TOWARDS ROBUST ESTIMATIONS OF THE DEEP OCEAN
IN OCEAN REANALYSES WITH DEEP ARGO
F. Gasparin, M Hamon, E. Remy, PY. Le Traon
(fgasparin@mercator-ocean.fr)

Gasparin F., Hamon, M., Remy, E., and P.Y. Le Traon (2019). How deep Argo will improve
the deep ocean in ocean reanalyses. Under Review in Journal of Climate.
mercator-ocean.eu/marine.copernicus.eu

OUTLINE
1. MoGvaGons
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4. Added value of a full-depth ocean observing system
5. Conclusion
• Argo is now clearly idenGﬁed as a central piece of operaGonal oceanography
• Opera9onal centres are now idenGﬁed as a key stakeholder in supporGng the evoluGon of the
Argo array for improving large-scale ocean states. There is win-win collaboraGon

DENSITY OF THE IN SITU OBSERVING SYSTEM
T/S obs. at 2000 m (2007-2016)

T/S obs. at 2000 m (1997-2006)

(from World Ocean Database)
T/S obs. at 3000 m (2007-2016)

• Northern hemisphere is higher sampled
• Argo’s era (2004-present) has signiﬁcantly
increased the number of upper-ocean data
• The deep ocean (below 2000m) remains
signiﬁcantly under-sampled

HIGH DEPENDENCY OF OCEAN REANALYSES ON OBSERVATIONS
Meridional transport (0-1200 meridional
velocity) from the four GREP reanalyses
and the RAPID data set (upper). The GREP
ensemble mean (with its standard
deviaGon) and the RAPID esGmate (lower).

GREP = Global Ensemble Reanalysis Product
composed of four 1/4◦ global ocean
reanalyses distributed by CMEMS

Numerous studies have shown that ocean reanalyses are consistent in represenGng the upper ocean physical
condiGons at interannual and longer Gme scales, but strongly diﬀer in represenGng the deeper ocean
(Palmer et al. 2017; Storto et al. 2018; Garry et al. 2019)
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GREP = Global Ensemble Reanalysis Product
composed of four 1/4◦ global ocean
GREP = Global Ensemble Reanalysis
reanalyses operated distributed by CMEMS

1,200 deep Argo ﬂoats

Product composed of four 1/4◦ global
ocean reanalyses operated distributed by
CMEMS

How ocean reanalyses are able to es4mate the deep ocean state ?
How numerical experiments can an4cipate the added value of such global and frequent
array in ocean reanalyses?

Numerous studies have shown that ocean reanalyses are consistent in represenGng the upper ocean physical
condiGons at interannual and longer Gme scales, but strongly diﬀer in represenGng the deeper ocean
(Palmer et al. 2017; Storto et al. 2018; Garry et al. 2019)

DIFFERENT BEHAVIOUR OF AN OCEAN REANALYSIS ENSEMBLE
2006-2015 minus 1996-2005 temperature diﬀerence at 3,000 m
ENSEMBLE MEAN

ENSEMBLE SPREAD

PosiGve values indicate small
warming around AntarcGca (> 1
m◦C/yr), while negaGve values in the
Indian ocean indicate a small cooling
(< -1 m◦C/yr)

The ensemble spread amplitude reﬂects
the distribuGon of the ensemble mean
Ensemble spread is more than 2 Gmes
higher than the amplitude of the signal

➔ Temperature and salinity changes are not
staGsGcally signiﬁcantly diﬀerent from zero

INDEPENDENT COMPARISON WITH THE ARGO PILOT ARRAYS
LocaGon of 1,749 deep Argo proﬁles from the pilot arrays in 2017

•
•
•
•

Temperature and salinity at 3,000 m from a deep Argo ﬂoat in
the Northwest AtlanGc (thick line) and GLORYS2V4 (thin line).

Technological development (sensors, prototype,…)
Standard characterisGcs (cycle Gme, parking depth, …)
Science objecGves (deep ocean warming)
Not yet assimilated at Mercator Ocean (QC from GDAC)

➔ The model-error amplitude is as strong as, or even
stronger than the observed/modeled variability

• GLORYS2V4 is colder and fresher than the deep ﬂoat
(depth diﬀerences of isopycnal surfaces can reach 300m)
• GLORYS and Argo have similar seasonal variaGons, but the
RMS diﬀerence is stronger

NUMERICAL APPROACH WITHIN THE ATLANTOS PROJECT
➔ MulY-models / mulY-approaches exercise
considering the same syntheYc observaYons

Gasparin, et al., 2018, A large-scale view of oceanic variability from
2007 to 2015 in the global high resolu9on monitoring and forecas9ng
system at Mercator-Ocean, Journal Marine Systems.

– OSSEs typically use two diﬀerent ocean models. One
model is used to perform a “truth” or Nature Run - and it
is treated as if it is the real ocean.
– The truth run is subsampled in a manner that mimics
either an exisGng or future observing system - yielding a
set of SyntheYc observaYons.

– The syntheGc observaGons are assimilated into the
Ocean data assimilaYon system, and the model
performance is evaluated by comparing it against the
truth run.

Observing System Experiments (OSE/OSSE) require heavy and dedicated infrastructure
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CONSISTENCY OF THE EXPERIMENTAL APPROACH
Zonally averaged absolute temperature error from the UPPER
experiment (in ◦C) at 3,000 m on the 2009-2013 mean ﬁelds (full
line) and its associated standard deviaGon (gray shading).
The dashed line is the corresponding zonally averaged ensemblespread of the four GREP reanalyses.
The squares indicate the“GLORYS2V4 minus Argo” diﬀerences at
3,000 m versus laGtude, proﬁle-averaged for each deep Argo ﬂoat.

• The UPPER error and ensemble-spread are remarkably
similar in temperature, with values of around 0.05◦C
north of 30◦S, and more than 0.1◦C south of 40◦S =
Ensemble-based uncertainty

• “GLORYS2V4 minus Argo” diﬀerences have an amplitude
of the same order than the UPPER errors and the
ensemble spread (O(0.1◦C) for temperature and O(0.01)
for salinity) = Devia9on from the pilot arrays

➔ In agreement with the ensemble-based approach and the deep Argo comparison
➔ Good conﬁdence in the calibraGon of our experimental approach

THE 2009-2013 MEAN TEMPERATURE AND SALINITY FIELDS
Zonally averaged 2009-2013 mean temperature and salinity errors versus depth.
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• VerGcal disconGnuity revealing the posiGve impact of
upper ocean data sets in the upper 2,000 m

FULL error

• Strong errors of the UPPER exp. found in the Southern
and N. AtlanGc oceans = Water mass forma9ons

➔ AddiGon of deep Argo observaGons will improve the verGcal straGﬁcaGon at all laGtudes, allowing to
recover the horizontal and verGcal extensions of deep water masses

LONG-TERM VARIATIONS OF DEEP OCEAN SIGNALS
Time-series of 3,000 m-temperature basin-averaged in the
Amundsen-Bellinghausen (Southwest Paciﬁc) esGmated
from the Nature Run, the UPPER and FULL exp.
UPPER exp

Nature Run
FULL exp

• Temperature variaGons of the UPPER exp of opposite
sign compared to the Nature Run
• Diﬀerences in temperature variaGons are strongly
reduced in the FULL exp

VerGcal proﬁle of linear
trend of temperature
versus depth averaged in
the AmundsenBellinghausen basin.

• While the UPPER experiment is characterized by an

inconsistent warming below 2,000 m, the FULL experiment
recovered the verGcal shape of temperature changes

➔ AddiGon of deep Argo observaGons will allow to recover basin-scale temperature variaGons

DEEP OCEAN HEAT FLUX
Basin averaged linear ocean heat gain error for the 2000-4000 m and 4000-6000 m layers for the period
2009-2013. For each basin, red triangles indicate that basin-scale signal-to-error raGo is higher than 2.

UPPER error

UPPER error

FULL error

FULL error

• Main discrepancies of the UPPER heat ﬂux in the AtlanGc

and Southern oceans, with values exceeding 0.8 and 0.4
W/m2 for the 2000-4000 m and 4000-6000 m heat ﬂuxes

• The FULL experiment induces a signiﬁcant decrease of

the heat ﬂux errors in the two layers, with strong
increased number of basins with high signal-to-error raGo

ASSIMILATING THE FULL-DEPTH PROFILES FROM THE PILOT ARRAYS
Observing System Experiment (OSE)

CONTROL : No deep part of proﬁles from pilot ﬂoats
ADD_DEEP : Full-Depth proﬁles from pilot ﬂoats
2500-m “CONTROL-minus-ADD_DEEP” temperature
diﬀerences, averaged for the period Aug. 2016-Nov. 2016.
The crosses indicate the posiGons of the proﬁles from two
deep Argo proﬁle.

Area-averaged 2500-temperature from the CONTROL
(dashed) and the ADD_DEEP (full) runs in the dashed
square. The green and blue dots indicate the observaGons
from the two deep ﬂoats.

• The assimilaGon of the deep part of the deep pilot
Argo ﬂoats constrains the soluGon toward
observaGons

• Both temperature and salinity show a southward
extension along the coast in the southwest corner
of the squarex (impact on large scales )

SUMMARY
1. OSSE = A complementary approach to the climaGc research
2. Based on ensemble-based and pilot arrays comparison, deep temperature and salinity
uncertainty is higher than the size of the signal
3. An array of 1,200 deep Argo ﬂoats can successfully constrain ocean reanalyses by improving
the deep ocean representaGon of water masses, and beter capture large-scale variability
4. AtlantOS project has shown signiﬁcant improvement of the T/S representaGon below 2000m
for 4 diﬀerent systems (Gasparin et al., 2019 FronGers in Marine Science)
5. Modeling and assimilaGon data procedures have been developed for the upper ocean, and it
will be necessary to reﬁne them for the deep ocean
➔ Next Mercator Ocean systems will assimilate the deep part of deep Argo proﬁles
➔ AssimilaGon procedures - CorrelaGon scales for the deep ocean, observaGons
errors, analysis increment with/without deep observaGons
➔ Model development - Deep water formaGons, deep convecGon processes

MULTI-SYSTEM COMPARISON BASED ON RMS ERROR REDUCTION
1 ensemble composed of 4 members from Mercator-Ocean (Fr), CLS (Fr), CMCC(It) and UKMetOﬃce (UK)

Temperature and salinity proﬁles of error
reducGon of the DEEP experiment as
compared with the BACKBONE
experiment, relaGve to the Nature Run
ﬁelds, area-averaged in the AtlanGc
ocean.
Gray indicates the standard deviaGon of
the four members. Unit is percentage of
mean square error reducGon.
Ensemble mean

• Signiﬁcant improvement of the T/S representaGon below 2000m, with a maximum for salinity (up to 60%)
• The spread indicates that the four reanalyses diﬀer in the amplitude of the improvement
Gasparin, F., Guinehut, S., Mao, C., Mirouze, I., et al. (2019). Requirements for an integrated in situ Atlan9c Ocean
Observing System from coordinated Observing System Simula9on Experiments. Fron9ers in Marine Science, 6, 83.

ADDED VALUE OF A FULL-DEPTH OCEAN OBSERVING SYSTEM
4000m Vs 6000m

(a) Zonally averaged error of large-scale (5◦ x 5◦ x 12-month) 2,000/4,000 steric height from the UPPER (black dashed
line), FULL (black full line), and the DEEP4000 experiments. For comparison to the error esGmate, the zonally averaged
”2014 minus 2019” 2,000/4,000 steric height from the Nature Run is shown in blue. (b) Same as (a), but for 4,000/6,000
steric height. Unit is cm

