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[1] The near-sea-surface meteorological conditions associated with strong wind events
over the Mediterranean Sea constitute a strong forcing on the ocean mixed layer. The
present study addresses the question of the sea surface scheme used in high-resolution and
short-range atmospheric numerical modeling to represent the ocean mixed layer response
under these severe mistral wind events in the Gulf of Lions area. Several slab ocean
models have been used coupled with the Weather Research and Forecasting (WRF) model
and applied on two mistral cases: (1) a slab model based on the transport divergence
equation where the mixed layer evolution is only driven by the wind stress, (2) a slab
model where the temperature is the only prognostic variable and evolves according to the
net surface heat flux, and (3) a complete slab scheme from Price (1981). The coupled
simulations are also compared to two basic simulations, one using a constant sea surface
temperature (SST) field during all of the model integration and another using a 6-hourly
update sea surface temperature reanalysis. In this study, we mainly focus on the slab
model performances. We identify the processes involved in the ocean mixed layer
response under strong wind situations, i.e., local and fast cooling and deepening. The
feedbacks of an interactive ocean mixed layer on the atmospheric simulation are also
investigated.

Citation: Lebeaupin Brossier, C., and P. Drobinski (2009), Numerical high-resolution air-sea coupling over the Gulf of Lions during

two tramontane/mistral events, J. Geophys. Res., 114, D10110, doi:10.1029/2008JD011601.

1. Introduction

[2] The western Mediterranean basin is prone to severe
weather events, such as strong winds or heavy precipitation
situations, generally enhanced by the surrounding mountain
ranges (Figure 1, top) and the intense air-sea exchanges.
Air-sea interactions during heavy precipitation events over
southeastern France have already been investigated by high-
resolution and short-range numerical modeling [Lebeaupin
et al., 2006; Lebeaupin Brossier et al., 2008, 2009]. The
onshore low-level jet that frequently accompanies these
rainfall events was evidenced as a key factor in the thermal
exchanges that occur between the ocean mixed layer (OML)
and the atmospheric boundary layer (ABL).
[3] The mistral is a northerly offshore wind that affects

the southeastern France and the Gulf of Lions area. It is
channeled and accelerated in the Rhône river valley be-
tween the surrounding mountains (Alps and Massif Central,
Figure 1, bottom). It transports cold continental air over the
Mediterranean Sea and induces both strong momentum and
heat exchanges at the air-sea interface [Flamant, 2003], sea
surface cooling and sometimes coastal upwellings [Millot,
1979; Estournel et al., 2003]. This strong local wind is also
known to be the main ingredient involved in ocean convec-

tion and deep water formation in the Gulf of Lions [Li et al.,
2006]. High-resolution atmospheric numerical models have
already shown their good ability to simulate the spatial
complexity of these strong wind events and their unsteadi-
ness [Drobinski et al., 2005;Bastin et al., 2006;Guénard et al.,
2006; Salameh et al., 2007]. The next step for understanding
the ocean-atmosphere interactions duringmistral events can be
achieved by the use of a high-resolution coupledmodel. In rare
studies, the full two way coupling at high-resolution has been
investigated in extreme weather conditions like in bora situa-
tions over the Adriatic Sea [Pullen et al., 2003, 2006, 2007]
where the bora is a strong offshore wind similar to the mistral.
Pullen et al. [2006] found that the Adriatic Sea feedback, taken
into account in a two-way coupling, significantly improved
their model performances in bora situations. In the two-way
coupling, they found a reduction of the mean bias of wind
speed and of the sea surface temperature (SST) against ob-
servations (buoys or satellite data) compared to one-way
coupling. In heavy precipitating situations, Lebeaupin Brossier
et al. [2009] found that the two-way coupling tends to limit the
two boundary layers response, with less precipitation amounts
and smaller SST cooling compared to one-way simulation.
[4] In order to evaluate the strong air-sea exchanges that

occur during mistral events between the ABL and OML, an
alternate way to full two-way tridimensional coupling devel-
opment is using a slab ocean scheme. We examined here the
sensitivity of coupled high-resolution short-range simulations
to various slab ocean model configurations. This simple
ocean scheme has already been coupled to atmospheric
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Figure 1. Domains of simulation at (top) 21-km and (bottom) 7-km resolution (topography in meters).
The X,Y labels indicate the grid-point numbers. In the top panel the inner domain borders are 36.2�N/
47.2�N and 3.2�W/14.2�E. In the bottom panel the GEN, MIS, and TRAM labels indicate the three sea
subdomains characterized by various wind regimes: Ligurian outflow over the Gulf of Genoa and mistral
and tramontane over the Gulf of Lions, respectively.
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models in order to estimate the air-sea exchanges in several
studies [Gaspar, 1988; Schade and Emanuel, 1999;Drévillon
et al., 2003; Lau and Nath, 2006; G. Samson et al., Numerical
investigation of an oceanic resonant regime induced by
hurricane winds, submitted to Ocean Dynamics, 2009]. This
sea scheme is here applied in simulations of two past intense
mistral events: the unsteady 23–26 March 1998 event with
mistral maximum intensity of 15–20 m s�1 lasting less than
one day and the more stationary 5–9 November 1999 cases
with maximum intensity of 20–30 m s�1 lasting more than
2 days. The slab ocean model available in the WRF model is
based on the wind-mixed layer model from Pollard et al.
[1973] including the Coriolis force. It was coupled to the
WRF model in the framework of C. Davis and G. Holland’s
study for application on tropical cyclones (Realistic simula-
tions of intense hurricanes with the NCEP/NCAR WRF
modeling system, paper presented at 10thWorkshop onWave
Hindcasting and Forecasting and Coastal Hazard Sympo-
sium, U.S. Army Engineer Research and Development Cen-
ter, Oahu, Hawaii, 2007). We take benefit of this coupling
available in the WRF model to evaluate the impact of such a
slab ocean model in other high-wind situations at midlati-
tudes. In addition, we investigate the possibility of improving
such a slabmodel. In particular, wemademodifications in the
original slab ocean scheme available in order to take the
surface heat budget into account. Other numerical schemes as
experienced by Kara et al. [2008] study could be considered,
but we restricted here to the three slab model configurations
presented in the experimental design (section 2).
[5] The main objectives of this study are: (1) to evaluate

the fine scale OML evolution in terms of depth and SST
under mistral; (2) to identify the main processes involved in
the ocean response (entrainment, advection, and surface
exchanges) to the mistral by comparing the different slab
ocean scheme responses; and (3) to estimate the feedbacks
of an interactive OML on the atmospheric simulation by
examining the sensitivity of the surface heat fluxes, tem-
perature, humidity, and pressure fields to the different slab
ocean schemes. The experimental design is presented in the
following section. A simulations results intercomparison is
detailed in section 3. A conclusion follows in section 4.

2. Experimental Design

2.1. Numerical Atmospheric Model

[6] Numerical experiments have been performed with
version 3.0 of the Weather Research and Forecasting

(WRF) model of the National Center for Atmospheric
Research (NCAR) [Skamarock et al., 2008]. Two interactive
nested domains are used with mesh grids of 21 km and 7 km
horizontal resolution, respectively. The outer domain (do-
main 1) covers the western Mediterranean basin and the
inner domain (domain 2) is centered over the Gulf of Lions
(Figure 1). In the vertical, 28 sigma levels are used [Gal-
Chen and Sommerville, 1975].
[7] Initial and lateral conditions are given by the National

Centers for Environmental Prediction (NCEP) reanalysis
(NNRP or R1 products) [Kalnay et al., 1996] with 2.5� �
2.5� horizontal resolution available every 6 h and for
28 vertical levels. Over the sea, the NCEP reanalysis
tridimensional variational data assimilation system [Kalnay
et al., 1996] uses buoy and ship data of surface pressure,
surface temperature, air temperature, horizontal wind, and
specific humidity and also vertical temperature soundings
from the National Oceanic and Atmospheric Administration
(NOAA) polar orbiters. For the SST, the weekly Reynolds
SST fields are used as background. Because of the NCEP
reanalysis’s coarse resolution, the SST fields are relatively
smoothed. They both show a northwest-southeast gradient
(with a difference of nearly 5�C between the French coasts
and the Balearic Islands). The SST mean values over
domain 2 are 13.38�C on 23 March 1998 and 19.56�C on
5 November 1999. If the NCEP SST field used initially for
the mis1 case is consistent with the monthly climatology
from Smith and Reynolds [2003], on 5 November 1999,
NCEP reanalysis displays a SSTwarmer by nearly 2�C over
the region compared to the climatology (not shown). In-
deed, for the mis1 case in March 1998, the SST is cold
because of the ocean heat loss during the winter. The thermal
contrast at the air-sea interface is thus small, producing
moderate heat exchanges, even under strong winds. On the
contrary, for the mis2 case, the SST is still warm because of
the heat gain during the preceding summer and fall. This
enhances the heat exchanges across the air-sea interface
under strong winds.
[8] For the two interactive models, the microphysical

scheme is WRF Single-Moment 3-class (simple ice-WSM3)
scheme [Hong et al., 2004]. The convection is parameterized
by the new Kain-Fritsch convective scheme [Kain, 2004].
The turbulence scheme is the Yonsei University (YSU)
planetary boundary layer (PBL) scheme [Noh et al., 2003].
The radiative scheme is the Rapid Radiative Transfer Model
(RRTM) [Mlawer et al., 1997] for the longwave flux and the
Dudhia [1989] parameterization for the shortwave (solar)

Table 1. Numerical Experiments

Experiment Description Parameters

REF constant SST
NCEPUP SST update every 6h from reanalysis

Ocean schemes
ORIGOML original WRF slab scheme; h(0) = 50 m, g = 0.14 K/m

(Davis and Holland, presented paper, 2007);
processes modeled: coriolis, entrainment, and wind stress

SLABOML slab thermal scheme; h = h(0) = 50 m
[Gaspar, 1988];
processes modeled: surface heat fluxes

COMPOML complete slab scheme; h(0) = 50 m, g = 0.14 K/m
processes modeled: coriolis, entrainment, wind stress, and surface heat fluxes
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Figure 2. The 10-m wind speed (m s�1) over domain 2 simulated by the REF experiment on 24 March
1998 at (a) 0300 UT, (b) 0600 UT, (c) 0900 UT, (d) 1200 UT, (e) 1500 UT, and (f) 1800 UT. Red lines
delineate every 500 m topography height.
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Figure 3. As in Figure 2 but simulated by the REF experiment for 7 November 1999 at (a) 0300 UT,
(b) 0600 UT, (c) 0900 UT, (d) 1200 UT, (e) 1500 UT, and (f) 1800 UT.
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flux. The turbulent surface fluxes are computed with a
parameterization based on the similarity theory [Monin and
Obukhov, 1954]. For the land surface, the thermal diffusion
scheme (slab scheme) is used. In this study, several options
for the sea surface scheme were used (see the following
subsection and Table 1).

2.2. Ocean Schemes

[9] Simulations begin 23 March 1998 at 0000 UT and 5
November 1999 at 0000 UT, and last 72 and 96 h, re-
spectively. For each event, we produce the same set of
numerical experiments summarized in Table 1.
[10] The reference experiments (REF) use the simplest

configuration for the sea surface scheme, i.e., the initial SST
from NCEP reanalysis valid for the simulation initial time
(i.e., 23March 1998 0000UTand 5November 1999 0000UT)
is kept constant during the simulation duration. In simula-
tions called NCEPUP, the SST field is updated at the NCEP
reanalysis availability frequency, i.e., every 6 h.
[11] In the slab scheme, an ocean mixed layer is repre-

sented as a layer of depth h0 initially homogeneous over the
whole basin with a temperature T0 initially equal to the SST
over its whole depth. The horizontal current in the OML ~v0

is initially zero. The OML is limited in depth by a strongly
stratified thin layer called the upper thermocline and
defined by a temperature gradient g. Under the stratified
layer, we assume the presence of a deep abyssal layer. In
this scheme, the OML deepening is estimated from the
transport divergence (equation (1)); the OML temperature
is estimated from the heat balance (equation (2)) and the
horizontal current from the momentum balance (equation
(3)). Salt is not taken into account [Pollard et al., 1973;
Price, 1981],

@h

@t
þ ~r:ðh~vÞ ¼ we; ð1Þ

@T

@t
þ~v: ~rT ¼ Q

r0cph
þ weðT � TdÞ

h
; ð2Þ

@~v

@t
þ ð~v: ~rÞ~v ¼ �f~k ^~v� 1

r0
~rpþ ~t

r0h
þ weð~v� ~vdÞ

h
; ð3Þ

where ~r is the horizontal gradient operator, ~v is the
horizontal current in the OML, T is its temperature, and h is

Figure 4. Temporal evolution of the mean 10-m wind speed (m s�1) during the mis1 case simulations
over the TOTAL Sea domain and the GEN, MIS, and TRAM sea domains (see Figure 1). Note that the
time range is not the same as for mis2 case in Figure 6.
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its depth. Td and vd are the temperature and current in the
deepest layer: generally vd is null and Td is defined by the
parameter T�Td

h0
= g > 0. Q is the net heat flux at the surface;

~t is the wind stress; f is the Coriolis parameter; r0 and cp are
the density and the specific heat of sea water; and we is the
vertical entrainment speed.
[12] The pressure gradient in the OML over an infinite

depth layer can be expressed as

~rp ¼ g h ~rr� dr ~rh
h i

; ð4Þ

where r is the OML water density, g is the gravity accel-
eration and dr is the density difference between the OML
and the deep abyssal layer.
[13] InORIGOML simulations (Table 1), we use the coupled

ocean model available in WRF (hereafter referred as the
original model). It is based on the wind-mixed layer model of
Pollard et al. [1973] and was coupled toWRF to study ocean
feedbacks during hurricanes (Davis and Holland, presented
paper, 2007). The Pollard et al. [1973] model assumes that the
current and the OML depth h evolve according to the wind
stress near the surface and the Coriolis force [Ekman, 1905].

[14] Ignoring horizontal advection, the time rate of change
of the vertically averaged horizontal momentum of the upper
ocean is given by

@hu

@t
¼ fhvþ tx

r0
ð5Þ

@hv

@t
¼ �fhuþ ty

r0
: ð6Þ

The temperature evolution is thus driven by the entrainment
due to the OML deepening that brings colder water from the
deepest layer into the OML and of the Ekman transport. The
surface heat fluxes are neglected in this scheme (Q = 0).
Indeed several studies showed that the surface heat fluxes
are negligible by comparison to the heat loss through the
OML base in tropical cyclones [Bender et al., 1993; Schade
and Emanuel, 1999; Emanuel et al., 2004].
[15] In SLABOML simulations sea scheme (Table 1), the

OML depth is kept constant during the simulation integration

Figure 5. Temporal evolution of the mean total heat flux (H + LE W m�2) during the mis1 case
simulations over the TOTAL Sea domain and the GEN, MIS, and TRAM sea domains. Note that the time
range is not the same as for mis2 case in Figure 7.
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(we = 0) and the currents are not taken into account.
The temperature evolves only according to the net heat
budget at the surface [Gaspar, 1988]. Finally, equation (2)
reduces to

@T

@t
¼ Q

rcph
ð7Þ

Q ¼ Fsol þ FIRnet
� H � LE: ð8Þ

Fsol is the (downward) solar flux and FIRnet = FIrdown �
FIRup is the net infrared flux. H and LE are the sensible and
latent heat fluxes, respectively. This slab scheme applied to
the high-resolution and short-range simulation of heavy pre-
cipitating events over the same area already showed strong
SST tendencies in the Gulf of Lions, especially under on-
shore low-level wind [Lebeaupin et al., 2006].
[16] In COMPOML simulations (Table 1), the full equa-

tion system (equations (1), (2) and (3)) is solved during the
model integration in order to take into account the surface
heat and momentum fluxes, the Coriolis force, the entrain-
ment and the Ekman transport effects on the OML.

2.3. Simulated Meteorological Situations

[17] The development of the mistral is preconditioned by
cyclogenesis over the Gulf of Genoa and the passage of a
trough through France. When the synoptic northerly flow
reaches the Alpine range, it experiences channeling in the
Rhône valley. The flow is substantially accelerated, produc-
ing the mistral. The mistral occurs all year long but exhibits
a seasonal variability either in speed and direction, or in its
spatial distribution.
[18] In this study, we focus on two mistral events from

23 March 1998 0000 UT to 26 March 1998 0000 UT (72 h)
hereafter referred as ‘‘mis1’’ and from 5 November 1999 0000
UT to 9 November 1999 0000 UT (96 h) referred as ‘‘mis2.’’
2.3.1. The 23–26 March 1998 ‘‘mis1’’ Event
[19] Between the 23 and 26 March 1998, as an upper-

level trough associated with a cold front progresses toward
the Alps, a shallow vortex moves over the Tyrrhenian Sea.
The low over the Tyrrhenian deepens while moving to the
southeast between 0600 UT and 2100 UT 24 March) and
reaches Sicily on 25 March 1998 at 0600 UT. It induces a
very nonstationary wind regime over the Gulf of Lions at low
levels characterized by three converging flows (Figure 2): a
northwestern flow (tramontane), Northerly winds in the

Figure 6. As in Figure 4 but during the mis2 case simulations. Note that the time range is not the same
as for mis1 case in Figure 4.

D10110 LEBEAUPIN BROSSIER AND DROBINSKI: AIR-SEA COUPLING DURING MISTRAL

8 of 21

D10110



Rhône valley (mistral) and a northeastern flow in the Gulf of
Genoa (Ligurian outflow). In the morning of 24 March 1998,
the tramontane prevails and the mistral extends all the way to
Southern Corsica, wrapping around the depression. A weak
Ligurian outflow is observed over the Gulf of Genoa. As the
low deepens, the prevailing wind regime shifts to a well-
established mistral which peaks around 1200 UT on 24
March and is observed to reach southern Sardinia. At this
time the Ligurian outflow has become stronger. In the
afternoon (1500 UT), the mistral is progressively disrupted
by the strengthening Ligurian outflow in response to the
deepening low and the channeling induced by the presence of
the Alpine ranges. In the evening, the mistral is again well
established as the depression continues to deepen (2100 UT)
but moves to the southeast, reducing the influence of the
Ligurian outflow. During this period, the tramontane appears
to be much more steady than the mistral and less disrupted by
the Ligurian outflow. Maximum low-level winds reach about
20 m s�1 over the Gulf of Lions and 30 m s�1 over the
Ligurian Sea on 24March 1998. The mistral transports a cold
air mass containing continental and urban aerosols to North
Africa, as a relative warmer air mass is isolated over Sea to
the west of Sardinia [Salameh et al., 2007]. The cold air
outbreak over the Gulf of Lions ends in the morning of

25 March and anticyclonic conditions then prevail. The
reader is referred to Flamant [2003] and Salameh et al.
[2007] for a fully detailed description of the synoptic and
mesoscale conditions.
2.3.2. The 5–9 November 1999 ‘‘mis2’’ Event
[20] A mistral event occurs between 5 and 9 November

1999 (Figure 3): it is characterized by the passage of a cut-
off low over the North Sea associated with a marked upper
westerly flow blowing at 40 m s�1 at 500 hPa at 0000 UT
on 6 November. A marked upper northwesterly flow behind
the cold front is associated with the cyclone. After 0000 UT
on 7 November, the Genoa cyclogenesis is triggered in the
lee of theAlps. The presence of the Azores ridge over western
Francemaintains amoderate north westerly geostrophic wind
at 500 hPa (around 20 m s�1). At 0000 UT on 8 November,
the Genoa cyclone moves southeastward while the Azores
ridge moves northeastward. The 500-hPa geostrophic
winds veer southward over the northwesternMediterranean
until 0000 UTon 9 November. Near the surface, the mistral
onset occurs at around 0000 UT on 6 November. The
mistral peaks at 0000 UT on 7 November with intensities
reaching 20–30 m s�1 and veers progressively from the
northwest to the north. After 0000 UT, the mistral becomes
more steady. The mistral strength slowly decreases until its

Figure 7. As in Figure 5 but during the mis2 case simulations. Note that the time range is not the same
as for mis1 case in Figure 5.
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Figure 8. Ocean mixed layer depth (meters) and current (m s�1) simulated by (a) ORIGOML and
(b) COMPOML on 26 March 1998 0000 UT over domain 2. Initial OML depth value is 50 m over all
the basin.
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Figure 9. As in Figure 8 but simulated on 9 November 1999 0000 UT over domain 2 by (a) ORIGOML
and (b) COMPOML.
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breakdown at 0000 UT on 9 November [Guénard et al.,
2006].

3. Simulations Intercomparison

3.1. Reference Experiments

[21] The reference simulation of the mis1 case succeeds in
representing the upper-level dynamics. In particular, WRF
captures the upper-level trough motion southward over the
Tyrrhenian Sea during the afternoon of 24 March 1998 (not
shown) and simulates accurately the strong low-level wind
event in the Gulf of Lions (less than 2 m s�1 difference on
average) with the distinct mistral and tramontane flows and
the Ligurian outflow in the Gulf of Genoa. Figure 2 displays
the evolution of the 10-m wind field over domain 2 on
24 March 1998 and Figure 4 plots the evolution of the
10-m wind speed averaged over domain 2 and the three
subdomains shown in Figure 1. The strongest winds are
simulated in the GEN domain during the night between
24 and 25March 1998. The mistral intensity peak occurs on
24 March around 1200 UT and lasts only a few hours
(Figures 2d and 4). It also corresponds to a peak in the
energy amount transferred from the OML to the ABL as
evidenced in Figure 5. The total turbulent heat flux (H + LE)

exceeds 350 W m�2 on 24 March between 0900 UT and
1500 UT over the MIS subdomain. The high-resolution
orography of domain 2 around the Gulf of Lions (in
particular the Alps, Massif Central and Pyrénées, see
Figure 1) allows the representation of the channeling
process and the accurate simulation of the low-level wind
field. WRF also succeeds in representing the unsteadiness
of the mistral due to the Ligurian outflow as it was observed
during the mis1 event (see section 2). The maximum 10-m
wind speed is 18 m s�1 for the Ligurian outflow during the
afternoon of 24 March. The 10-m wind field is also
characterized by an area of relative weak wind located in
the lee of the Alps (Figure 2).
[22] The reference experiment for the mis2 event also

succeeds in correctly representing the upper level atmo-
spheric dynamics with the Genoa cyclogenesis that slowly
moves southeastward from the lee of the Alps to the
Tyrrhenian Sea (not shown). At lower levels, the model
simulates the mistral event (Figure 3), with a maximum
mistral intensity between 20 and 25 m s�1 the morning of
7 November 1999 (against 14 m s�1 for the mis1 case
reference; Figures 2 and 3). The mistral is also more steady
compared to the mis1 case reference, with an average value
of 15m s�1 of the 10-m wind speed over the MIS domain

Figure 10. Temporal evolution of the mean SST (�C) during the mis1 case simulations over the TOTAL
Sea domain and the GEN, MIS, and TRAM sea domains. Note that the time range is not the same as for
mis2 case in Figure 12.
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during 60 h (Figure 6). The mistral blows over the Gulf of
Lions until late in the afternoon on 8 November 1998. The
combination of this intense steady mistral and of the strong
air-sea thermal contrast leads to extreme values of total tur-
bulent heat fluxwith amaximumvalue of nearly 1200Wm�2

on average over the MIS domain (Figure 7). The persistence
of these strong air-sea exchanges is also highlighted in
Figure 7 with a total heat flux that exceeds 500 W m�2 on
average between 1800 UTon 6 November 1999 and the end
of the simulation.
[23] The WRF reference experiments produce realistic

simulations of the two studied mistral events, with however
slight underestimation of the low-level winds compared to
the observations (around 2 m s�1 difference on average)
[Flamant, 2003;Guénard et al., 2006; Salameh et al., 2007].

In the following, the ocean slab schemes performances will
be evaluated by quantifying the differences with these
reference experiments.

3.2. Ocean Mixed Layer Evolution

3.2.1. Mixed Layer Depth and Current
[24] The OML depth and current are prognostic variables

of the slab scheme in ORIGOML and COMPOML. Initially,
the OML depth is 50 m over the whole sea domain.
[25] For the mis1 case: after 72 h, the OML has gradually

deepened (Figure 8). The deepening is more pronounced in
strong wind areas in the two simulations. The maximum
deepening is located near Corsica and Sardinia with nearly
55 m depth on 26 March 1998 at 0000 UT. The currents are
also quite similar between ORIGOML and COMPOML.

Figure 11. The mis1 case: differences over domain 2 between the initial SST (23 March 1998) and (a)
the SST field in NCEP reanalysis on 26 March 1998 0000 UT or the SST field simulated on 26 March
1998 0000 UT by (b) ORIGOML, (c) SLABOML, and (d) COMPOML.
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Strong current areas are evidenced East of Corsica and Sardinia
and below the tramontane jet (Figure 8). The maximum
current is 16 cm s�1 in both ORIGOML and COMPOML.
[26] For the mis2 case: after 96 h, the OML has signifi-

cantly deepened (Figure 9) especially in COMPOML exper-
iment. The deepening is most significant under the strongest
and stationary winds, i.e., under mistral and tramontane
low-level winds. The maximum deepening is located in the
center of domain 2 and reaches nearly 65 m depth on
9 November 1999 at 0000 UT. If the OML deepening is
weaker in ORIGOML (52 m on average over the sea
domain against 53.5 m in COMPOML on 9 November),
the currents are quite similar between ORIGOML and
COMPOML experiments (less then 2 cm s�1 difference;
Figure 9). The strongest currents found are in the Gulf of
Lions at 45� to the right of the low-level winds according to
the Ekman theory and exceed 35 cm s�1 in both ORIGOML
and COMPOML.
[27] The differences between the OML responses under

the two mistral events can be explained by the stationarity
of the wind. The more stationary the intense low-level jet,
the larger the energy extraction from the ocean and the
deeper the OML. The role of the steadiness of the atmo-
spheric circulation on the intensity of the oceanic response

was already highlighted under heavy precipitation
events with an onshore low-level jet over the same area
[Lebeaupin et al., 2006; Lebeaupin Brossier et al., 2008,
2009] and in the case of tropical cyclones [Schade and
Emanuel, 1999].
3.2.2. Sea Surface Temperature
[28] For the mis1 case, the NCEP reanalysis captures a

gradual SST cooling between 23 and 26 March, particularly
in the Gulf of Lions. Averaging over domain 2, the cooling
reaches �0.2�C (Figure 10). Maximum cooling of �0.3�C
is located to the east of the Rhône river mouth (Figure 11a)
and extends 300 km southward. For the mis2 case, the
NCEP reanalysis captures a SST cooling on average of
�0.25�C (Figure 12). Cooling occurs in the western part of
the domain (MIS and TRAM domains, Figure 12), whereas
the SST increases in the eastern part (Figure 13a). For the
two cases, the NCEP reanalyses capture the SST cooling at
different locations, extending over large areas owing to the
coarse resolution of the reanalyses.
[29] Small differences in the SST fields are found

between the ORIGOML simulation and the reference
(Figures 10, 11b, 12, and 13b). For the mis1 case, the
cooling reaches only �0.01�C on average over domain 2
after 72 h (Figure 10). For the mis2 case, only a small area is

Figure 12. Temporal evolution of the mean SST (�C) during the mis2 case simulations over the TOTAL
Sea domain and the GEN, MIS, and TRAM sea domains. Note that the time range is not the same as for
mis1 case in Figure 10.
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affected by SST cooling reaching �0.1�C on 7 November
1999 when using the ORIGOML slab model (Figure 13b).
The contributions of entrainment and transport to the heat
budget are thus weak in these two situations. The strongest
low-level winds (’20 m s�1) are not strong enough or
stationary enough to induce neither strong h variations nor
strong Ekman transport, and consequently variations of the
OML temperature are small. This scheme that seems to be
adapted to tropical cyclone wind regimes (>30 m s�1)
[Schade and Emanuel, 1999; Emanuel et al., 2004; Davis
and Holland, presented paper, 2007] fails in less severe
weather situations, because the contribution of the thermal
exchanges at the air-sea interface is missing in this slab
model. We thus test slab models accounting for thermal
exchanges.

[30] The surface heat fluxes (Figures 5 and 7) induce
large SST cooling as evidenced by the SLABOML simula-
tion (Figures 10, 11c, 12, and 13c). For the mis1 case, the net
surface heat flux (Q) induces strong SST cooling over the
Gulf of Lions, with values similar to those seen in the NCEP
reanalysis (Figure 10) over different locations (Figures 11a
and 11c). Indeed, the most significant cooling (�0.5�C) is
obtained in the eastern part of domain 2, around Corsica and
Sardinia and the Gulf of Genoa, where the low-level winds
are the strongest and the most persistent. Three SST anoma-
lies are found collocated with the three strong low-level wind
flows (tramontane, mistral and Ligurian outflow). At the
Rhône river mouth, a�0.1�C cooling after 72 h is induced by
the mistral on 24March. The low-level wind underestimation
in the atmospheric simulation limits the SST cooling. The

Figure 13. The mis2 case: differences over domain 2 between the initial SST (5 November 1999) and
(a) the SST field in NCEP reanalysis the 9 November 1999 0000 UT or the SST field simulated on
9 November 1999 0000 UT by (b) ORIGOML, (c) SLABOML, and (d) COMPOML.
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same results are found for the mis2 case. The slab scheme
also produces fine-scale patterns in the SST field correlated
with the wind pattern. The strongest SST anomalies reaching
�1�C at the end of the simulation are located over the TRAM
and MIS subdomains (Figure 12). After 96 h, the SST field
shows large cooling below the mistral and tramontane. The
SST decrease reaches �1.2�C (Figure 13c). Comparing the
SLABOML and ORIGOML simulations shows that
the cooling by the sea surface heat fluxes represents more
than 90% of the total heat loss against less than 10% due to
entrainment.
[31] In COMPOML, we finally obtain SST values rang-

ing between ORIGOML and SLABOML SST values. The
COMPOML SST is slightly cooled on average over domain
2 during the mis1 case (Figure 10). The final SST field
exhibits a strong cooling of �0.45�C in the Gulf of Genoa
(Figure 11d), but also a SST warming where the low-level

winds are weaker. Figure 10 shows that SLABOML and
COMPOML simulations predict quite similar SST trends
(�2.5� 10�3�C h�1 in SLABOML and�1.8� 10�3�C h�1

in COMPOML). The difference between the two curves
(Figure 10) is due to the gradual OML deepening in the
COMPOML simulation. In fact, at the beginning the same
energy (Q) is extracted from the OML in the two simulations,
the deepening (h > h0) in COMPOML tends to limit the SST
cooling, and in turns gradually induces stronger net heat
flux in COMPOML than in SLABOML. For the mis2 case,
the SST field shows large cooling after 96 h below the
mistral and tramontane reaching�1.1�C (Figure 13d). When
using the complete equation system (COMPOML experi-
ments), the gradual OML deepening limits the temperature
decrease even if the same amount of heat is exchanged at the
air-sea interface than in SLABOML. As evidenced by equa-
tion (7), @T@t scales as h

�1 and thus decreases as h increases. It

Figure 14. Differences between the COMPOML simulation and the reference experiment
(COMPOML-REF) on 24 March 1998 1800 UT for 2-m temperature (�C), 2-m water vapor mixing
ratio (g/kg), surface pressure (hPa), and total turbulent sea surface heat flux (H + LE � W m�2) over
domain 2.
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gradually induces a stronger net heat flux in COMPOML than
in SLABOML (Figure 7) that finally enhances the difference
between the two SSTevolution curves. The temporal averaged
SST trends are�7.8� 10�3�Ch�1 in SLABOMLand�6.1�
10�3�C h�1 in COMPOML for the mis2 case (Figure 12).
[32] The difference of the stationarity of the strong winds

between the two mistral events studied here explain the
difference in the OML temperature trends. The SLABOML
and COMPOML experiments show that the intensity and
the persistence of the turbulent heat fluxes are the control-
ling factors for the OML temperature. Indeed, the statio-
narity of the strong low-level winds and an intense thermal
contrast between the OML and the ABL in the mis2 case
combine to produce intense sensible and latent heat fluxes,
and consequently result in a significant energy amount
extracted from the OML toward the ABL. For the mis1 case
a smaller thermal contrast and weaker low-level winds
produce 4 times less heat flux values (Figures 5 and 7) and
consequently less significant SST trends. In the sheltered

regions in the lee of the Alps and Massif Central, the OML
temperature variations are more sensitive to the radiative
fluxes. As the turbulent fluxes are less significant in these
areas, the OML deepening and the currents are also weak.

3.3. Feedbacks on the Atmospheric Simulations

[33] We focus here on differences obtained for the atmo-
spheric low-level fields (temperature and humidity at 2 m,
surface pressure, total turbulent heat flux and the 10-m wind)
between the reference and the SLABOML and COMPOML
simulations which evidence the most significant oceanic
response.
[34] Indeed, as the SST slowly decreases in COMPOML

(and SLABOML) simulation, the sensible and latent heat
fluxes also decrease (Figures 5 and 7). A smaller heat amount
(�25 W m�2 and �100 W m�2 locally in COMPOML (and
SLABOML) for the mis1 and mis2 cases, respectively) is
transported across the air-sea interface to the atmospheric
boundary layer, leading to colder low-level air and conse-

Figure 15. As in Figure 14 but for 7 November 1999 1500 UT.
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quently to a more stable air mass than in the reference
experiment (Figures 14 and 15). Less significant responses
are found for humidity, pressure and wind fields. The low-
level air mass is more stable in SLABOML and COMPOML
with a slightly larger surface pressure.
[35] Changing the ocean surface scheme induces minor

modifications of the trough location and intensity: it is
however visible for the mis2 case as shown in Figure 16.
Such modifications do not appear for the mis1 case
simulations. These differences in the low-level trough
position induce modification in the low-level wind direc-
tion in the Gulf of Lions. In fact, the most significant
surface wind modifications are located in the wake of the
Alps, where winds are weak for the two situations
(Figures 17 and 18). This modifications correspond to a
shift of the mistral to the east in COMPOML (and
SLABOML) compared to the reference experiment
(Figure 18). This area finally shows the strongest sensi-
tivity to SST variations. Flamant [2003] already high-
lighted the significant impact of these sheltered regions

positions which evolve with the synoptic conditions on
the local sea surface turbulent fluxes.
[36] In ORIGOML, the air temperature response is less

significant than in SLABOML and COMPOML, but differ-
ences in the wind field are still present in the wake area. The
SST evolution impact on the dynamics at low levels in the
weak regime should imply several nonlinear interactions
between the two boundary layers affecting the very local
scale. A small signature in the potential vorticity field has
been seen when ORIGOML is compared to the reference
(not shown).
[37] The coupled numerical experiments evidence feed-

backs between the interactive OML and ABL dynamics. The
coupling tends to gradually decrease the thermal gradient
between the OML and the ABL. The low-level atmospheric
temperature and humidity fields are the most sensitive to the
heat fluxes decrease. In fact, the SST decrease tends to
stabilize the low level air mass. An interactive OML does
not change the upper-level dynamics. Only a small modifi-
cation of the low-level trough has been found for the mis2

Figure 16. For 9 November 1999 at 0000 UT over domain 1: sea level pressure (SLP in hPa, greyscale
and white isocontours) and 10-m wind (m s�1, arrows) simulated by the reference experiment and SLP
simulated by SLABOML (red isocontours).
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case. This faster eastward progression of the trough leads to
an eastward shift of the mistral direction over the Gulf of
Lions more particularly in the sheltered areas.

4. Conclusion

[38] Coupling the high-resolution atmospheric model
WRF to a slab ocean model shows a strong cooling of the
ocean mixed layer during the tramontane/mistral events of
23–26 March 1998 (mis1) and of 5–9 November 1999
(mis2). With these two mistral situations, we highlighted
that the modeled ocean response is sensitive to the strength
of the low-levels winds but also to their persistence and to
the thermal contrast between the ocean and the atmosphere.

The short mistral duration and the relatively cold OML in
March 1998 (after the winter) in the mis1 case produce
moderate turbulent heat fluxes over a short period. The
energy amount extracted toward the air-sea interface is not
strong enough to perturb the OML thermodynamics. Con-
versely, during the mis2 case, the long duration of high
winds with a significant air-sea thermal contrast (as the SST
is still relatively warm in November) produce intense heat
exchanges (>500 W m�2 during 60 h). In this situation, the
full ocean slab model, which includes surface the heat and
momentum fluxes, the Coriolis force, the entrainment and
the Ekman transport, produces an OML cooling and deep-
ening. Our sensitivity experiments show that taking the
surface net heat budget into account is preferable to correctly

Figure 18. As in Figure 17 but for 7 November 1999 1500 UT.

Figure 17. Differences between the COMPOML simulation and the reference experiment
(COMPOML-REF) on 24 March 1998 1800 UT for the 10-m wind components over domain 2. Purple
thick lines delineate 10-m wind speed module values in the REF simulation (m s�1).
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estimate the OML response under these severe winds events
instead of the original scheme only driven by the wind stress.
Small feedbacks on the atmospheric event have been seen:
the coupling tends to decrease the gradients between air and
sea at the interface and modulates temperature contrasts. The
low-level atmospheric temperature and humidity fields are
modified according to the air-sea turbulent heat fluxes
decrease. The dynamics are finally slightly changed by taking
into account an interactive OML. A small modification of the
trough has been found leading to a weak modification of the
low-level wind direction over the Gulf of Lions and of
the horizontal extensions of the sheltered areas.
[39] Note that slab schemes strongly depend on parame-

ters values (h0 and eventually g). Other choices for these
parameters values could lead to different results. In partic-
ular, a shallower OML could lead to more significant SST
cooling under the same atmospheric event, whereas a deeper
OML would require more energy extraction to simulate the
same oceanic response. In particular, the deepening simu-
lated in COMPOML leads to a less intense SST decrease
than in SLABOML for this main reason.
[40] The results obtained in our experiments show a

production of fine scale oceanic patterns under strong
mistral events that could not be reproduced in large-scale
analyses. The produced patterns look like the fine-scale
structures that could be found in high-resolution satellite
products like AVHRR SST fields [Estournel et al., 2003;
Lebeaupin et al., 2006]. Nevertheless, without mesoscale
assimilation of oceanic data, our SST field cannot be
directly compared quantitatively to the AVHRR SST fields.
At first order, as the ocean schemes are initialized with the
NCEP reanalyses, the SST keeps the main structure of the
coarse initial field. A more thorough insight shows that
the strong anomalies of the SST field simulated during mis2
case probably persisted several days over the Gulf of Lions,
as evidenced by the cold anomaly found in the AVHRR
SST field used by Lebeaupin et al. [2006] study of the
12 November 1999 heavy precipitation event (Aude case),
whereas this anomaly is not present in the coarse SST field
of the NCEP analyses.
[41] Even if the atmospheric simulation is not very sen-

sitive to the gradual SST evolution during the two studied
mistral events here, an accurate SST initial field at fine scale
is crucial to succeed in reproducing the air-sea heat
exchanges during a sequence of several high wind events
over a small region as the Gulf of Lions. This highlights the
pertinence of coupling a slab ocean model including entrain-
ment, advection and surface exchange processes to a weather
forecasting model to better catch the OML evolution a few
days before and during severe weather events and finally
obtain a better SST analysis even when satellite data are miss-
ing in cloudy conditions. The complete slab ocean scheme is
a robust and cheap numerical tool that allows an estimation of
the fine-scale SST evolution within the WRF model.
[42] A high-resolution two-way coupling with a tridimen-

sional ocean model is now needed for estimating the ocean
state modifications under a succession of strong mistral
events during the winter ocean deep convection precondi-
tioning phase in the Gulf of Lions and for studying the
formation of local gyres and coastal upwellings under strong
tramontane/mistral. Validation of slab oceanic models as well
as the fully coupled model is also expected from the HyMeX

experiment(HYdrological cycle in Mediterranean EXperi-
ment, http://www.cnrm.meteo.fr/hymex/) that aims to study
the full hydrological cycle over the Mediterranean basin and
in particular the intense air-sea exchanges occurring under
severe meteorological situations.
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