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[1] Deep convection (DC) is a key-process of the oceanic
circulation, costly to monitor in situ and under the influence of
climate change. Our study is a first step toward monitoring DC
from space: we investigate the feasibility of observing its
variability using improved satellite altimetry. An oceanic
simulation of the Mediterranean circulation was performed for
the 1999-2007 period. DC interannual variability is
realistically modelled, and the sea surface elevation (SSE) is
in agreement with altimetry data. Numerical results show a
strong correlation between the annual DC characteristics and
the winter SSE. From that, we propose a method to monitor
DC interannual variability and long term evolution using
altimetry data. Our method, applied to the longest available
altimetry series, represents correctly the interannual variability
of DC in the Northwestern Mediterranean between 1994 and
2007. Citation: Herrmann, M., J. Bouffard, and K. Béranger
(2009), Monitoring open-ocean deep convection from space,
Geophys. Res. Lett., 36, L03606, doi:10.1029/2008 GL036422.

1. Introduction

[2] Open-ocean deep convection (DC) is a key process of
the global thermohaline oceanic circulation, at the origin of
deep water formation in the world’s oceans. It occurs in a
few regions, including the Northwestern Mediterranean Sea
(NWMS), where it plays an important role in the function-
ing of marine ecosystems [Lévy et al., 1998]. Because of its
sensitivity to atmospheric conditions, it is associated with a
high interannual variability [Mertens and Schott, 1998], and
may be strongly influenced by climate change [Somot et al.,
2006]. Part of the Western Mediterranean Deep Water
(WMDW) formed by DC in the NWMS flows in the
Atlantic Ocean through the Gibraltar Strait, and may affect
the global thermohaline circulation through the impact of
the Mediterranean Outflow Water on North Atlantic DC
[Reid, 1979]. Indeed, [Rixen et al., 2005] suggested that the
WMDW may be a valuable new proxy for estimating the
variability of the temperature of the North Atlantic Ocean.
Monitoring DC is therefore crucial, however direct in situ
monitoring requires a huge investment and realistically can
only provide limited temporal and spatial coverage.

[3] In this framework, we investigate the feasibility of
monitoring the interannual variability and long term evolu-
tion of DC using improved satellite altimetry. We first
analyse a high-resolution oceanic numerical simulation to
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assess its ability to represent correctly NWMS winter
oceanic circulation and its variability. The numerical results
are then used to determine the relationship between the sea
surface elevation (SSE) and the DC variability and to build a
monitoring method for DC based on altimetry. Finally, we
test our method by applying it to the longest available
altimetry dataset in the NWMS.

2. Tools and Data
2.1. Model

[4] The Mediterranean model MED16 [Béranger et al.,
2005] is a regional version of the primitive-equation nu-
merical model Ocean PArallel [Madec et al., 1998]. This
rigid lid model extends from 11°W to 36°E and 30°N to
46°N, with a 1/16° horizontal resolution and 43 vertical
levels on a stretched grid. Here we use the simulation
described by K. Béranger et al. (Effects of atmospheric
forcing on deep water formation modelling in the Mediter-
ranean sea, manuscript in preparation, 2009). The model is
forced at the surface by daily atmospheric fields using the
air-sea parameterizations detailed by Béranger et al. [2005].
During the spin-up period (January 1987—February 1998)
the model was forced by ECMWEF reanalysis ERA40 fields
[Uppala et al., 2005], with horizontal resolution of 1.125°.
The model was then forced until October 2007 by ECMWF
analysis fields, with a resolution of 0.5° since March 1999
and 0.2° since January 2007. Atmospheric fluxes with high
spatial resolution (<~0.55°) are required to correctly repre-
sent DC in the NWMS [Herrmann and Somot, 2008]. Here,
we analyse the April 1998—October 2007 period (9 winters).

2.2. Altimetry Dataset

[s] New processing software dedicated to coastal ocean
applications were developed, based on Geophysical Data
Records provided by operational centers at a rate of 10 Hz
(Topex/Poseidon) and 20 Hz (Jason 1) and sub-sampled
every 2 km along a fixed reference ground track. In addition
to standard procedures for large-scale error reduction,
innovations are introduced for the estimation and validation
of sea level anomaly (SLA), concerning the high frequency
dealiasing of the signal and new quality-control procedures
detailed by Bouffard et al. [2008]. This method avoids the
systematic rejections of coastal data and allows the recovery
of all SLA that exhibit a physical significance. The result is a
high resolution satellite dataset with better coverage and
quality over the NWMS than the classical altimetry products.

3. Modelling of DC in the NWMS for the
1999-2007 Period
3.1. Interannual Variability of DC

[6] The mixed layer depth, MLD, diagnosed in the model
as the depth at which the level of turbulent kinetic energy
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undergoes a sharp decrease with depth, is a good indicator
of the depth reached by winter convection [Blanke and
Delecluse, 1993]. Figure 1a shows the map of the maximum
MLD over the 1999-2007 period in the NWMS. The area
where DC occurs can be identified as the region where the
mixed layer is significantly deep, i.e., extends below the
layer of Ligurian Intermediate Water (LIW) (MLD > ~500 m).
The DC area, centered around [5°E, 42°N], is in agreement
with reported observations [Marshall and Schott, 1999]. We
define GoL (Gulf of Lions) as the box that covers the DC
area entirely (see Figure la). We examine the interannual
variability of DC by computing at each time step the
maximum MLD over the GoL, D, and the volume V of
deep water (DW) over the GoL (Figure le). V' corresponds
to the mixed layer volume over the area where the MLD
exceeds 500 m: V(1) = [ [(ey)eGor/mrney=soom MLD(x, y,
f)dxdy. Dividing the yearly maximum of /by the number of
seconds in one year gives the yearly rate of DW formation
Tpw [Castellari et al., 2000]. 7py and Dy, the yearly
maximum depth of D, are reported in Table S1'.

[7] In agreement with previous observations made before
1994 [Mertens and Schott, 1998], DC intensity shows
strong interannual variability, including a year without
convection (2007: Dy < 220 m, 7pp-= 0 Sv), a year with
bottom convection (2005: D, > 2000 m, 7pp = 1.28 Sv),
and intermediate cases (1999-2004, 2006). It is rather
delicate to validate values of 7 due to the difficulty of
measuring it experimentally. However, values computed
here (0—1.3 Sv; Table S1) are in the range reported in the
literature, obtained from models or in situ data (0.0-2.4 Sv
[Tziperman and Speer, 1994; Castellari et al., 2000;
Herrmann et al., 2008; Schroeder et al., 2008]). Between
1999 and 2006, DC occurs during the January—March
period (Figure le), in agreement with the observed period
of DC [Mertens and Schott, 1998].

[s] Although it is difficult to validate the full cycle of
interannual variability of DC, the observed extreme years of
DC are well captured by the model. Previous in situ
observations described winter 2005 as exceptionally strong
from the point of view of DC [Schroeder et al., 2008].
Winters 1999 and 2006 were also stronger than the average
[Petrenko, 2003; Schroeder et al., 2008]. The absence of
DC in the model for winter 2007 is also confirmed by the
observations: vertical sections of water characteristics mea-
sured by gliders (MERSEA and DOCONUG projects) and
published on the European Gliders Observatories website
(https://www.locean-ipsl.upmc.fr/gliders/EGO) confirm that
no convection occurred.

[o] Daily satellite sea surface temperature (SS7) data
[Guarracino et al., 2008] are also useful to validate the
interannual variability of the modelled surface character-
istics during the convection period. We compare the evolu-
tion between 1999 and 2007 of the observed and modelled
SST averaged over the GoL between February and mid-
March (see Figure S1): we obtain a modelled mean value of
13.11°C compared with an observed value of 13.10°C, with
a modelled standard deviation of 0.30°C compared with an
observed value of 0.28°C. The correlation coefficient be-
tween the model and the observations is equal to 0.89

'Auxiliary materials are available in the HTML. doi:10.1029/
2008GL036422.
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(significant level SL > 0.999). The model reproduces
realistically the interannual variability of SST during the
period and in the region of DC. Note that we do not obtain
any significant correlation between the convection charac-
teristicS (Dmax, Vmax» Tow) and the SST in the model,
suggesting that SST data can not be used to monitor DC.

[10] The years of strong, resp. weak convection should
correspond to cold, resp. warm winters. The correlation
coefficient between 7p; and the net average heat loss
between November and February over the GoL computed
from the NCEP reanaysis dataset [Kalnay et al., 1996],
Onpur 1s indeed equal to 0.80 (SL > 0.990) for the 1999—
2007 period.

3.2. Deep Water Characteristics

[11] We have seen that the model reproduces correctly the
values and interannual variability of winter SS7 in the
convection region. The yearly characteristics of DW formed
(Tpws Spw and ppyy) are determined for each winter by
examining the characteristics of the densest surface water
present in the GoL at points where the MLD > 500 m (Table
S1). For years when DW is formed (1999 to 20006), ppy
logically increases with 7pp, i.e., with the mean depth
reached by the whole mixed volume. For the years when
the mixed layer extends significantly below the LIW (2000,
2001, 2003, 2005 and 2006), the modelled mixed layer
characteristics are in agreement with the observed values of
classical WMDW (12.8—13.0°C, 38.44—-38.49 psu, 29.09—
29.11 kgm > vs. 12.8—12.9°C, 38.43—38.48 psu, 29.09—
29.12 kg.m > [Smith et al., 2008; Schroeder et al., 2008]).
In 1999, the DW is slightly saltier (38.51 psu) and warmer
(13.1°C). During the spin-up period (1987-1998) no con-
vection occurred in the NWMS, the salty and warm LIW
layer has not been mixed over the water column and
remains strongly present when convection occurs for the
first time in winter 1999. After 1999, the LIW layer is
mixed every year by the convection and is not so marked.
The proportion of LIW in the DW formed in 1999 is
therefore larger, explaining its higher temperature and
salinity.

[12] Comparisons between the model results, available
data and previous observational and modelling studies
shows that the model reproduces correctly the winter
oceanic circulation in the NWMS for the 1999-2007
period. In particular, it represents realistically the interan-
nual variability of DC intensity and DW characteristics.

4. From Altimetry to Deep Convection

[13] Two main questions need to be answered in order to
establish a method to monitor DC using altimetry data. First,
is it possible to link the variability of the DC with the SSE?
Second, are we able to measure the fine-scale SSE from space
accurately enough to monitor the DC?

4.1. Validation of the Modelled Sea Surface Elevation
in Winter

[14] The cyclonic circulation in the NWMS, correctly
reproduced by the model (as seen on Figure 1b which shows
the SSE averaged over 1999-2007, SSE) is activated in
winter by the convection that occurs in the center of the
gyre [Herrmann et al., 2008]. This dynamic effect induces a
lowering of the surface in the DC area. Steric effect also
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contributes to this lowering: if D ~ 1 km is the depth of the
mixed layer which undergoes a cooling of 6T ~ 0.1°C and
a=210*°K " is the thermal expansion coefficient, a first
estimation of the sea surface lowering is given by a67D ~
2 cm. This SSE decrease is reproduced by the model, as
seen in Figures lc and 1d, which shows the SSE and the
corresponding SLA(= SSE — SSE), when V and D are
maximum (February 2005).

[15] Track 146 of the altimetry dataset described in
Section 2.2 crosses the center of the convection region,
where the MLD is maximum and the deepening of the sea
surface associated with the convection is the strongest
(Figures la and 1d). Figure le shows the evolution of the
modelled MLD, SSE and SLA along track 146 during the
1999-2007 period: the increase of the mixed-layer depth
and the deepening of the sea surface due to DC can both be
detected along this track in the model. This suggests that the
sea surface deepening due to convection can be monitored
using altimetry.

[16] We have established an indicator of the intensity of
this deepening observed by altimetry data. Section AB is
defined as the portion of track 146 that crosses the modelled
area of maximum convection and sea surface deepening
(Figures la and 1d). We compute the SLA averaged over
AB, SLA 3, from the model (Figures le and S2) and from
altimetry data (Figure S2) for the 1999-2007 period. The
seasonal variability of the modelled and observed SLA 45 are
in good agreement, with maximum values in summer and
minimum values in winter. The average SLA g inser Of
SLA 45 between the beginning of February and mid-March,
i.e., when DC is the strongest, indicates the intensity of the
sea surface deepening during the convection event. The
interannual variability of SLA 4z insr 15 0f the same order in
the model as in the observations (Figure 1f). In the model,
the mean over 1999-2007, SLA4g vintermodet, 15 €qual to
—5.00 cm with a standard deviation o(SLA 45 winsermoder) OF
1.62 cm. In the data, SLA4p vinterdata = —4.80 cm and
0(SLA 4B sinterdara) = 2.80 cm. The correlation coefficient
between the modelled and the observed SLA 45 ,yinser 18 0.71
(SL > 0.967).

[17] The interannual variability of the modelled indicator
of winter sea surface deepening, SLA 4z vinwer 1S in good
agreement with the altimetry data during the 1999-2007
period. The model can therefore legitimately be used to
establish correlations between this indicator and the DC
characteristics.

4.2. Deep Convection Signature on Sea Surface
Elevation

[18] Stronger convection events lead to more intense
cyclonic circulation. This suggests that there is a relation-
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ship between the annual DC characteristics (Dyax, T and
ppw) and the indicator of the intensity of the sea surface
deepening (SLA.4p vinrer). We use the model results to
establish this relationship, performing linear regression
analysis between SLA g viner and respectively D, Tpw
and ppy (Figure S3). We obtain errors € = o(model —
regression) of 244 m, 0.24 Sv and 0.0067 kg.m > and
correlation coefficients of —0.92, —0.81 and —0.90, with
SL > 0.99. The model therefore shows that there is a strong
linear relationship between the winter sea surface decrease
and the convection characteristics.

4.3. Deep Convection in the NWMS during the
1994-2007 Period

[19] Based on these results, we propose and test a method
to monitor DC interannual variability and long term evolu-
tion using altimetry data.

[20] First, we verify that SLA,p iner can be measured
accurately enough from space to monitor its variability. If
we compare altimetry and tide gauge data to evaluate the
precision of the altimetry measurement (see Figure S4), we
obtain an error of 1.08 c¢cm for the winter SLA at the coast
during the altimetric period from 1994-2007. Altimetry
errors being much larger at the coast than in the deep ocean
[Anzenhofer et al., 1999], 1 cm can be considered as an
upper bound of the error on the winter SLA in the convec-
tion region. The error on the altimetric signal 0(SLA 45 vinser)
is therefore less than 40% of its variability for 1994—2007
(2.56 cm).

[21] We then apply the regression indicators to the whole
altimetric series of SLA 4 inser t0 estimate the interannual
variability of DC in the NWMS during the last 14 years.
Results are presented on Figure 1g, together with the
associated error bars (see below). There is a strong interan-
nual variability of DC in terms of D, and 7pp, with
average values (respectively 890 m and 0.29 Sv) of the
same order as the standard deviations (respectively 874 m
and 0.36 Sv). ppy varies between 29.10 kg.m > and
29.12 kg.m >, corresponding to reported values of WMDW
density [Smith et al., 2008]. DC occurs approximately 43%
of the years. Known years with strong convection (1999,
2005 and 2006) or without convection (2007) are correctly
captured by this method. Note however that altimetry
indicates strong DC for the winter of 1997 while SST data
and Qnpyr computed from the NCEP reanalysis dataset
show that this winter was warmer than average. We showed
in Section 3.1 that 7py in the model was correlated with
Onpr, Which therefore gives an indication of DC intensity.
Considering the period 1994—-2007 without taking 1997
into account, the correlation coefficient between 7,y
obtained from the altimetry dataset and Qypr is equal to

Figure 1. From altimetry to DC. Figures 1a—le show spatial characteristics during DC events in the model. (a) Maximum
MLD over the 1999—-2007 period. (b) SSE during the 1999—-2007 period. (c¢) SSE and (d) SLA on the day of maximum
convection (February 2005). White box: GoL. White dashed line: track 146. Black line: AB section. (e) time-evolution
between 1999 and 2007 of D, V and SLA 45, Hoevmuller graphs of the MLD, and the SSE and the SLA along track 146.
White dashed lines: limits of the AB section. Grey boxes mark the February - mid-March period. Figures 1f—1g show DC
monitoring in the NWMS between 1994 and 2007 using altimetry dataset. (f) Yearly evolution of modelled (black) and
observed (red) SLA 45 vinier for the 1999—-2007 period. Grey bars show the altimetry error. (g) Results obtained by applying
the linear relationships established in 4.2 to the 1994—2007 altimetry series. Grey bars show the error due to the regression
analysis and the altimetry precision. Mean values and standard deviations (in brackets) are indicated. We did not take into
account year 2007 to establish the relationship between SLA 4z vinrer and ppy since no DW is formed.
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—0.76 (>0.998). Thus in most cases satellite altimetry is
able to capture correctly the interannual variability of the
DC intensity.

[22] Our results are associated with uncertainties due to
(1) the numerical oceanic model, (2) the linear regression
hypothesis, (3) the altimetry data. Assessing (1) is very
difficult due to the lack of data, (2) is given by € and (3) is
given by multiplying the altimetry error (<~1 cm) by the
first-order coefficient of the linear analysis. Adding (2) and
(3) we obtain errors of respectively 599 m, 0.44 Sv and
0.017 kg.m . Performing longer simulations using recent
high-resolution atmospheric forcing dataset [Herrmann and
Somot, 2008] would help to reduce the uncertainty associ-
ated with the linear regression. Finally, our method aims to
monitor the DC using satellite data, however multiannual in
situ observations of the DC would enable more precise
calibration and validation of this method potentially leading
to more robust estimates of the DC past, present and future
variability. Finally, sea level can be changed by barotropic
dynamics, thus the inferences from altimetry about deep
convection can never be unequivocal.

5. Conclusion

[23] The present study is a first step toward space
monitoring of DC. Analysis of a high resolution oceanic
simulation of the Mediterranean circulation shows that the
annual DC characteristics (depth, volume, DW
characteristics) and the winter SSE in the DC area are
realistically modelled for the 1999-2007 period. Results
of this simulation show a strong correlation between DC
characteristics and winter SSE at the center of the DC area.
Based on these correlations, we propose a method to
monitor DC interannual variability and long term evolution
using altimetry data. Our method applied to the longest
available altimetry series realistically represents DC
interannual variability in the NWMS between 1994 and
2007, suggesting it could then be used to monitor its long
term evolution. Broadening this method to other DC sites of
the world’s ocean would be of great interest for establishing
new climatic indices of the global thermohaline circulation.

[24] Acknowledgments. OI-SST products used in this study were
jointly produced by ENEA-ACS-CLIMMOD and GOS of ISAC-CNR as a
part of EU project MFSTEP (EVK3-CT-2002-00075). We thank C.
Estournel, S. Somot and R. Morrow for fruitful discussions and careful
rereading.
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