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Number of Argo profiles vs. averaged differences between OSSE and 
NEMO sea-air CO2 flux [1]

OSSE1 – only SOCAT for period 2001–2010 – what we want to improve

OSSE 3 – SOCAT 2001-2010 and Argo complete synthetic homogeneous 
distribution 2008–2010 – unreallistic case, we use it as benchmark

OSSE 10 – SOCAT 2001–2010, Moorings, 25% of Argo initial synthetic 
homogeneous distribution only in the South Hemisphere – OSSE that shows 
results close to the OSSE 3 and is closer to the possible realistic data distribution

SOCAT - synthesis files SOCATv5 with the daily 
measurements for 2001-2010.

Argo - synthetic homogeneous distribution of 1 
profiler per 3ox3o grid box for 2008-2010 provided 
by Mercator Ocean.

Moorings - OceanSITES for whole period.

Results of reconstruction for 2008-2010 based on NEMO/PISCES outputs 
[1]:

Aims:
• Identification of an optimal observational network 

for surface ocean pCO2 in the Atlantic Ocean 
and the Atlantic sector of the Southern Ocean.

• Improvement of the accuracy of ocean surface 
pCO2 reconstructions and consequently sea-air 
CO2 flux.

Data distribution

Main Results:
• Importance of 

additional data from 
mooring stations.

• Needs of an 
improved coverage of 
the southern 
Hemisphere with 
biogeochemical 
ARGO floats 
corresponding to at 
least 25% of the 
density of active 
floats.

• Reduce the bias of 
derived estimates of 
sea-air CO2 fluxes by 
74%.
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Observation System Simulation Experiments (OSSE):
Pseudo-observations were obtained by sub-sampling model output at sites of real-
word observations. 

We used the numerical output from an online-coupled physical-biogeochemical 
global ocean model, the NEMO/PISCES model, at 5-day resolution, nominal 1/4o

resolution.

OSSE1: 0 Argo 
profiles, error  = -0.28 
Pg/yr

OSSE 3: 403 Argo 
profiles, error = -0.04 
Pg/yr

OSSE 10: 48 Argo 
profiles, error = -0.04 
Pg/yr



Motivation

• The Surface Ocean CO2 Atlas (SOCAT) (Bakker et al., 2016) represents global 
observations of the sea surface fugacity of CO2 (fCO2) starting in 1970. However, the 
data density is not homogenous, Southern latitudes being less well sampled in space 
and time. Sparse data coverage and the lack of observations covering the full seasonal 
cycle challenge mapping methods and result in noisy reconstructions of surface ocean 
pCO2 and disagreements between different models [1].

• Starting from measurements extracted from the SOCAT database, the goal was to 
identify how and where the new data from biogeochemical ARGO floats can improve 
surface ocean pCO2 reconstructions and how to optimally integrate them with other 
existing platforms [1]. 



Observation System Simulation Expirements
Data OSSE number Period for training averaged number of Argo 

floats per 5 days

SOCAT OSSE 1 2001-2010 0

Argo (3ºx3º) OSSE 2 2008-2010 404

SOCAT + Argo (3ºx3º) OSSE 3 2001-2010 (SOCAT) + 2008-
2010 (Argo)

403

SOCAT + Argo 25% (3ºx3º) OSSE 4 2001-2010 (SOCAT) + 2008-
2010 (Argo)

101

SOCAT + Argo 10% (3ºx3º) OSSE 5 2001-2010 (SOCAT) + 2008-
2010 (Argo)

40

SOCAT + Argo South (3ºx3º) OSSE 6 2001-2010 (SOCAT) + 2008-
2010 (Argo South)

195

SOCAT + Argo 25% South 
(3ºx3º)

OSSE 7 2001-2010 (SOCAT) + 2008-
2010 (Argo South)

48

SOCAT + Argo 10% South 
(3ºx3º)

OSSE 8 2001-2010 (SOCAT) + 2008-
2010 (Argo South)

19

SOCAT + Argo S + Moorings OSSE 9 2001-2010 (SOCAT) + 2008-
2010 (Argo South, Moorings)

195

SOCAT + Argo S 25% + 
Moorings

OSSE 10 2001-2010 (SOCAT) + 2008-
2010 (Argo South, Moorings)

48

SOCAT + Argo S 10% + 
Moorings

OSSE 11 2001-2010 (SOCAT) + 2008-
2010 (Argo South, Moorings)

19



Method
• Feed-Forward Neural Network to reconstruct pCO2

• Target pCO2 and predictors were normalized before their application that correspond to the 
subscript “n”. “anom” is for anomalies of corresponding variable.

• The FFNN is applied separately to each month.

• A K-fold cross-validation with K=4 was used to evaluate and validate the FFNN architecture. 25 % 
of independent data are chosen for validation. In each of the 4 cases the 25% of data are different 
and there is no overlap. Thereby, each run has 4 outputs. 

• We present further the averaged values of 4 outputs for each OSSE. The shadows in figures of 
pCO2 and fgCO2 time series correspond to the maximum and minimum values of these 4 outputs.

• The observing systems used in this study either already perform measurements to estimate pCO2 
or have the possibility to be equipped with new sensors to provide biogeochemical measurements. 
We use their information on geographical. 
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the low-sampled Tropical and South Atlantic regions. The target for BioGeoChemical Argo (1/4 of ARGO 106 
coverage) (Bittig et al., 2018) was derived from this distribution.  107 
(3) OceanSITES: This dataset combines observations from open ocean Eulerian time series stations providing 108 
data since 1999 (Fig.1c). We used all available locations of moorings (except moorings included in SOCATv5) 109 
and added this information to the period of reconstruction 2008-2010 (http://www.oceansites.org/). It provided 110 
318 additional positions to our data set. 111 
 112 
For this study, the same set of predictors was used as in Denvil-Sommer et al. (2019) for training the Machine 113 
Learning (ML) algorithm: sea surface salinity (SSS), sea surface temperature (SST), sea surface height (SSH), 114 
mixed layer depth (MLD), chlorophyll a concentration (Chl a) and atmospheric CO2 (pCO2, atm). These variables 115 
are known to represent the main physical, chemical and biological drivers of surface ocean pCO2 (Takahashi et 116 
al., 2009; Landschützer et al., 2013). 117 

b) Model output and pseudo-observations 118 

Here we used the numerical output from an online-coupled physical-biogeochemical global ocean model, the 119 
NEMO/PISCES model, at 5-day resolution. This configuration of the Nucleus for European Modelling of the 120 
Ocean (NEMO) framework was implemented on a global tripolar grid. It coupled the ocean general circulation 121 
model OPA9 (Madec et al., 1998), the sea ice code LIM2 (Fichefet & Maqueda, 1997), and the biogeochemical 122 
model PISCESv1 (Aumont and Bopp, 2006). Information on the simulation is given in Gehlen et al. (2020) and 123 
Terhaar et al. (2019). The geographical and time positions identified from the data mentioned before were used to 124 
create pseudo-observations by sub-sampling NEMO/PISCES model output at sites of real-word observations. 125 
Thus, the positions of SOCAT, Argo floats and mooring stations were chosen over 5 days centred on the 126 
NEMO/PISCES date and sub-sampled on the model grid. The model grid coordinate closest to the real 127 
geographical position was chosen, if several measurements were co-localized at the same grid coordinate and same 128 
time step it is counted as one measurement. No Argo floats were added to grid cells if there was already a 129 
measurement identified in the SOCAT database. All predictors and target pCO2 were taken from model output at 130 
corresponding coordinates. These outputs served as the reference for validation and evaluation of our experiments 131 
and for assessing the ML method’s accuracy. The simulation covers the period 1958 to 2010, the last 3 years were 132 
retained for the design study. 133 

2.2 Observational System Simulation Experiences 134 
Table 1 summarizes experiments designed for different combinations of observing platforms. 135 
The first test is based on individual sampling data extracted from the SOCAT database. As mentioned before these 136 
data provide a good coverage of the Northern Hemisphere. The lesser coverage in the Southern Hemisphere results 137 
in a larger dispersion of methods based on these observations only (Denvil-Sommer et al., 2019; Rödenbeck et al., 138 
2015). This has motivated experiments with additional data from Argo profilers limited to the Southern 139 
Hemisphere. An experiment based on the full physical ARGO network was included to evaluate the method for a 140 
high spatial and temporal coverage (an optimal, yet unrealistic case).  141 
 142 
We have tested combinations of SOCAT data and (1) total Argo data, (2) Argo only in the Southern Hemisphere, 143 
and (3) 25% or (4) 10% of the initial (total) Argo distribution. Finally, these experiments were repeated with 144 
additional mooring data. It is worth noting (Table 1) that OSSE 4 is closest to the target of the BGC-Argo program 145 
with a BGC-Argo density corresponding to 25% of the existing Argo distribution. However, we decided to choose 146 
OSSE 3 as a benchmark against which to evaluate individual experiments. This experiment has a high data density 147 
and provides additional information on a potential future BGC-Argo network.   148 

2.3 Method  149 
We used a Feed-Forward Neural Network (FFNN) based on Denvil-Sommer et al. (2019) to reconstruct surface 150 
ocean pCO2 over the Atlantic Ocean. Compared to the previous study we skipped the first step consisting of the 151 
reconstruction of the pCO2 climatology. The reconstruction covered January 2008 to December 2010 with a 5-day 152 
frequency and the spatial resolution of the tripolar ORCA025 model grid (nominal 1/4º resolution). The approach 153 
consisted in a method that reconstructs the non-linear relationships between the target pCO2 and predictors 154 
responsible for pCO2 variability:  155 
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Taylor diagrams

• Over 8 biomes 
(pink color) 
OSSE 10 
shows reslults 
close to the 
benchmark 
OSSE 3:

OSSE 1 OSSE 3 OSSE 10

Biomes (after Rödenbeck et al., 2015; Fay and McKinley, 
2014). Colors in Taylor diagrams correspond to biomes.

OSSE 1:   STD = 26.08 𝜇𝑎𝑡𝑚

R = 0.67

OSSE 3:   STD = 23.79 𝜇𝑎𝑡𝑚

R = 0.87

OSSE 10: STD = 24.89 𝜇𝑎𝑡𝑚

R = 0.85  

NEMO/PISCES STD = 25.34 𝜇𝑎𝑡𝑚

• Significant 
improveme
nt in biomes 
13, 15, 16, 
17 that are 
less 
covered by 
SOCAT

OSSE 1:   STD = 16.11/15.28/11.76/21.11 𝜇𝑎𝑡𝑚

R = 0.68/0.31/0.7/0.57

OSSE 3:   STD = 17.91/11.21/10.55/21.06 𝜇𝑎𝑡𝑚

R = 0.91/0.73/0.83/0.85

OSSE 10: STD = 17.36/11.35/11.01/22.25 𝜇𝑎𝑡𝑚

R = 0.88/0.65/0.78/0.89

NEMO/PISCES STD = 18.84/15.20/10.79/24.03 𝜇𝑎𝑡𝑚



Mean differences between OSSEs and NEMO/PISCES pCO2

• Improvement in biomes 
13, 15, 16, 17 for OSSEs 
3 and 10 compare to 
OSSE 1.

• A lack of data in biomes 8 
(was excluded from 
analysis due to the small 
amount of data) and 12 for 
OSSE 10.

• Need for data in costal 
areas.

OSSE 1 OSSE 3 OSSE 10



pCO2 time series
• Additional data from mooring stations 

and Argo floats in the South 
Hemisphere (green curve) provide 
significant improvement in 
reproduction of seasonal cycle in 
biome 17 (Southern Ocean Ice).
• The results over all biomes from OSSE 

10 are very close to the ones from 
OSSE 3. 
• Averaged pCO2 over biome 17 and over 

all biomes:
NEMO/PISCES: 363.08/372.65 𝜇𝑎𝑡𝑚
OSSE 1: 351.44/368.39 𝜇𝑎𝑡𝑚
OSSE 3: 362.42/372.18 𝜇𝑎𝑡𝑚
OSSE 10: 362.87/372.26 𝜇𝑎𝑡𝑚



Sea-air flux fgCO2 time series

• OSSE 10 also shows improvement in 
sea-air flux fgCO2. Results from OSSE 
10 are close to the ones from OSSE 3
and NEMO/PISCES. 

• In biome 17 OSSE 3 and 10
reproduce well the seasonal cycle of 
fgCO2.

• Averaged fgCO2 over biome 17 and 
over all biomes:
NEMO/PISCES: -0.52/-0.70 Pg/yr
OSSE 1: -1.17/-0.99 Pg/yr
OSSE 3: -0.59/-0.74 Pg/yr
OSSE 10: -0.56/-0.74 Pg/yr



Number of Argo profiles vs. averaged differences between OSSE and 
NEMO sea-air CO2 flux



Conclusion
• Argo floats could significantly improve the accuracy of FFNN-based ocean pCO2

reconstructions over the Atlantic Ocean and the Atlantic sector of the Southern 
Ocean 

• Coverage of the southern Hemisphere with biogeochemical ARGO floats 
corresponding to at least 25% of the density of active floats can significantly 
improve a pCO2 reconstruction.

• We demonstrate a potential reduction in bias of estimated sea-air CO2 fluxes by 
74%. 

• Additional observations are required in coastal regions and shelf seas which are 
not accessible to floats, as well as in regions with a strong seasonal variability of 
pCO2 and all predictors. 

• Results are submitted and currently under review: Denvil-Sommer, A., Gehlen, 
M., and Vrac, M.: Observation System Simulation Experiments in the Atlantic 
Ocean for enhanced surface ocean pCO2 reconstructions, Ocean Sci. Discuss. 
[preprint], https://doi.org/10.5194/os-2021-17, in review, 2021.


