’s oceans since 1993, but with no direct esti-

mate of the ocean’s interior structure. Many studies have used

satellite data to complement subsurface observations either

at regional or global scales and using different techniques

such as multivariate linear regression or gravest empirical

modes. These include the works of Fox et al. (2002), Willis

et al. (2003), Swart et al. (2010) and Meijers et al. (2011), to

name only a few.

In order to reconstruct instantaneous temperature (T ) and

salinity (S) fields at high temporal and spatial resolution, a

merging method is developed here to improve a climatolog-

ical first guess. It combines the accurate but sparse in situ

T/S profiles with the high-resolution but less accurate (as

synthetic T/S fields) altimeter and SST measurements. This

is only possible since, on the one hand, sea level anoma-

lies (SLA) from altimeter measurements and dynamic height

anomalies (DHA) calculated from in situ T and S profiles

are strongly correlated (Gilson et al., 1998; McCarthy et al.,

2000; Guinehut et al., 2006; Dhomps et al., 2011), and, on

the other hand, satellite SST observations can additionally

be used to constrain the thermal structure of the ocean in the

first hundred meters depth.

The merging method was first developed using simulated

datasets (Guinehut et al., 2004) and then using real obser-

vations but at regional scale (Larnicol et al., 2006). It has

two main steps. The first step consists in deriving synthetic

T fields from the surface down to 1500 m depth from altime-

ter and SST observations through a multiple linear regres-

sion method and covariances calculated from historical data.

Synthetic S fields are derived in a very similar way but us-

ing a simple linear regression method of altimeter observa-

tions. The second step consists in combining the synthetic

field with in situ T and S profiles using an optimal interpo-

lation method. The global 3-D thermohaline fields are com-

puted in near real time on a 1 / 3◦ Mercator horizontal grid,

every 7 days (Wednesday-only fields) and from the surface

down to 1500 m depth on 24 vertical levels. The method has

been applied to the period from 1993 to 2009.

The primary goal of the paper is to demonstrate that the

main components of the global ocean observing system can

be integrated efficiently using statistical methods. There are

two specific objectives. The first is to provide a global de-

scription of statistical relationships between surface and sub-

surface fields using in situ observations only. The second is

to quantify the ability of such relationships to reconstruct the

interannual variability of the 3-D Ocean thermohaline fields

together with additional in situ observations.

The paper is organized as follows. All datasets used in the

study are presented in Sect. 2. The 3-D thermohaline fields

computed from satellite observations are then described in

Sect. 3. Section 4 presents the combination with the in

situ profiles. The interannual variability reconstructed by the

thermohaline fields is then analyzed in Sect. 5 before the con-

clusions.

2 Data

Three sources of ocean observations are used in our study:

in situ T and S profiles, satellite altimeter SLAs and satel-

lite SSTs. Each is described below. The ARIVO climatology

used as first guess for product generation is also described,

as well as the Scripps monthly gridded fields which are used

for an intercomparison exercise.

2.1 In situ T/S profiles

Historical T and S profiles are first used to compute the

statistics that relate the surface to subsurface fields. The his-

torical dataset has been constructed using all T and S profiles

available in the EN3 dataset (Ingleby and Huddleston, 2007;

http://www.metoffice.gov.uk/hadobs/en3/), except those la-

beled as Argo floats. This historical dataset has then been

supplemented with the Argo float observations available at

the Coriolis Global Data Acquisition Center as of February

2009 (http://www.coriolis.eu.org). It covers the 1950 to 2008

time period. As this dataset is used to compute the statistics

that relate the surface fields (SLA and SST) to subsurface

fields, only profiles containing both temperature and salinity

(used to calculate a dynamic height) and valid up to a depth

of 1500 m are selected to give a total of 357 445 profiles.

T/S profiles from another dataset (CORA3.1) are then

used for combining with the synthetic fields or for validation

of the synthetic estimates. This comes from the Coriolis data

center which is the MyOcean TAC for in situ observations. It

includes Argo floats, XBT, CTD and mooring profiles for the

period 1993 to 2009 (Cabanes et al., 2011, 2012).

2.2 Gridded maps of altimeter sea level anomalies

The altimeter data used are from the SSALTO/DUACS cen-

ter which is the MyOcean TAC for satellite sea level observa-

tions. They consist of gridded SLA products obtained from

an optimal combination of all available satellite altimeters

(AVISO, 2012). The delayed-mode version of the product

is used. These maps are available every 7 days (Wednesday-

only fields) on a 1 / 3◦ Mercator grid and the 1993–2009 time

series have been used.
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2.3 Gridded maps of sea surface temperature

observations

Satellite SST data are from daily Reynolds L4 analyses with

a 1 / 4◦ horizontal resolution, combining AVHRR, AMSR

and in situ observations distributed by the National Climatic

Data Center at NOAA (Reynolds et al., 2007). Again, the

1993–2009 time series for the Wednesday fields have been

used.

2.4 ARIVO climatology

Temperature and salinity monthly fields from the ARIVO cli-

matology are used to compute anomalies of the T and S pro-

files from climatological monthly means (Gaillard and Char-

raudeau, 2008). The ARIVO climatology has been computed

as part of the Mersea European project, the predecessor of

the MyOcean project. It is defined on a 1 / 2◦ Mercator hori-

zontal grid, for the first 2000 m on 151 vertical levels and for

the global ocean. It has been computed using an optimal in-

terpolation method and all available in situ T and S profiles

for the 2002 to 2007 period. It is thus representative of this

period.

2.5 Gridded temperature and salinity fields from Argo

floats

Gridded temperature and salinity fields from the Scripps In-

stitution of Oceanography are also used as an external so-

lution for validation. These are monthly fields defined on a

1◦ horizontal grid from the surface down to 2000 dbar on 58

vertical levels. They are computed using only Argo T and S

profiles and an optimal interpolation method (Roemmich and

Gilson, 2009). The fields are available in near real-time from

January 2004.

3 3-D thermohaline fields from satellite observations

The first step of the method consists in deriving synthetic

T and S fields from altimeter and SST observations using

a multiple/simple linear regression method and covariances

calculated from historical in situ observations. A global de-

scription of the statistical relationships between surface and

subsurface fields is first performed using in situ observa-

tions only (Sect. 3.1). As these statistical relationships are

estimated using a dynamic height calculated with a refer-

ence level at 1500 m depth for SLA, preprocessing of altime-

ter measurements is needed to make them consistent with

a dynamic height calculated for the first 1500 m depth of

the ocean. The methodology is presented below (Sect. 3.2).

The method is then validated using an independent dataset

(Sect. 3.3).

3.1 Relationship between surface and subsurface fields

Synthetic T and S fields are first derived from altimeter and

SST observations using a multiple/simple linear regression

method that are expressed as

T (x,y,z, t) = α(x,y,z, t).SLA′(x,y, t)

+β(x,y,z, t).SST′(x,y, t) + Tclim(x,y,z, t)

and

S(x,y,z, t) = γ (x,y,z, t).SLA′(x,y, t) + Sclim(x,y,z, t),

where SLA′ and SST′ denote anomalies from the ARIVO

monthly climatology (see Sect. 2.4); Tclim and Sclim denote

the ARIVO monthly fields; and α, β and γ are the regression

coefficients of the SLA and SST onto temperature and of the

SLA onto salinity, respectively. They vary with depth, time

and geographical location and are expressed as covariances

between the variables (only the z variable is given here for

clarity):

α(z) =

〈

SST′,SST′
〉

.
〈

SLA′,T ′(z)
〉

−
〈

SLA′,SST′
〉

.
〈

SST′,T ′(z)
〉

〈

SLA′,SLA′
〉

.
〈

SST′,SST′
〉

−
〈

SLA′,SST′
〉2

,

β(z) =

〈

SLA′,SLA′
〉

.
〈

SST′,T ′(z)
〉

−
〈

SLA′,SST′
〉

.
〈

SLA′,T ′(z)
〉

〈

SLA′,SLA′
〉

.
〈

SST′,SST′
〉

−
〈

SLA′,SST′
〉2

,

γ (z) =

〈

S′(z),SLA′
〉

〈

SLA′,SLA′
〉 .

These covariances are calculated using only in situ observa-

tions (the historical dataset described in Sect. 2.1) in order

to better describe the relationship that exists for each profile

between its surface and subsurface properties. The T obser-

vation at the surface is taken for SSTs and dynamic height

(DH) calculated using the measured T and S profiles, and a

reference level at 1500 m depth is taken for SLAs.

Covariances are computed locally on a global 1◦ horizon-

tal grid using all observations available in a radius of in-

fluence around each grid point. This radius of influence is

set to 5◦ in latitude. In longitude, it starts with a value of

10◦ and increases up to 20◦ for the annual statistics and up

to 25◦ for the seasonal statistics to match a minimum num-

ber of 500 profiles available for computation of the statistics

at each horizontal grid point. The radius of influence is in-

creased in longitude mainly in the tropical Pacific Ocean and

in the Southern Ocean (South of 50◦ S) and to a lesser extent

in the tropical Indian and Atlantic Oceans.

Normalized covariances (i.e. correlation coefficients) be-

tween dynamic height (DH) and T at 100 m depth is illus-

trated in Fig. 1. The horizontal structure of the correlation is

large-scale with values higher than 0.6 in most parts of the

Indian and Pacific Ocean. Away from western boundary re-

gions, the Atlantic Ocean shows lower values, in the order of

www.ocean-sci.net/8/845/2012/ Ocean Sci., 8, 845–857, 2012
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Fig. 1. Annual correlation coefficient between dynamic heights

(DH) computed using a reference level at 1500 m depth and tem-

perature (T ) field at 100 m depth. The color scale ranges from −1

to 1, every 0.1.

0.4 to 0.6. Three latitudinal sections, one in each ocean, have

been selected to illustrate the 2-D vertical view of the corre-

lations (Fig. 2). Given the large number of profiles (≥ 500)

used to calculate each correlation coefficient, they are signif-

icant within the 95 % confidence level.

DH-T (z) correlation coefficients show very similar struc-

tures as a function of latitude and depth for all three oceans

(Fig. 2). The mid-latitude regions have values greater than

0.6 below 100 m and down to 1500 m. In the tropics, the max-

imum correlation is reached at 100 m with values of 0.3 to 0.4

elsewhere. Negative values of the order of −0.2 are visible at

depths between 800 and 1500 m around 20◦ S in the Atlantic

Ocean, 10◦ S in the Indian Ocean and along the Equator in

the Pacific Ocean.

DH-S(z) correlation coefficients also show very similar

structures as a function of latitude and depth for all three

oceans south of 30◦ N (Fig. 2). The North Atlantic and North

Pacific Oceans have indeed very different structures with

very negative values and less than −0.6 for the Pacific Ocean,

and positive values of the order of 0.3 to 0.4 in the Atlantic

Ocean. In the tropics, the three oceans show negative val-

ues from the surface down to 100 m, then positive values

down to 600 m in the Atlantic and Pacific Oceans, and only

down to 200 m in the Indian Ocean. The values are then neg-

ative again at greater depths. DH-T (z) and DH-S(z) show

well correlated baroclinic structures in the tropics. All three

Southern Oceans show a very negative tongue with a value

of the order of −0.8. This tongue is close to 70◦ S next to

the surface and varies from 40◦ S to 60◦ S from the Atlantic

to the Pacific Oceans. It is again related to what is observed

for temperature and should be consistent with the different

fronts present in the area.

Correlation coefficients between SST and T (z) are also

very similar for the three sections but with slight differences

(Fig. 2). Values are maximum at all latitudes in the top 20 m.

A vertical tongue of maximum values (0.5 to 0.6) is visible

Atlantic Ocean at 330°E Indian Ocean at 70 °E Pacific Ocean at 200°E 

DH-T(z) correlation 
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Fig. 2. DH-T (z), DH-S(z) and SST-T (z) annual correlation coef-

ficients for three zonal sections: at 330◦ E in the Atlantic Ocean,

at 70◦ E in the Indian Ocean and at 200◦ E in the Pacific Ocean.

The latitudes range from 70◦ S to 70◦ N for the Atlantic and Pacific

Oceans and from 70◦ S to 30◦ N for the Indian Ocean and the depths

from 0 to −1500 m. The color scale ranges from −1 to 1, every 0.1.

for all depths in the three oceans, at 50◦ S in the Atlantic

Ocean, at 45◦ S in the Indian Ocean and at 55◦ S in the Pacific

Ocean. Most values are elsewhere low and lie between −0.2

and 0.2.

As the vertical structure of the ocean varies with seasons,

seasonal estimates of the covariances are used in the linear

regression method. Major differences between seasonal and

annual estimates are found for the covariances between SSTs

and the vertical thermal structure in direct relation to the vari-

ation of the mixed layer depth. High correlations are found

down to 400 m and even down to 1500 m at mid-latitudes dur-

ing winter seasons in the Northern and Southern hemispheres

where the mixed layer is deepest (Fig. 3). The tropics display

small changes between seasons.

3.2 Pre-processing of altimeter measurements

As discussed previously, the use of the covariances described

in the previous section with observed altimeter SLAs re-

quires preprocessing of altimeter observations to make them

consistent with a dynamic height calculated for the first

1500 m of the ocean.

The differences between a dynamic height calculated us-

ing a reference level at 1500 m and altimeter SLA, assum-

ing negligible measurement errors, represent the circulation

at the reference level, or in other words, the deep baroclinic

(below 1500 m) and barotropic components of the circula-

tion. At 1500 m, the circulation is non-zero and has to be

removed from altimeter height before applying the regres-

sion. This is obtained here using regression coefficients cal-

culated for the dynamic height anomaly (DHA) computed

Ocean Sci., 8, 845–857, 2012 www.ocean-sci.net/8/845/2012/
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Fig. 3. SST-T (z) correlation coefficients for the Atlantic Ocean

zonal section at 330◦ E and for each season. Winter corresponds

to Jan/Feb/Mar and so on.

from Argo T/S profiles and a reference level at 1500 m, and

the sea level anomaly (SLA) altimeter collocated measure-

ments. The method is very similar to the one described by

Guinehut et al. (2006) and Dhomps et al. (2010) except that

the reference level is taken at 1500 m.

The spatial structure of the regression coefficient is largely

dependent on latitude (Fig. 4). In the equatorial and tropical

regions, the vertical structure of the ocean is mainly baro-

clinic with regression coefficients between SLA and DHA

greater than 0.8. Most of the altimeter SLA signal will thus

be projected onto the vertical. At mid to high latitudes, the

vertical structure of the ocean is more barotropic with re-

gression coefficient from 0.2 to 0.7, meaning that only 20 to

70 % of the altimeter fields are projected onto the vertical.

Before applying the regression coefficient to each gridded

altimeter map, additional preprocessing is needed since al-

timeter observations are given as anomalies from the 1993–

1999 periods (AVISO, 2012). These anomalies are first re-

calculated using a 6-yr time mean from 2002 to 2006 to be

consistent with the ARIVO climatology (Gaillard and Char-

raudeau, 2008), which is defined for this 6-yr time period

and then used to compute SLAs from the seasonal cycle. Re-

gression coefficients are then applied to each of the gridded

altimeter maps to generate the altimeter datasets that will be

used for the vertical projection. These fields are hereafter re-

ferred to as “steric” SLAs.

3.3 Comparison with independent datasets

The effects of the pre-processing of the altimeter measure-

ments as well as the effect of the combination of altimeter

and SST observations in deriving synthetic T and S fields are

evaluated using independent datasets. Temperature and salin-

ity synthetic fields are first calculated from SLAs, “steric”

SLAs (i.e. derived from the regression method described in

 

 

Fig. 4. Regression coefficient between SLA and DHA computed

using a 1500 m depth reference level.

Sect. 3.2) and a combination of “steric” SLAs and SST. They

are computed on a 1 / 3◦ Mercator horizontal grid, every

7 days (Wednesday-only fields) and from the surface down

to 1500 m on 24 vertical levels. The full 1993 to 2009 period

has been processed. As the historical T and S profiles used

to compute the covariances cover the 1950 to 2008 period,

independent in situ T and S profiles of the year 2009 from

the CORA3.1 dataset (see Sect. 2.1) are used to validate the

synthetic fields for the year 2009.

The effect of the pre-processing of the altimeter mea-

surements is first assessed by calculating the differences be-

tween the independent observations and the reconstructed

subsurface T and S synthetic fields using a simple regres-

sion method of total and “steric” SLAs and by comparing

these differences to the ones calculated from climatologi-

cal estimates. Synthetic and climatological fields from the

ARIVO climatology (see Sect. 2.4) are first interpolated at

the time and position of each in situ independent T and S

profile. Statistics (mean and rms of the differences) are then

calculated from each pair (in situ and synthetic, in situ and

ARIVO). Results are illustrated in the Antarctic Circumpo-

lar Current (ACC) region where the circulation at 1500 m is

not negligible (Fig. 4). They show that the pre-processing of

the altimeter measurements reduces the rms differences by

5 % at almost all depths for the T fields and up to 10 % for

the S fields between 800 and 1300 m (compare the black and

blue curves on Figs. 5 and 6).

For the T field, the additional information provided by

satellite SST reduces the rms differences at depth to 900 m

with major effect in the surface and mixed layers. Still in the

ACC region, rms of the differences is now about 0.5 ◦C at

the surface compared to 0.85 ◦C when using only altimeter

observations and compared to nearly 1 ◦C when using clima-

tological estimates.

At the global scale, results indicate additionally that the

temperature bias that existed for all depths when using the

ARIVO climatology fields is reduced when using the syn-

thetic estimates (Fig. 7). Mean differences are almost zero

www.ocean-sci.net/8/845/2012/ Ocean Sci., 8, 845–857, 2012
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Fig. 5. The rms difference between independent in situ tempera-

ture observations and the ARIVO monthly climatology (red) and

the synthetic fields: using a simple regression method of total SLA

(black) and steric SLA (blue), and using a multiple linear regression

method of steric SLA and SST (green). The rms difference as per-

centage of signal variance (calculated from ARIVO climatology) is

shown in right figure. 14 900 independent T profiles for year 2009

and located in the ACC have been used for comparison.

for all depths when using the synthetic fields. The rms differ-

ences range from 0.5 ◦C at the surface, with a maximum of

0.9 ◦C in the mixed layer depth decreasing to 0.15 ◦C down

to 1000 m. Compared to the use of climatological estimates,

results indicate that 50 % to 30 % of the temperature fields at

depth can be reconstructed from altimeter and SST satellite

observations and a statistical method. For salinity, only about

20 % to 30 % of the salinity can be reconstructed from altime-

ter observations (Fig. 8). Rms differences between the inde-

pendent observations and subsurface salinity from the syn-

thetic fields are very close to those obtained from the ARIVO

fields and range from 0.17 psu at the surface to 0.03 psu at

depth.

4 Combination with in situ T/S profiles

The second step of the method consists in combining the

synthetic estimates with all available in situ T/S profiles us-

ing an optimal interpolation method (Bretherton et al., 1976).

The method was first developed using simulated data (Guine-

hut et al., 2004) and is now applied to real observations.

4.1 Method

The key issue here is to gain maximum benefit from the

qualities of both datasets, namely the accurate information

given by the sparse in situ profiles and the mesoscale content

provided by the synthetic fields. Le Traon et al. (1998) and

Guinehut et al. (2004) have shown that a precise statistical

description of the errors in these observations must be intro-

  

Fig. 6. Same as Fig. 5 but for subsurface salinity. 14 300 indepen-

dent S profiles for year 2009 have been used for comparison.

  

Fig. 7. Mean (dotted line) and rms difference between in situ tem-

perature observations and the ARIVO monthly climatology (red),

the synthetic fields (blue) and the combined fields (green). The

rms differences as percentage of signal variance (calculated from

ARIVO climatology) are also shown in right figure. 60 400 inde-

pendent T profiles for year 2009 have been used for comparison.

duced in the optimal interpolation method. In addition to the

conventional use of a measurement white noise representing

10 % of the signal variance, an a priori bias of 20 % and a spa-

tially correlated error of 20 % are also applied to the synthetic

fields to correct large-scale errors and bias introduced by the

first step of the method (i.e. the regression method). The mea-

surement white noise of 10 % of the signal variance includes

both instrument error (expected to be very small) and repre-

sentation error. Representation error, as defined by Oke and

Sakov (2008), is the component of observation error due to

unresolved scales and processes. In other words, it is the part

of the true signal that cannot be represented on the chosen

grid due to limited spatial and temporal resolution. As Oke

and Sakov (2008) found values greater than or comparable to

measurement error in regions of strong mesoscale variability,

Ocean Sci., 8, 845–857, 2012 www.ocean-sci.net/8/845/2012/
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Fig. 8. Same as Fig. 7 but for subsurface S. 55 000 independent S

profiles of the year 2009 have been used for comparison.

it is applied as a function of signal variance. Furthermore, all

the errors used in this study have been estimated empirically

and more accurate estimates are left for future studies.

As the main objective of the combination is to correct the

large-scale part of the synthetic fields using the surround-

ing in situ profiles, signal spatial correlation scales are set

to twice those used to compute the gridded altimeter maps

(AVISO, 2012). They vary from 700 km (resp. 500 km) at the

Equator to 300 km north of 60◦ N in the zonal (resp. merid-

ional) directions. The temporal correlation scale is fixed at

15 days everywhere. The signal space–time correlation func-

tion is the same as that used in Guinehut et al. (2004). An ex-

ample of the input and output fields is given in Fig. 9 for the

4th of July 2007. Owing to the mesoscale structures avail-

able in the altimeter and SST fields, the synthetic estimate

shows mesoscale structures in most parts of the ocean with

T anomalies ranging from −5 to 5 ◦C at 100 m (Fig. 9c).

The combination of the synthetic estimates with all available

in situ T allows correction of the field in some regions such

as the North-East Indian Ocean where the in situ T are much

colder than the synthetic ones, revealing a shallower ther-

mocline. Amplitudes of the combined fields are thus more

similar to the in situ observations but still resolve small-scale

structures (Fig. 9e). Furthermore, the combined fields allow

resolution of much smaller-scale structures than those ob-

tained by an in situ-only field computed using all in situ

observations available and an optimal interpolation method

(compare Fig. 9e and 9f).

As with the synthetic fields, the combined estimates

are computed on a 1 / 3◦ Mercator horizontal grid, every

7 days (Wednesday-only fields) and from the surface down

to 1500 m on 24 vertical levels. The full 1993 to 2009 period

has been processed using the in situ T and S profiles from

the CORA3.1 dataset described in Sect. 2.1. In situ T and

S profiles for year 2009 are also used (as for the synthetic

fields; see Sect. 4.2) to validate the combined fields for year

2009. As these comparisons are not independent, the objec-

tive here is to check the ability of the combination method

to accurately merge the two types of observations. As the in

situ observations are used to correct the large-scale structure

of the synthetic fields, zero differences are not expected.

Results show that the very small residual mean differ-

ence found in the synthetic temperature fields has now disap-

peared (Fig. 7). The rms difference is reduced for all depths

but mainly in the 100–300 m depth layers where the effect

of the in situ observations is mostly to correct the depth of

the mixed layer. This is true for the global ocean but ma-

jor effects are observed in the tropics (Fig. 9). Residual rms

difference with in situ profiles range from 0.3 ◦C at the sur-

face with a slight maximum of 0.42 ◦C at 50 m and down to

less than 0.1 ◦C below 1000 m. Results are improved by more

than 20 % (to 40 % at depth) compared to the use of synthetic

estimates alone. For salinity, as only a small part of the signal

can be reconstructed from altimeter observations, the in situ

profiles reduce the residual difference by more than 40 % for

all depths. This result already shows that the in situ observ-

ing system and particularly the Argo floats with their global

coverage are essential for salinity field estimates.

Independent comparisons (not shown) with a subset of in

situ T and S profiles allowed us to estimate more precisely

the contribution of the in situ observing system to the 3-D

thermohaline fields reconstruction. In situ observations allow

the gridded reconstructed subsurface T fields to be closer to

independent observations by at least 5 % at depth and 20 %

in the mixed layer depth and near the surface. The main con-

tribution is for the surface salinity field where the differences

from independent observations are decreased by 30 %. The

gain is also visible at depth with an improvement of about

10 %.

4.2 Towards a better restitution of large-scale signals

The merging method developed here greatly improves the

climatological first guess and provides a much better esti-

mate of the T and S fields at high temporal and spatial resolu-

tion than that obtainable using in situ observations only. An-

other example is given in Fig. 10 along the path of a cruise in

June 2008 in the North Atlantic Ocean between Portugal and

Greenland as part of the OVIDE project (Lherminier et al.,

2007). The in situ-only estimate computed using all in situ

profiles available in the neighborhood of the cruise path, ex-

cept those taken during the cruise, allow reconstruction of the

very large-scale structure along the section. The mesoscale

structures present in the satellite fields (altimeter and SST)

allow a much better reconstruction of the mesoscale struc-

tures but with a smoother shape (synthetic and combined

fields).

Nevertheless, as already demonstrated using simulated ob-

servations (Guinehut et al., 2004), the reduction of aliasing

due to the mesoscale variability should be instrumental in

reconstructing the large-scale and low-frequency part of the
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a. Altimeter SLA – 04/07/2007 

 

b. SST – 04/07/2007 

 

c. Synthetic T anomalies at 100-m depth – 04/07/2007 

 

d. In situ T anomalies at 100-m around the 

04/07/2007 

 

e. Combined T anomalies at 100-m depth – 

04/07/2007 

 

f. In situ only T anomaly at 100-m depth – 

04/07/2007 

 

Fig. 9. Input and outputs from the GOOP system for the 4th of July 2007: (a) altimeter SLA (in cm), (b) SST (in ◦C), (c) synthetic T

anomalies at 100 m (in ◦C), (d) individual in situ T observations at 100 m (in ◦C), (e) combined T anomalies at 100 m (in ◦C). An in

situ-only solution for the T anomaly at 100 m is also displayed in (f) (in ◦C).

a. OVIDE 2008 cruise 

 

b. In situ only estimate 

 

c. Synthetic field 

 

d. Combined field 

 

 

Fig. 10. Temperature field from the OVIDE 2008 section (a) and as

anomalies from the OVIDE 2008 section: (b) in situ-only estimate,

(c) synthetic fields and (d) combined fields (in ◦C). Note that obser-

vations from the OVIDE section have not been used to compute the

in situ-only estimate and the combined estimate.

fields. This has been verified using four realizations of the

OVIDE cruise (years 2002, 2004, 2006 and 2008). For each

of the cruises, the in situ T and S sections are compared

to reconstructed fields using only in situ observations and

from the combined method. For both estimates the in situ

profiles from the cruises are naturally not used. This is done

for the instantaneous fields and also for the large-scale part

of the fields (scales larger than 400 km). From the 365 pro-

files measured during the four OVIDE cruises, and for the

T and S fields, the improvement in reconstructing instanta-

neous fields is about 30 % of the signal variance using the

combined estimates compared to an in situ solution, and this

improvement increases to 50 % for the large-scale part of the

field. This result is obtained using a small number of in situ

independent profiles but it clearly demonstrates that a better

reconstruction of the mesoscale structures is required for the

reconstruction of the large-scale part of the signal.

5 Interannual variability reconstructed from the 3-D

thermohaline fields

The interannual variability reconstructed by the observation-

based fields will now be examined. Yearly zonal averages of

the synthetic and combined fields of anomalies from the 2004
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Fig. 11. Yearly zonal averages of the synthetic, combined and SCRIPPS temperatures as anomalies from the 2004 to 2009 periods (in ◦C).

The latitudinal extents of each field are slightly different.

to 2009 periods are first compared to the SCRIPPS indepen-

dent estimate (Roemmich and Gilson, 2009; see Sect. 2.5).

For the temperature field, results are very similar in terms

of amplitude and geographical position for the synthetic,

combined and SCRIPPS estimates (Fig. 11). The signals vary

from −0.4 ◦C to +0.4 ◦C with very clear and strong year to

year baroclinic variability at the Equator. These strong sig-

nals are confined to the top 200 m and are mainly driven

by the successive El Niño/La Niña events. While the Pacific

Ocean plays a major role in the global mean, the Indian, and

to a lesser extent the Atlantic Oceans also show strong baro-

clinic equatorial variability. At mid to high latitudes, the am-

plitudes of the signals are smaller (from −0.2 ◦C to +0.2 ◦C)

but their structure is vertically coherent down to 1000 m and

even deeper between 40◦ N and 50◦ N in the Atlantic Ocean.

Since the year to year variability in the Southern Ocean is not

positioned at the same latitude in all three oceans, the global

mean shows very low amplitude signals (< 0.05 ◦C) for the

2004 to 2009 periods. Those signals are very consistent with

that described in von Schuckmann et al. (2009), who provide

a global description of large-scale temperature signals for the

period 2003 to 2008. Satellite observations such as SLA and

SST combined with a statistical description of the vertical

structure of the ocean are thus able to reconstruct the interan-

nual variability patterns of the 3-D temperature field. No bias

or spurious signals are introduced by the method. The vari-

ability of the 1993 to 2000 periods, which suffer from poor

in situ measurement coverage (see among others Roemmich

and Gilson, 2009), could now be studied (see below).
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Fig. 12. Yearly zonal averages of the combined temperatures of anomalies from the 1993 to 2009 periods (in ◦C).

The picture is nevertheless significantly different for the

salinity field since the synthetic estimates are completely un-

able to reproduce any interannual variability (not shown).

This result confirms the fact that the in situ Argo observing

system is absolutely essential for salinity. For the combined

and SCRIPPS estimates, the signals are very similar and vary

between −0.05 and +0.05 psu. They again show very clear

and strong interannual variability at the Equator that is gen-

erally correlated to that which is observed for temperature.

At mid to high latitudes, the global mean signals show a

small scale pattern limited mainly to the first 500 m. Again,

results are very different between the three oceans. The At-

lantic Ocean shows deep vertically coherent structures as far

as 1500 m around 40◦ N and to 1000 m around 30◦ S with a

value of the order of 0.02 psu at depth. The vertical extent of

the signals in the Indian and Pacific Oceans is limited to the

first 500 m and the signal amplitudes are also smaller (see

also von Schuckmann et al., 2009). Unlike the temperature

field, the observation-based method presented here is unfor-

tunately of no help in describing the interannual variability

of the salinity field for the years before Argo.

The temperature variability of the 17 yr from 1993 to 2009

can now be qualitatively described using the combined fields.

The objective is to illustrate the capability of the method and

further analysis will be needed to understand the observed

signals and relate them to some forcing mechanisms. This

is left for future study. Results are again presented as global

zonal averages and as anomalies from the full period. While

results vary between the three oceans, clear trends can be ex-

tracted from the global means. As for the 2004 to 2009 peri-

ods, the amplitude of the signals varies between −0.4 ◦C and

+0.4 ◦C with maximum values up to 1.2 ◦C. Again, strong
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interannual baroclinic variability is found in the equatorial

region with a succession of deepening and outcrop of the

main thermocline. A clear long term warming is visible in the

Southern Ocean of up to 0.8 ◦C for the 1993 to 2009 period

with a signature down to 1300 m. The warming is not limited

to the southern part of the Southern Ocean but is clearly vis-

ible at all latitudes between 50◦ S and 20◦ S. Rather than a

long term trend, a succession of warming and cooling events

is visible further south. The variability of the Northern Hemi-

sphere is much more complex at the global scale, with a suc-

cession of warming and cooling events at mid and high lati-

tudes revealing the necessity to study more precisely what is

occurring separately in the Atlantic and Pacific Oceans.

6 Conclusions and perspectives

To understand, monitor and predict the ocean state, Global

Ocean Observation-based Products (GOOP) combining

satellite and in situ measurements have been developed.

Global instantaneous 3-D thermohaline fields are thus gen-

erated on a 1 / 3◦ Mercator horizontal grid, every 7 days and

from the surface down to 1500 m depth. Near-real-time prod-

ucts are available and the full 1993 to 2009 period has been

processed. The main contribution of this study is, however, to

show that the accurate but sparse in situ T/S profile observa-

tions can be effectively merged with the lower accuracy, but

high-resolution, synthetic data derived from satellite altime-

ter and sea surface temperature observations. This merging

provides a much better estimate of the instantaneous, but also

large-scale and low-frequency, 3-D temperature and salin-

ity fields as compared with estimates computed using only

in situ observations. It has been shown that the reduction of

aliasing due to the mesoscale variability is a necessary step

for reconstruction of the large-scale and low-frequency part

of the fields. This had been demonstrated using simulated ob-

servations (Guinehut et al., 2004) and is confirmed here using

real observations.

Hydrographic variability patterns for the temperature field,

over the 1993 to 2009 period and for the global ocean show

that most of the Southern Ocean is dominated by a clear long

term warming and that the equatorial regions and the North-

ern Hemisphere are dominated by interannual to decadal

variability. The observed signals have been qualitatively de-

scribed and regional analyses are needed to better understand

them and relate them to different forcing mechanisms. This

is left for future study. The description of the temperature

variability pattern for the years prior to the Argo era has only

been made possible by the statistical relationships between

surface and subsurface fields computed using only in situ ob-

servations, and mainly observations of Argo profiling floats.

Argo has thus indirectly helped the description of the vari-

ability of the 1993 to 2000 period. It is, however, much more

difficult to infer the vertical structure of the salinity field from

satellite SLA observations and a statistical description of the

vertical structure of the ocean. This result shows that the in

situ observing system and the Argo profiling floats are es-

sential for salinity estimates. New satellite missions measur-

ing Sea Surface Salinity (SSS) as SMOS and Aquarius (Font

et al., 2010; Reul et al., 2011) should further help in recon-

structing subsurface fields.

The observation-based approach developed here provides

an improved and more complete estimate of the state of the

ocean compared with estimates based on in situ or satellite

observations only. It is also very consistent and very com-

plementary to that provided by ocean reanalysis combin-

ing model and observations through an assimilation method

(Stammer et al., 2010). Other reprocessing and reanaly-

sis will be available from the European MyOcean I and II

projects (Ferry et al., 2010; Haines et al., 2012; Storto et al.,

2012). The robustness of the different solutions among sta-

tistical methods and observations, models and assimilation

systems should be further studied to learn more about the

contribution of the different observing systems (Oke et al.,

2009, 2010), the physics of the model, and the effect of the

forcing fields (Garric et al., 2011) and the assimilation sys-

tem. This is a necessary step for Ocean Climate Monitoring

studies.

Only thermohaline fields are presented here, but the

Global Ocean Observation-based Products also include 3-

D geostrophic velocity estimates that are calculated using

the thermal wind equation combined with absolute surface

altimeter geostrophic currents (Mulet et al., 2012). First at-

tempts to compute vertical velocities from our observation-

based products were carried out as part of the EU MyOcean

MESCLA R&D project (Buongiorno Nardelli et al., 2012)

and open a new era for Ocean Climate Monitoring studies,

including vertical exchanges associated with mesoscale ac-

tivity and their relation to biological processes. This work is

a first step towards integrating climate-relevant global ocean

datasets such as in situ temperature and salinity profiles, and

satellite altimeter and sea surface temperature, and will be

continued towards the restitution of higher resolution prod-

ucts.
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M., Rosati, A., Schrëoter, J., Smith, D., Weaver, A., Wunsch,

C., and Xue, Y.: Ocean Information Provided through Ensemble

Ocean Syntheses, in: Proceedings of OceanObs’09: Sustained

Ocean Observations and Information for Society, edited by: Hall,

J., Harrison, D. E., and Stammer, D., Vol. 2, Venice, Italy, 21–25

September 2009, ESA Publication WPP-306, 2010.

Storto, A., Russo, I., and Masina, S.: Interannual response of global

ocean hindcasts to a satellite-based correction of precipitation

fluxes, Ocean Sci. Discuss., 9, 611–648, doi:10.5194/osd-9-611-

2012, 2012.

Swart, S., Speich, S., Ansorge, I. J., and Lutjeharms, J. R. E.:

An altimetry-based gravest empirical mode south of Africa: 1.

Development and validation, J. Geophys. Res., 115, C03002,

doi:10.1029/2009JC005299, 2010.

von Schuckmann, K., Gaillard, F., and Le Traon, P.-Y.: Global hy-

drographic variability patterns during 2003–2008, J. Geophys.

Res., 114, C09007, doi:10.1029/2008JC005237, 2009.

Willis, J. K., Roemmich, D., and Cornuelle, B.: Combining altimet-

ric height with broadscale profile data to estimate steric height,

heat storage, subsurface temperature, and sea-surface tempera-

ture, J. Geophys. Res., 108, 3292, doi:10.1029/2002JC001755,

2003.

www.ocean-sci.net/8/845/2012/ Ocean Sci., 8, 845–857, 2012

http://dx.doi.org/10.5194/osd-9-611-2012
http://dx.doi.org/10.5194/osd-9-611-2012
http://dx.doi.org/10.1029/2009JC005299
http://dx.doi.org/10.1029/2008JC005237
http://dx.doi.org/10.1029/2002JC001755

