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Abstract. Observing system experiments (OSEs) are carried

out over a 1-year period to quantify the impact of Argo obser-

vations on the Mercator Ocean 0.25◦ global ocean analysis

and forecasting system. The reference simulation assimilates

sea surface temperature (SST), SSALTO/DUACS (Segment

Sol multi-missions dALTimetrie, d’orbitographie et de local-

isation précise/Data unification and Altimeter combination

system) altimeter data and Argo and other in situ observa-

tions from the Coriolis data center. Two other simulations are

carried out where all Argo and half of the Argo data are with-

held. Assimilating Argo observations has a significant impact

on analyzed and forecast temperature and salinity fields at

different depths. Without Argo data assimilation, large errors

occur in analyzed fields as estimated from the differences

when compared with in situ observations. For example, in the

0–300 m layer RMS (root mean square) differences between

analyzed fields and observations reach 0.25 psu and 1.25 ◦C

in the western boundary currents and 0.1 psu and 0.75 ◦C

in the open ocean. The impact of the Argo data in reduc-

ing observation–model forecast differences is also significant

from the surface down to a depth of 2000 m. Differences be-

tween in situ observations and forecast fields are thus reduced

by 20 % in the upper layers and by up to 40 % at a depth of

2000 m when Argo data are assimilated. At depth, the most

impacted regions in the global ocean are the Mediterranean

outflow, the Gulf Stream region and the Labrador Sea. A sig-

nificant degradation can be observed when only half of the

data are assimilated. Therefore, Argo observations matter to

constrain the model solution, even for an eddy-permitting

model configuration. The impact of the Argo floats’ data as-

similation on other model variables is briefly assessed: the

improvement of the fit to Argo profiles do not lead globally

to unphysical corrections on the sea surface temperature and

sea surface height. The main conclusion is that the perfor-

mance of the Mercator Ocean 0.25◦ global data assimilation

system is heavily dependent on the availability of Argo data.

1 Introduction

Argo is the first ever in situ ocean observing system provid-

ing in real-time observations at global scale. The initial tar-

get of 3000 profiling floats drifting in the ocean was reached

by the international Argo program in November 2007. Mean

coverage is one float in every 3◦× 3◦ box. Every 10 days,

each float measures temperature and salinity profiles from the

surface to 2000 m and delivers data in real time, mostly for

operational oceanography. Rigorous scientific quality control

is applied by data centers in delayed time to guarantee opti-

mal quality for this data set (e.g., Cabanes et al., 2010; Wong

et al., 2008). The use of Argo data is widespread in the ocean

and climate research communities. Argo also provides criti-

cal observations to constrain ocean analysis and forecasting

systems, together with satellite observations.

Operational oceanography capabilities have improved dra-

matically since the end of the 1990s thanks to the devel-

opment of real-time in situ and satellite global observing

systems (in particular Argo and satellite altimetry) and the

improvement of modeling and data assimilation techniques

(e.g., Bell et al., 2009). Data assimilation techniques now

provide efficient tools for analyzing the impact and improv-
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ing the design of Global Ocean Observing Systems (GOOS)

(e.g., Fujii et al., 2014; Lea et al., 2013).

The OceanObs’09 conference held in Venice in September

2009 for the international coordination of interdisciplinary

ocean observation highlighted the need to consolidate and

improve the design of the global ocean observing system

(Lindstrom et al., 2012). To meet this requirement, it is cru-

cial to evaluate and quantify how the existing observation

system constrains ocean analysis and forecasting systems.

Observing system experiments (OSEs) are a classical tool for

evaluating the impact and importance of an observing system

on a data assimilation system. OSEs involve the systematic

withholding of a subset of observations. The evaluation of

the degradation in quality of the resulting analyses and fore-

casts is then used to quantify the impact of the observations

withheld.

In the last decade, several studies based on OSEs have

analyzed the impact of different components of the global

ocean observing system for ocean analysis and forecast-

ing. Balmaseda et al. (2007) studied the statistical impact of

Argo on analyses of the global ocean for the period 2001–

2006. Oke and Schiller (2007) analyzed the importance of

the combination of Argo, sea surface temperature (SST) and

altimeter data on a regional eddy-resolving ocean reanaly-

sis. Other relevant studies (e.g., Vidard et al., 2007; Tran-

chant et al., 2008; Guinehut et al., 2012 or more recently Fu-

jii et al., 2014 and Lea et al., 2014) have focused on differ-

ent observing systems and assessed their impact on analysis

and forecasting systems. The GODAE OceanView program

(https://www.godae-oceanview.org/), created to promote and

coordinate operational oceanography worldwide, has set up

a specific OSE task team (OSEval-TT) to formulate require-

ments for the enhancement of the global ocean observing

system (Oke, 2015a, b). The Tropical Pacific Observing Sys-

tem 2020 GOOS project (Global Ocean Observing System;

OOPC, 2014) has also identified the importance of OSEs for

assessing the role of the Tropical Pacific Observing system

from a data assimilation perspective.

In this paper, we focus on the impact of the Argo observ-

ing system on the analyzed temperature (T ) and salinity (S)

structure of the ocean in the context of short-term real-time

ocean analysis and forecasts. Several OSEs are performed to

assess the importance of Argo T and S profile data assimila-

tion with the real-time Mercator Ocean global 0.25◦ system.

All other data sets, non-Argo in situ data, SST and along-

track SLA (sea level anomaly), are assimilated as it is done

in the real-time system. The paper is organized as follows:

the real-time analysis and forecasting system and the experi-

mental strategy are described in Sect. 2. Section 3 details the

results. The differences seen in the analyzed T and S fields

depending on the amount of Argo data assimilated are first

described. We then evaluate the Argo data assimilation im-

pact on the forecasted fields by looking at the observation

forecast misfit to the in situ T and S profiles, SST and SSH

(sea surface height). The conclusions are given in Sect. 4.

2 Tools and methods

2.1 Data assimilation system

The Mercator Ocean 0.25◦ operational global ocean anal-

ysis and forecasting system (Lellouche et al., 2013) (here-

after referred to as PSY3) was used for this study. The PSY3

system has been operational since 2005. It routinely assimi-

lates SLA, satellite SST and in situ data. The model is Ver-

sion 3.1 of NEMO (Nucleus for European Modelling of the

Ocean; Madec and the NEMO team, 2008) with a 0.25◦

tri-polar ORCA grid. The horizontal resolution is 27 km at

the Equator and decreases to 6 km toward the poles. A to-

tal of 50 vertical levels are used and discretization decreases

from 1 m resolution at the surface down to 450 m at the bot-

tom, with 22 levels within the upper 100 m. The NEMO sys-

tem uses the OPA (Océan PArallélisé) ocean model coupled

with the LIM2 ice model (Fichefet and Morales Maqueda,

1997). Three-hour atmospheric fields of the European Cen-

tre of Medium Weather Forecasting (ECMWF) are used to

force the ocean and ice models. Momentum, heat and fresh-

water fluxes are computed from CORE (Coordinated Ocean-

Ice Reference Experiment) bulk formulae (Large and Yeager,

2009). The data assimilation scheme was developed at Mer-

cator Ocean (Tranchant at al., 2008; Lellouche et al., 2013).

It is based on a reduced-order (singular evolutive extended)

Kalman filter (SEEK) (Pham et al., 1998) with localized 3-D

multivariate modal decomposition of the forecast error and

a 7-day assimilation window. The background error covari-

ance matrix is static over the assimilation window of 7 days

and varies “climatologically” over the year. It is estimated

from an ensemble of anomalies computed from a multiyear,

forced simulation. The time of the analysis corresponds to

the middle of the assimilation window, the fourth day. The

increment on temperature and salinity, computed during the

analysis step from the in situ profile innovations, is projected

onto the barotropic height and U , V fields thanks to the mul-

tivariate properties of the model covariance matrix. A 3-D-

variational scheme provides a correction of the slowly evolv-

ing large-scale biases in temperature and salinity below the

mixed layer. There is no in situ climatology or reference field

relaxation in the system. The calculated increments are added

to the model solution progressively in time over the assimi-

lation window using an incremental analysis update (IAU)

method (Bloom at al., 1996) to avoid spin-up effects at the

beginning of each assimilation cycle.

The 2012 assimilated observation data sets are real-time

along-track altimeter SLA data from SSALTO/DUACS (Seg-

ment Sol multi-missions dALTimetrie, d’orbitographie et de

localisation précise/Data unification and Altimeter combi-

nation system; Dibarboure et al., 2011). Mean dynamic to-

pography (MDT), used as a reference for SLA data assimi-

lation, is based on the “CNES-CLS09” MDT derived from

observations and described in Rio et al. (2011). The assim-

ilated SST observations are the NCDC/NOAA daily high-
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resolution SST analysis at 0.25◦ resolution (Reynolds et al.,

2007). Real-time in situ temperature and salinity profiles

from the Coriolis data center are also assimilated. A subsam-

pling is done before assimilation to keep only one observa-

tion per platform per day, within a distance of 0.1◦. Only one

value is kept on the vertical for each model layer. The ob-

servation error variance specified in the assimilation scheme

takes into account a representativity error and an instrument

error.

2.2 In situ observations

The 2012 in situ data set is extracted from the real-time Cori-

olis database, where automated quality controls are applied.

Coriolis is the in situ component of the French operational

oceanography infrastructure. It provides real-time and qual-

ified ocean in situ measurements to the European MyOcean

project (Copernicus Marine Service) and to research and cli-

mate communities. Coriolis collects, controls and standard-

izes temperature and salinity profiles from different types of

instruments including Argo floats, CTDs from research ves-

sels, expendable bathythermographs (XBTs), moorings, sea

mammals, gliders and drifting buoys. In term of data num-

ber, Argo is currently by far the most important source of

information for in situ temperature and salinity profiles.

Argo floats provide measurements of temperature and

salinity from the surface to 2000 m every 10 days at the

global scale. The XBT network provides temperature mea-

surements mostly along the main shipping routes from the

surface to 800 m. Moorings are mostly in the tropical oceans

with TAO/TRITON moorings for the Pacific, PIRATA for

the Atlantic and RAMA for the Indian Ocean. Typically,

the buoys sample the ocean from the surface down to 500

or 750 m with 10–15 levels. Other moorings sample spe-

cific regions such as the Drake Passage or the Labrador Sea.

CTDs carried by sea mammals are located in high-latitude re-

gions such as the Svalbard Islands, the French Southern and

Antarctic Lands, the Ross Sea and Kerguelen region. Gliders

are used to sample temperature and salinity from the surface

to a given parking depth in specific areas of interest. There is

not yet a global measurement strategy for such an observing

system.

The 2012 coverage of the in situ data set is shown in Fig. 1.

Figure 1a and b each correspond to 50 % of the Argo data

sets. To ensure that all Argo profiles were selected, we sorted

data from the instrument type variable, WMO_INST_TYPE,

specified as “VERTICAL PROFILING: observation” for

Argo floats in the Coriolis data set. The most realistic way

of dividing up the Argo data set and of keeping coherent spa-

tial and temporal resolution was therefore to sort it by plat-

form numbers. Odd-numbered Argo platforms are shown in

Fig. 1a, even ones in Fig. 1b. One of the most striking fea-

tures of these two plots is the global and dense coverage

of the oceans. The sparse distribution of the No Argo data

set (green dots) is also remarkable. Some regions are rather

Table 1. List of OSEs carried out as part of this study.

SST Altimeter Argo Other

SLA in situ

Run-Ref yes yes 100 % of the array yes

Run-Argo2 yes yes 50 % of the array yes

Run-NoArgo yes yes no yes

Free Run no no no no

more densely sampled by No Argo platforms than others. For

example, the Kuroshio and North Atlantic areas are highly

sampled compared to the southwest Pacific. Figure 2 repre-

sents the time coverage of temperature (Fig. 2a) and salinity

(Fig. 2b) profiles from the surface down to 2000 m for the

last 6 months of 2012. The time distribution is fairly regular

and no specific feature should impact our conclusions.

2.3 Experiment design

The OSEs presented here focus on the impact of the Argo

observing system on temperature and salinity analysis and

forecasts. Three experiments were performed from 18 Jan-

uary 2012 to 26 December 2012. This corresponds to 50

analyses with an assimilation cycle of 7 days. The three ex-

periments assimilate SLA and SST data and differ only as

regards the in situ assimilated data sets:

– The experiment entitled Run-Ref assimilates SLA, SST

and all in situ data (Argo+ “non-Argo in situ data”).

– The experiment entitled Run-Argo2 assimilates SLA,

SST, 50 % of the Argo data and all the “other No Argo

in situ data”.

– The experiment entitled Run-NoArgo assimilates SLA,

SST and all “other No Argo in situ data”.

For the three experiments above, the strategy is to start from

the same initial conditions of the PSY3 operational system

that assimilates all the data and then withdraw part of the

Argo data set for the OSEs. Lastly, a free run (i.e., where

no data at all are assimilated), hereafter called Free Run,

was also carried out to assess the overall improvement of the

PSY3 system. The free run starts from the same initial condi-

tions as for the three above-mentioned experiments. Table 1

summarizes the experiment strategy.

3 Results

This section is organized as follows. The first part is an in-

dependent comparison of the Run-NoArgo analyzed fields

with Argo observations. The second part compares analyzed

temperature and salinity fields from the different OSEs. This

quantifies the amplitude and the spatial distribution of the

changes bring by the assimilation of Argo profiles. We then

www.ocean-sci.net/12/257/2016/ Ocean Sci., 12, 257–274, 2016
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(a) (b)
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Figure 1. Spatial distribution of 2012 in situ data set divided into three sub-data sets. Red dots are the Argo profiles from odd WMO (World

Meteorological Organization) platform numbers, blue dots are Argo profiles from even WMO platform numbers, green dots are the other in

situ observations.

verify that those changes in the analyzed fields correspond

to a decrease of the misfit to in situ observations when Argo

profiles are assimilated. The last part compares Argo obser-

vations with co-located profiles from forecasted fields to as-

sess the impact of the Argo data assimilation. In each sub-

section, temperature and salinity results are discussed sepa-

rately. The impact on the sea surface height and sea surface

temperature innovations is also briefly discussed.

Statistics are done over the last 6 months of each year of

OSE experiments in order to avoid the spin-down period due

to the initialization of the OSEs with an analyzed field where

all Argo observations were previously assimilated. This pe-

riod appears to be sufficient for the temperature field to reach

a stable state compared to observations, but the deep ocean

still shows a small drift in salinity. This spin-down time is

still difficult to evaluate in 1-year simulations where the evo-

lution of the T and S misfits are superimposed to their sea-

sonal variations. A 1-year simulation would not be a good ap-

proach if considering the impact of Argo on long-term ocean

reanalysis; here we stay in the context of short-term real-time

ocean analysis and forecasts. Comparison of Run-NoArgo-

assimilated fields with Argo observations

Figure 3 shows the spatial distribution of the mean and

RMS (root mean square) of the temperature difference be-

tween Argo observations and the Run-NoArgo analysis.

RMS and mean statistics are calculated in 2◦× 2◦ boxes and

in the 0–300 and 700–2000 m layers.

Figure 3a shows that, in the 0–300 m layer, our model

without Argo data assimilation fails to correctly represent

temperature fields over large regions. As expected, errors

are also larger in western boundary currents and in the ther-

mocline in the tropics where a small misplacement leads to

large temperature errors due to the sharpness of the thermo-

cline. The RMS of the differences between analyzed fields

and Argo observations in these regions reaches 1.5 ◦C. Mid-

latitude gyres in the Atlantic, Pacific and Indian oceans have

Ocean Sci., 12, 257–274, 2016 www.ocean-sci.net/12/257/2016/
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Figure 2. Time series of the number of 2012 in situ temperature (a) and salinity (b) data items from the surface to 2000 m per week.

Figure 3. Spatial distribution of the RMS and the mean temperature differences between Run-NoArgo and Argo observations in the 0–300

and 700–2000 m layers over the last 6 months of the experiments. (a) shows the RMS temperature differences in the 0–300 m layer. (b) shows

the RMS temperature differences in the 700–2000 m layer. (c) shows the mean temperature differences in the 0–300 m layer. (d) shows the

mean temperature differences in the 700–2000 m layer. The size of the colored boxes is proportional to the number of observations falling

into that 2◦× 2◦ box.

www.ocean-sci.net/12/257/2016/ Ocean Sci., 12, 257–274, 2016
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Figure 4. Spatial distribution of the mean and RMS salinity differences between Run-NoArgo and Argo observations in the 0–300 and

700–2000 m layers over the last 6 months of the experiments. (a) shows the RMS salinity differences in the 0–300 m layer. (b) shows the

RMS salinity differences in the 700–2000 m layer. (c) shows the mean salinity differences in the 0–300 m layer. (d) shows the mean salinity

differences in the 700–2000 m layer. The size of the colored boxes is proportional to the number of observations falling into that 2◦× 2◦ box.

(a) (b) 

Figure 5. 19 December 2012: analyzed temperature fields – differences between Run-Ref and Run-NoArgo at 100 m (a) and 1000 m (b).

smaller errors. However, the RMS in these regions is still

around 0.75 ◦C. The mean of the differences between the

analyzed field and the observations is calculated on a sim-

ilar basis as the RMS. The mean of the temperature differ-

ences reveals that without Argo assimilation, western bound-

ary currents are 0.5 ◦C warmer than observations. The tropi-

cal Pacific Ocean is cooler (−0.6 ◦C) than Argo observations

in the western part.

In the 700–2000 m layer, errors are more spatially concen-

trated. The RMS differences between Run-NoArgo-analyzed

Ocean Sci., 12, 257–274, 2016 www.ocean-sci.net/12/257/2016/
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(a) (b) 

Figure 6. The RMS of temperature differences between Run-Ref and Run-NoArgo in the 0–300 m layer (a) and in the 700–2000 m layer (b)

for the last 6 months of the experiments.

Figure 7. Spatial distribution of the mean and RMS temperature differences between Run-Ref and in situ observations in the 0–300 and

700–2000 m layers over the last 6 months of the experiments. (a) shows the RMS temperature differences in the 0–300 m layer. (b) shows

the RMS temperature differences in the 700–2000 m layer. (c) shows the mean temperature differences in the 0–300 m layer. (d) shows the

mean temperature differences in the 700–2000 m layer. The size of the colored boxes is proportional to the number of observations falling

into that 2◦× 2◦ box.

fields and Argo observations in the western boundary cur-

rents is over 0.25 ◦C but can reach 0.4 ◦C in particular ar-

eas. The analyzed temperature of the regions between the

Southern and Indian oceans are also very different from Argo

measurements. The North Atlantic and the Arabian Sea show

RMS temperature differences of 0.4 and 0.2 ◦C respectively.

In the tropics, the RMS reaches 0.15 ◦C. In the middle of the

Pacific subtropical basin, the contribution of Argo assimila-

www.ocean-sci.net/12/257/2016/ Ocean Sci., 12, 257–274, 2016
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Figure 8. Heat content anomaly time series for the 0–2000, 0–300 and 700–2000 m layers of the Run-Ref (blue), Run-Argo2 (light blue) and

Run-NoArgo (black): (a) for the global ocean, (b) North Atlantic, (c) North Pacific and (d) Southern Ocean.

(a) (b) 

Figure 9. 19 December 2012, analyzed salinity fields – differences between Run-Ref and Run-NoArgo at 100 m (a) and 1000 m (b).

Ocean Sci., 12, 257–274, 2016 www.ocean-sci.net/12/257/2016/
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(a) (b) 

Figure 10. RMS of salinity differences between Run-Ref and Run-NoArgo in the 0–300 and 700–2000 m layers for the last 6 months of the

experiment.

(a) (b) 

(c) (d) 

Figure 11. Spatial distribution of the RMS and the mean salinity differences between Run-Ref and in situ observations in the 0–300 and

700–2000 m layers over the last 6 months of the experiments. (a) shows the RMS salinity differences in the 0–300 m layer. (b) shows the

RMS salinity differences in the 700–2000 m layer. (c) shows the mean salinity differences in the 0–300 m layer. (d) shows the mean salinity

differences in the 700–2000 m layer. The size of the colored boxes is proportional to the number of observations falling into that 2◦× 2◦ box.

tion is less obvious, as the RMS in that part of the ocean is

lower than 0.1 ◦C. The mean misfit does not reveal any sig-

nificant bias for that layer in this region.

Figure 4 is similar to the previous figure but concerns

salinity. Figure 4a shows the RMS differences between an-

alyzed salinity and Argo observations in the 0–300 m layer.

At that depth, mid-latitude oceans, northern Indian Ocean,

North Pacific, Atlantic, western boundary current regions

and part of the Southern Ocean show differences larger than

0.1 psu and could be considered as regions very sensitive to

www.ocean-sci.net/12/257/2016/ Ocean Sci., 12, 257–274, 2016
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Figure 12. Salt content anomaly time series for the 0–2000, 0–300 and 700–2000 m layers from Run-Ref (blue), Run-NoArgo (black), and

Run-Argo2 (light blue) and for the global ocean (a), North Atlantic (b), North Pacific (c), and Southern Ocean (d).

salinity observations, unlike the South Pacific, southern In-

dian Ocean and part of the Southern Ocean. The distribu-

tion of the mean salinity differences (Fig. 4c) shows partic-

ular patterns in the Southern Ocean between South Africa

and Australia, in the eastern Indian Ocean and also in the

South Atlantic. The analyzed ocean in these regions displays

a strong positive salt bias.

From 700 to 2000 m (Fig. 4b), the North Atlantic basin,

outflow regions, western boundary current regions and part

of the Southern Ocean between South Africa and Australia

have large RMS misfits. In this layer, the mean salinity misfit

is greatest in the Southern Ocean and Mediterranean outflow

region (Fig. 4d). In this depth range, the analysis is likely to

be sensitive to Argo assimilation as there are very few other

in situ data to constrain it.

3.1 Impact of Argo data assimilation on analyzed fields

In the next two subsections, we discuss the differences in an-

alyzed temperature and salinity fields from the surface down

to a depth of 2000 m due to the Argo data set assimilation. In

each subsection, we study a snapshot of the daily difference

between OSEs with and without Argo data assimilation to il-

lustrate the effect of Argo data assimilation. We then use the

spatial RMS of the daily differences in the 0–300 and 700–

2000 m layers to provide quantitative information on the re-

alism of the analyzed T and S fields compared to in situ ob-

servations. Heat and salt content in the 0–2000, 0–300 and

700–2000 m layers are also analyzed. This shows the sensi-

tivity of the analyzed temperature and salinity fields to Argo

data assimilation. We then verify that the in situ observation–

Ocean Sci., 12, 257–274, 2016 www.ocean-sci.net/12/257/2016/
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analysis differences were efficiently reduced by the assimila-

tion process.

3.1.1 Temperature

Figure 5 shows the temperature differences between Run-Ref

and Run-NoArgo for 19 December 2012 at 100 and 1000 m.

We chose that date to illustrate the state of the analyzed ocean

at the end of a year-long experiment.

The impacts of Argo observations at 100 m (Fig. 5a) are

widely but unequally distributed in the global ocean. Many

regions show differences higher than 0.3 ◦C, mostly in the

Northern Hemisphere and in the equatorial band. In some

regions, these 1-day differences reach 1 ◦C or more.

At 1000 m the influence of Argo observations is much

more localized: analyses for the North Atlantic, Agulhas

Current, south of Australia and southern Indian Ocean are

strongly affected by Argo assimilation. In these highly dy-

namic regions, differences between the two experiments

reach 0.5 ◦C. The influence of Argo observations at 1000 m

is striking in the North Atlantic area of the outflow from the

Mediterranean: differences there can be larger than 0.3 ◦C.

As a consequence, Argo data assimilation is crucial to cor-

rect the water mass properties in the ocean interior of the

model forecast.

Figure 6 shows the RMS of the temperature differences

between Run-Ref and Run-NoArgo. It is calculated from the

daily differences of the last 6 months of the experiment. It

quantifies the spatial distribution of the impact of Argo as-

similation on the PSY3 data assimilation system. We chose

to focus on the 0–300 m layer, where SST and SLA assimi-

lation also plays a major role, in order to evaluate the impor-

tance of Argo temperature measurements in the upper ocean,

and on the 700–2000 m layer to assess the impact of Argo

profiles in this specific layer, where Argo is almost the only

in situ observing system available.

Figure 6a shows that global ocean analyses are impacted

by assimilating the Argo data in the 0–300 m layer. The RMS

of the temperature differences between experiments reaches

0.5 ◦C in each ocean. The highest values of the RMS (around

1.5 ◦C) are located in regions where the variability is very

high (i.e., Gulf Stream, Kuroshio, Brazilian Current, Agul-

has Current, and North Brazil Current retroflection). Argo

assimilation in these regions strongly impacts analyzed tem-

perature fields.

In the 700–2000 m layer (Fig. 6b), the impact of Argo

on analyzed temperature fields is more localized in regions

with high variability. In the Gulf Stream, the Agulhas Cur-

rent and around South Africa the RMS of the temperature

differences reaches 0.5 ◦C. In this depth range, the North At-

lantic remains the most sensitive region to Argo data assim-

ilation. The RMS of the temperature differences in the Red

Sea and Mediterranean outflow region is around 0.5 ◦C. On

the other hand, the impact of Argo in the 700–2000 m layer

is not as widely dispersed as in the 0–300 m layer. The RMS

remains significant (around 0.2 ◦C) in the South Atlantic, In-

dian Ocean and part of the Southern Ocean. Pacific Ocean

analyses in that layer are less impacted by the assimilation of

Argo data.

The map of RMS differences in the layer 300–700 m (not

shown here) exhibits similar patterns to the 0–300 m layer

but with smaller amplitudes.

Figure 7 shows the spatial distribution of the mean and

RMS of the temperature differences between Argo observa-

tions and the Run-Ref analysis which assimilates Argo ob-

servations with satellite and other in situ observations. The

RMS and mean statistics are calculated in 2◦× 2◦ boxes and

in the 0–300 and 700–2000 m layers. Differences are obvi-

ously much reduced compared to the Run-NoArgo experi-

ment (Fig. 3), which shows that the assimilation system is

able to retain most of the information derived from Argo

observations and there is no significant incompatibility with

the other assimilated data sets (e.g., satellite altimetry). In

what follows, Run-Ref will be considered our best estimate

of the real ocean and we will further quantify the impact

of Argo observations by comparing the analyzed Run-Argo2

and Run-NoArgo fields to the Run-Ref fields.

Figure 8 shows the time series of heat content anomaly

estimates in different oceans and for different depth ranges.

Heat content changes are calculated as described in Von

Schuckmann et al. (2009). Anomalies are obtained by sub-

tracting the 3-year mean (2011–2013) of PSY3-analyzed

fields from the OSE’s analyzed temperature. Time series for

the global ocean, the North Atlantic (20–60◦ N, 5–70◦W),

North Pacific (20–60◦ N, 110◦W–120◦ E) and Southern

Oceans (50–70◦ S, 180◦W–180◦ E) are shown in Fig. 8.

The global ocean heat content (hereafter referred to as

GOHC) anomaly is an important diagnostic measure of

changes in Earth’s climate system (Levitus et al., 2005;

Hansen et al., 2005). This diagnostic measure is often derived

from Argo observations (e.g., Von Schuckmann et al., 2011,

2009; Willis et al., 2009; Trenberth and Fasullo, 2010) or

other observing systems such as altimetry or through the clo-

sure of Earth’s energy budget (e.g., Domingues et al., 2008;

Cazenave and Llovel, 2010; Trenberth and Fasullo, 2010).

Figure 8a shows an overestimation of the GOHC anomaly

calculated without Argo observations that is significant com-

pared to the variability of the system. In the 0–2000 m layer,

the GOHC anomaly difference between Run-Ref and Run-

NoArgo is around 0.8×108 J m−2. The anomaly for the three

OSEs varies from −1×108 to 2×108 J m−2. This differ-

ence is mainly driven by the estimation of the heat content

anomaly in the 700–2000 m layer where the discrepancy be-

tween experiments reaches 0.4×108 J m−2. In the 0–300 m

layer, the differences between the OSEs are less significant.

Focusing on different ocean regions (Fig. 8b, c, d) shows

that the impact of Argo differs depending on regions and

hemispheres. In the North Atlantic Ocean, in the 700–

2000 m layer, ocean analysis without Argo observation gives

warmer results than our best ocean estimate. The heat con-
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Figure 13. RMS time series of the temperature innovations for Run-Ref (a), Run-Argo2 (b), Run-NoArgo (c) and Free Run (d) in the last

6 months of the experiments.

Figure 14. Vertical structure of the RMS of temperature innovations (a) and normalized RMS of temperature innovations (b) from 0–2000 m

for Run-Ref (grey), Run-Argo2 (yellow), Run-NoArgo (blue) and Free Run (red) over the last 6 months of the experiments.

tent anomaly reaches 1.4×108 J m−2, which is significant

when compared to the heat content variability there. It is also

noticeable that the impact is not necessarily in the same di-

rection. Contrary to the North Atlantic Ocean and the South

Oceans, heat content anomaly is reduced without Argo as-

similation in the North Pacific Ocean in the 700–2000 m

layer. Moreover, the negative heat content anomaly leads to

compensation between the heat content anomalies in differ-

ent oceans that hide the importance of Argo observations in

the GOHC evaluation.

These experiments show the high sensitivity of the ocean

heat content estimation from the PSY3 analysis to the assim-

ilation of the Argo observation array. This is especially true

for depths below 700 m, where the variability is smaller than

in the surface layer. Estimates differ if only half of the Argo

floats are assimilated.
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Figure 15. RMS time series of the salinity forecast field and in situ salinity differences for Run-Ref (a), Run Argo2 (b), Run-NoArgo (c) and

Free Run (d) in the last 6 months of the experiments.

Figure 16. Vertical structure of the RMS of salinity innovations (a) and normalized RMS of salinity innovations (b) from 0 to 2000 m for

Run-Ref (grey), Run-Argo2 (yellow), Run-NoArgo (blue) and Free Run (red) over the last 6 months of the experiments.

3.1.2 Salinity

Figure 9 shows the salinity differences between Run-Ref and

Run-NoArgo for 19 December 2012 at 100 and 1000 m. At

100 m, significant differences are spread all over the global

ocean. Many regions are heavily affected by Argo assimila-

tion, such as the tropical oceans and the Gulf Stream area.

Around the Equator, the maximum amplitude of the daily

differences is larger than 0.3 psu. The spread and amplitude

of differences show the sensitivity of the PSY3 analysis to

the assimilation of Argo salinity data.

At 1000 m, North Atlantic regions are very sensitive to the

assimilation of Argo profiles, the differences reach 0.1 psu.

The impact is greatest in the Mediterranean and Red Sea out-

flows and in the Gulf Stream areas. Regions with high vari-

ability are also significantly impacted: western boundary cur-

rents, southern Indian Ocean, Antarctic Circumpolar Current
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(ACC) and Arabian Sea. There is no significant difference in

the Pacific Ocean at that depth for this date.

Figure 10 shows the RMS of the salinity differences be-

tween Run-Ref and Run-NoArgo. Similar results are ob-

tained for salinity and temperature. In the 0–300 m layer, the

impact of the assimilation of Argo salinity profiles is spread

over all of the world’s oceans. The RMS of the salinity dif-

ference between OSEs reaches 0.1 psu in most of the oceans.

Tropical oceans and western boundary current regions are the

most affected: RMS exceeds 0.2 psu in these areas. The trop-

ical Atlantic is the most sensitive region. The Amazon out-

flow is extremely active and the sensitivity of the analyses to

the assimilation of Argo profiles is clear to see.

It is also noticeable that the Labrador Sea, mainly along

its shelf break, is very sensitive to Argo profile assimilation.

The analyses for the “boundary” between the Indian Ocean

and the Antarctic, where the subtropical front approaches the

Agulhas Front, are also highly affected. The analysis of these

different water masses is obviously very sensitive to Argo

salinity and temperature profile assimilation.

In the 700–2000 m layer, the greatest impact is found in the

North Atlantic. The RMS of the salinity differences reaches

0.1 psu along the European coast, due to the ill-positioning

of the Mediterranean outflow in the model forecasts, and is

around 0.05 psu elsewhere in the basin. As for temperature,

high-variability regions are strongly affected by Argo pro-

file assimilation: Arabian Sea, Agulhas Current region, South

America west boundary region and southern Indian Ocean.

Again, the Pacific Ocean is far less affected.

Figure 11 shows the spatial distribution of the mean and

RMS of the salinity difference between Argo observations

and the Run-Ref analysis which assimilates Argo observa-

tions together with satellite and other in situ observations.

The RMS and mean statistics are calculated in 2◦× 2◦ boxes

and in the 0–300 and 700–2000 m layers. This shows that the

system performs best when all Argo floats are assimilated.

Compared to Fig. 4a, b, c and d where no Argo data were as-

similated, the misfit with in situ observation is considerably

reduced. Results are similar for salinity and temperature. For

salinity, Run-Ref will also be considered as our best salinity

estimate of the real ocean and we will also further quantify

the impact of Argo observations by comparing Run-Argo2

and Run-NoArgo analyzed salinity fields to Run-Ref ones.

Figure 12 shows the evolution of the daily salt content

anomaly in different regions of the global ocean and for dif-

ferent layers. The salt content anomaly is calculated by sub-

tracting the 3-year mean (2011–2013) salinity of the Run-Ref

from the OSEs’ analyzed salinity. Time series for the global

ocean, North Atlantic (20–60◦ N, 5–70◦W), North Pacific

(20–60◦ N, 110◦W–120◦ E) and Southern Ocean (50–70◦ S,

180◦W–180◦ E) are plotted. The different OSEs are repre-

sented by different colors. Blue is for Run-Ref, light blue is

for Run-Argo2 and black is for Run-NoArgo.

The global estimate of the salt anomaly (Fig. 12a) shows

differences depending on whether it is calculated with Run-

Ref, Run-Argo2 or Run-NoArgo. This masks some larger

differences in regional estimates. Even the salt anomaly esti-

mate in the surface layers from 0 to 300 m shows a strong

sensitivity to the assimilation of Argo profile data, espe-

cially in the Southern Ocean. At depths between 700 and

2000 m, where Argo is nearly the only in situ observing sys-

tem available, the impact on the estimated variability of the

salt anomaly is significant compared to the natural variabil-

ity, even on 1-year experiments. The results for the North

Atlantic are the most heavily affected. The contribution of

the 700–2000 m layer to the 0–2000 m layer salt anomaly is

not negligible.

In most of the regions, salt content estimation differs de-

pending on whether only half or the full Argo array is assimi-

lated. The estimates obtained with half of the Argo array are,

in most cases, closer to the estimate obtained with the full

Argo array than the simulation without Argo, but the differ-

ences are still significant compared to the anomaly itself.

3.2 Impact on forecast fields

In this section, the impact of Argo data assimilation on short-

term forecasts (< 7 days) is evaluated using the innovation

(observation values minus model forecast values) statistics.

OSEs forecast fields are compared with the Argo and other

in situ observations. The statistics are computed over the last

6 months of the experiment.

3.2.1 Temperature innovations

Figure 13 shows the global average RMS of the temperature

innovation from 0 to 2000 m for the last 6 months of the Run-

Ref, Run-Argo2, Run-NoArgo and Free Run experiments.

For each experiment, the RMS is greatest at approximately

100 m and decreases with depth. The amplitude of the RMS

temperature innovations below 1000 m is very low compared

to the mixed layer depth values, but global variability at that

depth is obviously also very low. The RMS of temperature in-

novation decreases with increasing quantity of Argo data as-

similated. Atmospheric forcing and assimilation of SST and

SLA may explain the good surface results for Run-Ref, Run-

Argo2 and Run-NoArgo.

Figure 14a shows the temporal mean RMS temperature in-

novation profile of the previous 6-month time series from

the surface down to 2000 m. This is a standard procedure

for characterizing the performance of a forecasting system

and evaluating the impact of an observing system (Oke and

Schiller, 2007; Vidard et al., 2007; Fujii et al., 2014; Lea

et al., 2014; Guinehut et al., 2012). The maximum RMS is

found at 100 m for the four experiments, but the RMS of the

innovations ranges from 1.4 ◦C for Free Run to 0.9 ◦C for

Run-Ref. The RMS of temperature innovations is improved

in the whole water column when Argo temperature profiles

are assimilated. However, at depths greater than 1400 m, the

RMS for temperature innovation of the Free Run experiment
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Table 2. Temperature forecast skill improvement derived from the reduction of the RMS temperature innovations.

Forecast skill improvement due to assimilation Forecast skill improvement due to assimilation

of the first half of the Argo array of the global Argo array

0–2000 m from 10 to 30 % from 15 to 50 %

0–300 m from 10 to 15 % around 18 %

700–2000 m from 10 to 30 % from 20 to 50 %

Table 3. Salinity forecast skill improvement derived from the reduction of the RMS salinity innovations.

Forecast skill improvement due to assimilation Forecast skill improvement due to assimilation

of the first half of the Argo array of the global Argo array

0–2000 m from 20 to 40 % from 20 to 65 %

0–300 m around 20 % from 20 to 30 %

700–2000 m from 20 to 40 % from 30 to 65 %

is lower than the RMS for temperature innovation of the Run-

NoArgo. This result shows the importance of Argo T and S

profile assimilation for ensuring a good projection at depth

of the SLA and SST innovation by the multivariate data as-

similation system.

On Figure 14b, each RMS temperature innovation profile

shown in Fig. 14a is normalized with the Run-Ref RMS in-

novation profile, which represents our best forecast, shown

in grey in Fig. 14a and b. We can then quantify the degra-

dation of system performance in terms of temperature RMS

error forecast due to the decrease of the number of Argo pro-

files assimilated. From those normalized profiles, we deduce

an estimation of the percentage of degradation of the sys-

tem performance for different depth ranges, summarized in

Table 2. Coarsely, improvements range from 10 % in the 0–

300 m layer to 50 % in the 700–2000 m layer. Assimilation

of the first half of the Argo array improves the performance

of the system by 15 % from the surface to 300 m depth and

from 15 to 30 % in the 700–2000 m layer. The assimilation of

the second part of the array improves the performance of the

system by around 5 % in the 0–300 m depth and by 10–20 %

in the 700–2000 m layer.

3.2.2 Salinity innovation

The same calculations are performed for salinity as for tem-

perature. Figure 15 is a time series of the RMS of salinity

profile innovations for the last 6 months of experiments. Run-

Ref, Run-Argo2, Run-NoArgo and Free Run time series are

represented here.

The RMS error is greatest at the surface and decreases

with depth. From 0 to 2000 m the more salinity data are as-

similated the closer to the observation the forecasts become.

There is no significant increase of the innovation RMS during

the 6-month experiment for Run-Ref and Run-Argo2 as there

is in Run-NoArgo and Free Run. This increase becomes visi-

ble at around 300 m. This result demonstrates the importance

of Argo observations for constraining salinity in the PSY3

system. Figure 16a shows the global mean absolute and nor-

malized profiles of the RMS of salinity innovations for the

different experiments. In the 0–300 m layer, the RMS inno-

vation improvement depends on the quantity of Argo data as-

similated by the system. Figure 16b shows that the RMS in-

novation is reduced by 20 % when the first half of Argo pro-

files is assimilated, compared to the RMS innovation without

Argo data assimilated. The assimilation of the second half of

the Argo data set reduces it by a further 5–10 % relative to

the best scores (Run-Ref in blue). In the 700–2000 m layer,

the increase of the quantity of Argo data assimilated, together

with SLA and SST, induces a decrease of the RMS misfit in

salinity.

This again shows the need for a good coverage of in situ

profiles to estimate a coherent T and S 3-D correction from

data assimilation of SLA and SST. The improvement corre-

sponding to the assimilation of 50 % of the Argo array is from

20 to 40 % in that layer, compared to Run-NoArgo. Assimi-

lation of the second half of the Argo array reduces the RMS

innovation by a further 10–25% compared to the best results.

These values are recapitulated in Table 3.

3.2.3 SST and SSH innovations

To validate the assimilation process, we briefly look at the

impact of the assimilation of temperature and salinity pro-

files on other model-forecasted variables. It allows checking

the physical consistency of the increment with the model

physics. An “unbalanced” increment will destroy model

equilibriums.

The global RMS of the SST innovations does not differ in

the simulations with and without Argo data assimilated. The

mean RMS is close to 0.6 ◦C over the last 6 months of the

OSE experiments. The temperature in the surface layers of

the PSY3 system is highly constrained by the assimilation of

the Reynolds SST maps. This can be seen in the RMS in-
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novation profiles of in situ observations that are small and

close to the surface even when no Argo observations are as-

similated. It also shows that globally the surface temperature

observations from SST and in situ observations are coherent.

The global RMS of the SSH innovations also does not

differ significantly between the OSEs with and without as-

similated Argo T and S profiles. They stay close to 7 cm in

RMS. Although the assimilation of in situ observations leads

to a better 3-D estimation of the T and S fields, it does not

change globally the fit to the SSH. Regional incoherencies

were identified in our system between the information on dy-

namical height brought by the altimetry referenced to a MDT

and the in situ data set. The projection of the altimetry data

at depth on T and S fields is changed when Argo data are as-

similated. Further investigation is required to study the com-

plementarity of the in situ and SLA data set in our system

and possible incoherencies.

4 Conclusion

Observing system experiments were carried out with the

Mercator Ocean 0.25◦ global ocean system to quantify the

impact of Argo data assimilation. We considered the effect

of Argo data assimilation on the 0–2000 m layer, focusing on

the 0–300 m layer and on the 700–2000 m layer, where Argo

observations are almost the only in situ observing system.

The different OSEs cover the year 2012.

The quality of the 3-D temperature and salinity analy-

ses without Argo observations was first assessed. This high-

lighted the system’s weaknesses when only SST, SLA and

non-Argo in situ data are assimilated. Without Argo data as-

similated, large errors are found in the western boundary cur-

rents, Antarctic Circumpolar Current, the Mediterranean and

Red Sea outflows and in the tropics.

The effect of Argo data assimilation was then assessed

through the comparison of the analyzed temperature and

salinity fields over the last 6 months from the different ex-

periments. The comparison of the Run-Ref and Run-NoArgo

experiments highlights the high sensitivity of the analyses

to Argo data assimilation. The 6-month RMS differences of

daily fields between these experiments easily reach 1 ◦C and

0.1 psu at 100 m and 0.3 ◦C and 0.05 psu at 1000 m. The lo-

cation of the main differences is strongly correlated to re-

gions with high variability, both at the surface and at depth.

Strong effects are also noted in the Red Sea, and in the Ama-

zon and Mediterranean outflow regions. Regions sensitive to

Argo data assimilation coincide well with the regions where

there is a large difference between analyzed fields without

Argo observations and in situ observations. The density of

the Argo data assimilated also has a considerable impact on

the estimated evolution of heat content and mean salinity

anomalies in both the surface layer from 0 to 300 m and the

700–2000 m layer, the latter being mainly unobserved with-

out Argo observations. Finally, we evaluate the impact of the

Argo profile assimilation in the PSY3 forecasting system by

computing the RMS differences between in situ observations

and forecast fields for the different OSEs. Through Argo as-

similation, the differences between observation and forecast

fields are reduced by about 20 % in the 0–300 m layer and

by between 20 and 65 % in the 700–2000 m layer. Results at

depth show the importance of the global spatial coverage of

Argo assimilation for constraining the temperature and salin-

ity 3-D correction, deduced from data assimilation of SLA

and SST, for more realistic results.

We show that the changes seen in the analyzed PSY3 tem-

perature and salinity fields when Argo is assimilated corre-

spond to an improvement of the analysis and forecast fields in

terms of innovation and residuals to in situ observations. This

shows the ability of the data assimilation system to take ad-

vantage of the Argo observations. The progressive improve-

ment of the system’s forecasting skills from assimilation of

half of the Argo array to the full Argo array also indicates that

all observations are needed to constrain our system. These

results highlight the major importance of Argo data assimila-

tion for operational oceanography. A decrease in the existing

coverage of the Argo array would lead to a degradation of the

PSY3 global ocean analysis and forecasts.

Finally, it is important to bear in mind that results from

OSEs depend on the modeling and data assimilation system

used. Our study takes place in the context of short-term real-

time ocean analyses and forecasts. The conclusions could

not be generalized to other ocean reanalyses without fur-

ther investigation. The impact of Argo data assimilation on

the other model variables also has to be further investigated.

Here we focus on the impact of Argo observations on the

reconstruction of 3-D temperature and salinity fields. Fur-

thermore, we did not keep any in situ independent data sets

as we stayed close to the real-time PSY3 system. General

statements about observing systems should only be made

with caution unless consistent results based on several sys-

tems are obtained. This is the approach promoted by the

GODAE OceanView OSE/OSSE (observing system exper-

iment/observing system simulation experiment) task team.
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