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Influence de la résolution spatiale du forçage atmosphérique sur la représentation
numérique de la convection profonde

Dans le chapitre précédent, nous avons présenté les résultats d’une étude numé-
rique réaliste de la convection profonde en Méditerranée nord-occidentale lors de
l’hiver 1986-87. Cette étude nous a permis de déterminer l’influence de la résolution
spatiale des modèles océaniques numériques sur la représentation de la convection,
et d’examiner l’effet de ce processus sur la circulation régionale. Cependant, au mo-
ment où les simulations présentées ont été réalisées, nous ne disposions pas de forçage
réaliste à haute résolution, comme cela a été expliqué dans la partie 7.3.3. Pour cor-
riger la sous-estimation des flux de chaleurs due à la trop basse résolution d’ERA40,
une correction constante avait été appliquée de façon homogène au flux de chaleur.
Dans les deux simulations étudiées, que ce soit la simulation dite eddy-permitting ou
eddy-resolving, la zone de convection obtenue était trop grande et décalée vers le Sud-
Ouest. L’hypothèse a été émise que ce défaut pouvait être lié à la basse résolution
du forçage atmosphérique. Depuis, une méthode de downscaling dynamique (Déqué,
communication personnelle) a été appliquée sur les flux de la réanalyse ERA40. Le
principe en est le suivant. Nous utilisons un modèle atmosphérique de haute résolu-
tion, ici ARPEGE-Climat [Déqué et al., 1998; Gibelin and Déqué, 2003], piloté par
ERA40 pour les échelles représentées dans cette réanalyse, et laissé libre pour les
plus petites échelles. La chronologie synoptique de la simulation ainsi obtenue suit
donc la chronologie réelle, et les structures de haute résolution du flux atmosphé-
rique sont créées par le modèle atmosphérique.

Dans ce chapitre, nous utilisons les résultats de ce downscaling d’ERA40 pour
réaliser une nouvelle simulation, cette fois uniquement avec le modèle SYMPHONIE.
Cette simulation est désignée sous le nom de HRAF (High Resolution Atmospheric
Forcing) par la suite. Nous effectuons également une simulation LRAF (Low Re-
solution Atmospheric Forcing) utilisant les flux d’ERA40 "bruts", c’est-à-dire sans
downscaling ni correction comme c’était le cas dans le chapitre 7. Il est alors possible
de comparer les trois simulations afin de déterminer l’impact de la résolution du for-
çage atmosphérique sur la simulation numérique de la convection profonde. Cette
étude est présentée dans l’article qui suit, publié au Geophysical Research Letters
[Herrmann and Somot , 2008].

Le principe du downscaling dynamique est expliqué dans la partie 8.2. Puis nous
validons la méthode en comparant les résultats de ce downscaling avec la réanalyse
ERA40 "brute" et avec les données existantes. Nous montrons notamment que la
friction du vent, le flux d’eau net, le flux de flottabilité et le flux de chaleur net
suivent correctement la chronologie, et que le downscaling a pour effet d’accentuer
les extrêmes météorologiques temporels et spatiaux

Les résultats des simulations océaniques sont exposés dans la partie 8.3. Nous
présentons d’abord brièvement le modèle océanique, la configuration et la méthode
de forçages utilisées étant identiques à celles utilisées dans le chapitre 7. Nous exa-
minons ensuite l’évolution temporelle de la CMO lors de la convection (Fig. 8.1a).
La CMO ne dépasse pas 800 m de profondeur dans LRAF. Dans HRAF, elle est en
accord avec la chronologie du forçage atmosphérique (voir Fig. 8.1a) et elle atteint le
fond, avec un retard de 10 jours par rapport aux observations. Les caractéristiques
de l’eau dense formée sont en bon accord avec les observations dans HRAF, alors
que l’eau la plus dense trouvée à la surface dans LRAF a des caractéristiques nette-
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ment différentes. Les caractéristiques spatiales de la zone de convection sont étudiées
dans le paragraphe suivant, où l’on observe un bon accord entre les observations et
la simulation HRAF. Cette zone est nettement mieux positionnée et dimensionnée
dans HRAF que dans la simulation réalisée avec les flux d’ERA40 corrigés (Fig.
8.1d). Nous expliquons cela par l’homogénéité de cette correction qui conduit à une
surestimation de la perte de chaleur à la surface dans les région périphériques à la
zone de convection. La méthode de downscaling permet donc de corriger les extrêmes
météorologiques de façon non seulement temporelle, mais aussi spatiale, sans pour
autant surestimer ces flux dans le reste de la région. Enfin, nous étudions la circula-
tion pendant l’épisode de convection, en montrant notamment que les structures de
méso-échelle, dont nous avons vu au chapitre précédent qu’elles avaient un impact
important sur la structure de la colonne d’eau pendant et après la convection, sont
en bon accord avec les structures observées dans la réalité [Testor and Gascard ,
2006]. Par ailleurs, leur taille est plus réaliste que la taille des tourbillons observés
dans le chapitre 7.

En conclusion, l’utilisation de la méthode de downscaling dynamique appliquée
aux flux d’ERA40 aboutit à un jeu de données atmosphériques réaliste et de haute ré-
solution. Nous avons montré dans ce chapitre que ces données permettent de prescrire
un forçage atmosphérique lors d’une simulation réaliste d’un épisode de convection.
Les caractéristiques de la convection simulée correspondent bien aux observations,
ce qui n’est pas le cas si on utilise les flux d’ERA40 bruts. Cette méthode donne
également de meilleurs résultats qu’une correction homogène du flux de chaleur.
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8.1 Introduction

ARTICLE PUBLIE AU GEOPHYSICAL RESEARCH LETTERS
doi :10.1029/2007GL032442

Relevance of ERA40 dynamical downscaling for modeling deep

convection in the Mediterranean Sea

Auteurs : M. Herrmann, S. Somot.

A strong open-ocean convection event was observed in the Northwes-
tern Mediterranean sea during the 1986-87 winter. This period was used
as a case study to evaluate the impact of the spatial resolution of atmos-
pheric forcing on deep convection modeling. Twin numerical experiments
were performed with an oceanic model forced by atmospheric forcing sets
with different resolutions. A low resolution atmospheric forcing extracted
from the ERA40 reanalysis was compared with a high resolution forcing
produced by a dynamical downscaling of ERA40. A high resolution cli-
mate model spectrally driven by ERA40 fields for the large scales pro-
vided the dynamical downscaling dataset covering the 1958-2001 period.
The oceanic simulation performed under low resolution meteorological
forcing did not reproduce the observed convection. The simulation per-
formed under high resolution forcing correctly reproduced the convection
event. This was principally due to the enhancement of spatial and tem-
poral meteorological extremes under the high resolution forcing.

8.1 Introduction

Deep convection is a key process for the Northwestern Mediterranean sea (NWMS)
oceanic circulation and ecosystem. This process shows high interannual variability
whose understanding and modeling still need to be improved. Atmospheric condi-
tions, namely strong northerly winds and significant heat loss, are the principal
drivers of winter deep convection, and hence account for much of its variability.
These atmospheric conditions (Tramontane, Mistral, cyclogenesis of the Gulf of Ge-
noa, ...) are themselves mainly driven by the local orography of the Mediterranean
coast (Pyrénées, Alpes, Massif Central, Rhône valley) that induces physical pro-
cesses such as lee cyclogenesis or wind channeling. It is therefore essential to use
an appropriate atmospheric forcing method when performing numerical studies of
deep convection. Currently, high resolution atmospheric fluxes are only available for
recent years (ECMWF analysis at 50 km resolution available since 1990, used by
Béranger et al. [2005]).
The 1986-87 winter was cold and windy in the NWMS, leading to a strong bottom
open-ocean convection event [Mertens and Schott , 1998] that was monitored during
a specific campaign (MEDOC87, reported by Schott and Leaman [1991] and Leaman
and Schott [1991], hereafter SL91 and LS91). This period is therefore particularly
appropriate to evaluate the capacity of an oceanic model to represent deep convec-
tion [Demirov and Pinardi , 2007; Herrmann et al., 2008b] as well as the impact
of atmospheric forcing resolution on this modeling problem, as suggested in those
studies.
We carried out a spectral dynamical downscaling of the ERA40 reanalysis [Simmons
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and Gibson, 2000] to obtain a high resolution long-term dataset following the obser-
ved chronology over the 1958-2001 period. Twin numerical simulations of the 1986-87
winter were performed using an eddy-resolving oceanic model forced at the surface
by two sets of atmospheric fluxes : the first directly extracted from ERA40 and the
second produced by the downscaling. The objectives of this study were to evaluate
the influence of the atmospheric forcing spatial resolution on convection modeling
and to underline the relevance of the downscaled ERA40 atmospheric fluxes in the
framework of realistic oceanic modeling.

8.2 Dynamical downscaling of the ERA40 reanaly-

sis

ERA40 is widely used to analyse the variability of oceanic and atmospheric
circulation over Europe during the last decades, in particular for the period before
the 1990s, i.e. prior to the high resolution ECMWF analysis. Covering the 1958-
2001 period with a spatial resolution of ∼125 km, this reanalysis is indeed one of
the most homogeneous, high-resolution and long-term databases available to force
ocean models. Moreover, since the data assimilation system constrains the temporal
behavior of the atmospheric flow, synoptic events follow the observed chronology. It
was however suggested that its resolution is not sufficient to realistically simulate the
formation of the deep waters involved in the Mediterranean thermohaline circulation
[Josey , 2003; Demirov and Pinardi , 2007; Herrmann et al., 2008b]. We tested this
hypothesis by increasing the ERA40 resolution with a downscaling method.

8.2.1 The downscaling method

Several statistical or dynamical methods aimed at downscaling a reanalysis were
developed. Sotillo et al. [2005] performed a dynamical downscaling of the NCEP rea-
nalysis [Kalnay et al., 1996] over the Mediterranean basin with a limited area model
forced at its lateral boundaries and with spectral nudging over the central area. We
also applied a dynamical downscaling based on spectral nudging. The method was
described in detail in Guldberg et al. [2005]. The principle is to use a high resolu-
tion atmospheric model in which small scales can develop freely and large scales are
driven by ERA40. The synoptic chronology then follows that of the reanalysis while
the high resolution structures of the atmospheric flow are created by the model.
The ARPEGE-Climate model [Déqué and Piedelievre, 1995] is a global and spectral
Atmosphere General Circulation Model whose grid can be stretched over the area of
interest. We used a version with a pole located in the Tyrrhenian Sea and a resolu-
tion of ∼50 km over the Mediterranean Basin, as in Sotillo et al. [2005]. A nudging
term was added to the equations of the temporal evolution of the prognostic variables
(temperature, velocity and surface pressure). We chose a wavelength of 250 km as the
limit of the waves driven by ERA40, and followed Guldberg et al. [2005] for e-folding
times used for the nudging of the different variables. ERA40 fields were updated
every 6 hours and linearly interpolated in between. The ARPEGE-Climate simula-
tion covers the whole ERA40 period. Air-sea fluxes (water, heat and momentum)
were extracted from both simulations (ERA40 reanalysis and ARPEGE-Climate
simulation) and interpolated onto the ocean model grid (Section 8.3).
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HRAF mean 90th perc. max. corr.
HL 117 (+10%) 414 (+17%) 1042 (+58%) 0.91
WL 2.6 (+19%) 8.8 (+21%) 21.3 (+106%) 0.69
BL 6.5 (+11%) 22.1 (+15%) 57.1 (+68%) 0.88
τ 0.15 (+32%) 0.36 (+27%) 0.75 (-8%) 0.81

Tab. 8.1 – HRAF values (mean, 90th percentile, maximum and time correlation
with the LRAF time series) computed for the LION area from the daily values of
the December-April period for the net heat loss (HL, W.m−2), net water loss (WL,
mm.day−1), buoyancy loss (BL, 10−8 m2.s−3) and wind stress norm (τ , N.m−2). The
relative error between HRAF and LRAF datasets is given in brackets.

8.2.2 Comparison of atmospheric datasets

To underline the differences between the two datasets, we compared the new
dynamical downscaling dataset (HRAF for High Resolution Atmospheric Forcing)
with the initial ERA40 dataset (LRAF for Low Resolution Atmospheric Forcing)
over the Gulf of Lions. For this purpose, we examined the daily time series of the
net heat loss (HL), net water loss (WL), buoyancy loss (BL) and wind stress (τ)
averaged over the LION area (defined on Fig. 8.1c).
First, the spectral dynamical downscaling technique does not change the temporal
chronology of the downscaled reanalysis. Indeed, both datasets are well correlated
in time for τ , HL and WL (Fig. 8.1a). Each LRAF intense event is well represented
in HRAF. Tab. 8.1 summarizes these correlations for the LION area over a wide
winter period (December - April). Daily correlations are higher than 0.8 except for
WL, due to the weaker ability of forced climate models to simulate the precipitation
chronology [Caya and Biner , 2004]. This lower correlation for WL does not have a
significant impact on the chronology of BL since BL is mainly driven by HL. Indeed,
we computed a 0.99 time-correlation between BL and HL in both datasets, vs. 0.53,
resp. 0.59 between BL and WL in LRAF, resp. HRAF.
Second, over the area of interest and for the winter period investigated, the dyna-
mical downscaling slightly increases the winter average air-sea fluxes (Tab. 8.1).
Third, extreme air-sea fluxes during intense winter events are more pronounced in
space and in time in HRAF than in LRAF. For HL, WL and BL, the value of
the 90th percentile increases more than the time-averaged value (Tab. 8.1). This is
even stronger for the maximum value. The upper end of the corresponding density
functions increases consequently more than the average, as seen on the quantile-
quantile plot for the three variables (Fig. 8.1b). This is also true for τ despite the
inconsistent behavior of the maximum value which is due to a slight temporal shift
between HRAF and LRAF at the beginning of the E2 event (see Fig 8.1a). This very
intense wind event is indeed concentrated in one day in LRAF but is split in two
days in HRAF. A two-day average shows that HRAF is actually more windy than
LRAF for this event. The upper end of the τ density function also increases more
than the average (see Fig. 8.1b) even if the maximum value has a strong impact on
the change of the 90th percentile value (Tab. 8.1). The lower end of the WL density
function is explained by a rainier E2 event in LRAF than in HRAF, probably due
to differences in model physics. The upper end of the density functions corresponds
to the main synoptic weather events observed during this winter (LS91), characte-
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rized by regional Mistral or Tramontane winds (Fig. 8.1a). During these events, the
impact of the resolution increases and the orography forcing becomes predominant
in HRAF, leading to large differences with the initial reanalysis. Temporal extremes
are therefore more pronounced in HRAF. The resolution enhancement also increases
the intensity of small spatial scale structures in HRAF, as illustrated on Fig. 8.1c
for a particular day. The relative difference in the HL winter mean between the ME-
DOC point (5◦E, 42◦N), known to undergo maximum heat loss, and the LION area
is indeed equal to +12% in LRAF and +26% in HRAF.
Due to a lack of in-situ data, it is generally difficult to validate air-sea fluxes. For the
1986-87 winter, Mertens and Schott [1998] however provided values integrated from
December to February : 2.5 109 J.m−2 for HL and 1.5 m2.s−2 for BL. For HRAF
(resp. LRAF), we obtained for the MEDOC point, 1.9 (resp. 1.6) 109 J.m−2 and
1.0 (resp. 0.85) m2.s−2. Despite the large uncertainty associated to the Mertens and
Schott [1998] data, HRAF dataset is closer to the observed data than LRAF.

8.3 Impact of atmospheric forcing resolution on deep

convection modeling

We used the atmospheric datasets compared above to force a regional ocean
model. Results of both simulations (HRAF and LRAF) were compared with data
obtained during MEDOC87 to show the influence of atmospheric forcing spatial
resolution on open ocean deep convection modeling and emphasize the interest of
the downscaling method.

8.3.1 The oceanic model : SYMPHONIE

The 3D primitive equation eddy-resolving ocean model SYMPHONIE was used
by Herrmann et al. [2008b] to study the influence of the oceanic model spatial re-
solution on the modeling of the 1986-87 winter convection in the NWMS. We used
the same configuration. This free-surface model is based on the hydrostatic assump-
tion and the Boussinesq approximation. We used a 3-km orthogonal horizontal grid
and a 40-level hybrid sigma-step coordinates system. Vertical diffusivities are cal-
culated using the Gaspar et al. [1990] second-order closure scheme. In the case of
unstable stratification a non-penetrative convective adjustment algorithm is used.
At the surface, the model is forced by air-sea fluxes (heat, momentum and wa-
ter flux). The water flux is the simple sum (without relaxation or correction) of
the evaporation-minus-precipitation flux extracted from the ERA40 and ARPEGE-
Climate atmospheric simulations, and of the Rhône river runoff (UNESCO RivDis
database [Vörösmarty et al., 1996] climatological monthly values). Two regional si-
mulations were carried out between September 1986 and September 1987, forced
with the LRAF and HRAF datasets respectively. The eddy-permitting oceanic mo-
del OPA described in Somot et al. [2006] was used to perform two simulations over
the whole Mediterranean sea using HRAF and LRAF air-sea fluxes. Monthly avera-
ged results of each OPA simulation provided lateral boundary conditions and initial
conditions for the regional simulations. The consistency of this forcing strategy was
demonstrated in Herrmann et al. [2008b].
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8.3.2 Time evolution of the convection event

The LION area (Fig. 8.1c) entirely covers the convection zone. We examined the
evolution of the maximum mixed layer depth (MLDmax) over the LION area during
the 1986-87 winter for both simulations (Fig. 8.1a). As justified in Herrmann et al.
[2008b], the mixed layer depth was defined using a threshold value of 4 cm2.s−1 for
the vertical diffusion coefficient. In LRAF MLDmax does not exceed 800 m : deep
convection does not occur. In HRAF MLDmax begins to increase on 11th January
and reaches 1200 m on 27th January. This first deepening is due to a mid-January
intense Mistral event (E2, Fig. 8.1a), in agreement with the observations. By exami-
ning CTD and velocity profiles, LS91 and SL91 deduced that this event had initiated
deep convection before 23rd January. During early February, MLDmax shallows to
500 m, as observed by LS91 and SL91. The third atmospheric event E3 induces a
second deepening phase of the mixed-layer that reaches 1240 m on 23rd February. A
brief but intense Mistral event (E4) occurs in the first few days of March after which
MLDmax reaches the bottom. This represents a small delay (11 days) compared to
LS91 and SL91 observations. MLDmax shallows to 1270 m, and then exceeds 2000m
again after E5. Restratification begins on 26th March but is briefly interrupted by
E6 until 5th April when it restarts once again. In HRAF, bottom convection, corres-
ponding to MLDmax ≥ 2000 m, occurs and the mixed layer evolution is consistent
with the atmospheric forcing and with the observations.
When bottom convection occurs, the water column is fully mixed and has homoge-
neous characteristics, corresponding to deep water (DW) temperature and salinity
properties. DW characteristics observed by LS91 were 12.76◦C, 38.44 psu, 29.11
kg.m−3. In LRAF no deep convection occurs therefore no DW is formed, and the
surface density never exceeds 29.06 kg.m−3. Also using a 125 km resolution atmos-
pheric forcing, Demirov and Pinardi [2007] obtained DW whose density did not
exceed 29.05 kg.m−3 and attributed this to the low spatial resolution of the atmos-
pheric forcing. In HRAF DW characteristics are 12.78◦C, 38.44 psu, 29.10 kg.m−3,
similar to the observed values.

8.3.3 Deep convection spatial characteristics

LS91 defined the convection area as the region where sea surface salinity (SSS)
exceeded 38.40 psu. The corresponding observed region on 21st February, when
bottom convection occurred, is shown on Fig. 8.1d, as well as the mixed layer depth
computed in LRAF on 8th February, when MLDmax is maximum, and in HRAF on
15th March, when bottom convection is established (Fig. 8.1a). In LRAF, as already
observed, no deep convection occurs. In HRAF, though the convection area seems
slightly underestimated, the size and position of this area, centered around (5◦E,
42◦N), is in better agreement with the observations.
Herrmann et al. [2008b] carried out a simulation using corrected ERA40 fluxes : a
130 W.m−2 correction was added homogeneously to HL from December to February
to correct its underestimation in ERA40. They obtained deep convection but the
convection area was too large and shifted to the southwest. This overestimation was
very likely due to the homogeneity of the correction. The mean HL difference over the
same period between LRAF and HRAF is indeed 20 W.m−2 for the LION area and
40 W.m−2 for the MEDOC point, respectively 70% and 85% smaller than the 130
W.m−2 correction : the downscaling method allows us to correct more accurately the
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atmospheric fluxes spatial and temporal extremes without overestimating HL over
the entire region.
Thus, using downscaled ERA40 fluxes enables a more accurate representation of the
size and position of the convection area and the characteristics of the DW formed
than using raw or corrected ERA40 fluxes. Rather than an average increase in fluxes,
the enhancement of meteorological extremes may be the determining factor in this
improvement. Indeed, previous numerical studies showed that extreme atmospheric
events [Madec et al., 1991a; Artale et al., 2002] and space variability, through the
strengthening of the wind stress curl [Madec et al., 1996], promote deep convection.

8.3.4 Circulation during the convection event

The main current in the NWMS is the Northern Current that flows southwest-
ward along the coast and across the Gulf of Lions shelf. In winter, it develops intense
mesoscale meanders of a few tens of km [Millot , 1999]. For both simulations this cur-
rent is visible on Fig. 8.1d. However, the current flowed steadily in LRAF, whereas in
HRAF it is unstable with 30-50 km meanders. Gascard [1978] observed that mesos-
cale structures corresponding to baroclinic instabilities developed at the periphery
of the convection area. Such meanders are present at the southern periphery of the
convection in HRAF, but not in LRAF. In HRAF, they evolve into eddies of vertical
scale larger than 1000 m, of radius ∼ 10-15 km and of maximum orbital velocity ∼ 10
cm.s−1. These eddies advect DW out of and stratified water into the convection area.
These characteristics are in agreement with observations [Gascard , 1978; Testor and
Gascard , 2006]. These structures play a major role during the convection event :
they are responsible for the stabilization of the convection zone extension and DW
characteristics, and contribute importantly to DW transport, therefore influencing
the whole NWMS thermohaline circulation [Testor and Gascard , 2006; Demirov and
Pinardi , 2007]. The circulation during the convection event is therefore represented
correctly in HRAF, and not in LRAF.

8.4 Conclusions

We chose the well-observed 1986-87 winter to evaluate the capacity of an eddy-
resolving oceanic model forced by high resolution atmospheric fluxes to represent
deep convection. Using ERA40 downscaling instead of directly using ERA40 fluxes,
we obtained a better representation of the 1986-87 deep convection event : its tempo-
ral and spatial characteristics are in better agreement with the observations, and the
circulation mesoscale processes, which play an essential role during deep convection,
are accurately represented. To our knowledge, this is the first time that deep convec-
tion and associated mesoscale structures were simulated within a high-resolution rea-
listic framework for both the oceanic model and the air-sea fluxes. This downscaling
method enables us to correct the underestimation of spatial and temporal extreme
air-sea fluxes in ERA40. As shown in this study, this appears to be crucial when
modeling oceanic deep convection, a major circulation process in the NWMS. De-
tailed sensitivity tests should be performed to confirm this hypothesis. Other years
and longer periods between 1958 and 2001 can now be studied using ERA40 downs-
caling, which provides an adequate high-resolution atmospheric forcing for modeling
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Fig. 8.1 – Atmospheric and oceanic characteristics during the 1986-87 winter for LRAF and
LRAF. (a) : Evolution of the mean wind stress τ , heat loss HL and water loss WL, and of the
maximum mixed-layer depth MLDmax over the LION area between 01/12/86 and 30/04/87 for
HRAF (red) and LRAF (black). Grey boxes mark meteorological events. (b) : Quantile-quantile
plot of τ , HL and WL averaged over the LION area. A loss for the sea corresponds to a positive
value. (c) : Total heat loss (W.m−2, colors) and wind stress (N.m−2, arrows) on 11/01/1987. The
white line delineates the LION area. (d) : Mixed layer depth (m, colors) and current at 50m depth
(m/s, arrows) on 08/02/1987 for LRAF and on 15/03/1987 for HRAF. The black line delineates
the observed convection area (LS91).
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