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Alpine lee cyclogenesis inuence on air-sea heat

exchanges and marine atmospheric boundary layer

thermodynamics over the Western Mediterranean

during a Tramontane/Mistral event

Cyrille Flamant

Service d'A�eronomie/IPSL, Universit�e Pierre et Marie Curie, Paris, France

Abstract. Data from a recent �eld campaign are used to analyse the non-stationary
aspects of air-sea heat exchanges and marine atmospheric boundary layer (MABL) ther-
modynamics over the Gulf of Lion (GoL) in connection with synoptic forcing. The dataset
includes measurements made from a wide range of platforms (sea-borne, airborne and
space-borne) as well as three-dimensional atmospheric modelling.

The analysis focuses on the 24 March 1998 Tramontane/Mistral event. It is shown that
the non-stationary nature of the wind regime over the GoL was controled by the multi-
stage evolution of an Alpine lee cyclone over the Tyrrhenian Sea (between Sardinia and
continental Italy). In the early stage (low at 1014 hPa), the Tramontane ow prevailed
over the GoL. As the low deepened (1010 hPa), the prevailing wind regime shifted to
a well established Mistral which peaked around 1200 UTC. In the afternoon, the Mis-
tral was progressively disrupted by a strengthening outow coming from the Ligurian
Sea in response to the deepening low over the Tyrrhenian Sea (1008 hPa) and the chan-
neling induced by the presence of the Apennine range (Italy) and the Alps. In the evening,
the Mistral was again well established over the GoL as the depression continued to deepen
(1002 hPa) but moved to the south-east, reducing the inuence of outow from the Lig-
urian Sea on the ow over the GoL.

The air-sea heat exchanges and the structure of the MABL over the GoL were ob-
served to di�er signi�cantly between the established Mistral period and the disrupted
Mistral period. In the latter period, surface latent and sensible heat uxes were reduced
by a factor of 2, on average. During that latter period, air-sea moisture exchanges were
mainly driven by dynamics, whereas during the former period, both winds and vertical
moisture gradients controlled moisture exchanges. The MABL was shallower during the
latter period (0.7 km instead of 1.2 km) due to reduced surface turbulent heat uxes
and increased wind shear at the top of the MABL in connection with the outow from
the Ligurian Sea. In the period of established Mistral, gravity waves above the marine
ABL were observed to have an inuence on the MABL structure. In the perturbed Mis-
tral case, this inuence was not observed.

Over the GoL, the ubiquitous presence of sheltered regions (i.e. regions of reduced wind
speed in the MABL) in the lee of the three major mountain ranges surrounding the GoL
(namely, the Pyr�en�ees, the Massif Central and the Alps) was shown to have an impact
on surface turbulent heat uxes. The position of these sheltered regions, which evolved
with the synoptic conditions, was the key to a correct interpretation of multi-platform
surface turbulent ux measurements made over the GoL on 24 March 1998.

1. Introduction

It is now well accepted that the next step towards a
noticeable improvement in understanding coastal meteorol-
ogy will be achieved through the use of a coupled ocean-
atmosphere model in coastal regions. Such models already
exist [Hodur, 1997; Powers and Stoelinga, 2000; Estournel
et al., 2002] but have yet to be thoroughly tested and val-
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idated. As air-sea exchanges are key in driving both the
atmospheric and oceanic circulations, mesoscale turbulent
heat ux �elds over coastal waters are desperatly needed for
such validation exercises. As a result, the development of
instruments and methodologies to measure turbulent heat
ux from sea-borne, ship-borne and airborne platforms has
become increasingly important in recent years. However,
the representativity of such measurements is very di�cult
to assess at the mesoscale because of the variety of forc-
ings driving the uxes as well as the scales at which their
inuence is most e�cient. Among the most important forc-
ings we �nd sea state, wind conditions and the response of
the marine atmospheric boundary layer (MABL) to external
mesoscale or synoptic forcing.
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In this paper, we use the turbulent heat ux measure-
ments made from a still buoy, a ship and an aircraft over the
Gulf of Lion (GoL), Western Mediterranean, during the 24
March 1998 Mistral/Tramontane wind event documented in
the framework of the FETCH (Flux, Etat de mer et T�el�ed�e-
tection en Condition de fetcH variable) experiment [Hauser
et al., 2000, 2002] to discuss these representativity issues.
The Tramontane and the Mistral are low level, orography-
induced, cold-air outbreaks over the GoL blowing o�shore
of Narbonne and Arles, France, respectively (Fig. 1). They
are frequently observed to extend several hundreds of kilo-
metres from the coast, bringing cold and dry continental air
over the warm Western Mediterranean, and hence, gener-
ating intense heat air-sea exchanges. They are one of the
primary cause of storms over the Mediterranean, between
Italy and the Balearic Islands [Trigo et al., 1999; Campins
et al., 2000].

An important part of the paper is dedicated to the anal-
ysis of the spatio-temporal evolution of turbulent heat ux
measurements in the synoptic and mesoscale context pro-
vided by forecasts from the operational model ALADIN of
M�et�eo-France. Emphasis is put on the non-stationary na-
ture of the Tramontane/Mistral wind regime over the GoL
on 24 March 1998 which was controled by the evolution of
an Alpine lee cyclone over the Tyrrhenian Sea (between Sar-
dinia and continental Italy).

The paper is organized as follows. In section 2, we briey
describe the objectives of the FETCH experiment as well
as the operations which took place on 24 March 1998 over
the GoL. In section 3, we briey present the numerical
weather prediction model ALADIN used in this study. In
section 4, we discuss the evolution of the synoptic situa-
tion over the Mediterranean on 24 March 1998, based on
ALADIN simulations. We show that at least three wind
regimes (namely Tramontane, established Mistral and dis-
rupted Mistral) prevailed over the GoL in response to the

Figure 1. Presentation of the Northern Mediterranean re-
gion showing the location of the geographical features re-
ferred to in this paper. Shaded areas correspond to the to-
pography above 500 m: the Pyr�en�ees (P), the Massif Central
(MC), the Alps and the Apennine range [mountains are also
seen in Corsica and Sardinia]. The dashed box indicates
the FETCH domain within which 2 aircraft, a ship and a
buoy where deployed. The thick arrows indicate the clima-
tological directions of the Mistral (M) and Tramontane (T)
winds.

di�erent stages of development of the cyclone. In section 5,
we present a mesoscale analysis of the MABL thermodynam-
ics over the GoL, in the region of the FETCH experiment
operations. Emphasis is put on the ubiquitous presence over
the Mediterranean of sheltered regions (i.e. regions of re-
duced wind speed in the MABL) in the lee of the three
major mountain ranges surrounding the GoL (namely, the
Pyr�en�ees, the Massif Central and the Alps, see Fig. 1) and
their impact on surface turbulent heat uxes. The spatio-
temporal evolution of mean and turbulent variables mea-
sured from a buoy, a ship and two aircraft is then analysed
in section 6 on the basis of the mesoscale and synoptic scale
forcings. Finally, airborne lidar and in situ measurements
are used to depict the structure of the MABL over the GoL
(section 7). It is shown to di�er signi�cantly between the
established Mistral period and the disrupted Mistral period.
In section 8, summarize and conclude.

2. The FETCH experiment: rationale and
operations on 24 March 1998

The FETCH experiment [Hauser et al., 2000, 2002] took
place over the Mediterranean from 12 March to 15 April
1998 and was dedicated to the study of the interactions
between the ocean and the atmosphere in a coastal envi-
ronment under strong wind conditions. The period of the
experiment was chosen for being favourable to Tramontane
and Mistral events. As there is still a lot of uncertainties
associated with the parameterization of the inuence of sea
state and MABL structure on surface turbulent uxes, an
airborne lidar and an airborne radar ocean wave spectrom-
eter were own in formation during FETCH (a �rst in such
air-sea exchange-oriented �eld experiments) to document si-
multaneously the MABL structure and the sea state, respec-
tively, at the mesoscale. These two aspects were thought pri-
mordial since the inuence of the sea state on the uxes and
their parameterization is still subject to contradiction and
controversy in the literature [see Dupuis et al.,1997; Eymard
et al., 1999; Drennan et al., 2002 and references therein],
while very few studies deal with the impact of the MABL
structure on turbulent uxes [e.g. Marht et al., 1998]. In
this paper, only the latter aspect is dealt with. The inu-
ence of sea state is presented elsewhere [e.g. Drennan et al.,
2002].

Despite the 6 weeks alocated to FETCH, only 2 Tramon-
tane/Mistral events occured (14 March and 24 March 1998).
In this paper, we focus on the 24 March 1998 case only.
Four platforms were available for that event: two aircraft
(the Avion de Recherche Atmospheric et de T�el�ed�etection
(ARAT) and the Merlin IV), the Research Vessel Atalante
and the Air-Sea Interaction Spar (ASIS) buoy [Graber et

al., 2000], located at 43�N / 4.25�E. All platforms were
equiped so to measure in situ mean meteorological vari-
ables and turbulent uxes, with the exception of ASIS which
only measured momentum uxes. In the particular case of
ASIS and the Research Vessel Atalante, these measurements
were made at 7 and 17 m above sea level, respectively. The
structure of the MABL was documented using the down-
looking di�erential absorption lidar LEANDRE 2 [Bruneau
et al., 2001a, 2001b] embarked on the ARAT as well as air-
craft soundings and balloon soundings launched from the
Research Vessel Atalante.

Two 2-aircraft missions were performed on 24 March
1998. In both cases, the ight tracks were designed in such a



manner that long leveled legs be own along and across the
mean MABL wind direction (for turbulent ux computa-
tion purposes). In the following, we focus almost entirely on
ARAT measurements. Only turbulent ux measurements
made by the Merlin in the morning (on the same track than
the ARAT) were used. In the morning, the ARAT ew
an L-shaped pattern (A-D-E, leg A-D being aligned with
the mean wind) at 13000 ft ASL (Fig. 2a) from 1014 to
1053 UTC, with LEANDRE 2 pointing to the nadir in or-
der to describe the evolution of the ABL structure. The
ARAT then performed a sounding between E and D, before
documenting the ABL at 100 m ASL and at 300 m ASL
along legs DE and BC, with LEANDRE 2 pointing to the
zenith, between 1110 and 1233 UTC. In the afternoon, the
ARAT ew an X-shaped pattern (A-F-C-E, leg A-F being
aligned with the mean wind) at 13000 ft ASL (Fig. 2b)
from 1620 to 1730 UTC, with LEANDRE 2 pointing to the
nadir. The ARAT then performed a sounding between E
and F, before documenting the ABL at 100 m ASL (F-B-C)
and at 300 m ASL (C-B-A), with LEANDRE 2 pointing to
the zenith, between 1750 and 1850 UTC. In the following,
the morning and afternoon ARAT ights are referred to as
F02 and F03, respectively. The Research Vessel Atalante
track on 24 March 1998 is shown in Fig. 2c. The position
of the ASIS buoy is indicated by the diamond in Fig. 2.

3. Modeling strategy

In addition to the means specially deployed for FETCH,
M�et�eo-France provided daily forecasts of the meteorologi-
cal situation made with the operational model ALADIN.
ALADIN is a spectral limited area model, taking its bound-
ary conditions from the global model ARPEGE of M�et�eo-
France, which covers a domain of 2739 km � 2739 km (cen-
tered on France). The horizontal resolution is approximately

(a) (b)

(c)

Figure 2. Flight tracks own by the ARAT in the morning
(a) and afternoon (b) of 24 March 1998. The Research Ves-
sel Atalante track on that day is also shown (c). The labels
(0000, 0700, ...) indicate the time (UTC) at the location
pointed to by each arrow. Crosses indicate hourly positions
of the ship. Note that, at some periods, the ship did stay in
the same location for more that an hour. Triangles indicate
major cities and the diamond indicates the position of the
ASIS buoy.

10 km, with 31 levels on the vertical, the highest level being
at 5 hPa and the lowest level at approximately 17 m above
ground/sea level. The surface layer and planetary bound-
ary layer uxes are computed on the lowest level using a
modi�ed version of the scheme developed by Louis et al.

[1981]. The 3D-var data assimilation provides two analyses
per day (0000 and 1200 UTC) but no associated �rst guess.
Forecasts are available every 3-h, i.e. at 0000, 0300, 0600,
0900, 1200, 1500, 1800, 2100 and 2400 UTC. 3-h integrated
surface turbulent uxes are computed from 12-h forecasts.
Additional information can be found in Eymard et al. [2002].

The forecasts products of interest for this study are: tem-
perature, humidity and wind distributed on 16 pressure lev-
els between 1000 and 100 hPa (namely, 1000, 950, 925, 900,
850, 800, 750, 700, 600, 500, 400, 300, 250, 200, 150 and
100 hPa). Sea level pressure and surface turbulent uxes
are provided at the lowest level, i.e. 17 m ASL. Near surface
extrapolated �elds (at 10 m ASL for the wind and 2 m ASL
for temperature and humidity) are derived assuming a neu-
tral pro�le. The SST in the model is issued from Reynolds'
climatology and yields characteristic spatial and temporal
scales of about 2� and 8 days.

In the framework of FETCH, forecasts were used as tools
for (i) deciding whether or not to start an intensive oberva-
tion period (IOP) and (ii) designing ight plans for aircraft
and routes for the Research Vessel Atalante. An ancillary
objective for M�et�eo-France was to confront ALADIN fore-
casts to multi-platform measurements during these IOPs in
a region where such measurements are sparse.

A thorough comparison of ALADIN forecasts and air-
craft in situ measurements was conducted on 4 meteoro-
logical variables: wind speed, wind direction, humidity and

(a) (b)

(c) (d)

(e) (f)

Figure 3. Sea surface pressure forecasted on March 24 1998
by the French operational model ALADIN at (a) 0600, (b)
0900, (c) 1200, (d) 1500, (e) 1800 and (f) 2100 UTC. Sea
surface isobars are between 1000 and 1026 hPa with 2 hPa
increments.



temperature in order to determine which ALADIN forecasts
better depicted the ow over the GoL at the time of the
ights. This was done for ABL measurements (see Ap-
pendix) as well as high level measurements. These compar-
isons show that the thermodynamical conditions prevailing
over the GoL during the morning (afternoon) ight were
well represented by the 1200 UTC (1800 UTC) ALADIN
forecasts.

4. Synoptic scale analysis

The 24 March 1998 Tramontane/Mistral event was inti-
matly linked to the existence of an upper-level trough (and
its associated cold front) progressing towards the Alps (not
shown) and the presence of a shallow vortex (1014 hPa)
over the Tyrrhenian Sea (between Sardinia and continental
Italy) at 0600 UTC. As the day progressed, the low over
the Tyrrhenian deepened (from 1014 to 1008 hPa between
0600 and 1500 UTC) while remaing relatively still. From
1500 UTC on, the low continued to deepen (from 1008 to
1002 hPa) while moving to the southeast. It was located
over Sicily on 25 March 1998 at 0600 UTC (not shown, see
Fig. 1 for the location of the geographical features referred
to in this paper).

This two-phase evolution of Alpine lee cyclogenesis has
been observed before [Egger, 1972; Buzzi and Tibaldi, 1978].

(a) (b)

(c) (d)

(e) (f)

Figure 4. Wind speed �eld simulated in the ABL (at
950 hPa) on March 24 1998 by the French operational fore-
cast model ALADIN at (a) 0600, (b) 0900, (c) 1200, (d)
1500, (e) 1800 and (f) 2100 UTC. Superimposed are the
sea surface isobars between 1000 and 1030 hPa with 5 hPa
increments and the 20 ms�1 isotach. In the false color
scale, blue/dark blue corresponds to wind speeds less than
5 m s�1 and white to wind speed equal to or larger than
20 ms�1. Redish colors correspond wind speeds of the or-
der of 10 m s�1.

Alpert et al. [1996] have shown that topographical blocking
was the dominant factor in the �rst and most rapid phase
of the cyclone deepening. During the second phase, the
growth rate drops to baroclinic values and the structure of
the cyclone approaches that of typical extratropical systems.
Convection as well as sensible and latent heat uxes play an
important role in the second phase of Alpine lee cyclogen-
esis development [Alpert et al., 1996; Grotjahn and Wang,
1989]. These authors have also shown that convection had
a tendency to move the cyclone to the east-northeast while
topography had a tendency to tie the cyclone to the lee of
the Alps. The sea moisture uxes tend to move the cyclone
toward the warm bodies of water (i.e. towards Sicily in our
case).

The multi-stage evolution of the Alpine lee cyclone over
the Tyrrhenian Sea induced a very non-stationary wind
regime over the GoL (see following section). The diur-
nal evolution of the Tramontane and Mistral ows on 24
March 1998 are evidenced on the wind �eld simulated in the
ABL (at 950 hPa) by the French operational forecast model
ALADIN at 0600, 0900, 1200, 1500, 1800 and 2100 UTC
(Fig. 4). They are identi�ed as cores of wind speed larger
than 20 m s�1.

In the early stage (low at 1014 hPa, 0600 UTC), the Tra-
montane ow prevailed over the GoL. The large westerly
ow component (leading to prevailing Tramontane condi-
tions) resulted from the rather high position (in terms of
latitude) of the depression. The Mistral extended all the
way to Southern Corsica, wrapping around the depression.
To the north, a weak easterly outow was observed over
the Gulf of Genoa. As the low deepened (1010 hPa), the
prevailing wind regime shifted to a well established Mistral
which peaked around 1200 UTC. The Mistral was observed
to reach Southern Sardinia where it wrapped up around the
depression. At this time, the outow from the Ligurian Sea
(i.e. Gulf of Genoa) had become stronger. In the afternoon,
the Mistral was progressively disrupted by the strength-
ening outow coming from the Ligurian Sea in response
to the deepening low over the Tyrrhenian Sea (1008 hPa,
1500 UTC) and the channeling induced by the presence of
the Apennine range (Italy) and the Alps. In the evening,
the Mistral was again well established over the GoL as the
depression continued to deepen (1002 hPa, 2100 UTC) but
moved to the south-east, reducing the inuence of outow
from the Ligurian Sea on the ow over the GoL. Generally
speaking, during this period, the Tramontane ow appeared
to be much more steady than the Mistral and less disrupted
by the return ow associated with the depression. The cold-
air outbreak episode over the GoL ended on 25 March at
0600 UTC and anticyclonic conditions then prevailed over
the GoL.

An important feature of the cold-air outbreak over the
GoL is also observed in the form of banners of weaker winds
(sheltered region) separating (i) the Mistral and the Tra-
montane (in the lee of the Masif Central) and (ii) the Mis-
tral and the Ligurian Sea outow (in the lee of the Maritime
Alps, see Fig. 4). Such sheltered regions are a common fea-
ture over the Mediterannean due to the presence of numer-
ous mountain ranges. This lee phenomenon is also intimatly
related to potential vorticity banners (i.e. regions of impor-
tant wind shear) generated downstream of major mountain
ranges [e.g. Aebischer and Sch�ar, 1998]. In the particu-
lar case of the Alps, low-level potential vorticity has been
shown to contribute to the deepening of Alpine lee cyclones
[Aebischer and Sch�ar, 1998].



(a) (b)

(c) (d)

(e) (f)

Figure 5. Wind �elds simulated in the ABL (at 950 hPa)
on March 24 1998 by the French operational forecast model
ALADIN at (a) 0600, (b) 0900, (c) 1200, (d) 1500, (e) 1800
and (f) 2100 UTC. The diamond corresponds to the posi-
tion of the ASIS buoy. Superimposed are isotachs between
10 and 20 m s�1 with 2 ms�1 increments. Also superim-
posed on wind �elds at 1200 and 1800 UTC are the ARAT
ight tracks corresponding to the morning and afternoon
ights (F02 and F03), respectively. The rugged solid line
represents the coastline.

5. Mesoscale Analysis

In this section, we �rst analyse the diurnal evolution of
the Tramontane/Mistral related cold-air outbreak over the
GoL in terms of ABL thermodynamics and surface turbu-
lent uxes. This is done using wind, relative humidity and
temperature �elds simulated in the ABL (at 950 hPa) by
ALADIN at 0600, 0900, 1200, 1500, 1800 and 2100 UTC
(Fig. 5, Fig. 6 and Fig. 7, respectively). On the basis of
this analysis, an interpretation of airborne and ship-borne
turbulent uxes in the mesoscale context is proposed in sec-
tion 6.

5.1. Atmospheric boundary layer thermodynamics

Figure 5 presents a close up of the ALADIN wind �eld
at 950 hPa over the GoL on 24 March 1998. The location
of the sheltered region in the lee of the Massif Central was
observed to shift southward during the course of the day.
Over the GoL, this region was characterized by low wind
speeds (on the order of 10 m s�1, immediately in the lee of
the obstacle) separating the Tramontane (to the southwest)
from the Mistral (to the northeast). Depending on the syn-
optic conditions, the edges of this sheltered region are more
or less sharply de�ned.

At 0600 UTC, we observed a strong, well established Tra-
montane regime, wind speeds reaching 24 ms�1 (Fig. 5a).

We also observed the sheltered region associated with the
Pyr�enn�ees in the southwesternmost part of the domain. In
comparison, the Mistral ow was not as intense. The tem-
perature distribution at 950 hPa was observed to be essen-
tially zonal over the GoL, the inuence of the Mistral being
only felt in the eastern part of the domain (Fig. 6a). Large
relative humidities (�60%) were associated with both the
Tramontane and the Mistral (Fig. 7a). Even larger relative
humidities (above 70%) were observed in a region where the
Tramontane and the Mistral ow merged (i.e. at roughly
42�N / 5.0�E).

At 0900 UTC, the Mistral and the Tramontane were ob-
served to be strong, both winds being characterized by core
wind speeds of at least 20 m s�1 (Fig. 5b). The character-
istics of the Mistral (a cold and dry jet) are now observed
in the northermost part of the GoL. The temperatures and
relative humidities associated with the Mistral are less than
those associated with the Tramontane (Fig. 6b and Fig. 7b,
respectively).

At 1200 UTC, the Mistral was well established over the
GoL as seen in Fig. 5c, Fig. 6c and Fig. 7c: it main-
tained its cold and dry jet-like characteristics over a large
portion of the GoL. The classical foehn type ow character-
istics (i.e. warming and drying) were observed in the lee of
the Pyr�en�ees, the Massif Central and Maritime Alps. Here
also, the Mistral was observed to be colder and drier than
the Tramontane.

At 1500 UTC, a region of wind speeds less than 10 ms�1

was observed in the eastern part of the domain, which cor-

(a) (b)

(c) (d)

(e) (f)

Figure 6. Temperature �elds forecasted in the ABL (at
950 hPa) on March 24 1998 by the French operational model
ALADIN at (a) 0600, (b) 0900, (c) 1200, (d) 1500, (e) 1800
and (e) 2100 UTC. Superimposed are isentropes between
275 and 281 K with 0.5 K increments. Also superimposed
are the ARAT trajectories in the morning (1200 UTC �elds)
and in the afternoon (1800 UTC �elds).



responds to the sheltering region (associated with the Mar-
itime Alps) separating the Mistral from the outow from the
Gulf of Genoa (Fig. 5d). As a result, the Mistral appeared
to lose its characteristics over the Sea, the strongest winds
associated with the mistral now being observed over the con-
tinent, in the Rhone Valley. In the mean time, the Tramon-
tane ow did not seem to be a�ected by the outow from the
Ligurian Sea as both its location and strength remained rel-
atively unchanged. In the northern GoL, the temperatures
were again zonally distributed (Fig. 6d). The temperature
distribution over the sourthern GoL was inuenced by the
strong heating generated in the lee of the Pyr�en�ees. The
heating in the lee of the Massif central was also observed to
be stronger than at 1200 UTC. Finally, the MABL air over
the northwestern GoL was drier than previously, also due
to the intensi�cation of the foehn e�ect (Fig. 7d). Never-
theless relative humidity (RH) values as high as 70% were
observed in the southeastern part of the domain. Such large
RHs could correspond to moisture advected westward from
the Tyrrhenian Sea cyclone as discussed below.

At 1800 UTC, the Tramontane ow was observed to be
shifted to the southwest as the Mistral began to intensify
again. The inuence of the sheltered region to the east of
the Mistral also appeared to weaken. The sheltered region
sperating the Mistral and the Tramontane was very narrow
at that time (Fig. 5e). The cold and jet-like characteris-
tics of the Mistral were only maintained over the continent
(Fig. 6e). The warming and drying in the lee of the Mas-
sif Central at 1500 and 1800 UTC were comparable. The

(a) (b)

(c) (d)

(e) (f)

Figure 7. Relative humidity �elds forecasted in the ABL
(at 950 hPa) on March 24 1998 by the French operational
model ALADIN at (a) 0600, (b) 0900, (c) 1200, (d) 1500, (e)
1800 and (e) 2100 UTC. Superimposed are iso-RH between
0 and 100%, with 10% increments. Also superimposed are
the ARAT trajectories in the morning (1200 UTC �elds)
and in the afternoon (1800 UTC �elds).

(a) (b)

(c) (d)

(e) (f)

Figure 8. Surface sensible heat uxes over the Mediter-
ranean forecasted on March 24 1998 by the French op-
erational forecast model ALADIN at (a) 0600, (b) 0900,
(c) 1200, (d) 1500, (e) 1800 and (e) 2100 UTC. Units are
Wm�2. Superimposed are the ARAT tracks during F02 and
F03 (solid lines). Diamonds indicate the positions where
averaged turbulent heat uxes were computed at the lowest
level own by the aircraft.

inuence of the Alpine lee cyclone in terms of RH was still
observable in the southeastern part of the domain (Fig. 7e).
In the northwestern part of the GoL, RHs were on the order
of 40%.

Finally at 2100 UTC, the Mistral ow was well estab-
lished again. It had a more marked northerly direction
than at 1200 UTC due to the southward displacement of
the Alpine lee cyclone (Fig. 5f). The cold and dry charac-
teristics of the Mistral were again well marked (Fig. 6f and
Fig. 7f, respectively). A strong foehn was observed in the
lee of the Alps, in the eastern part of the domain.

Among variables controling the structure of the ABL, and
hence the air-sea exchanges, cloudiness at the ABL top can
play an important role. The cloud cover over the GoL at
1100 and 1600 UTC (at the time of F02 and F03, respec-
tively) obtained from Meteosat visible images (not shown)
evidences that aircraft measurements were made in clear air
conditions, with the exception of the small cloud patch ob-
served near way-point D during F02.

5.2. Surface turbulent uxes

Not suprizingly, the sea surface temperature simulated by
ALADIN did not evolve much during the day (not shown,
see section 3). On the contrary, surface sensible heat uxes
(SHFs) and surface latent heat uxes (LHFs) computed with
ALADIN between 0600 and 2100 UTC (Fig. 8 and Fig. 9,
respectively) exhibited an important spatio-temporal vari-
ability. The LHF �eld (Fig. 9) exhibited regions character-
ized by large values (450 Wm�2 and higher) associated with



Table 1. Partial correlation coe�cient between ALADIN surface sensible (latent) heat ux (at 17 m ASL) and
air-sea temperature (water vapor mixing ratio) di�erence over the GoL on the FETCH domain at 0600, 0900,
1200, 1500, 1800 and 2100 UTC on 24 March 1998. Also given are the partial correlation coe�cient between
ALADIN surface heat uxes and wind speed. Results are presented for atmospheric variables at 2 m or 10 m ASL
and at 1000 hPa. When computing the partial correlation coe�cient between the LHF and U , we have removed
the e�ect of humidity. Conversely, when computing the partial correlation coe�cient between the LHF and �q,
we have removed the e�ect of wind speed.

Time Sensible heat ux Latente heat ux

UTC 2 m/10 m 1000 hPa 2 m/10 m 1000 hPa

�T , �C U , ms�1 �T , �C U , ms�1 �q, g kg�1 U , ms�1 �q, g kg�1 U , ms�1

0600 0.67 0.17 0.71 0.10 0.46 0.64 0.49 0.56
0900 0.79 0.41 0.81 0.40 0.38 0.58 0.45 0.57
1200 0.66 0.44 0.61 0.40 0.41 0.73 0.46 0.74
1500 0.45 0.32 0.53 0.39 -0.03 0.90 -0.02 0.94
1800 0.62 0.38 0.59 0.42 -0.24 0.74 -0.16 0.77
2100 0.58 0.49 0.56 0.40 0.18 0.65 0.23 0.69

the established Tramontane and Mistral (e.g. at 0900, 1200
and 2100 UTC). In the earlier period, 0600 UTC, LHFs were
weaker. However, patterns associated with the Mistral and
Tramontane were recognizable. The e�ect of the sheltered
region in the lee of the Massif Central was also clearly ob-
served, in the form of a banner of reduced LHFs in between
the Mistral and the Tramontane. This lee e�ect can extend
as far as 250 km from the coast. The longest banners are
generally observed to be associated with well established,
strong Tramontane/Mistral regimes.

(a) (b)

(c) (d)

(e) (f)

Figure 9. Surface latent heat uxes over the Mediterranean
forecasted on March 24 1998 by the French operational fore-
cast model ALADIN at (a) 0600, (b) 0900, (c) 1200, (d)
1500, (e) 1800 and (e) 2100 UTC. Units are Wm�2. Su-
perimposed are the ARAT tracks during F02 and F03 (solid
lines). Diamonds indicate the positions where averaged tur-
bulent heat uxes were computed at the lowest level own
by the aircraft.

At the time when the cold-air outbreak over the GoL was
disrupted by the Ligurian Sea outow (1500-1800 UTC),
very weak LHFs were observed, most likely due to (i) weaker
winds associated with the sheltered region in the lee of the
Maritime Alps or/and (ii) westward advection of moisture
from the Alpine lee cyclone. The Tramontane ow also ap-
peared to be a�ected, as LHFs in that region were reduced
by more than a factor of 2. In order to test the hypoth-
esis about the inuence of cyclone-related moisture advec-
tion, we have computed partial correlation coe�cients of
ALADIN LHF (at the lowest level of the model, i.e. 17 m)
with the air-sea water vapor mixing ratio gradient, �q, and
the wind speed U over the GoL (Table 1). This was done for
sea points only. The surface temperature �eld forecasted by
ALADIN at 0000 UTC on 24 March 1998 has been used to
de�ne a land/sea mask which is then applied to temperature
and moisture �elds. The partial correlation coe�cient be-
tween X and Y when the e�ects of Z is removed is [Kendall
and Stuart, 1967]

rX;Y jZ =
rXY � rXZrY Zp
(1� r2XZ)(1� r2Y Z)

: (1)

Note that rX;Y jZ = rX;Y if X and Y are uncorrelated.
Hence, when computing the partial correlation coe�cient
between the LHF and U , we have removed the e�ect of hu-
midity. Conversely, when computing the partial correlation
coe�cient between the LHF and �q, we have removed the
e�ect of wind speed.The air-sea water vapor mixing ratio
gradient is computed as �q = qs � q(z) where qs is the wa-
ter vapor mixing ratio at the surface computed for a tem-
perature equal to the SST and assuming the surface relative
humidity to be 100%, and q(z) is the water vapor mixing
ratio at altitude z. In Table 1, results are presented for q
at 2 m ASL and at 1000 hPa. Similarly, partial correla-
tion coe�cients computed between LHFs and wind speed
are presented for U at 10 m ASL and at 1000 hPa.

Table 1 evidences that the so computed partial correla-
tion coe�cients does not depend on the altitude selected (i.e.
2/10 m or 1000 hPa). According to Table 1, during the �rst
part of the day (i.e. 0600-1200 UTC), both �q and U were
signi�cantly correlated with LHFs, even though correlation
coe�cients were sightly larger for U . In the second half of
the day, LHF was signi�cantly correlated with U only, the
greatest correlation being obtained at 1500 UTC. Further-
more, during that period, LHF and �q were anticorrelated.



In conclusion, it appeared that during the time when the
Alpine lee cyclone signi�cantly disturbed the cold-air out-
break over the GoL (1500-1800 UTC), air-sea moisture ex-
changes were mainly driven by dynamics.

By comparison with the LHF �eld, the inuence of the
Mistral and Tramontane on the SHF �eld was only evident
during the �rst half of the day. However, during that pe-
riod, the e�ect of the sheltered region in the lee of the Mas-
sif Central was not clearly observed. Distinct banners of
reduced SHF could only be identi�ed during the second half
of the day. The analysis based on partial correlation coe�-
cients also evidenced an essential di�erence between LHFs
and SHFs: SHFs exhibited larger correlations with �T than
with U , whereas LHFs exhibited larger correlations with U

than with �q. During the time when the Alpine lee cyclone
signi�cantly disturbed the cold-air outbreak over the GoL,
air-sea temperature exchanges were driven by both dynam-
ics and temperature strati�cation.

6. Multi-platform surface turbulent ux
measurements and their interpretation in
the meteorological mesoscale context

As shown in the previous Section, the meteorological sit-
uation over the GoL was very unstationnary on 24 March
1998. This resulted in a great spatio-temporal variability in
terms of air-sea exchanges. The purpose of this section is to
interpret time series of turbulent ux measurements in the
light of the meteorological context. The quality of the tur-
bulent ux measurements provided by ALADIN is discussed
in depth in Eymard et al. [2002].

6.1. Local scale analysis: ASIS buoy measurements

In Fig. 10, we compare the diurnal evolution of the wind
speed and direction, sea surface and air temperature, RH
and friction velocity measured at 7 m ASL by the ASIS
buoy with their counterparts forecasted by ALADIN at 10 m
ASL (wind) and 2 m ASL (temperature and RH), i.e. ex-
tracted at the location of the buoy. The wind measurements
(Fig. 10a, b) con�rmed the non-stationary nature of the
ow over the GoL. The three periods of established Tra-
montane (peaking at 0600 UTC, winds from the 320-340�)
and Mistral (peaking at 1200 and 2000 UTC, winds from the
0-20�) are evidenced. These events were separated by peri-
ods during which the wind speeds were reduced. In terms
of dynamics, ALADIN predicted contineously strengthening
winds between 0600 and 2100 UTC. Furthermore, ALADIN
completely missed the wind speed maximum associated with
the Tramontane. As shown in Fig. 4 (and Fig. 5), the Tra-
montane event was forecated by ALADIN. However, accord-
ing to the ASIS measurements, the core of the Tramontane
jet was not forecasted in the right location, but too far south.
This is corroborated by Fig. 10b which shows that the wind
direction forecasted by ALADIN at the location of ASIS had
a marked northerly component (340�) when ASIS measure-
ments indicated a more zonal ow (315�). After 0900 UTC,
the wind speeds associated with the Mistral simulated with
ALADIN were slightly overestimated (except at 1200 UTC).
During the same period, ASIS measurements evidenced the
Mistral to have a small easterly component which was re-
produced by ALADIN only at 1500 and 1800 UTC. Besides,
ALADIN did not handle properly the transition phases be-
tween the di�erent regimes (i.e. at 0900 and 1500 UTC),
during which the wind speed is generally overestimated. Not

(a) (b)
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Figure 10. Diurnal evolution of the (a) wind speed, (b)
wind direction, (c) air and sea temperature, (d) relative hu-
midity and (e) friction velocity measured by the ASIS buoy
(solid line) and forecasted by ALADIN (asterix) on 24 March
1998. F02 and F03 indicate the time period during which
airborne measurements were acquired in the morning and
in the afternoon, respectively. Labels "Mistral" and "Tra-
montane" indicate the time periods at which these winds
prevailed over the GoL.

suprizing, the same imperfections also occured on the simu-
lated friction velocity (Fig. 10e). Nevertheless, ALADIN did
a better job of capturing the transition between the 2 Mistral
events (reduced friction velocity was indeed observed). Even
though slightly underestimated, friction velocities computed
with ALADIN were of the same order of magnitude as those
measured by ASIS. On the other hand, ALADIN-derived
RH and air temperature (at 2 m ASL) as well as sea surface
temperature were found in remarkable agreement with ASIS
measurements. As discussed in the Appendix, this was not
necessarly the case in the ABL.

Despite not being very accurate, ALADIN forecasts can
be used to interpret the origin of the wind speed gaps ob-
served by ASIS at 0900 and 1600 UTC. According to Figs 5a-
c, the former gap was caused by the southward drift of the
sheltered region as the wind regime over the GoL shifted
from a Tramontane regime to a Mistral regime. Between
0700 and 1200 UTC, the ASIS buoy was alternatively lo-
cated south of, in and north of the sheltered region. The
latter gap in wind speed caused by the meandering of the
sheltered region in the lee of the Maritine Alps (Fig. 5c-
e). This sheltered region was pushed westward (towards
the ASIS buoy) as the depression deepened between 1200
and 1600 UTC, thereby inuencing the ASIS measurements.
After 1600 UTC, as the inuence of the Ligurian Sea out-
ow was weakening, the sheltered region in the lee of the



Table 2. Friction velocity (u�) and surface latent and sensible heat uxes (Qs and Ql, respectively) measured
on-board aircraft (a/c) using an eddy correlation technique [the Merlin IV (morning) and the ARAT (afternoon)]
on 24 March 1998. These measurements are compared to the variables extracted from the ALADIN forecasts at
1200 and 1800 UTC, respectively, at the location of the aircraft measurements.

Position Time Altitude u� Qs Ql

UTC m ASL ms�1 Wm�2 Wm�2

Lat Lon a/c Model a/c Model a/c Model a/c Model a/c Model

42.6 4.3 1123 1200 95 17 0.52 0.28 45 102 202 418
Established 42.8 4.3 1128 1200 97 17 0.45 0.26 36 109 156 429

42.9 4.3 1132 1200 99 17 0.35 0.25 29 119 195 450
Mistral 43.0 4.4 1139 1200 99 17 0.63 0.25 56 119 333 450

43.1 4.8 1144 1200 92 17 0.65 0.57 93 250 393 736

42.5 4.6 1754 1800 109 17 0.53 0.20 44 54 267 332
Disrupted 42.7 4.5 1800 1800 113 17 0.44 0.22 25 54 181 345

42.9 4.3 1806 1800 117 17 0.43 0.22 18 52 198 355
Mistral 43.1 4.4 1814 1800 122 17 0.56 0.23 33 55 283 365

43.2 4.6 1820 1800 112 17 0.78 0.26 66 71 380 408

Maritime Alps drifted back eastward (Fig. 3), causing the
increase in wind speed observed in the ASIS data.

6.2. Mesoscale analysis: aircraft and ship measure-

ments

In Fig. 11, we compare the diurnal evolution of the
friction velocity, LHF and SHF estimated from measure-
ments made at 17 m ASL on-board the Research Vessel
Atalante [Dupuis et al., 2002] with their counterparts fore-
casted by ALADIN at approximately the same level, i.e.
extracted along the trajectory of the Atalante on 24 March
1998 (Fig. 2c). Surface turbulent uxes are calculated using
an inertial dissipation method [Dupuis et al., 1997, 2002].
Not suprizingly, here also, ALADIN misses the Tramontane
event (the ship was located to the east of the ASIS buoy).
Nevertheless, it captured the 2 heat ux maxima associated

(a) (b)

(c)

Figure 11. Diurnal evolution of the friction velocity (a),
surface sensible heat ux (b) and surface latent heat ux
(c) on 24 March 1998 as measured from the Research Vessel
Atalante (diamonds) [using a dissipative technique] and fore-
casted by ALADIN (crosses). Labels "Mistral" and "Tra-
montane" indicate the time periods at which the Mistral
and Tramontane regime where prevailing over the GoL.

with the established Mistral regime. Here also, the wind
speed decrease between 1200 and 2100 UTC is caused by the
meandering of the sheltered region in the lee of the Maritine
Alps. ALADIN overestimated (underestimated) LHFs dur-
ing periods of stronger (weaker) wind. Reasons for this have
been investigated by Eymard et al. [2002] and are related
to the turbulent ux parameterization in the model (AL-
ADIN uxes are integrated over a 3-h period, the exchange
coe�cients used in the bulk parametrization of uxes in-
crease with wind speed) as well as several shortcomings of
the model (ALADIN underestimates the RH in the ABL,
the SST in the model is biased by 0.5-1�C). By comparison,
the evolution of SHFs was better described by ALADIN. In
all cases, turbulent uxes computed with ALADIN were of
the same order of magnitude as those measured on-board
the ship.

Finally, airborne turbulent ux measured on-board the
Merlin (morning, around 1100 UTC) and the ARAT (af-
ternoon, around 1800 UTC) using an eddy-correlation tech-
nique are presented in Table 2. These measurements were
obtained from data on 25-30 km long leveled legs. The posi-
tion of the center of each leg is shown in Fig. 8. The average
altitude at which these measurement were made ranged be-
tween 92 and 122 m ASL. The accuracy of the measurements
at these heights ranges between 10 and 20% for LHFs and
SHFs, while the accuracy on the friction velocity is of the
order of 30% (Lambert and Durand, 1998). Systematic er-
ror associated with these measurements is less than 10%.
Measurements are representative of heat exchanges over a
fairly limited area (see Fig. 8, for example). Nevertheless,
a great spatial variability was observed as in the ALADIN
�elds. In the morning, large LHFs (> 300 Wm�2 at 100 m
ASL) were associated with the Mistral and weaker values
(200 Wm�2 or less) were measured in the sheltered area.
A similar behavior is observed for SHFs. In the afternoon
model predicted SHF are weaker by a factor of 2 while mea-
sured SHF are reduced about 30% compared to the morning
values. LHFs were observed to be slightly weaker than in
the morning. However, most of the measurements at that
time were made in a region near the coast where the in-
uence of the Mistral could be felt. More importantly, the
uctuations of SHF and LHF along the aircraft tracks are
consistent with the mesoscale picture provided by ALADIN.
We did not attempt a systematic comparison between mea-
sured and modelled turbulent uxes, because airborne mea-
surements where made too high.
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Figure 12. Pro�les of potential temperature (a), relative
humidity (b), wind speed (c) and wind direction (d) ob-
tained during the ascent (i.e. coastal region -dashed line)
and descent (i.e. open GoL -solid line) soundings of the
ARAT during F02. The dotted line is obtained from the
balloon sounding launched from the Atalante at 1200 UTC.
The route and heights of the descent sounding performed
over the GoL is superimposed on 2D vertical cross-section
of wind speed forecasted by ALADIN in a plane containing
way-points E and D (e).

7. Inuence of Alpine lee cyclogenesis on
the vertical structure of the ow over the
Gulf of Lion

The structure of the ow and its evolution with time has
been analyzed using in situ aircraft and balloon soundings,
as well as high resolution measurements of tropospheric wa-
ter vapor mixing ratio and atmospheric reectivity, made
by the airborne lidar LEANDRE 2 [Bruneau et al., 2001a,
2001b]. Because it is sensitive to relative humidity as well as
aerosol properties and concentration, lidar-derived reectiv-
ity is extremely useful to investigate ABL structural prop-
erties [e.g. Flamant and Pelon, 1996; Flamant et al., 2000].
Here we only discuss reectivity measurements which verti-
cal and horizontal resolutions are 160 and 15 m, respectively.
The water vapor mixing ratio measurements are presented
and discussed in a companion paper [Flamant et al., 2002].

7.1. Representativity of aircraft soundings

According to Fig. 5c and Fig. 5e, the aircraft sounding
performed during the ascent, between the city of Montpellier
airport and way-point A, of F02 and F03 were representa-
tive of the thermodynamics in the vicinity of the western
edge of the Mistral (i.e. close to the sheltered region).

The sounding performed during the descent between D
and E of F02 (Fig. 12) documented the thermodynamics
across the eastern edge of the sheltered region: below 0.7 km
ASL, the measurements are representative of the conditions
prevailing in the sheltered region at the western edge of the
Mistral, while above 1 km ASL, the measurements are repre-
sentative of the conditions above the Mistral ow (Fig. 12e).
Note that, at 1200 UTC (time of the balloon launch), the
Atalante was also positioned along the western edge of the
Mistral (eastern edge of the sheltered region). The sound-
ing performed during the descent between E and F of F03
(Fig. 13) documented the thermodynamics across the south-
ernmost extend of the disrupted Mistral. Between 1.5 and
3 km, the aircraft sounding performed over the GoL was
representative of the dynamics in the Mistral ow, while
below 1 km ASL, the sounding was representative of the dy-
namics in the eastern edge of the Mistral perturbed by the
outow from the Ligurian sea connected with the depression
(Fig. 13e).

7.2. Atmospheric boundary layer structure and

related dynamics in the well established Mistral

Figure 12 shows that the vertical structure of the Mistral
ow in the late morning (at the time when the Mistral ow
was well established) did not evolve much between the coast
and way-point E as the temperature pro�les obtained from
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Figure 13. Pro�les of potential temperature (a), relative
humidity (b), wind speed (c) and wind direction (d) ob-
tained during the ascent (coastal region -dashed line) and
descent (open GoL -solid line) soundings of the ARAT dur-
ing F03. The route and heights of the descent sounding per-
formed over the GoL is superimposed on 2D vertical cross-
section of wind speed forecasted by ALADIN in a plane con-
taining way-points E and F (e).



aircraft and balloon were very similar. The jet-like struc-
ture of the Mistral was observed in the lower part of both
soundings, near the coast and in the vicinity of way-point
E (Fig. 12c). In both cases, the ow was rather dry in
the ABL (Fig. 12a) and the wind speed was minimum just
above the ABL. Above the Mistral, winds in the continental
ABL were observed to be relatively constant in magnitude
(�20 m s�1) and in direction (from 325-335�). The ow was
also observed to be moist. Near the coast, on the edge of the
sheltered region, the wind was from 345� (on average) and on
the order of �10 ms�1 in the continental ABL. Close to the
coast, we observed a rather well-mixed layer about 1.8 km
deep, corresponding to the continental ABL advected over
the sea (Fig. 12a). In the vicinity of way-point E, 2 tem-
perature inversions were observed at 1.1 km and 2 km, the
latter corresponding to the advected continental ABL, and
the former corresponding top the marine ABL. Above the
continental layer, wave activity was observed on all three
soundings. All of these features were corroborated by lidar
measurements as now discussed.

The structure of the ABL was documented by lidar along
legs AD and DE. According to Fig. 5, leg AD was positioned
inside and along the western edge of the sheltered zone (the
western edge of the Mistral). Conversely, leg DE ran across
the eastern edge of the sheltered region, way-point E being
located in the core of the Mistral. Along leg AD, an inter-
nal thermal boundary layer was observed to develop from
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Figure 14. Atmospheric reectivity at 0.73 �m as obtained
from LEANDRE 2 along (a) leg AD and (b) leg DE of the
morning ight and along (c) leg AF, (d) leg FC and (e)
leg CE of the afternoon ight. Way-points A and D are to
the left of panel (a) and panel (b), respectively. Way-points
A, C and E are to the left of panel (c), (d) and panel (e),
respectively.

the coast within the advected continental ABL as a result
of the combined e�ect of roughness length reduction (at the
land-sea transition) and enhanced surface turbulent uxes
related to the cold air advection over a warmer sea [e.g. Fla-
mant and Pelon, 1996]. The top of the continental ABL was
indeed observed around 2 km ASL on lidar measurements.
The internal thermal boundary layer deepened with the dis-
tance to the coast, reaching a depth of 1.5 km near way-point
D. Large modulations of the ABL depth were observed to
be associated with strong updrafts in the ABL and cloud
formation (the low reectivity values below the clouds are
due to the extinction of the laser beam). Clouds as well as
higher reectivity values were observed near D, consistently
with the large RH values forecasted at 1200 UTC by AL-
ADIN (Fig. 7c). Along leg DE, the averaged depth of the
ABL was approximately 1 km. In the easternmost half of
leg DE larger reectivity values were consistent with higher
RH forecasted by ALADIN (Fig. 7).

Along leg AD, the ABL top height uctuated by �

�250 m around its average value. Simultaneously, wave-like
features were also observed by lidar within the continental
ABL. In Fig. 15, we show the vertical velocity measured in
situ simultaneously to the lidar measurements displayed in
Fig. 14a. This measurements evidenced that gravity waves
were indeed present above the marine ABL. Also shown in
Fig. 15 is the evolution of the lidar reectivity at the al-
titude of 2.4 km ASL along leg AD. The lidar-derived re-
ectivity series has been detrended and divided by 20 so
to match the maximum amplitude of the vertical velocity
uctuations. Interestingly, lidar reectivity was observed to
be anti-correlated with vertical velocity (i.e. out of phase,
shifted by �), except near way-point D.

7.3. Atmospheric boundary layer structure and

related dynamics in the perturbed Mistral

The potential temperature soundings near the coast and
in the perturbed part of the Mistral evidenced a marked
inversion at 1.7 km ASL coinciding with a RH maximum

Figure 15. Vertical velocity measured in situ by the
ARAT simultaneously to the lidar measurements displayed
in Fig. 14a during F02 on leg AD. Superimposed is the evo-
lution of the lidar reectivity at the altitude of 2.4 km ASL.
The lidar-derived reectivity series has been detrended and
divided by 20 so to match the maximum amplitude of the
vertical velocity uctuations.



(Fig. 13). Near way-point F, a second inversion was present
at 0.7 km ASL also corresponding to large RH values. These
inversions corresponded to the continental and marine ABL,
respectively. There was no evidence of wave activity. Close
to the shoreline, the wind in the ABL presented the same
jet-like structure than in the unperturbed case. This was
no longer the case near way-point F, where wind speed de-
creased with height in the marine ABL. Furthermore, the
winds above the marine ABL in this region exhibited a
marked northeasterly component in connection with the out-
ow coming from the Ligurian sea (not shown). Note that
the outow was much weaker at 1200 UTC.

During F03, the structure of the ABL was documented
by lidar along legs AF, FC and CE. According to Fig. 5, legs
AF and CE ran across the Mistral, way-point A being lo-
cated in the eastern edge of the sheltered region, way-point
F in the region to the east of the Mistral jet in which the
wind speed decreases, and way-point E being located in the
sheltered region in the lee of the Massif Central. On leg
FC, LEANDRE 2 sampled the ABL structure in a region
of decelaration on the western edge of the Mistral. Lidar
measurements on leg AF (Fig. 14c) evidenced an internal
thermal boundary layer developing from the coast (within
the advected continental ABL) and reach a depth of 1200 m.
The ABL depth uctuations were not observed to be as im-
portant as in the morning. Coincidently, gravity wave ac-
tivity above the ABL was not observed. Thermals were not
observed to be as energetic enough to signi�cantly deform
the temperature inversion at the ABL top and, hence, trig-
ger condensation. This is consistent with the fact that the
simulated and measured surface uxes were smaller than in
the morning.

Close to way-point F, at approximately 4.5�E, the marine
ABL structure characteristics over the sea changed dramat-
ically: it was observed to be shallower (700 m, Fig. 14c)
and was characterized by larger values of atmospheric re-
ectivity. This was con�rmed by measurements made on
leg FC (Fig. 14d), along which the marine ABL was charac-
terized by values of atmospheric reectivity similar to those
observed near way-point F. Also, the marine ABL was ob-
served to remain shallow (more so than in the established
Mistral case), its depth gradually decreasing from 700 to
500 m with the distance to the coast. Furthermore, the
large uctuations of the ABL top observed in the estab-
lished Mistral case are no longer observed. According to
ALADIN forecasts, the collapse of the ABL is not due to
diminishing LHF and/or SHF in that region (surface uxes
were forecasted to be nearly constant). The increase of li-
dar reectivity observed east of 4.4�E over the GoL could
be caused by (i) an increase in RH and/or (ii) an increase
in aerosol concentration. The �rst hypothesis is not consis-
tent with the 1800 UTC ALADIN RH �eld (Fig. 7b) nor
with aircraft in situ measurements of RH (see Appendix).
Moreover, RH values were observed to be relatively low in
the middle of the ABL (see Appendix) and the small uctu-
ations of RH (less than 10%) cannot alone account for the
observed increase of reectivity. Hence, the larger reectiv-
ity in the eastern part of the sampled region are thought
to be related to larger concentrations of pollution aerosol
from the city of Marseille and the industrial petro-chemical
complex of Berre/Fos. Unfortunately, the highly spatially
resolved aerosol measurements needed to (un)validate this
hypothesis have not been made.

On leg CE (Fig. 14e), close to the coast, the ABL struc-
ture was similar to that observed along FC (i.e. shallow).
The depth of the ABL increased westward from 500 to

1000 m (between 4.7 and 4.3�E) while reectivity decreased
signi�cantly. Further to the west, a continental ABL was ob-
served in the sheltered region in the lee of the Massif Central.
In this region, lidar measurements evidence the presence of
gravity waves inside the continental ABL.

In the afternoon, the picture emerges that the inuence
of the outow (which was more marked above than within
the ABL) acted as a lid preventing the Mistral driven ma-
rine ABL from developing and thus preventing the possible
occurence of gravity waves (i.e. gravity waves triggered by
the local deformation of the temperature inversion at the
ABL top which in turn act as an obstacle to the ow in the
free troposphere).

8. Summary and Conclusion

In this paper, we have described the thermodynamics and
the structure of the ABL over the GoL on 24 March 1998.
We have evidenced that the depression located over the
Tyrrhenian Sea had a signi�cant inuence on the strength
and the direction of the Tramontane/Mistral ow over the
GoL. It was shown that the Tramontane prevailed in the
morning (0500-0800 UTC) prior to a period of established
Mistral which peaked around 1200 UTC. In the afternoon,
the Mistral was progressively disrupted by a strengthening
outow from the Ligurian Sea in connection with the deep-
ening depression. These strong winds were appeared to be
further accelerated by the presence of the Apennine range.
In the evening (2000-2100 UTC), the Mistral was again well
established over the GoL as the depression moved further
south and the inuence of outow from the Ligurian Sea
became weaker.

The spatio-temporal variability of the LHFs and SHFs
over the GoL has been analyzed in this non-stationary
mesoscale context. During periods of well established Mis-
tral/Tramontane winds, the mesoscale variability of LHFs
and SHFs was controlled by the position of sheltered re-
gions in the lee of the three major mountain ranges sur-
rounding the GoL. A reduction of the order of 40% in LHF
was observed and simulated between the jet and the shel-
tered regions. The impact of sheltered regions on the SHF
�eld was not as marked as on the LHF �eld. During the
period of established Mistral, both winds and vertical mois-
ture (temperature) gradients controlled moisture (temper-
ature) exchanges. During the period of disrupted Mistral,
the strong easterly ow associated with the deepening low
generated a huge sheltered region in the lee of the Alps, over
the GoL (1500 UTC). As a result, SHFs and LHFs over the
entire GoL were reduced by a factor of 2, on average with
respect to the established cases. Also, during that period,
air-sea moisture exchanges were almost entirely driven by
dynamics. In all cases, the position of the sheltered regions,
which evolved with the synoptic conditions, was the key to
a correct interpretation of multi-platform surface turbulent
ux measurements made over the GoL on 24 March 1998.

The structure of the ABL over the GoL has been investi-
gated by means of airborne laser remote sensing and in situ
measurements during the established Mistral period and the
disrupted Mistral period. In the latter period, lidar mea-
surements show that in the region east of � 4.4�E, the ABL
depth decreased signi�cantly (0.7 km instead of 1.2 km) and
that uctuations of the ABL top were reduced. This region



coincided with that a�ected by the outow from the Lig-
urian Sea on the 1800 UTC ALADIN forecast. It appeared
that large directional wind shear at the top of the Mistral
ABL connected to the outow from the Ligurian Sea was re-
sponsible for preventing the Mistral ABL from developing.
Furthermore, signi�cant wave activity was observed during
the established Mistral case, but not during the disturbed
Mistral case.

Finally, the confrontation of ALADIN forecasts to multi-
platform measurements on the 24 March 1998 stressed out
a few defects of the model (i.e. the early Tramontane
event was not positioned properly). Nevertheless, ALADIN
behaved remarkably well. More importantly, the spatio-
temporal uctuations of in situ mean and turbulent param-
eters along the aircraft and ship tracks and at the position
of the buoy were consistent with the mesoscale picture pro-
vided by ALADIN.

Further investigations of ABL oriented processes, namely
(i) the inuence of the Ligurian Sea outow on the Mistral
ABL structure, (ii) the origin of gravity waves as well as
their inuence of the ABL structure and possibly on air-sea
exchanges and (iii) the role of sheltered regions (and associ-
ated potential vorticity banners), will be conducted using a
mesoscale non-hydrostatic model.

Appendix A: Appendix: Comparison of
ALADIN simulations with observations

The objective was to estimate the reliability of the AL-
ADIN simulations by comparing aircraft measurements and
model outputs. We have selected representative parameters
for ABL characterization: wind speed and direction, relative
humidity and temperature. The measurements made by the
ARAT in the ABL at 100 m and 300 m ASL are compared
to ALADIN outputs at 1000 and 950 hPa. Note that, for
the 1200 UTC forecast, pressure levels 1000 and 950 hPa
correspond approximately to 163 and 584 m, respectively
(Table 3). For the 1800 UTC forecast, pressure levels 1000
and 950 hPa correspond approximately to 186 and 609 m,
respectively (Table 3).

A.1. Well established Mistral case

We have proceeded to compare ALADIN outputs and ARAT
in situ measurements on legs DE and BC. For the sake of
clarity we present the comparisons on each leg on separate
Figures. In this case, the agreement between forecast and
measurements is impressively good. According to Fig. 5,
legs DE and BC ran across the western edge of the shel-
tered region, way-points E and C being located in the core
of the Mistral.

Along leg DE (Fig. 16), the wind direction, wind speed,
RH and potential temperature are well reproduced by the
model. Along leg BC (Fig. 17), the wind direction, RH and
potential temperature are also well simulated. However, it
seems that the wind speed gradient across the region sepa-
rating the sheltered area (in way-point B) and the Mistral
(between 4.2 and 4.5�E) is too pronounced.

Most importantly, the thermodynamics across the tran-
sition from the sheltered region to the Mistral was docu-
mented during this ight. Measurements highlighted the
following general characteristics across the western edge of
the Mistral (going eastward): a change in wind direction
from north to north-northwest, an increase in wind speed

and a decrease in potential temperature. The amplitude
of the changes were not observed to the same on legs DE
and BC, most likely because way-point B was located fur-
ther west into the Mistral than suggested by ALADIN. RH
trends on both legs were also observed to be opposite. How-
ever, low level convergence (between the Mistral and the
Tramontane) at way-point D may explain the rather high
RH values observed.

A.2. Perturbed Mistral case

According to Fig. 5, leg AF ran across the Mistral, way-
point A being located in the eastern edge of the sheltered
region, way-point F in the eastern edge of the Mistral (the
region to the east of the Mistral jet in which the wind speed
decreases) and way-point E being located in the sheltered
region. Along leg BC, the ARAT sampled the ABL in a
region of relatively constant winds in the Mistral.

(a) (b)

(c) (d)

Figure 16. Comparison of (a) temperature, (b) relative hu-
midity, (c) wind speed and (d) wind direction extracted from
the 1200 UTC ALADIN forecats along leg DE at 1000 and
950 hPa (diamonds and asterix, respectively) with measure-
ments made in the ABL by the ARAT on the same leg at
100 and 300 m (solid and dashed line, respectively).

(a) (b)

(c) (d)

Figure 17. Same as Fig. 16, but for leg BC.



Table 3. Average height of the geopotential associated with constant pressure surfaces of the ALADIN forecasts
at 1200 and 1800 UTC in the FETCH domain.

Time 1000 hPa 950 hPa 925 hPa 900 hPa 850 hPa 800 hPa 700 hPa 600 hPa

1200 UTC 163 m 584 m 801 m 1022 m 1478 m 1956 m 2995 m 4172 m
1800 UTC 186 m 609 m 826 m 1049 m 1507 m 1987 m 3022 m 4186 m

Along leg AF (Fig. 18), wind speed was observed to in-
crease from the coast (between 11 and 16 ms�1) and reach
a maximum at about 4.1�E. Between 4.1 and 4.75�E, the
wind speed was observed to be nearly constant and equal
to 16 m s�1. All of this was consistent with ALADIN, ex-
cept for the observed constant wind speed region (between
4.5 and 4.75�E) which is not predicted by the model. Mea-
surements seem to indicate that the Mistral maintained its
jet-like characteristics further southeast that suggested by
ALADIN at 1800 UTC. The change in wind direction ob-
served is well reproduced by the model. Along leg BC, AL-

(a) (b)

(c) (d)

Figure 18. Comparison of (a) temperature, (b) relative hu-
midity, (c) wind speed and (d) wind direction extracted from
the 1800 UTC ALADIN forecats along leg AF at 1000 and
950 hPa (diamonds and asterix, respectively) with measure-
ments made in the ABL by the ARAT on the same leg at
100 and 300 m (solid and dashed line, respectively).

(a) (b)

(c) (d)

Figure 19. Same as Fig. 18, but for leg BC.

ADIN evidenced the presence of a low level jet (correspond-
ing to the Mistral) at 950 hPa, in good agreement with the
measurements at 100 m (Fig. 19). At 100 and 300 m, the
winds were stronger in the middle of the leg, in accordance
with ALADIN (i.e. the ight track is closest to the 20 ms�1

isotach near 4.6�E). The wind speed also was corectly re-
produced by ALADIN.

Along leg AF, measurements suggested an increase of
RH with longitude which is reproduced by ALADIN. At
1000 hPa, the RH increases from 25 to 45%, in fair agree-
ment with the ARAT measurements, even though slightly
underestimated by as much as 10%. Along leg BC, RH mea-
surements indicate a slight increase with longitude from 40
to 55%. Simulated values are underestimated with respect
to the measured ones.

Temperature was observed to be relatively constant in
the sheltered region (west of B). An important increase of
the potential temperature (by 2 K) with the distance from
the coastline was observed on legs BC (100 m ASL) and CB
(300 m ASL), while on leg BF (300 m ASL), the potential
temperature was observed to be constant. These uctua-
tions are well reproduced by the model.
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Abstract. The Special Sensor Microwave Imager (SSM/I) integrated water vapor con-
tent (IWVC) estimates in a coastal region during non-stationary cold-air outbreak con-
ditions are analyzed using IWVC retrievals obtained from ship-borne microwave radiom-
etry (DRAKKAR), water vapor di�erential absorption laser remote sensing (LEANDRE 2),
radiosonde measurements as well as with the numerical weather prediction model AL-
ADIN of M�et�eo-France. The study focuses on the 24 March 1998 Tramontane/Mistral
event which occured over the Gulf of Lion (Western Mediterranean) in the framework
of the FETCH (Flux, Etat de mer et T�el�ed�etection en Condition de fetcH variable) ex-
periment.
Comparisons of SSM/I and ALADIN IWVCs with collocated ship-borne microwave

radiometry, at distances from the coast between 50 and 100 km, were carried out on a
full diurnal cycle. In the morning, when moister conditions prevailed, the agreement be-
tween SSM/I (1 passage) and DRAKKAR was good while the bias observed in the af-
ternoon (3 passages) was larger (i.e. 2 kgm�2). Reasons for this are investigated. We
show that this is due to the fact that the sensitivity limit of the algorithm has been reached
during very dry Mistral conditions. This bias is not explained by e�ects of land contam-
ination which is shown to remain below 0.2 kgm�2. No systematic bias was observed
between ALADIN and DRAKKAR. Nevertheless, the trend observed on the DRAKKAR
data between 1430 and 2030 UT was best captured by SSM/I, despite the sensitivity
issue. SSM/I and ALADIN IWVC estimates were also found to be in good agreement
with collocated airborne lidar measurements, thereby reproducing the spatial evolution
of the IWVC with the distance to the coast

1. Introduction

In the past decade, the parameterization of moisture ex-

changes between the Earth's surface and the atmosphere has

emerged as a major source of improvement for numerical

models of the atmosphere. Because these exchanges partly

control the atmospheric boundary layer (ABL) growth and

are, in turn, modulated by the ABL structure, modelling the

temporal and spatial variations humidity transfers through

the ABL is of prime importance to establishing the Earth's

energy budget and essential for addressing fundamental is-

sues dealing with the Earth's climate.

Copyright 2003 by the American Geophysical Union.
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Accurate global monitoring of the distribution of water
vapor in the atmosphere is essential for weather forecasting
and climate studies and can readily be obtained in an inte-
grated form (i.e. integrated water vapor content -IWVC)
over the oceans from the Special Sensor Microwave Im-
ager (SSM/I) [Alishouse et al., 1990] and over land from
the POLarization and Directionality of Earth Reectances
(POLDER) sensor [Vesperini et al., 1999]. While the as-
similation of SSM/I-derived IWVC in NWP models has
yet to prove its e�ciency for improving notably humidity
forecasts [G�erard and Saunders, 1999; G�erard and Pailleux,
2000], SSM/I-derived IWVCs have been shown to provide
useful information for meteorological and climate research
[e.g. Stephens, 1990; Jackson and Stephens, 1995]. How-
ever, These analyses have been conducted only over ho-
mogeneous water surfaces and in fully developed sea state
conditions. In coastal regions, high emissivity associated
with the close-by continental surfaces may seriously hamper
IWVC retrievals. Furthermore, the impact of developing
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waves at the sea surface on IWVC retrievals in these regions
remains unknown. These regions are also a�ected by con-
tinental cold-air outbreaks and characterized by important
ocean heat and moisture losses to the atmosphere. Lastly,
the quality of SSM/I-derived IWVC is generally assessed via
comparisons with radiosounde data [Schl�ussel and Emery,
1990; Jackson and Stephens, 1995; Bennartz, 1999]. When
using radiosonde data, the main limitation is that the de-
rived IWVC is generally not representative of homogeneous
or stationary conditions. Another limitation of radiosondes
is their global tendency to underestimate the relative hu-
midity, particularly for low temperatures [e.g. England et
al. , 1993; Fleming, 1998; Helten et al., 1998].

This paper aims at analyzing the of SSM/I IWVC es-
timates in a coastal region (at distances from the cooast
between 50 and 100 km) during a cold-air outbreak by com-
paring them to \quasi-instantaneous" IWVC retrievals from
ship-borne microwave radiometry and water vapor di�eren-
tial absorption laser remote sensing. The IWVC retrievals
obtained with the limited area numerical weather prediction
(NWP) model ALADIN of M�et�eo-France are also presented
and analyzed. The study focuses on the 24 March 1998 Tra-
montane/Mistral event over the Gulf of Lion (GoL, West-
ern Mediterranean) documented in the framework of the
FETCH (Flux, Etat de mer et T�el�ed�etection en Condition
de fetcH variable) experiment [Hauser et al., 2000, 2002].
The Tramontane and the Mistral are low level, orography-
induced, cold-air outbreaks over the GoL blowing o�shore
of Narbonne and Arles, France, respectively (Fig. 1). They
are frequently observed to extend several hundreds of kilo-
metres from the coast, bringing cold and dry continental air
over the warm Western Mediterranean, and hence, gener-
ating intense heat air-sea exchanges. They are one of the
primary cause of storms over the Mediterranean, between
Italy and the Balearic Islands [Trigo et al., 1999; Campins
et al., 2000].

On 24 March 1998, the multi-stage evolution of an Alpine
lee cyclone over the Tyrrhenian Sea (between Sardinia and

Figure 1. Presentation of the Northern Mediterranean re-
gion showing the location of the geographical features re-
ferred to in this paper. Shaded areas correspond to the to-
pography above 500 m: the Pyr�en�ees (P), the Massif Central
(MC), the Alps and the Apennine range [mountains are also
seen in Corsica and Sardinia]. The dashed box indicates
the FETCH domain within which 2 aircraft, a ship and a
buoy where deployed. The thick arrows indicate the clima-
tological directions of the Mistral (M) and Tramontane (T)
winds.

continental Italy) lead to a very non-stationary Tramon-
tane/Mistral wind regime over the Mediterranean (the Tra-
montane and the Mistral being orography-induced low level
jets blowing inland over the GoL) [Flamant, 2002]. To the
authors' knowledge, very few studies have dealt with SSM/I
IWVC retrievals in coastal regions [e.g. Bennartz, 1999].
No study has been dedicated to the analysis of SSM/I data
in dry, non-stationary, coastal conditions which push to the
limit SSM/I IWVC retrieval algorithms.

The paper is organized as follows. In Section 2, we present
an overview of synoptic conditions, and operations during
the 24 March 1998 Tramontane/Mistral case documented in
the framework of the FETCH. We also present the NWP
model (ALADIN of M�et�eo-France) used in this study. Sec-
tion 3 discusses the IWVC retrieval characteristics for the
instruments and the NWP model. In Section 4, the tem-
poral and spatial variations of the IWVC over the GoL are
presented. In Section 5, we compare SSM/I IWVC esti-
mates with IWVC estimates made from the other platforms
as well as three-dimensional simulations. In Section 6, we
summarize and conclude.

2. Overview of the 24 March 1998 case sudy

In addition to the means specially deployed for FETCH,
M�et�eo-France provided daily forecasts of the meteorologi-
cal situation made with the operational NWP model AL-
ADIN. The forecasts on 24 March 1998 have been vali-
dated against buoy, ship and aircraft in situ data [Flamant,
2002]. These comparisons evidenced that the thermodynam-
ical conditions prevailing over the GoL during the morning
and afternoon airborne operations were well represented by
the 1200 and 1800 UTC ALADIN forecast, respectively. In
turn, the ALADIN forecasts were used by Flamant [2002]
to analyse the rapid evolution of the synoptic situation on
24 March 1998. As these forecasts are also utilized in this
study, we �rst briey present the ALADIN model.

ALADIN is a spectral limited area model, taking its
boundary conditions from the global model ARPEGE of
M�et�eo-France, which covers a domain of 2739 km � 2739 km
(centered on France). The post-processing horizontal res-
olution is approximately 0.1�� 0.1�, with 31 levels on the
vertical, the highest level being at 5 hPa and the lowest level
at approximately 17 m above ground/sea level. The surface
layer and planetary boundary layer uxes are computed on
the lowest level using a modi�ed version of the scheme devel-
oped by Louis et al. [1981]. The 3D-var data assimilation
provides two analyses per day (0000 and 1200 UTC) but
no associated �rst guess. Forecasts are available every 3-h,
i.e. at 0000, 0300, 0600, 0900, 1200, 1500, 1800, 2100 and
2400 UTC. 3-h integrated surface turbulent uxes are com-
puted from 12-h forecasts. Additional information can be
found in Eymard et al. [2002]. The forecasts products are:
temperature, humidity and wind distributed on 15 pressure
levels between 1000 and 150 hPa. Sea level pressure and
surface turbulent uxes are provided at the lowest level, i.e.
17 m ASL. Near surface extrapolated �elds (at 10 m ASL for
the wind and 2 m ASL for temperature and humidity) are
derived assuming a neutral pro�le. The SST in the model is
issued from Reynolds' climatology and yields characteristic
spatial and temporal scales of about 2� and 8 days.

2.1. Synoptic situation

Based on ALADIN forecasts, Flamant [2002] has shown
that the non-stationary nature of the Tramontane/Mistral



wind regime over the GoL on 24 March 1998 was controled
by the multi-stage evolution of an Alpine lee cyclone over the
Tyrrhenian Sea (between Sardinia and continental Italy). In
the early stage, the Tramontane ow prevailed over the GoL.
As the low deepened, the prevailing wind regime shifted to
a well established Mistral which peaked around 1200 UTC.
In the afternoon, the Mistral was progressively disrupted
by a strengthening outow coming from the Ligurian Sea
in response to the deepening low over the Tyrrhenian Sea
and the channeling induced by the presence of the Apen-
nine range (Italy) and the Alps. In the evening, the Mistral
was again well established over the GoL as the depression
continued to deepen but moved to the south-east, reducing
the inuence of outow from the Ligurian Sea on the ow
over the GoL (see Fig. 1 for the location of the geographical
features referred to in this paper).

2.2. Operations

The evolution of atmospheric moisture over the GoL dur-
ing the 24 March 1998 Tramontane/Mistral event has been
studied by means of in situ and remote sensing measure-
ments made from an aircraft (the Avion the Recherche At-
mopsh�erique et T�el�ed�etection -ARAT), a ship (the Research
Vessel Atalante), a buoy (the Air-Sea Interaction Spar -
ASIS) as well as several space-borne platforms. The mete-
orology associated with the Tramontane/Mistral event over
the GoL on 24 March 1998 as well as the related FETCH
operations are described in a companion paper [Flamant,
2002] and are only briey highlighted here.

For the purpose of our research (multi-instrument ap-
proach to estimate the IWVC), we have used balloon
soundings launched from the Research Vessel Atalante,
DRAKKAR radiometer data acquired on the front deck of
the Research Vessel Atalante, di�erential absorption lidar
(DIAL) measurements of water vapor mixing ratio made
by LEANDRE 2 [Bruneau et al., 2001a, 2001b] which was
embarked on the ARAT and SSM/I estimates from 4 over-
passes.

Two ARAT ights were performed on 24 March 1998 (be-
tween 1014 and 1233 UTC and between 1620 and 1850 UTC)
which enabled an analysis of the structure of the marine at-
mospheric boundary layer (MABL) over the GoL during the
established Mistral period and the period when the Mistral
was perturbed by the outow from the Ligurian Sea, re-
spectively [Flamant, 2002]. In the following, we shall only
analyze water vapor mixing ratio measurements made with
LEANDRE 2 during the afternoon ARAT ights (further
referred to as F03) which was conducted during a SSM/I
overpass. The Research Vessel Atalante cruised all day in
the GoL, in the vicinity of the moored ASIS buoy (43�N /
4.25�E).

(a) (b)

Figure 2. Comparison between water vapor content pro-
�les extracted from ALADIN and obtained from balloon
measurements at 0900 UTC (a) and 1200 UTC (b).

3. Integrated water vapor content estimates
from instruments and NWP model forecasts

3.1. Balloon soundings and soundings reconstructed
from ALADIN simulations

In the mid-latitude regions, where the atmosphere is rel-
atively dry, the density of moist air can be determined from
sounding measurements as

� =
pq

RT
; (1)

where p is the pressure, q the water vapor mixing ratio, R is
the perfect gas constant for dry air (R=287 JK�1 kg�1) and
T is the temperature, and where we have assumed that q <<
0.622 kg kg�1. The IWVC is then the integral of Eq. (1)
over the vertical.

This method for estimating the IWVC has been applied
to the three soundings made from the Research Vessel Ata-
lante at 0900, 1200, 2400 UTC. IWVCs have been retrieved
up to 19.5, 16 and 20 km above sea level (ASL), respec-
tively, from these soundings. A limitation of radiosondes
is their global tendency to underestimate the relative hu-
midity by up to 7%, particularly for low temperatures [Hel-
ten et al., 1998]. Moreover some sensors do not respond to
humidity changes at temperatures lower than -30�C [Eng-
land et al., 1993]. Both the 0900 and 1200 UTC balloon
soundings evidenced that temperatures below -30C were ob-
served above 7 km ASL (not shown). The contribution of
the atmosphere above 7 km ASL to the IWVC, computed

as

Z
15km

7km

�dz0=

Z
15km

0

�dz0, amounted to 2.5%. Hence, the

erratic behavior of humidity sensors at low temperatures is
not expected to impact signi�cantly the IWVC retrievals
from soundings.

IWVC retrievals from ALADIN were computed as the in-
tegral between the surface and 150 hPa of moist air density
pro�les reconstructed from forecasts of standard meteorolog-
ical �elds (temperature, relative humidity). This was done
over the entire FETCH domain (shown in Fig. 1). The
ALADIN retrieval uncertainties will be related to the fore-
cast errors which are di�cult to etimate, particularly for
water vapor mixing ratio. Instead, an attempt was made to
estimate these uncertainties by comparing balloon sound-
ing measurements and model outputs extracted at the loca-
tion of the Research Vessel Atalante at 0900 and 1200 UTC
(Fig. 2). At 0900 UTC, fair agreement was found between
ALADIN and balloon water vapor content (WVC) pro�les
below 3 km ASL, even though the ALADIN WVC is under-
estimated by 1-2 10�3 kgm�3 (Fig. 2a). Above that height
the model does not succeed to reproduce the observations:
it underestimates the WVC below 6 km ASL and overesti-
mates it above that level. More importantly, these errors
do not compensate and the total IWVC estimated with AL-
ADIN is understimated with respect to the IWVC derived
from the sounding (8.4 versus 10.3 kgm�2). At 1200 UTC,
an excellent agreement is found below 3.5 km ASL between
ALADIN and the sounding (Fig. 2b). However, above
3.5 km ASL, the model overestimates the WVC. This leads
to an overestimation of the ALADIN-derived IWVC (5.6
versus 4.9 kgm�2). Keeping in mind that radiosonde data
can be dry biased, ALADIN-derived IWVC at 1200 UTC
may not be that much overestimated (accounting for a at
7% dry bias between 0 and 15 km ASL, the sounding derived
IWVC would be 5.3 kgm�2). On the other hand, the dry



bias cannot explain the di�erences observed at 0900 UTC
between forecast and observations. Based on this, we have
estimated the ALADIN IWVC retrieval uncertainty to be
on the order of �20%.

3.2. The ship-borne radiometer DRAKKAR

The two-channel microwave radiometer DRAKKAR, em-
barked on the Research Vessel Atalante, measured the
zenithal incoming radiation at frequecies 23.8 and 36.5 GHz,
from which the IWVC and the integrated liquid water con-
tent were derived [Eymard, 2000]. The retrieval algorithms
are simple log-linear combinations of the brightness temper-
atures. The precision of the IWVC (better than 3 kgm�2)
has been assessed by comparing DRAKKAR estimates with
balloon soundings launched from the ship during the entire
FETCH �eld phase.

3.3. The airborne DIAL LEANDRE 2

The DIAL LEANDRE 2 [Bruneau et al., 2001a, 2001b],
embarked on the ARAT for water vapor mixing ratio pro�l-
ing over the Mediterranean, makes use of the laser probing
of the atmosphere at two di�erent wavelengths, one being
centered on a water- vapor absorption line (�on), the other,
positioned at a closeby value outside of absorption (�off ),
acting as a reference for the scattering and extinction prop-
erties of the atmosphere. The water vapor optical depth is
determined from the di�erence of slopes of the backscattered
signals (i.e. as the logarithm of ratio of the on-line to the
o�-line signals). The water vapor mixing ratio is determined
by di�erentiating the water vapor optical depth with respect
to range.

The water vapor optical depth was used to estimate an
equivalent lidar-derived IWVC in the lower 3 km of the tro-
posphere. In this case, \equivalent" refers to the fact that

LEANDRE 2 really measures

Z
q dz, not

Z
(pq)=(RT ) dz.

Nevertheless, using the soundings made on 24 March 1998
(at 0900, 1200 and 24000 UTC), it can be shown thatZ
(pq)=(RT ) dz '

Z
q dz between 0 and 3 km ASL. Given

the uncertainty on the LEANDRE 2 water vapor mixing
ratio retrievals (� 0.35 g kg�1), the precision estimated to
be on the order of 1 kgm�2. In order to carry out mean-
ingful comparisons with other remote sensing instruments
(i.e. SSM/I and DRAKKAR) which measured IWVC over
a larger depth of the atmosphere, we have added to LEAN-
DRE estimates the IWVC computed with ALADIN (above
700 hPa, � 3 km ASL) along the ARAT ight tracks dur-
ing F03 using the 1800 UTC forecast. This correction term
amounted to approximately 0.7 kgm�2. Based on compari-
son between the 0900 and 1200 UTC balloon soundings and
coincident ALADIN pro�les, we have assumed that the AL-
ADIN estimates of the IWVC above 3 km could be in error
by as much as 40%. We thus have added a �0.3 kgm�2

uncertainty to the precision (uncertainty) on LEANDRE re-
trievals to account for errors introduced by ALADIN.

3.4. Special Sensor Microwave Imager (SSM/I)

IWVC estimated from SSM/I were computed using mea-
surements made from 3 Defense Meteorological Satellite
Program (DMSP) platforms and 4 overpasses: F11 (at 0720
and 1845 UTC), F13 (at 1642 UTC) and F14 (at 1917 UTC).
Several algorithms have been published in the literature for
the retrieval of the IWVC. The IWVC retrieval algorithms

are simple log-linear combinations of the brightness temper-
atures at 19.35, 22.235 and 37.0 GHz.

In this study, three algorithms have been used: Petty's
integrated water vapor (IWVP) and ocean water vapor
(OWV) algorithms [Petty, 1993] and Boukabara's integrated
water vapor (IWVB) algorithm [Boukabara, 1997]. The �rst
algorithm was developed by Alishouse et al. [1990] and mod-
i�ed by Petty [1993]. It is presently the standard IWVC
product distributed by the Fleet Numerical Meteorology and
Oceanographic Center, FNMOC, [SSM/I, 1999]. OWV is
de�ned as

OWV = �3:75 + 1:507A � 0:01933A2

+0:0002191A3;
(2)

where

A = 232:89393 � 0:148596T19V � 1:829125T22V
+0:006193T 2

22V � 0:36954T37V :
(3)

where T19V is the brigthness temperature at 19 GHz in ver-
tical polarization (similar de�nitions hold for the other sub-
scripted temperatures). The second algorithm proposed by
Petty [1993] de�nes the IWVP as

IWV P = 174:1 + 4:368 log(300 � T19H)
�61:76 log(300 � T22V ) + 19:58 log(300� T37H):

(4)

It is currently used at FNMOC to correct the wind speed
estimate for water vapor e�ects. More recently Boukabara
[1997] proposed a combination of the 5 low resolution chan-
nels. The IWVB is de�ned as

IWV B = 23:66 � 1:44 log(280 � T19V )
�2:47 log(280 � T19H)� 2:70 log(280 � T22V )
�0:81 log(280 � T37V ) + 2:43 log(280 � T37H ):

(5)
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Figure 3. Isolignes of the 19 and 22 GHz radiation pat-
terns (solid line and dashed line, respectively) obtained from
SSM/I.



The problem of the mixed land/water measurements
(\footprints") inherent to coastal regions such as the GoL
can a�ect the IWVC retrievals signi�cantly [Bennartz, 1999].
The footprint size (at 3 dB) for IWVC products is driven
by that associated with the 19 GHz frequency (69 km �

43 km) [Bennartz, 1999]. In regard to the large footprint of
the low frequency channels (19 and 22 GHz), the SSM/I ob-
servations near the coast must be analyze carefully because
of possible land contamination.

Figure 3 presents the isolignes of the 19 and 22 GHz ra-
diation patterns. For a sample near the coast, the measured
brightness temperature Tbm will be a combination of the
oceanic and land brightness temperatures Tbo and Tbl . If
f(x; y) is the antenna radiation pattern, and if d is the dis-
tance between the satellite nadir and the coast, the mea-
sured brightness temperature Tbm is de�ned by

Tbm = Tbl
R
+1

d

R
+1

�1
f(x;y)dxdy

+Tbo

�
1 �

R
+1

d

R
+1

�1
f(x;y)dxdy

�
;

(6)

which rewrites as

Tbm = Tbo

+(Tbl � Tbo)
R +1

d

R +1

�1
f(x; y)dxdy:

(7)

Thus, Tbm depends on the channel radiation pattern, the
distance to the coast, the ocean brightness temperature and
the ocean-land temperature di�erence.

For each of the SSMI orbit used in the study, the e�ect of
land contamination has been assessed following Goodberlet
and Swift [1992]. Near the coast of Southern France, the
minimum of Tbo has been determined as well as the maxi-
mum land-sea brightness temperature di�erence (Tbl�Tbo).
They are summarized in Table 1. From this set of bright-
ness temperatures, Tbm have been computed at 19, 22
and 37 GHz as a function of the distance to the coast
using Eq. (7). The Tbm data set is then used to com-
pute the integrated water content using the 3 di�erent al-
gorithms used in this study, as well as the error in IWVC
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Figure 4. Variation of IWVC error as a function of (a) the
distance to the coast along track cross-scan (upper panel)
and (b) the distance to the coast across-track along-scan, as
derived from SSM/I. Symbols relate to the 4 DMSP over-
passes. The errors associated with OWV, IWVP and IWVB
are plotted as the solid, dashed and dotted lines, respec-
tively.

(�IWV C = IWV C(Tbm)�IWV C(Tbo)) due to land con-
tamination.

Because the radiation patterns are elliptic, and because
there is land to the north and to the east of the region of
the GoL under scrutiny (materialized by the dashed box
in Fig. 1), we have computed Tbm and �IWV error as a
function of (a) the distance to the coast along track and
across-scan (i.e. a coast to the north) and (b) the distance
to the coast across-track and along-scan (i.e. a coast to the
east). Figure 4 presents the along track across-scan (upper
panel) and across track along-scan (lower panel) variation
of IWVC errors as a function of the distance to the coast
for the three algorithms. It corresponds to the case where
the land-sea gradient of brightness temperature was largest
(worst case estimate), i.e. F11 32610 (Table 1). At a given
distance from the coast, the largest errors are observed to
be associated with IWVP. Furthermore, concerning IWVP
and IWVB, the errors are always larger in the along-track
(cross-scan) direction. OWV behaves somewhat similarly,
except for a region between 30 and 50 km where the error of
IWVC is smaller in the along-track (cross-scan) direction.

On 24 March 1998, most of the measurements relevant to
this study were made at distances from the coast between
50 and 100 km. When considering the least favorable case
(along-track cross-scan direction), for distances greater than
50 km the error is always smaller than 0.4 kgm�2 regard-
less of the algorithm selected (IWVP being the worst case).
For the OWV and IWVB algorithms, the error is even less
than 0.2 kgm�2. These errors are much smaller than the
precision of the retrieval algorithms which is on the order
of 2 to 3 kgm�2 [Katsaros and Brown, 1991]. The root-
square-mean deviation (assessed by comparing SSM/I esti-
mates with balloon soundings) has been assessed to be on
the order of 2.5 kgm�2 in coastal regions [Bennartz, 1999]
and 1.6 kgm�2 over homogeneous water surfaces [Schl�ussel
and Emery, 1990]. Finally, the sensitivity limit of the al-
gorithms is considered to be of the order of 5 kgm�2. As
show in the following, low IWVCs (less than 10 kgm�2) are
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Figure 5. Histograms of IWVC distribution in a domain
comprised between 3 and 8�E and 40 to 44�N for the 4
SSM/I passages and the three algorithms (OWV, IWVP,
IWVB) considered in this study: (a) F11 at 0720 UTC, (b)
F13 at 1642 UTC, (c) F11 at 1845 UTC and (d) F14 at
1917 UTC.



Table 1. Minimum oceanic brightness temperature (Tbo) and maximum land-sea brightness temperature di�er-
ence (Tbl � Tbo) for each DMSP and the 5 frequencies of interest to this study

.

DMSP platform 19V 19H 22V 37V 37H

F11 32610 208 156 220 222 174
Minimum F11 32610 222 180 228 232 143
Tbo (K) F13 15477 221 180 239 230 192

F14 05001 226 187 233 238 207

F11 32610 30.5 55.5 25.0 26.0 51.5
Maximum F11 32610 30.5 56.0 28.5 28.0 56.0
Tbl � Tbo (K) F13 15477 28.5 49.0 27.0 27.5 54.5

F14 05001 29.0 52.0 28.0 28.0 58.0

commonly associated with Mistral/Tramontane events over
the GoL.

In the following, we have discarded coastal pixels within
50 km of the coastline. Over the ocean, the sampling of the
data presented in this paper is 0.1� � 0.1�.

The liquid water content (LWC) retrievals (not shown)
have also been investigated. LWC larger than 10 kgm�2

were associated with the Tyrrhenian Sea cyclone and were
also observed to the north of the Atlas Mountains (Mo-
rocco). In the remaining of the Mediterranean basin (and in
the GoL), LWC was negligible despite a signi�cant cloudi-
ness.

Figure 5 exhibits the histograms of IWVC distribution
in a domain comprised between 3 and 8�E and 40 to 44�N
(see box superimposed on Fig. 6e) for the 4 SSM/I passages
and the three algorithms considered in this study. The OWV
product is de�ned as a linear combination of brightness tem-
peratures, while the IWVP and IWVB products are de�ned
as a linear combination of the logarithm of brightness tem-
peratures. As a result, the OWV product generally exhibits
a greater sensitivity than the products of the other two algo-
rithms. Figure 5 illustrates the fact that the sensitivity limit
of the OWV product is lower than for the other two prod-
ucts. In the morning (0720 UTC), when the conditions over
the GoL are most humid, the OWV and IWVB distribu-
tions exhibit similar behaviors while the IWVP distribution
is shifted towards larger IWVC values by 1.5 kgm�2, show-
ing less sensitivity. Later, in drier conditions, the OWV al-
goritm was able to detect IWVC values as low as 5.5 kgm�2

while the other two algorithms could not detect IWVC val-
ues below 8 kgm�2. Finally the IWVP (OWV) algorithm
always gave the largest (smallest) average IWVC values over
the selected domain (Table 2). The largest standard devi-
ation was associated with the OWV algorithm, indicating
that it was noisier than the other two algorithms. The less
noisy algorithm was IWVB. In the following, comparisons
with retrievals from other instruments were carried out using
the OWV product only. The OWV algorithm was selected
because of its greater sensitivity to lower IWVC values, but
also because OWV retrievals exhibited the smallest bias of
all algorithms with the data used for the comparison (not
shown). Note that in Section 5 only comparisons with OWV
retrievals are discussed. Finally, it is the most widely used
algorithm when it comes to processing SSM/I data.

4. Integrated water vapor content dis-
tribution over the Northern Mediterranean
on 24 March 1998

In this section we analyze the spatio-temporal evolution
of the IWVC over the Northern Mediterranean using OWV
retrievals (Fig. 7) and ALADIN forecasts (Fig. 6). As
shown in this section, the ALADIN forecasts are an excel-
lent complement to SSM/I observations: they do �ll some

gaps in the observations but also are powerful tools for dis-
criminating the di�erent IWVC contributions as a function
of height. The SSM/I OWV product was also compared to
ALADIN retrievals.

4.1. SSM/I

The evolution of the IWVC over the Northern Mediter-
ranean estimated from SSM/I OWV product at 0720, 1642,
1845 and 1917 UTC is shown in Fig. 7. In the morning
(at 0720 UTC, Fig. 7a), a region characterized by IWVC
values less than 12 kgm�2 was observed to extend from the
GoL to the Gulf of Genoa (GoG). These low values were
related to the cold-air outbreaks from the Rhone and Aude

(a) (b)

(c) (d)

(e) (f)

Figure 6. Integrated water vapor content (IWVC) fore-
casted by the operational model ALADIN at (a) 0600, (b)
0900, (c) 1200, (d) 1500, (e) 1800 and (f) 2100 UTC on 24
March 1998. Superimposed are iso-IWVC between 2 and
16 kgm�2 with 2 kgm�2 increments. The diamond and the
triangle indicate the position of the ASIS buoy and the Re-
search Vessel Atalante, respectively. The box superimposed
on (e) delimits the area in which IWVC extracted from the
ALADAIN forecasts and retrieved with SSM/I are be com-
pared (see Fig. 5).



Table 2. Integrated water vapor content (mean and standard deviation) estimated from 4 DMSP platforms
on 24 March 1998 over the Gulf of Lion (between 3 and 8�E and 40 to 44�N) for the 4 SSM/I passages and the
three algorithms considered in this study: Petty's integrated water vapor (IWVP) and ocean water vapor (OWV)
algorithms [Petty, 1993] and Boukabara's integrated water vapor (IWVB) algorithm [Boukabara, 1997]. Mean
values and standard deviations are in kgm�2.

DMSP platform IWVP �IWV P OWV �OWV IWVB �IWVB

F11 at 0720 UTC 11.6 1.35 10.8 1.23 10.6 1.12
F13 at 1642 UTC 10.1 1.02 8.95 1.03 9.9 1.02
F11 at 1845 UTC 10.6 0.94 8.79 1.08 9.8 0.89
F14 at 1917 UTC 9.9 0.92 7.96 1.01 9.4 0.68

valleys (over the GoL) and from the Po valley (over the
GoG). IWVC values larger than 14 kgm�2 were observed
over the Tyrrhenian Sea (where the Alpine lee cyclone was
located) as well as south of the Balearic Islands, close to the
coast of Morocco and in the vicinity of the Atlas mountain
range, where a cyclone was positioned. At 1642 UTC, the
average IWVC over the GoL decreased to 10 kgm�2 while
still being of the order of 12 kgm�2 over the Ligurian Sea.
At 1845 UTC, IWVC as low as 8 kgm�2 were observed over
the GoL (10 kgm�2 over the GoG). Furthermore, the inu-
ence of the Morocco cyclone was limited to the southwest
corner of the domain. This was due to the intensi�cation
of the Ligurian Sea outow [Flamant, 2002] and the related
dry ow which pushed further east the moister air masses
circulating around the cyclone o�shore of the Atlas range.
At 1917 UTC, the GoL exhibited the lowest IWVC observed
on that day (8 kgm�2). Such low values were also observed
over the GoG.

4.2. ALADIN

The evolution of the IWVC over the Northern Mediter-
ranean derived from ALADIN forecasts at 0600, 0900, 1200,
1500, 1800 and 2100 UTC is shown in Fig. 6. The gen-
eral features observed on the SSM/I data are reproduced
by ALADIN: (i) the low IWVC over the GoL and GoG
and the higher values associated with the Alpine and Atlas
lee cyclones (which in turn acertain the SSM/I observations
in these regions); and (ii) the spatio-temporal evolution of
these regions. Over the GoL, the dryiest periods were fore-
casted at 1200 and 2100 UTC, during established Mistral

Figure 7. IWVC estimated from DMSP/SSM/I platforms
using Petty's ocean water vapor (OWV) algorithm: F11 at
0720 UTC (a), F13 at 1642 UTC (b), F11 at 1845 UTC
(c) and F14 at 1917 UTC (d). Superimposed are iso-IWVC
between 2 and 16 kgm�2 with 2 kgm�2 increments.

periods. Conversly, the moistest periods were forecasted
at 0600 and 0900 UTC, in connection with a northwesterly
synoptic ow. The best correspondance between SSM/I and
ALADIN IWVC �elds was found to be as follow: 0720 with
0900 UTC; 1642 and 1845 with 1800 UTC; and 1917 with
2100 UTC.

The temporal evolution of IWVCs in the region of the
FETCH operations has been analyzed by investigating the
diurnal evolution of the water vapor content (WVC, i.e. �
in Eq. (1)) over the GoL at the position of the Research
Vessel Atalante (Fig. 8a). Figure 8a shows that, between
850 and 300 hPa (� 1.5 and 9 km ASL), the WVC uctu-
ated by an order of magnitude between 0600 and 1800 UTC,
the smallest (largest) values being forecasted at 1200 UTC
(0900 UTC). Above 300 hPa, the WVC pro�les looked very
much alike. Below 850 hPa, the WVC was largest at 0600
and 0900 UTC. A great variability in terms of wind direction
was also observed below 300 hPa (Fig. 8b). In the MABL
(below 925 hPa � 1 km ASL), the wind was seen to turn
progressively from 340� at 0900 UTC to 10� at 1800 UTC
and the wind speed (Fig. 8c) increased from 10 to 18 m s�1.
The greatest wind speed and direction variability was ob-
served between 925 and 200 hPa (� 1 and 11.5 km ASL), the
largest wind shear occuring immediately above the MABL,
between 925 and 700 hPa (� 1 and 3 km ASL). At 700 hPa,
the wind direction varied from 310� at 0600 UTC to 35� at
1800 UTC. The ow below 600 hPa (� 4 km ASL) was ob-
served to decelerate while accelerating above. In the latter

(a) (b)

(c)

Figure 8. Water vapor content (a), wind direction (b) and
wind speed (c) pro�les over the Gulf of Lion extracted from
ALADIN forecasts between 0600 and 1800 UTC at the lo-
cation of the Research Vessel Atalante.



case, the acceleration was due to the strengthening of the
upper level jet (at 400 hPa � 7 km ASL) as forecasted by
ALADIN (Fig. 9). However, this progressive accelaration
was not \transmitted" downward to the lowest levels of the
troposphere, due to an increasingly prevailing contribution
of a northeasterly ow in connection with the strengthening
outow from the GoG and the deepening cyclone over the
Tyrrhenian Sea [Flamant, 2002]. This is illustrated by the
ALADIN wind �eld at 700 hPa shown in Fig. 10 where the
ow from the GoG was observed to strengthen during the
day, disturbing the established Mistral ow between 1500
and 1800 UTC. In addition, the strengthening northeasterly
winds generated a sheltered region (i.e. a region of reduced
wind speed in the wake of an obstacle) in the lee of the Alps
which progressively extended over the GoL, explaining the
large directional and speed shears observed at 1800 UTC in
Fig. 8b and Fig. 8c.

Given the evolution of the wind direction with time, the
WVC increase observed in Fig. 8a above 850 hPa between
1200 and 1800 UTC, could be due to (i) advection of mois-
ture from the cyclone or/and (ii) diabatic e�ects occuring
in the lee of the Alps. This has been partially investigated,
using ALADIN, by analyzing separatly the IWVC contri-
butions below and above 850 hPa (Fig. 11 and Fig. 12,
respectively). Below 850 hPa (Fig. 11), small IWVC values
were forecasted to be associated with the cold-air outbreaks
over the GoL and the GoG throughout the day. A similar be-
havior was evidenced over the GoL above 850 hPa (Fig. 12).
However, in the case of the GoG, the behavior was some-
what di�erent: small IWVC were observed to the north of
the GoG while larger values were associated with the south-
ern part of the Ligurian Sea (north of Corsica), most likely

(a) (b)

(c) (d)

(e) (f)

Figure 9. Wind �elds forecasted at 400 hPa on March 24
1998 by ALADIN at (a) 0600, (b) 0900, (c) 1200, (d) 1500,
(e) 1800 and (f) 2100 UTC. Superimposed are isotachs be-
tween 30 and 50 m s�1 with 10 ms�1 increments.

in connection with the presence of the cyclone. This e�ect
is most marked at 1500 UTC, where a \tongue" of IWVCs
larger than 5 kgm�2 was observed to push southwestward
the IWVC banner associated with the Mistral/Tramontane
ow. At 1800 UTC, the Mistral/Tramontane banner was
pushed further to the southwest. It was no longuer ob-
served at 2100 UTC, except close to the o� shore of Ar-
les (see Fig. 1). From Fig. 12, it appears that, above
850 hPa, the evolution of the IWVC over the GoL was not
inuenced directly by moisture advection from the cyclone.
This was con�rmed by the back trajectories computed with
the HYSPLIT4 (HYbrid Single-Particle Lagrangian Inte-
grated Trajectory) Model (courtesy of NOAA Air Ressource
Laboratory- http://www.arl.noaa.gov/ready/hysplit4.html)
ending at 3 km ASL over the GoL every 3-h between 0600
and 2100 UTC (Fig. 13). This Figure evidences that for
the previous 24 h, the air masses arriving in the vicinity
of the location of the Research Vessel Atalante had traveled
over continental France. Nevertheless, the evolution of back-
trajectories with time also evidenced the increasing inuence
of the deepening cyclone on the air mass circulation over the
GoL. The inuence of the cyclone on the IWVC could then
be the result of air mass transformation processes in the lee
of the Alps. According to Fig. 13, this inuence should be
most marked between 1500 and 2100 UTC.

4.3. Comparison of SSM/I-derived and ALADIN-
derived IWVCs

In Fig. 14, we compare the histogram distribution of
SSM/I OWV extracted on the domain shown in Fig. 6e at
1642 and 1845 UTC with the ALADIN derived IWVC at
1800 UTC. The three distributions were in good agreement
with one another. This is consistent with the fact that both

(a) (b)

(c) (d)

(e) (f)

Figure 10. Same as Fig. 9, but for the wind �eld at
700 hPa. Isotachs are between 10 and 20 ms�1 with 5 ms�1

increments.



SSM/I passages sampled the moisture �eld over the GoL
during perturbed Mistral conditions. The value and the po-
sition of the maximum of occurence for the ALADIN- and
SSM/I-derived distribution (0.22 versus 0.19 and 8 kgm�2

versus 9 kgm�2, respectively) are in good agreement given
the precision of SSM/I estimates (2-3 kgm�2) and the un-
certainty associated with ALADIN (�20%). The average
IWVC values derived from the three distribution were ap-
proximately the same. The SSM/I derived distribution
was not observed to evolve signi�cantly with time between
1642 and 1845 UTC. The ALADIN-derived distribution was
found to be twice as broad as the SSM/I-derived distribu-
tion, which could be related to sensitivity and statistical
issues. Indeed, the sample size of the 1642 and 1845 UTC
SSM/I distributions was 74 and 68, respectively, while being
equal to 1732 for the model-derived distribution.

5. Multi-platform IWVC estimates and
their interpretation in the meteorological
mesoscale context

5.1. Comparison of SSM/I-derived and ALADIN-
derived IWVCs with co-located ship-borne microwave
radiometry: temporal evolution

In Fig. 15, we show the diurnal evolution of the IWVC es-
timated from DRAKKAR on 24 March 1998 superimposed
with (a) the wind speed, (b) the relative (RH) (c) the air
temperature and sea surface temperature (SST) and (d) la-
tent heat uxes measured simultaneously onboard the Ata-
lante. Note that water vapor mixing ratio or WVCmeasured
onboard the Atalante exhibited the same trends as RH and
are not shown in the following. Mean and turbulent vari-
ables were obtained from an 12 m high instrumented mast

(a) (b)

(c) (d)

(e) (f)

Figure 11. Same as Fig. 6 but for the IWVC between the
surface and 850 hPa.

located on the front deck of the ship (approximately 5 m

ASL). DRAKKAR was also sitting on the front deck, i.e.

12 m below the instruments on the mast. Latent heat uxes

are calculated using an inertial dissipation method [Dupuis

et al., 2002]. Four distinct time periods, classi�ed as a func-

tion of their characteristic IWVC trends were identi�ed:

� 0000-0730 UTC: the northwesterly ow that prevailed

over the GoL during this period lead to large IWVC values,

in the range of 7.5 to 9.5 kgm�2 as observed by DRAKKAR.

(a) (b)

(c) (d)

(e) (f)

Figure 12. Same as Fig. 6 but for the IWVC between 850
and 150 hPa.

Figure 13. Twenty-four-hour isentropic backtrajectories
ending at 3 km ASL over the GoL on 24 March 1998 at
0600 UTC (solid line, crosses), 0900 UTC (solid line, aster-
isks), 1200 UTC (dotted line, diamonds), 1500 UTC (dotted
line, triangles), 1800 UTC (dash-dotted line, crosses) and
2100 UTC (dash-dotted line, asterisks).



Table 3. Total integrated water vapor content (IWVC) estimated from ALADIN at the location of the Research
Vessel Atalante on 24 March 1998. Also given are the IWVCs below 900 hPa, above 800 hPa and above 700 hPa.

Time, UTC Total IWVC, kgm�2 IWVC below IWVC above IWVC above
900 hPa, kgm�2 800 hPa, kgm�2 700 hPa, kgm�2

0600 UTC 10.5 4.9 3.0 1.5
0900 UTC 9.5 4.7 2.1 0.7
1200 UTC 6.3 3.7 1.0 0.3
1500 UTC 6.4 3.4 1.5 0.6
1800 UTC 6.1 3.2 1.6 0.7
2100 UTC 6.1 3.5 1.5 0.7

On average, the IWVC appeared to be (slightly) anti-
correlated with all the other variables.

� 0730-1000 UTC: large IWVC uctuations were ob-
served by DRAKKAR during that period. The IWVC �rst
increased to values as large as 11 kgm�2, before decreasing
to values as low as 5 kgm�2. These uctuations were not
connected to uctuations of the SST as shown in Fig. 15c.
In the northern hemisphere mid-latitudes (SST � 20�C), the
IWVC and the SST were shown to vary proportionally re-
gardless of the season [Jackson and Stephens, 1995]. Thus,
in our case a 5 to 6�C SST variations would be needed to
explain the behavior of the IWVC shown in Fig. 15 if only
ocean related processes were controling the air-sea moisture
exchanges. As shown in Fig. 16, the maximum value de-
rived from DRAKKAR was not unrealistic since a similar
value was derived from the 0900 UTC balloon sounding.
This maximum coincided with a local maximum of RH and
local minima of wind speed and air temperature which were
interpreted by Flamant [2002] as being related to the advec-
tion over the Atalante of the sheltered region in the lee of
the Massif Central, as the wind regime over the GoL shifted
from prevailing Tramontane to prevailing Mistral. However,
the corresponding increase of IWVC was not observed to be
caused by such a feature (i.e. an drifting IWVC \banner"
in the lee of the Massif Central) in Fig. 6 or even Fig. 11.

� 1200 and 2030 UTC: the time periods when the Mis-
tral blew (as evidenced by enhanced wind speed, Fig. 15a)
corresponded to the periods where the IWVC measured by
DRAKKAR was the smallest (5 and 4 kgm�2, respectively).
The surface latent heat ux was maximum during these
events (Fig. 15d).

Figure 14. Histograms of IWVC distribution in a domain
comprised between 3 and 8�E and 40 to 44�N for OWV
product extracted from DMSP F13 and F11 passages (1642
and 1845 UTC, dotted and dashed lines, respectively), and
from ALADIN 1800 UTC forecast.

� 1430-2000 UTC: this period was characterized by larger
IWVCs (as much as 2 kgm�2) than during the Mistral
events. This increase of IWVC was not correlated with an
increase/decrease of any of the other variables. This could
mean that a signi�cant contribution to the IWVC was re-
lated to advection aloft the MABL, in connection with the
outow from the Ligurian Sea, as discussed in the previ-
ous section. Analyzing the evolution with time and height
of the IWVC forecasted by ALADIN (not shown), revealed
that (i) the surface latent heat ux was indeed correlated
to the IWVC below 900 hPa and (ii) the larger IWVC val-
ues observed between 1500 and 1800 UTC in Fig. 15 were
caused by enhanced IWVCs above 700 hPa. Both of these
results are illustrated in Table 3.

In Fig. 16, we have superimposed IWVC estimates from
3 ballon soundings, 2 LEANDRE 2 overpass of the Re-
search Vessel Atalante, 4 SSM/I passages and 6 ALADIN
forecasts, on the diurnal evolution of the IWVC estimated
from DRAKKAR on 24 March 1998. SSM/I and ALADIN
IWVCs shown in Fig. 16 corresponded to the pixel clos-
est to the position of the ship at the time of the DMSP
passages and the ALADIN forecasts. An excellent agree-
ment was observed between the IWVC derived from the
balloon soundings (3 launches at 0800, 1200 and 2400 UTC)
and DRAKKAR. DRAKKAR and LEANDRE IWVCs were

(a) (b)

(c) (d)

Figure 15. Integrated water vapor evolution on 24 March
1998 as estimated from DRAKKAR (+) onboard the Re-
search Vessel Atalante over the Gulf of Lion. Also superim-
posed to IWVC are wind speed (a), relative humidity (b), air
temperature (solid line) and sea surface temperature (dot-
ted line) (c) and latent heat uxes (d) measurements made
onboard the Research Vessel Atalante. \Tramontane" and
\Mistral" refer to times when established Tramontane and
Mistral regimes were observed over the Gulf of Lion.



found in excellent agreement. The IWVCs obtained with
SSM/I and ALADIN are almost always larger than their
DRAKKAR counterpart.

In the case of SSM/I, such overestimation has already
been reported in coastal regions by Jackson and Stephens,
1995], but their analysis did not account for errors intro-
duced by land contamination. On the other hand, a bias-
free agreement between radiosoundings and SSM/I retrievals
was found by Bennartz [1999] when navigation uncertainty
of SSM/I are corrected for. In the present case, even though
we do use an elaborate correction algorithm such as that pro-
posed by Bennartz [1999], the errors related to land contam-
ination are not expected to be larger than 0.2 kgm�2 (Sec-
tion 3.4). Yet, the bias observed in the afternoon (Fig. 16)
between SSM/I and DRAKKAR IWVC was larger than this
value (i.e. 2 kgm�2). Rather, we believe that this bias is
due to the fact that the sensitivity limit of the algorithm
has been reached (recall the in the afternoon, dry conditions
prevailed onver the GoL). In the morning, when moister con-
ditions prevailed, the agreement between SSM/I (1 passage)
and DRAKKAR was good. Finally, the fact that the SSM/I
observations used in this study come from three di�erent
instruments (SSM/Is on F11, F13, F14) cannot account for
the di�erences observed between the morning and the after-
noon because F11 ew during both period. Furthermore, the
bias between the IWVC from di�erent DMSP satellite (F10,
F11 and F13) has been assessed in the the framework of the
Cloud Retrieval Validation Experiment (CLOREVAL) [Of-
�ler et al., 1998]. It was shown that the largest bias was
found for the 22V GHz channel (2.31 K between F10 and
F13). For a sensitivity of 1 kgm�2 per 1 K, the largest
expected bias is on the order of 0.25 kgm�2. Note that
the largest bias observed between F11 and F13 is 1.37 K
(0.14 kgm�2) for the 22V GHz channel. No similar infor-
mation was available for F14 in the CLOREVAL �nal report,
but biases are expected to be of the same order.

Most importantly, the trend observed on the DRAKKAR
data between 1430 and 2030 UTC (i.e. a decrease in IWVC)

Figure 16. Integrated water vapor evolution on 24 March
1998 as estimated from DRAKKAR (solid line), ALADIN
forecasts (�), LEANDRE 2 (crosses) and SSM/I OWV
(diamonds). IWVC from ALADIN, LEANDRE 2 and
SSM/I correspond to the pixel closest to the position of the
ship. Also shown are the error bars taken as �2 kgm�2,
�1.3 kgm�2 and �20% for SSM/I, LEANDRE 2 and AL-
ADIN, respectively.

was well captured by SSM/I OWV product, despite the sen-
sitivity issue, which is encouraging.

In the case of ALADIN, IWVCs were indeed found to be
larger in the morning than in the afternoon. However, AL-
ADIN estimates did not exhibit a trend coherent with that
derived from DRAKKAR. For example, in the afternoon,
the ALADIN IWVC did not evolve much between 1200 and
2100 UTC (values ranged between 6.1 to 6.4 kgm�2) while
DRAKKAR revealed signi�cant uctuation in that time pe-
riod. The root-mean-square (rms) deviation between AL-
ADIN and DRAKKAR (even though not necessarly signif-
icant statistically, given the small number of samples) was
less that the rms deviation between SSM/I and DRAKKAR

Figure 17. Same as Fig. 6e but zoomed over a smaller do-
main centered on the GoL and the afternoon ARAT ight
track (solid line). The diamond and the triangle indicate the
position of the ASIS buoy and of the Research Vessel Ata-
lante (embarking DRAKKAR) at 1800 UTC, respectively.
The ARAT ew the X-shaped pattern A-F-C-E between
1621 and 1728 UTC, with LEANDRE 2 pointing to the
nadir.

(a) (b)

(c)

Figure 18. Water vapor mixing ratio as obtained from LE-
ANDRE 2 along (a) leg AF (1621-1646 UTC), (b) leg FC
(1648-1708 UTC) and (c) leg CE (1713-1728 UTC.



(1 kgm�2 versus 2.1 kgm�2). However, the trend of the
time evolution of the IWVC was best captured by SSM/I.

The overestimation of the IWVC derived from ALADIN,
could be caused by the imperfect physics and (moisture)
data assimilation, a problem inherent to all NWP models to
this day [G�erard and Saunders, 1999; G�erard and Pailleux,
2000]. Bennartz [1999] also reported a positive bias between
model results and both SSM/I and radiosoundings.

5.2. Comparison of SSM/I-derived and ALADIN-
derived IWVCs with co-located airborne lidar data:
spatial distribution during the period of perturbed
Mistral

5.2.1. Atmospheric boundary layer structure.
The structure of the ABL over the GoL during the dis-

rupted Mistral period (1500-1800 UTC) has been investi-
gated by means of airborne laser remote sensing measure-
ments as well as aircraft and balloon in situ measurements.
The ight track is shown in Fig. 17. Lidar measurements
show that in the region approximately east of � 4.4�E, the
ABL depth decreased signi�cantly (0.7 km ASL instead of
1.2 km ASL to the west) [Flamant, 2002]. This region was
a�ected by the outow from the Ligurian Sea as discussed
earlier. The large directional wind shear at the top of the
Mistral ABL connected to the outow from the Ligurian Sea
was responsible for preventing the Mistral ABL from devel-
oping. This is illustrated by Fig. 18 which shows the water
vapor mixing ratio high resolution measurements (800 and
300 m on the horizontal and vertical, respectively) of tro-
pospheric water vapor mixing ratio made by LEANDRE 2
over the GoL during F03. During this ight, the average
lidar-derived water vapor mixing ratio in the lower 3 km
ASL were observed to be relatively small: less than 2 g kg�1

in the free troposphere and less than 5 g kg�1 in the MABL.
Lidar measurements on leg AF (Fig. 18a) evidenced an

internal thermal boundary layer developing from the coast
(within the advected continental ABL) and reach a depth of
1200 m. Closer to way-point F, at approximately 4.4�E, the
MABL structure characteristics over the sea changed dra-
matically: it was observed to be shallower (700 m, Fig. 18a)
and was characterized by larger values of water vapor mixing
ratio (approximately twice that observed to the west). This
was con�rmed by measurements made on leg FC (Fig. 18b),
along which the MABL was characterized by values of wa-
ter vapor mixing ratio similar to those observed near way-
point F. Also, the MABL was observed to remain shallow,

(a) (b)

Figure 19. Integrated water vapor content from LE-
ANDRE 2 (solid line) along (a) leg AF (1620-1645 UTC)
and (b) leg FC (1646-1708 UTC). Superimposed are SSM/I
OWVs at 1642 UTC (triangles), ALADIN IWVC (asterisks)
and DRAKKAR IWVC at 1600 UTC (diamond, on leg AF
only). Error bars correspond to �2 kgm�2, �1.3 kgm�2

and �20% for SSM/I, LEANDRE 2 and ALADIN, respec-
tively.

its depth gradually increasing from 500 to 700 m with the
distance to the coast. On leg CE (Fig. 18c), close to the
coast, the ABL structure was similar to that observed along
FC (i.e. shallow). The depth of the MABL increased west-
ward from 500 to 1000 m (between 4.7 and 4.3�E). Larger
water vapor mixing ratio were observed to the east of 4.4�E.

5.2.2. IWVC.
We now compare ALADIN IWVCs (1800 UTC) and

SSM/I OWVs (1642 UTC) with LEANDRE 2 IWVC es-
timates along the ARAT ight track on leg AF (Fig. 19a)
and leg FC (Fig. 19b). To do so, the closest grid point (AL-
ADIN) and observation point (SSM/I) to the ARAT ight
track have been selected. Comparison with DRAKKAR esti-
mates is also shown at the time when the aircraft overpassed
the ship.

In Fig. 19a, the LEANDRE 2 derived IWVC was ob-
served to increase from 4.5 to 6.5 kgm�2 between way-points
A and F, in connection with the increase of lidar-derived wa-
ter vapor mixing ratio observed in Fig. 18. This increase
was in agreement with that seen in Fig. 17 along the aircraft
track and was also observed on the SSM/I OWV series. The
agreement bewtween LEANDRE IWVC and SSM/I OWV
was best in the region characterized by larger IWVCs most
likely because of sensitivity issues. Along leg FC (in the
moister region, Fig. 19b), the lidar, ALADIN and SSM/I
IWVC estimates uctuated around mean values of 5.9, 6.6
and 8.9 kgm�2. The rms deviation between SSM/I and LE-
ANDRE 2 was equal to 3.4 kgm�2 in the drier Mistral region
and equal to 3 kgm�2 in the moister region. The agreement
between LEANDRE 2 and ALADIN IWVCs was good, the
rms deviation being equal to 0.85 kgm�2 in the unperturbed
(driest) Mistral region and equal to 0.75 kgm�2 in the re-
gion perturbed by the return ow of the Tyrrhenian cyclone.
Finally, DRAKKAR and LEANDRE IWVCs were found in
good agreement on the single comparison point available.

6. Summary and conclusion

The representativity of SSM/I and ALADIN IWVC esti-
mates in a coastal region have been investigated during non-
stationary cold-air outbreak conditions on 24 March 1998.
The non-stationary nature of the wind regime over the GoL
was controled by the multi-stage evolution of an Alpine lee
cyclone over the Tyrrhenian Sea (between Sardinia and con-
tinental Italy). In the early stage, large IWVCs (between 8
and 10 kgm�2) were observed over the GoL in connection
with a prevailing Tramontane regime. As the low deepened,
the prevailing wind regime shifted to a well established Mis-
tral. The time period when the Mistral blew (i.e. from
1200 to 2100 UTC) was characterized by lower IWVCs (be-
tween 3 and 6.5 kgm�2). Within this period (i.e. from
1500 to 1800 UTC), the eastern part of Mistral ow was
progressively disrupted by a strengthening outow from the
Ligurian Sea in connection with a deepening depression lo-
cated over the Tyrrhenian Sea (between Sardinia and conti-
nental Italy). During this period, an increase of the IWVC,
by as much as 2 kgm�2, was observed by DRAKKAR over
the GoL. Using LEANDRE 2 water vapor mixing ratio and
ship-borne in situ measurements as well as ALADIN, it was
shown that this increase was related to an increase of the
IWVC in both the MABL and aloft. In the MABL, the
IWVC distribution over the GoL was controled by the ther-
modynamics of the Tramontane and Mistral ows. Aloft,



the thermodynamics processes occuring in the lee of the Alps
seemed to have a non negligible inuence on the IWVC dis-
tribution.

Comparisons SSM/I and ALADIN IWVCs with collo-
cated ship-borne microwave radiometry were carried out on
a full diurnal cycle. SSM/I products yielded a root-mean-
square (rms) deviation of 2.1 kgm�2 while ALADIN out-
puts yielded a rms deviation of 1 kgm�2. The rms between
SSM/I estimates and DRAKKAR measurements was found
to be slightly smaller than that assessed in coastal regions
using soundings (i.e. 2.5 kgm�2, [Bennartz, 1999]). Com-
parisons of SSM/I and ALADIN IWVC estimates with col-
located airborne lidar measurements were also carried out
to analyse the spatial evolution of the IWVC in the period
of perturbed Mistral. The rms deviation between SSM/I
and LEANDRE 2 was equal to 3.4 kgm�2 in the drier Mis-
tral region and equal to 3 kgm�2 in the moister region.
These rms errors were assessed during one of the driest time
period analyzed. The ALADIN-related rms deviation was
equal to 0.85 kgm�2 in the drier Mistral region and equal
to 0.75 kgm�2 in the region perturbed by the return ow of
the Tyrrhenian cyclone.

Nevertheless, the trends of the temporal and spatial evo-
lutions of IWVC were well captured by SSM/I, more so than
those exhibited by ALADIN. Compared to DRAKKAR, AL-
ADIN and SSM/I overestimates the IWVC. Nevertheless,
even in dry conditions and in coastal zones, the temporal
and spatial evolution trends of IWVC were well captured
by SSM/I. During the dry period, SSM/I estimates were
found to be systematically larger than their DRAKKAR
and LEANDRE counterparts. This could be related to the
sensitivity limit of SSM/I and the associated large uncer-
tainites. Another explaination could be that Petty's al-
gorithm is tuned and validated in open ocean conditions
and has not been validated in coastal regions. Furthermore,
there may also be evidence of the impact of sea state on the
IWVC retrievals. Di�erent behaviour have been observed in
increasing and decreasing wind conditions. Further investi-
gations should be conducted on the role of sea state on the
IWVC retrievals in coastal regions.
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Abstract. A combination of surface wind speed (SWS) and the sea state variables, de-
rived from quasi-simultaneous airborne lidar and radar measurements, made in the frame-
work of the Flux, �Etat de mer et T�el�ed�etection en Condition de fetcH variable (FETCH)
experiment, are used to analyze the evolution of surface roughness length, neutral drag
coe�cient and friction velocity coe�cient with fetch in the �rst hundred kilometers o�-
shore over the Gulf of Lion, Western Mediterranean. The study focuses on the Tramon-
tane/Mistral event documented in the afternoon of 24 March 1998. Particular attention
is given to SWS derived from nadir lidar measurements. The SWS retrieval methodol-
ogy developed and validated for open ocean conditions by Flamant et al. [1998] has been
modi�ed to account for the speci�city of the coastal Mediterranean environment (com-
plex mixture of continental and maritime aerosol; turbid, productive waters). The lidar
derived SWS evolution with fetch observed on 24 March 1998 in the afternoon was val-
idated against in situ and remote sensing measurements made from a buoy, a ship as
well as from the space-borne altimeter TOPEX. The spatial variability in SWS observed
with the airborne lidar was controled by the structure of the wake regions downtream
of the Massif Central and the Maritime Alps, delimiting the longitudinal extention of
the Mistral, as well as inuenced by swell resulting from the action of a steady north-
easterly ow coming from the Ligurian Sea in connection with intense Alpine lee cyclo-
genesis. These �ndings were supported by the other measurements.

It is further shown that, based on a formulation of the dimensionless roughness de-
pendance with wave age, airborne lidar and radar measurements can be combined to pro-
vide insight into the evolution with fetch of roughness length, neutral drag coe�cient
and friction velocity. Four distinct sea state regimes over a distance of 100 km could be
identi�ed from the remotely-sensed variables obtained with this novel approach, in con-
nection with atmospheric forcing. The dependance of lidar/radar derived drag coe�cient
with lidar-derived SWS for the 4 regimes was found to be remarkably consistent with
the relationship derived from the buoy measurements. Finally, lidar/radar derived fric-
tion velocities were found in good agreement with the buoy and in situ aircraft measure-
ments.

1. Introduction

The air-sea ux of momentum in the marine atmospheric
boundary layer (MABL) is a key boundary parameter for

Copyright 2002 by the American Geophysical Union.
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atmospheric, oceanic and wave models. It is related to the
'roughness' of the waves and depends on atmospheric wind
speed, atmospheric stability, locally generated wind-waves
(i.e. their size, shape and phase velocity) as well as swell
[e.g. Hwang and Shemdin, 1988; Vickers and Mahrt, 1997;
Drennan et al., 2002, and references therein].

To this day, most of the process-oriented investigations
dedicated to the analysis of momentum ux in limited fetch
conditions have been conducted from still and slowly mov-
ing sea-borne platforms, i.e. buoys, ships, o�-shore tow-
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ers or a combination of platforms (e.g. RASEX (Riso Air
Sea EXperiment) [Mahrt et al., 1996] or WAVES (Water-Air
Vertical Exchange Study), SWADE (Surface Wave dynam-
ics Experiment) and HEXOS (Humidity Exchange over the
Sea), see a brief overview of these experiments in Drennan

et al. [2002]). In such studies, the variety of the fetch con-
ditions encountered at the platform results essentially from
the variety of wind conditions observed in the course of an
experiment. Direct measurement of momentum uxes in
the MABL (by eddy-correlation or inertial dissipation tech-
niques) require statistically representative sets of data (i.e.
long integration times) and assume quasi-stationary condi-
tions at the point of measurements.

In contrast, the study of momentum transfer evolution
with fetch in o�-shore conditions has been a largely ne-
glected area of research, until now, due to the fact that
momentum ux are di�cult to measure from airborne plat-
forms. Concerning these uxes, representativity and uncer-
tainty issues arise from: (i) the di�culty of making mea-
surements in the shallow surface layer (i.e. the "constant
ux" layer) with an aircraft and (ii) the technique employed
to measure the uxes (i.e. an eddy correlation technique).
The eddy correlation technique requires thermodynamical
variables to be accumulated over a statistically representa-
tive sample (i.e. 20-25 km) in which case the assumption
of quasi-stationary conditions is not valid. Moreover, the
horizontal resolution of such measurements (20-25 km) far
exceeds the resolution need to examine surface related pro-
cesses.

The study of momentum ux evolution with fetch, in the
"Lagrangian" sense, is highly desirable for a better compre-
hension of momentum transfer at the mesoscale and improv-
ing coupled ocean-atmosphere circulation models in coastal
regions. Remote sensing of surface variables from airborne
platforms appears to be the natural link between local mea-
surements from buoys and ships and those retrieved at the
mesoscale from spaceborne platforms and simulated by at-
mospheric models. The parameterization of surface ux
from remotely sensed variables needs to be developed.

In this paper, we propose a novel approach combining
airborne radar and lidar measurements to determine, in a
coastal region, the evolution with fetch of variables which
are key to the understanding and parameterization of mo-
mentum uxes, i.e. roughness length and drag coe�cient.

The capability of airborne radar ocean wave spectrome-
ters to provide precise, high spatial resolution measurements
of surface wind speed, signi�cant wave height and wave peak
frequency has been demonstrated repeatedly [Jackson et al.,
1985; Hauser et al., 1992, 1995; Banner et al., 1999; Petters-
son et al., 2002]. More recently, airborne lidars have shown
promising potential for providing accurate highly resolved
surface wind speed (SWS) over the ocean [e.g. Bufton et

al., 1983; Flamant et al., 1998]. As discussed by these au-
thors, sea surface reectance can be inferred from airborne
nadir lidar measurements by analyzing the interaction of the
laser pulse with the sea surface. Provided that atmospheric
e�ects (variability in both aerosol composition, aerosol con-
centration and relative humidity) and oceanic e�ects (the
contribution of the submarine reectance) can be corrected
for, the sea surface reectance can be related to the surface
mean square slope produced by capillary and gravity waves
riding on longer waves. Surface mean square slope can then
be interpreted in terms of SWS using the comprehensive
work of Cox and Munk [1954]. This technique has also been
applied successfully to space-borne lidar data acquire during

the Lidar In-space Technology Experiment [Menzies et al.,
1998].

In this paper, we use a combination of airborne lidar and
radar measurements acquired in the framework of the Flux,
�Etat de mer et T�el�ed�etection en Condition de fetcH vari-
able (FETCH) experiment [Hauser et al., 2000, 2002], to
analyze the evolution of sea state variables with fetch in
the �rst hundred kilometers o�shore over the Gulf of Lion
(GoL), Western Mediterranean. The study focuses on the
Tramontane/Mistral event documented in the afternoon of
24 March 1998. The Tramontane and the Mistral are low
level, orography-induced, cold-air outbreaks over the GoL
blowing o�shore of Narbonne and Arles, France, respectively
(Fig. 1). They are frequently observed to extend several
hundreds of kilometres from the coast, bringing cold and
dry continental air over the warm Western Mediterranean,
and hence, generating intense heat air-sea exchanges. They
are one of the primary cause of storms over the Mediter-
ranean, between Italy and the Balearic Islands [Trigo et al.,
1999; Campins et al., 2000].

The analysis also relies on the measurements at sea per-
formed by a moored buoy and a ship specially deployed for
the experiment, as well as measurements from the TOPEX
altimeter. This paper addresses several questions, including
the following:

� Can SWS be inferred from lidar measurements over the
sea in a coastal environment (complex mixture of continen-
tal and maritime aerosol; turbid, productive waters)?

� What is the inuence of developing waves on the lidar-
derived surface mean-square slope and related SWS?

� How does spatial evolution of sea state variables (SWS,
roughness length and drag coe�cient) with fetch derived
from airborne measurements compare with the temporal
evolution of these variables derived from a moored buoy?

In Section 2, we present the synoptic situation and the
FETCH operations on 24 March 1998. In Section 3, we de-
scribe the methodology used to derive sea state variables
from lidar (SWS) and a combination of lidar and radar
data (roughness length and drag coe�cient) over coastal wa-
ters. In Section 4, we discuss the evolution of surface mean
square slope measured by airborne lidar, airborne radar (C-
Band) and space-borne radar (C-Band and Ku-Band). We
compare the evolution of lidar-derived SWS and roughness
length with measurements made from other platforms (i.e.
sea-borne, ship-borne, airborne and space-borne platforms).
We also discuss the spatial evolution of the momentum ux
drag coe�cient derived from airborne measurements. Con-
cluding remarks are in Section 5.

2. The 24 March 1998 case of FETCH:
Synoptic situation and operations

In addition to the means specially deployed for FETCH,
M�et�eo-France provided daily forecasts of the meteorologi-
cal situation made with the operational model ALADIN.
The forecasts on 24 March 1998 have been validated against
buoy, ship and aircraft in situ data [Flamant, 2002]. These
comparisons con�rmed that the thermodynamical condi-
tions prevailing over the GoL during the afternoon air-
borne operations (see below) were well represented by the
1800 UTC ALADIN forecast. In turn, the ALADIN fore-
casts were used by Flamant [2002] to analyse the rapid
evolution of the synoptic situation on 24 March 1998. As



these forecasts are also utilized in this study, we �rst briey
present the ALADIN model.

ALADIN is a spectral limited area model, taking its
boundary conditions from the global model ARPEGE of
M�et�eo-France, which covers a domain of 2739 km � 2739 km
(centered on France). The horizontal resolution is approx-
imately 10 km, with 31 levels on the vertical, the highest
level being at 5 hPa and the lowest level at approximately
17 m above ground/sea level. The surface layer and plane-
tary boundary layer uxes are computed on the lowest level
using a modi�ed version of the scheme developed by Louis

et al. [1981]. The 3D-var data assimilation provides two
analyses per day (0000 and 1200 UTC) but no associated
�rst guess. Forecasts are available every 3-h, i.e. at 0000,
0300, 0600, 0900, 1200, 1500, 1800, 2100 and 2400 UTC. 3-h
integrated surface turbulent uxes are computed from 12-h
forecasts. Additional information can be found in Eymard

et al. [2002]. The forecasts products are: temperature, hu-
midity and wind distributed on 16 pressure levels between
1000 and 100 hPa. Sea level pressure and surface turbulent
uxes are provided at the lowest level, i.e. 17 m ASL. Near
surface extrapolated �elds (at 10 m ASL for the wind and
2 m ASL for temperature and humidity) are derived assum-
ing a neutral pro�le. The SST in the model is issued from
Reynolds' climatology and yields characteristic spatial and
temporal scales of about 2� and 8 days, respectively.

2.1. Synoptic situation

Based on ALADIN forecasts, Flamant [2002] has shown
that the nonstationary nature of the Tramontane/Mistral
wind regime over the GoL on 24 March 1998 was controled
by the multi-stage evolution of an Alpine lee cyclone over the
Tyrrhenian Sea (between Sardinia and continental Italy). In
the early stage, the Tramontane ow prevailed over the GoL.
As the low deepened, the prevailing wind regime shifted to
a well established Mistral which peaked around 1200 UTC.
In the afternoon, the Mistral was progressively disrupted by
a strengthening outow coming from the Ligurian Sea in re-
sponse to the deepening low over the Tyrrhenian Sea and the
channeling induced by the presence of the Apennine range
(Italy) and the Alps. In the evening, the Mistral was again
well established over the GoL as the depression continued to
deepen but moved to the south-east, reducing the inuence
of outow from the Ligurian Sea on the ow over the GoL.

2.2. Operations

On 24 March 1998, measurements of the mean and tur-
bulent properties within the ABL over the GoL were made
from four platforms: two aircraft (the ARAT -Avion de
Recherche Atmosph�erique et T�el�ed�etection- and the Merlin
IV), the Research Vessel Atalante and the Air-Sea Interac-
tion Spar (ASIS) buoy. The operations were coordinated
with TOPEX descending overpass 146 (1844 UTC).

The Research Vessel Atalante had balloon launching ca-
pability and carried an instrumented mast for mean and
turbulent measurements at a height of 17 m above the sea
surface. The ASIS buoy [Graber et al., 1999] made mea-
surements of mean and turbulent atmospheric variables 7 m
above the air-sea interface as well as wave directional spec-
tra. The ARAT and Merlin IV were equipped with standard
in situ sensors as well as sensors dedicated to the analy-
sis of aerosol properties (nephelometer, particle and cloud
condensation nuclei counters). The ARAT and the Merlin
IV also embarked the di�erential absorption lidar LEAN-
DRE 2 [Bruneau et al., 2001a,b] and the real-aperture air-
borne radar RESSAC (Radar pour l'Etude du Spectre de

Surface par Analyse Circulaire) [Hauser et al., 1992], re-
spectively. RESSAC is a C-Band radar, with a large an-
tenna (14� elevation � 3.4� azimuth) looking at a mean
incidence angle of 12� from a ight altitude of about 6 km
ASL. The processing of the wave measurements is done fol-
lowing Hauser et al. [1992], and is based on the measure-
ment of the modulation of the radar backscatter coe�cient
due to slopes of the longer waves (wavelength between 40 to
400 m).

In the afternoon of 24 March 1998, the ARAT ew an X-
shaped pattern at 3.9 km above sea level (ASL) from 1620
to 1730 UTC, with LEANDRE 2 looking to the surface.
The lidar measurements of interest for this study were ac-
quired along leg AF (Fig. 1) between 1620 and 1640 UTC.
The ight was coordinated with a TOPEX overpass and de-
signed such that leg AF coincide with the satellite ground
track. The ARAT also performed a sounding in the vicinity
of way-point F. Between 1741 and 1828 UTC, the Merlin IV
ew along leg AF at 6 km ASL with RESSAC functioning
in the so-called wave mode and providing directional wave
spectra. Directional wave spectra measured by RESSAC
were normalised using the signi�cant wave height measured
by TOPEX altimeter along the same track and less than
one hour after. Overights of ASIS by the Merlin and the
ARAT occurred at 1746 UTC and 1632 UTC, respectively.

The position of ASIS buoy is indicated by the square sym-
bol in Fig. 1. The position of the Research Vessel Atalante
between 0900 and 2200 UTC is indicated by triangles in
Fig. 1.

Water vapor and atmospheric reectivity (732 nm) �elds
monitored with the downward-pointing LEANDRE 2 during
this ight have been analyzed by Flamant et al. [2002] and
Flamant [2002], respectively. The diameter of the laser foot-
print at the surface for a single laser pulse is less than 9 m.

Figure 1. Leg AF of the ARAT ight track between 1620
and 1640 UTC on 24 March 1998. The location of the cities
of Fos, Berre and Marseille are indicated. Superimposed are
the isentropic backtrajectories (dashed lines) ending in dif-
ferent part of leg AF on 24 March 1998 at 1600 UTC. The
trajectories describe the aerosol transport at about 500 m
ASL. The rugged solid line represents the coastline. The
position of the Research Vessel Atalante at (from south
to north): 0900, 1245, 1345, 1545, 1600, 1700, 2050 and
2210 UTC are indicated by triangles. The position of the
ASIS buoy is indicated by the square symbol. The thick ar-
rows indicate the climatologically representative directions
of the Mistral and Tramontane winds.



In the following, sea surface reectances are obtained from
20 averaged lidar pro�les. Sea state variables estimated with
RESSAC were obtained by averaging over �ve antenna rota-
tions (100 s). The footprint at the surface is 0.4 km�1.5 km
for an aircraft ying at 6 km ASL.

3. Methodology for sea state variable
retrieval

At this point, it should be noted that the airborne lidar
LEANDRE 2 was not developed for the primary purpose of
measuring SWS [LEANDRE 2 was developed for the pur-
pose of analyzing surface-atmospshere water vapor mixing
ratio exchanges through the ABL]. This implies careful lidar
calibration and inversion as described in Appendices A and
B. A lidar system speci�cally developed for the purpose of
measuring SWS [e.g. a system with longer wavelength and
multiple look angles] would alleviate some of the limitations
of the calibration and inversion approach described in this
paper.

To analyze the lidar data acquired during FETCH, the
SWS retrieval methodology developed and validated for
open ocean conditions by Flamant et al. [1998] has been
modi�ed to account for the speci�city of the coastal Mediter-
ranean environment, namely: (i) coastal aerosol composition
(to correct for atmospheric e�ects), (ii) foam at the sea sur-
face and air bubbles within the water and (iii) submarine
reectance enhancement at 732 nm caused by the presence
of Chlorophyll, inorganic suspended particles from terres-
trial origin, yellow substances (in the Rhone river plume)
or even mineral dust (deposited at the surface during Sa-
haran dust outbreaks). Note that the foam and subsurface
water contributions to the lidar signal can be separated in
two distinct components: (i) one related to the solar radi-
ation di�used by the subsurface waters and/or foam in the
direction of the lidar telescope and (ii) one related to the
interactions between the laser pulse and the subsurface wa-
ter and/or foam within the laser footprint. It is argued that
solar radiation di�used by the subsurface waters (including
that of suspended particulate) and/or foam in the direction
of the lidar telescope is removed through "background" light
correction applied to the lidar data (see Appendix A). Solar-
stimulated Chlorophyll uorescence is also argued not to be
a factor at 732 nm.

Atmospheric e�ects (variability in both aerosol composi-
tion, aerosol concentration and relative humidity) and their
inuence of sea surface reectance (SSR) retrievals from
lidar are presented and discussed in Appendix B. Based
on sensitivity analyses, it is shown that the composition
of the coastal aerosol has little inuence on lidar-derived
SWS retrievals, but that the reference scattering coe�cient
(needed to retrieve the aerosol backscatter coe�cient near
the sea surface from the "lidar inversion" procedure, see Ap-
pendix B for details) must be known accurately.

The next step is to separate the contribution of waves
from those of submarine reectance at 732 nm and whitecaps
when analyzing the laser emitted photons backscattered to-
wards the lidar telescope, in order to obtain the lidar-derived
surface MSS. This is discussed below (Section 3.1). The
methodology for radar-derived surface MSS (from TOPEX
and RESSAC) is presented in Appendix C. Lidar-derived
SWS retrieval technique is discussed in Section 3.2. Finally,
the methodology combining radar-lidar measurements for

the retrieval of roughness length and drag coe�cient in pre-
sented in Section 3.3. Some of the equations presented in
the following depend explicitly on atmospheric stability con-
ditions. For the sake of clarity, we have chosen to discuss
the stability issue in this section rather than discussing it
with the results in Section 4. To do so, we have utilized
ALADIN forecasts at 1800 UTC.

3.1. Lidar derived surface mean square slope

Light reection by the ocean surface has been observed
to be dependent on the small wave facets that are produced
by capillary and capillary-gravity waves at the surface su-
perimposed upon the long-wave swell [e.g. Cox and Munk,
1954; Bufton et al., 1983]. The light backscattered by white-
caps and the light backscattered from the �rst meters below
the ocean surface also contributes to the measured surface
reectance. The total reectance (which is the reectance
derived from lidar measurements) is written as [Menzies et

al., 1998]

b� = W�f;eff + (1 �W )�s + (1�W 0)�ssw: (1)

The �rst term is the reectance associated with foam
patches within the lidar solid angle of observation (i.e. foot-
print, � 9 m), W being the area covered by whitecaps.
�f;eff is the e�ective reectance of whitecaps which can be
considered as constant and equal to 22�11% in the wind
speed range of 4 to 25 ms�1 [Koepke, 1984]. The Fresnel
reectance, �o, is taken equal to 0.02 at 0.73 �m [Hale and
Querry, 1973]. The second term is the reectance associated
with the slope distribution of the capillary and capillary-
gravity waves over the water surface that is not covered by
foam. The third is the volumic reectance of the subsurface
water, with W 0 = W�f;eff . For this term, the assumption
is made that the reectance of the foam patches is the same
for incident light coming from above and below the surface
[Koepke, 1984; Menzies et al., 1998].

An important parameter related to capillary and
capillary-gravity waves and needed to interpret remote-
sensing observations is their MSS. In the case of nadir li-
dar measurements (i.e. pitch and roll angles less than �4�
as was the case for the measurements considered here), the
reectance associated with capillary and capillary-gravity
waves is given by

�s =
�o

4 <S2>
; (2)

where < S2 > is the total wave MSS variance. In this ex-
pression, the e�ects of laser pulse shape and divergence have
been neglected as contributing very weakly owing to our
measurement con�guration [Gardner et al., 1983]. The sur-
face wave slope variance, < S2 >, can then be linked to
SWS through a linear relationship [Cox and Munk, 1954].
Provided that the contributions of whitecaps and subsur-
face can be corrected for, lidar measurements can be used
to estimate SWSs.

Gordon and Morel [1983] pointed out that the scattering
from the water column that is penetrated by the light can
be treated as a Lambertian reector essentially at the sur-
face. In clean ocean water (water molecules, organic and
inorganic matter), this is generally less than 1% at 732 nm.
In coastal regions, this term cannot necessarly be neglected
in the near infra-red part of the spectrum due to the pres-
ence of suspended particulate (yellow matter, mineral dust
or even anthropogenic aerosols such as soot). Furthermore,



Table 1. Mean and turbulent parameters extracted from ALADIN 1800 UTC forecast along leg AF. �Ta is the
air temperature (�C), Tw is the sea temperature (�C), Ri is the reduced Richardson number, U is the wind speed
measured at 10 m ASL, u� is the friction velocity and L is the Monin-Obukhov length.

Lat, �N Lon, �E U , ms�1 Tw, �C Ta, �C Ri u�, ms�1 L, m

43.5 3.8 9.3 13.8 12.2 -0.132 0.35 89
43.4 3.9 11.4 13.7 12.0 -0.092 0.43 172
43.3 4.0 12.3 13.6 11.8 -0.085 0.45 175
43.2 4.1 12.8 13.5 11.6 -0.080 0.47 181
43.1 4.2 13.0 13.4 11.7 -0.071 0.47 188
43.0 4.2 13.4 13.3 11.7 -0.067 0.47 181
42.9 4.3 13.4 13.4 11.8 -0.065 0.47 172
42.8 4.4 12.8 13.4 11.9 -0.067 0.46 164
42.7 4.5 11.8 13.5 12.1 -0.071 0.46 157
42.6 4.6 11.1 13.5 12.1 -0.076 0.45 155
42.5 4.6 10.0 13.5 12.2 -0.089 0.45 149
42.4 4.7 8.9 13.5 12.2 -0.114 0.45 143

the production of air bubbles by breaking waves in the sub-
surface waters may lead to a contribution comparable to that
of suspended solid particles [Flatau et al., 2000]. Neverthe-
less, the volumic reectance of the subsurface water due to
the presence of particulates, bubbles and dissolved organic
material is not a factor at 732 nm [see Fig. 5 of Flatau et

al., 2000] so that b� reduces to the sum of the �rst two terms
in Eq. (1). Finally, the contribution from foam depends on
the area covered with whitecaps. In the experiment design,
the laser output energy was adjusted so that lidar surface
returns were not saturated for small fractional whitecap cov-
erage (low albedo). For a large fractional whitecap cover-
age, the high albedo associated with foam could induce a
saturated surface return and a non linear response of the
lidar system detector. The only e�cient way to screen out
this contribution is to discarded the lidar reectivity pro�les
with saturated surface echoes. This is the case for the lidar
data used in this paper. When the fractional area covered
by whitecaps is small, the foam related reectance needs to
be assessed. It is argued that laser radiation backscattered
by foam can be accounted for based on the work of Koepke
[1984] and a power law relationship between whitecap cov-
erage and SWS as discussed below.

3.2. Lidar derived surface wind speed

In Section 3.1, we have shown that the surface MSS can
be derived from lidar measurements. The next step is to
link surface MSS to SWS. In an earlier work by Cox and

Munk [1954], the surface MSS statistics have been observed
to follow a near-Gaussian distribution in a two-dimensional
plane, when wind direction e�ects are not considered. The
wave MSS was found to depend on the SWS measured at
41 ft (12.4 m), according to

<S2>cm= 0:003 + 5:12 10�3U41ft: (3)

In the following, we have assumed that, to the �rst or-
der, U41ft was not very di�erent from the wind speed at
10 m ASL (as discussed later, the di�erence was less than
0.4 m s�1).

Recent observations [e.g. Hwang and Shemdin, 1988;
Shaw and Churnside, 1997] have indicated that atmospheric
stability e�ects on the surface wave slope statistics must be
considered in conditions for which the stability of the atmo-
spheric surface layer departed from neutral stability (i.e. the
observations of Cox and Munk [1954] were made in slighly
positive stability conditions). Shaw and Churnside [1997]

reported observations in the negative stability regime (air

temperatures cooler than water temperatures), demonstrat-

ing increasing relative MSS (their MSS normalized by the

Cox and Munk values) with increasing negative stability.

The data discussed here was acquired in cold-air outbreak

conditions for which the negative stability is expected be

important. Accounting for atmospheric stability, the wave

Figure 2. Dependence of the total reectance (i.e. wind-
waves and foam) as a function of surface wind speed. Solid
line (1): The wind-waves contribution is representative of
the average unstable conditions experienced on 24 March
1998 along leg AF, i.e. for a negative stability correction
term equal to -1.7, and the foam related reectance is com-
puted using the whitecap coverage dependence on surface
wind speed established on 24 March 1998. Dashed line (2):
same as curve 1, but for the slightly stable conditions en-
countered by Cox and Munk [1954]. Dot-dashed line (3):
same as curve 1, but for the whitecap coverage dependence
on surface wind speed established by Monahan [1986]. Dot-
dot-dot-dashed line (4): same as curve 2, but for the white-
cap coverage dependence on surface wind speed established
by Monahan [1986]. The range of SSR reectance measure-
ments derived from lidar data along leg AF is shown as
triangles (they are plotted for a given, �ctitious wind speed
of 4 m s�1). The vertical dotted line indicates the SWS
(noted U0) corresponding to @�=@U = 0, where � and U are
the modeled reectance and surface wind speed for curves 3
and 4 (i.e. 16.8 and 18 m s�1, respectively). The horizontal
dotted line indicates the SSR corresponding to U0 (i.e. 0.044
and 0.066 for curves 3 and 4, respectively).



MSS is given by [Shaw and Churnside, 1997]

<S2> =
�
0:003 + 5:12 10�3U

�
[1:42� 2:8Ri] ;�0:23 < Ri < 0:27;

(4)

where Ri is the reduced Richardson number given by

Ri = (g�Ta�wz)
�
TwU

2
�
�1

; (5)

with g the gravitational constant, �Ta�w the air-sea tem-
perature di�erence (�C), Tw the sea temperature (�C) and
U the wind speed measured at height z (10 m). Note that
Eq. (3) and Eq. (4) are the same for Ri=0.15 which cor-
responds approximately to the stability regime under which
were acquired the wave MSS reported by Cox and Munk

[1954]. The Richardson number along leg AF was estimated
using ALADIN forecasts at 1800 UTC (see values of the
above cited parameters in Table 1). It was estimated to
range between -0.13 and -0.065, yielding a correction term
for the wave MSS between 1.6 and 1.8 (i.e. for a given SWS,
the wave MSS is a factor 1.7�0.1 larger than that reported
in Cox and Munk [1954]).

The �nal step, which consists of deriving U from lidar-
derived b�, is not trivial because b� is the sum of two compen-
sating terms, �1 and �2, that both depend on U as

�1 = (1 �W )
�o

4 <S2>
; (6)

whose dependence on U is given by Eq. 4, and the modeled
dependence of foam reectance calculated as [Koepke, 1984]

�2 = �f;effW; (7)

where the fractional area covered by whitecaps W can be
expressed as a power law of U . Hence, the reectance due
to the slope distribution of the capillary-gravity waves (�1)
decreases with increasing SWS, whereas the reectance due
to the slope distribution of the capillary-gravity waves (�2)
increases with increasing SWS.

Figure 2 shows the evolution of the SSR (i.e. �1+�2) as a
function of U . It also illustrates the sensitivity of the SSR to

Figure 3. Evolution of lidar-derived SWS with latitude
along leg AF for di�erent atmospheric stability conditions
and di�erent whitecap coverage dependence on SWS. The
labels '1', '2', '3' and '4' correspond to those de�ned in
Fig. 2. The diamond corresponds to the ASIS measure-
ment at 1634 UTC.

(i) atmospheric stability conditions and (ii) the relationship
between SWS and whitecap coverage. Here, we have con-
sidered two types of stability conditions: the slightly stable
conditions experienced by Cox and Munk [1954] (i.e. <S2>
given by Eq. (3)) and the unstable conditions experienced
on 24 March 1998 (i.e. <S2> given by Eq. (4)). Two types
of whitecap coverage dependence on SWS have also been
considered: the relationship established on 24 March 1998
using a combination of digital images of the sea surface made
from the Research Vessel Atalante and wind speed measure-
ments made on the ship, based on the technique described
in Dupuis et al. [1993], yielding

W = 1:57 10�6U2:16 (8)

and the relationship of Monahan [1986]

W = 3:84 10�6U3:41 : (9)

In Fig. 2, the 4 curves correspond to:

� Curve 1: the wind-waves contribution representative of
the average unstable conditions experienced on 24 March
1998 along leg AF, i.e. for a negative stability correction
term equal to -1.7, and the foam related reectance com-
puted using the whitecap coverage dependence on surface
wind speed established on 24 March 1998,

� Curve 2: same as curve 1, but for the slightly stable
conditions encountered by Cox and Munk [1954],

� Curve 3: same as curve 1, but for the whitecap coverage
dependence on surface wind speed established by Monahan

[1986],

� Curve 4: same as curve 2, but for the whitecap coverage
dependence on surface wind speed established by Monahan

[1986].
For the range of SWSs considered here (i.e. 0-30 m s�1),

the foam related reectance obtained from Eq. (8) is neg-
ligible (curves 1 and 2), and the total reectance decreases
continuously with increasing wind speed. As a result, the
contributions �1 and �2 can be separated adequately for each
lidar-derived reectance measurement (shown as triangles)
and SWS obtained unambiguously from curves 1 or 2 shown
in Fig. 2.

When using Eq. (9), the foam related reectance is no
longer negligible for SWS larger than �15 ms�1 (curves 3
and 4), and the total reectance exhibits the general charac-
teristics of a parabola: there exists a threshold value of SWS
separating the wind-driven-wave -dominated regime and the
whitecap-dominated regime. The threshold values are equal
to 16.8 and 18 ms�1 for curves 3 and 4, respectively. Even
in this case, provided that along leg AF the SWSs were less
than 15 ms�1 (as indicated by TOPEX measurements, for
example), �1 and �2 can be separated and the SWS obtained
unambigously from total reectance curve shown in Fig. 2
because we only have to consider the leftmost branch of the
curve. Nevertheless, SWS values cannot necessarly be de-
rived for each lidar reectance measurements because there
exist a minimum SSR value (de�ned by @�=@U = 0) associ-
ated with the SWS threshold value. In the case of curve 3,
no SWSs can inferred from lidar-derived surface reectance
values less than 0.044 (i.e. 61 out of 288 reectance retrievals
along leg AF). In the case of curve 4, no SWSs can inferred
from lidar-derived surface reectance values less than 0.066
(249 out of 288 reectance measurements). In this case,



when considering the uncertainty on lidar-derived SSR (of
the order of 10%, see Appendix B), even fewer SWSs can be
inferred from lidar data.

In Fig. 3, we show the evolution with fetch of the lidar-
derived SWS obtained from the 4 curves discussed above.
Also shown is the SWS measured at 7 m ASL by the ASIS
buoy at 1634 UTC. One may note that lidar-derived SWSs
are larger in the slightly stable case than in the unstable
case. This is due to the higher modeled surface reectance
obtained in stable conditions as illustrated by curve 2 in
Fig. 2. The agreement between the ASIS measurements and
the SWS retrievals in unstable conditions (curve 1) is very
good. Hence, there is evidence that the negative stability
conditions should be accounted for. Ignoring the stability
correction term (i.e. assuming the conditions to be quasi
neutral), the SWS would be �6.7 m s�1 larger on average,
along leg AF. In the remainder of this paper, the SWS have
been derived from lidar measurements accounting for the
unstable atmospheric conditions.

In unstable conditions, the choice of the fractional white-
cap coverage dependence on U has an impact on the lidar
retrievals for U >12 m s�1 only (see the di�erence between
curve 1 and curve 3). For lidar-derived surface reectance
values greater than 0.044, the larger SWSs obtained from
curve 3 than from curve 1 for U between 10 and 16.8 m s�1

result from the weaker dependence of � on U . Given the un-
certainty on lidar-derived SSR (Appendix B) and given that
the ASIS derived SWS at the time of the ARAT overight
(1634 UTC) falls between the 2 curves, we have no mean
of assessing which of the 2 W vs U relationships presented
earlier best represents the conditions of the experiment. In
the following, we have chosen to use the relationship derived
on 24 March 1998 (Eq. (8)) because it enabled the retrieval
of a SWS value for each of the lidar-derived SSR and be-
cause the lidar-retrievals were in slightly better agreement
with the ASIS measurement. The uncertainty introduced
(i.e. by using Eq. (8) rather than Eq. (9)) increases expo-
nentially with SWS, but remains below 20% for SWS less
than 15 m s�1. It is less than 3% for SWS less than 10 m s�1.

The uncertainty on the so-retrieved SWS is taken as the
quadratic sum of three terms: (i) the error associated with
the uncertainty on the stability correction term (1.7�0.1)
which is on the order of 12%, (ii) the error on the near sur-
face backscatter coe�cient (10%), and (iii) the uncertainty
resulting from the natural variability associated with the
data, which is calculated as the standard deviation of the
SWS computed for each individual pro�le (prior to the 20
lidar shots average). The natural variability was observed
to be quite signi�cant, on the order of 20%. Hence, the total
uncertainty associated with the SWS retrievals is equal to
25%.

3.3. Momentum ux related variables from lidar and

radar measurements

As mentioned in the introduction, very little has been
done on the study of momentum transfer evolution with
fetch in o�-shore conditions. In this paper, we would like to
take advantage of the combination of radar and lidar mea-
surements to do this. In the following, we �rst discuss the
retrieval technique used to determine the surface roughness
length (SRL), zo. Using these retrievals, we then determine
the neutral drag coe�cient at 10 m ASL. From a combi-
nation of neutral drag coe�cient and SWS at 10 m ASL,

we are able to determine the friction velocity, using a bulk
formula.

Donelan [1990] has proposed a relationship for dimension-
less roughness that accounts for wave age dependence over
pure wind sea, of the form

zo
�

= A

�
U10N

Cp

�B

; (10)

where � is the equal to a quarter of the signi�cant wave
height, Hs. (Cp=U10N ) is referred to as the wave age and
Cp is the wave phase velocity, U10N is the SWS at 10 m
ASL under neutral conditions. A and B are constants. On
24 March 1998, ASIS data between 1200 and 2400 UTC
yield values of A and B equal to 10�5 and 7, respectively.
The uncertainties associated with Cp and Hs are on the or-
der of 10 to 15%. Note that for these data, the coe�cients
A and B are signi�cantly di�erent from those derived using
a composite of 5 data sets, including FETCH (cf. Dren-

nan et al. [2002]). With these composite data, A=7 10�4

and B=2.8. The data from 24 March, 1200-2300 UTC, have
signi�cantly lower roughness lengths than the remainder of
the FETCH data. In fact, the 24 March data from 1450-
1620 UTC have been excluded from the data set used by
Drennan et al. [2002] to derive their relationship because
because the points did not meet the rough ow criterion
(zou � =g > 2.3). We thus have treated the 24 March 1998
data as a special case, using Eq. (10) with the regression
coe�cients determined from those data alone.
zo is obtained from measurements of the SWS made by

LEANDRE 2 and sea state characteristics made by RESSAC
(� and Cp) along leg AF. The wave phase velocity along AF
is calculated from the wave peak frequency, fp, measured by
radar using the wave dispersion relationship for in�nite wa-
ter depth (the water depth at the location of the RESSAC
measurements along AF is estimated to be at least 35 m) as

Cp =
g

2�fp
: (11)

U10N is obtained from the lidar-derived SWS, U , using
the ux pro�le relations,  u(z=L), from Donelan [1990]

U1ON = U(z) + (u�=�) u(z=L); (12)

where � is the von Karman constant (0.4),  u is a stability
function de�ned as [Dyer, 1974]

 u(z=L) = 2 ln((1 + �u)=2) + ln((1 + �2u)=2)
�2 arctan �u + �=2;

(13)

with

�u = (1� 16(z=L))0:25; (14)

and L is the Obukhov length given by

L = �u3� [�g=� (H=(cp�0) + 0:61E=Lv)] ; (15)

with � is the density of air, E and H the latent and sensible
heat ux, cp the speci�c heat at constant pressure, Lv the
latent heat of vaporisation, u� the friction velocity and �0
is the reference potential temperature. First guess values of
L and u� were derived from ALADIN 1800 UTC forecast
outputs (13 model points along leg AF) interpolated at the
position of each lidar SWS estimate. The correction term



(i.e. the second term on the right hand side of Eq. (12)
amounted to 0.3�0.1 m s�1, on average, along leg AF.

The neutral drag coe�cient is then obtained from li-
dar/radar measurements as

C10N = �2 [log(z=zo)]
�2 ; (16)

and the friction velocity is obtained as

u� =
p
C10NU1ON : (17)

4. Results

In this section, we discuss the evolution of MSS, SWS
and SRL with fetch as obtained from the di�erent plat-
forms along leg AF. The comparison was complicated by
(i) the fact that the measurements from the di�erent plat-
forms were not made simultaneously in the same location
and (ii) the nonstationary nature of the Mistral ow over
the GoL on 24 March 1998 (see Section 2). Hereafter, we
begin with a description of the spatio-temporal evolution of
the atmospheric forcing and its impact on sea state.

4.1. Nonstationary aspect of the mistral ow

between 1500 and 2100 UTC

Figure 4 presents the ALADIN wind �eld at 10 m ASL
over the GoL on 24 March 1998 at 1500, 1800 and 2100 UTC.
An important feature associated with cold-air outbreaks
over the GoL is observed in the form of banners of weaker
winds (sheltered region) shown as regions where the SWS is
less than 10 m s�1.

At 1500 UTC, a region of wind speeds less than 10 ms�1

was observed in the eastern part of the domain, which cor-
responds to the sheltering region (associated with the Mar-
itime Alps) separating the Mistral from the outow from the

(a) (b)

(c)

Figure 4. Wind �elds simulated in the ABL (at 10 ASL)
on March 24 1998 by the French operational forecast model
ALADIN at (a) 1500, (b) 1800 and (c) 2100 UTC. The di-
amond (triangle) corresponds to the position of the ASIS
buoy (Atalante). Superimposed are isotachs between 10 and
20 ms�1 with 5 ms�1 increments. Also superimposed are
the ARAT ight tracks corresponding to afternoon ights.
The rugged solid line represents the coastline The asterisks
indicate the position of the 1D spectra shown in Fig. 5.

Gulf of Genova (Fig. 4a). As a result, the Mistral appeared
to lose its characteristics over the Sea, the largest winds as-
sociated with the mistral now being observed over the con-
tinent, in the Rhone Valley. At 1800 UTC, the Tramontane
ow was observed to be shifted to the southwest as the Mis-
tral began to intensify again. The inuence of the sheltered
region to the east of the Mistral also appeared to weaken.
The sheltered region separating the Mistral and the Tra-
montane was very narrow at that time (Fig. 4b). The cold
and jet-like characteristics of the Mistral were only main-
tained over the continent and were rapidly lost over the sea.
Finally at 2100 UTC, the Mistral ow was well established
again. It had a more marked northerly direction than at
1200 UTC due to the southward displacement of the Alpine
lee cyclone (Fig. 4c) [Flamant, 2002].

4.2. Sea state

Non-directional spectra from 24 March 1998 are plotted
for four locations from the shore to open sea (Fig. 5) re-
spectively at 50, 75, 95, and 115 km of fetch distance calcu-
lated as the distance from the coast assuming the wind to
be northerly as shown by ALADIN model (see the location
of the spectra on Fig. 4). The spectra behaved as expected
for limited fetch situations, i.e. they exhibited an increase
of the energy and decrease of the peak frequency for increas-
ing fetch distance. The peak frequency evolves with fetch
as predicted by the JONSWAP relationship [Hasselmann et
al., 1973] for a wind speed of the order of 15 m s�1, although
the signi�cant wave height increase more rapidly than with
the JONSWAP relationship.

Analysis of the wave directional spectra showed a marked
swell component in the southern part of the track. For the
same four locations, the normalised energy density (with re-
spect to the peak) are plotted with contour levels in Fig. 6.
The ambiguity in the direction of RESSAC spectra was re-
solved with the output of the numerical sea state prediction
model, WAMMED coupled with ALADIN 10 m ASL winds.
WAMMED is the "Mediterranean version" of the opera-
tional WAM wave prediction model at ECMWF (European
Center for Medium-range Weather Forecasts) [Bidlot, 2001]
which provides routinely the directional wave spectrum at
a 0.25��0.25� resolution, and uses as input the wind �eld
of the ECMWF global atmospheric model IFS (Integrated
Forecast System). Here a research version of WAMMED
was used: the resolution was increased to 0.083��0.083� in

Figure 5. One dimensional spectra obtained from RESSAC
at four locations: (1) near the shore in thick solid line, (2)
in dotted line, (3) in dash-dotted line, and (4) in open sea
in thin solid line. The energy density spectrum is plotted in
log-log scale. The horizontal axis is for the frequency (Hz).



latitude/longitude and the wind forcing was provided by AL-
ADIN at the same resolution. The directions refer to waves
going to. For the locations 1 and 2, directional spectra were
bimodal, the two peaks of similar frequency propagating on
both sides of the wind direction (northerly). These waves
are recognised as being generated by the action of the Mis-
tral. At locations 3 and 4, three wave components were ob-
served. One was propagating to the south and was identi�ed
as a Mistral generated wave train. The second component
was propagating at lower frequency to the south-east and
resulted from the action of the Tramontane blowing to the
west of the region of operation. The last component with the
lowest frequency was propagating to west-southwest. The-
ses waves were related to swell advecting from the Ligurian

Figure 6. Two dimensional spectra obtained from
RESSAC at four locations from the shore to open sea. The
normalized energy density (with respect to the peak) is plot-
ted with contour levels of 0.3, 0.5, 0.7, and 0.9. The horizon-
tal axis gives the azimuth (from true North). The vertical
axis is for the frequency (Hz). The directions refer to waves
going to.

sea (as discussed above on the basis of ALADIN forecasts,
Fig. 4) and contributed up to one third of the total wave
energy at the location 4.

In the northern part of the track (north of 42.75�N), sea-
state is dominated by the Mistral ow and is limited in fetch.
In the southern part of the track, the wave energy grows not
only due to the wind wave evolution with the fetch laws, but
also with the swell contribution. Only 80% of the signi�cant
wave height is related to wind sea in that region.

4.3. Evolution of radar, lidar and TOPEX mean

square slopes with fetch

The evolution of lidar- and radar-derived (C-Band and
Ku-Band) MSS as a function of the distance to the coast on
leg AF is shown in Fig. 7. Radar (TOPEX and RESSAC)
MSS are obtained according to the methodology presented
in Appendix C. The lidar-derived MSSs are obtained from
Eq. (2) assuming the foam contribution can be neglected
in the 24 March 1998 case (see discussion in Section 3.2).

Figure 7. LEANDRE (dashed line), RESSAC (solid line)
and TOPEX (diamonds and asterisks for C-Band and Ku-
Band, respectively) MSS measurements along leg AF.

Figure 8. Comparison of sea-borne (7 m ASL, diamonds),
ship-borne (17 m ASL, triangles), airborne lidar (12.4 m
ASL, dashed line), airborne in situ (100 and 300 m ASL)
and space-borne (10 m ASL, connected crosses) SWS mea-
surements along leg AF with SWS simulated by ALADIN at
1800 UTC (10 m ASL, asterisks) and 2100 UTC (squares).



The largest (smallest) MSSs were obtained from lidar (radar
C-Band) measurements. This is related to the wavenum-
ber interval over which the energy spectrum is integrated
to yield the MSS (i.e. < S2 >�

R
k2S(k)dk, where S(k)

is a function describing the evolution of the wave energy
as a function of wavenumber k). The wavelength interval
to which instruments are sensitive is de�ned by the wave-
length of operation (lower limit) and the footprint (upper
limit). The wavelength intervals (in m) of LEANDRE 2,
TOPEXKU-Band, TOPEXC-Band and RESSAC are [0; 9],
[0:08; 10000], [0:2; 10000] and [0:2; 500], respectively. The
corresponding wavenumber intervals (in m�1) are [0:7;1],�
6 10�3; 80

�
,
�
6 10�3; 30

�
and [0:01; 30], respectively. Hence,

the larger MSS derived from lidar measurements reect the
fact that the energy spectrum is integrated (i) over a wider
wavenumber range and (ii) in a region of the spectrum sen-
sitive to k2. Due to the smaller footprint, lidar-derived MSS
exhibits a greater variability than its radar counterparts.
Nevertheless, the 4 curves exhibit very similar trends as a
function of latitude: �rst, a MSS steadly increasing with
decreasing latitude (increasing distance from the coast) be-
tween the coast and 43�N, then a sharp decrease in MSS fol-
lowed by a relatively constant MSS (43-42.6�N) and �nally a
MSS increasing again with the distance from the coast (42.6-
42.4�N). The increase in the 42.6-42.4�N region is thought
to be related to the presence of swell coming from the Gulf
of Genova and cannot solely be interpreted in terms of SWS
(i.e. the inuence of swell has been discarded from the data
used by Cox and Munk [1954] to establish the empirical re-
lationship given by Eq. (3)). Radar data also showed that
the MSS increased before stabilizing further away from the
coast.

4.4. Evolution of surface wind speed with fetch

The evolution of lidar-derived SWS as a function of the
distance from the coast on leg AF (12 m ASL, between 1620
and 1640 UTC) is illustrated in Fig. 8. It is compared to
the SWS simulated by ALADIN (10 m ASL, at 1800 and
2100 UTC), and to measurements made by ASIS and on-
board the Atalante (7 and 17 m ASL, respectively, at 1600
and 1700 UTC) as well as by TOPEX (10 m, at 1844 UTC)
and in situ measurements performed from the ARAT (be-
tween 1750 and 1850 UTC) at 100 m ASL and at 300 m
ASL (leg FB and leg BA, respectively, see Fig. 1). TOPEX
SWS are estimated from the normalized radar cross-section
according to a model function de�ned by the modi�ed Chel-

ton and Wentz algorithm [Witter and Chelton, 1991]. The
model function used here is a least-square �t of a �fth or-
der polynomial to the tabular model of Witter and Chelton

[1991]. The comparison was made regardless of the height
ASL at which the measurements are made.

Between 43.5-43.1�, lidar SWS increases as a function of
the distance from the coastline. Such increase is not unex-
pected and is due to the acceleration of the ow associated
with the land/sea roughness transition. However, it is fur-
ther ampli�ed by the presence of the sheltered region (char-
acterized by weak winds) in the lee of the Massif Central
(Fig. 4b). In other terms, in the absence of such a feature,
lidar SWS increase might not have been as pronounced. This
behaviour is in good agreement with the ALADIN SWS ob-
tained from ALADIN at 1800 UTC.

Between 43.2 and 42.8� (the core of the "perturbed" Mis-
tral ow [Flamant, 2002]), the lidar SWS was relatively con-
stant (12-13 m s�1). The agreement with ASIS SWS (at
1600 and 1700 UTC) and TOPEX SWS was good. AL-
ADIN SWS at 1800 UTC also were in excellent agreement

with observations. At 43.1�, lidar SWS and ALADIN SWS
are in good agreement with Atalante SWS at 1700 UTC.
The Atalante SWS at 1600 UTC was 2.5 m s�1 lower than at
1700 UTC. Such a trend as also been observed for the ASIS
SWS, though not as marked (i.e. a 1 m s�1 increase was
observed between 1600 and 1700 UTC). It is thought to be
related to the nonstationary aspect of the Mistral ow over
the GoL as well as the important spatial variability in the
wind �eld due to the presence of a drifting sheltered region
and low-level jets. ASIS and Atalante SWS measurements
both showed a minimum in wind speed at approximately
1600 UTC, corresponding to the perturbed Mistral period
[Flamant, 2002].

Between 42.8-42.5�, lidar SWS were observed to decrease
by as much as 3-4 m s�1, before increasing back to val-
ues around 15 m s�1 (in connection with the presence of
swell), these latter values being in agreement with TOPEX
SWS retrievals. Note that this region of weaker winds was
also observed in the ARAT SWSs, so that it is not believed
to be due to errors in the correction of atmospheric e�ects
(changes in aerosol optical properties for example) in the li-
dar SWS retrieval procedure. Interestingly, ALADIN SWS
also decreased substantially between 42.8-42.5�. However,
ALADIN SWS kept on decreasing south of 42.5�. This de-
crease was interpreted by Flamant [2002] as the signature of
a sheltered region in the lee of the Maritime Alps resulting
from the interaction of the northeasterly synoptic winds and
the obstacle. ALADIN SWSs at 2100 UTC also showed that
this feature had moved eastward as the Mistral became well
established again. Hence, the picture arises that ALADIN
might not have captured all the spatial variability associated
with features such as sheltered regions.

Even though substantially larger, ARAT SWSs (at 100
and 300 m ASL) exhibited a trend similar to lidar SWSs,

(a) (b)

(c)

Figure 9. Temporal evolution of (a) neutral SWS at 10 m
ASL, (b) signi�cant wave height and (c) wave phase veloc-
ity measured by ASIS between 1200 and 2400 UTC on 24
March 1998. For panel (a), the vertical solid line indicates
the time of ARAT overight of ASIS (1632 UTC). The ver-
tical dashed lines on both sides indicate the start and end
time of leg AF own by the ARAT. For panels (b) and (c),
the vertical solid line indicates the time of Merlin overight
of ASIS (1746 UTC). The vertical dashed lines on both sides
indicate the start and end time of leg AF own by the Mer-
lin.



i.e. steadily increasing winds with fetch, a region of lighter
winds and stronger winds again. The region of decreasing
winds however was located slightly to the north of that ob-
served in the near surface winds. This is consistent with
the analysis of Flamant [2002] who showed that the ow at
300 m was more perturbed by the outow coming from the
Ligurian sea than at the surface. Hence, the location of the
sheltered region was shifted to the northwest by the stronger
outow at 300 m.

TOPEX SWSs were acquired later than any of the other
measurements, during a period where the Mistral was no
longer perturbed by the outow from the Ligurian Sea as
the cyclone was moving southward. The steadily increasing
winds measured by TOPEX most likely revealed that the
Mistral was well established again at the time of overpass.
Flamant [2002] has shown that the 1800 UTC ALADIN fore-
cast compared well with the measurements made between
1600 and 1700 UTC. Therefore, even though TOPEX mea-
surements were made at a time close to the ALADIN fore-
cast shown in Fig. 8, it is not so suprising to �nd that these
retrievals exhibited the largest di�erences. This is con�rmed
by good agreement between TOPEX SWSs and ALADIN
SWSs at 2100 UTC. Hence the TOPEX overpass occurred
at a time when the Mistral was well established again.

4.5. Evolution of roughness length with fetch

Figure 9 shows the temporal evolution of neutral SWS
at 10 m ASL, signi�cant wave height and wave phase veloc-
ity measured by ASIS between 1200 and 2400 UTC on 24
March 1998. In order to compute the roughness length in
such nonstationary meteorological conditions, an attempt
was made to correct for the time shift between the lidar
and the radar measurements. This correction consisted of
2 steps: (i) because airborne measurements are not made
instantaneously on leg AF, a correction was applied for the
temporal drift of the variables between the beginning and
the end of the leg (40 min and 47 min for LEANDRE 2 and
RESSAC, respectively). The drift was computed from ASIS
measurements, assuming the temporal evolution observed
at this point was representative of that over the entire leg.
The drift is null at the time of the aircraft overight of ASIS
(1632 and 1746 UTC for the ARAT and the Merlin, respec-
tively); (ii) because airborne measurements are not made

Figure 10. Roughness length evolution with fetch along
leg AF. Crosses represent the roughness length estimated
from ASIS measurements between 1603 and 1733 UTC.

simultaneously, the radar-derived Cp and Hs were shifted
back 84 min, i.e. from 1746 to 1632 UTC, by increasing Cp

by 1.42 ms�1 and Hs by 0.05 m.
The evolution of lidar/radar-derived roughness length, zo

as a function of the distance from the coast on leg AF is
shown in Fig. 10. For comparison, the roughness length de-
rived from ASIS measurements between 1603 and 1733 UTC
is also shown. zo exhibited the same trend as MSS and SWS:
�rst, an increase with the distance from the coast, then a
sharp decrease followed by a relatively constant value and
�nally an increase again with the distance from the coast.
Between the coast line and 43.25�N, the increase of zo is be-
lieved to be caused by the sheltering e�ects in the lee of the
Massif Central, and the fact that the lidar documented the
transition between sheltered and unsheltered Mistral ow.
Between 43.25�N and 43.05�N, we observed an increase of
zo with the distance from the coast line (Fig. 10). In this re-
gion the wave steepness parameter, Hs=�p, was decreasing,
indicating the presence of steep, young developing waves.
Between 43�N and 42.05�N, Hs=�p was observed to be ap-
proximately constant, indicating that the sea was fully de-
veloped.

ASIS buoy measurements (Fig. 10) also show that zo
increased by a factor of 30 between 1603 and 1733 UTC,
illustrating the very nonstationary conditions experienced
during the operations in the afternoon of 24 March 1998.
Another non negligible source of variability for zo is its great
sensitivity to uncertainties on U10N , Cp and � as well as to
the coe�cients A and B of Eq. (10). To illustrate this,
we have computed the relative error on zo resulting from a
�10% uncertainty on the above mentioned variables. For
each variable taken separately, the uncertainty of U10N re-
sults in the greatest relative error on zo (i.e. 95%) due to
the high value of coe�cent B (i.e. 7). For the same reasons,
the second largest source of error (i.e. -49%) is associated

Figure 11. Drag coe�cient versus wind speed, both 10 m
ASL neutral, for leg AF data. The solid lines are the inverse
wave age dependent drag versus wind speed relationships
resulting from Eqs (16), (17) and (18). Drag coe�cients
are grouped in 4 latitudinal ensembles: between the coast
and 43.25�N (blue triangles), between 43.25�N and 43�N
(red diamonds), between 43�N and 42.7�N (orange aster-
isks) and beyond 42.7�N (yellow crosses). Crosses represent
the drag coe�cients estimated from ASIS measurements be-
tween 1603 and 1733 UTC. Note that the inverse wave age
corresponding to these points are 0.0468, 0.0545, 0.0616 and
0.0754.



with the uncertainty on Cp. For randomly distributed un-
certainties in the range [�10%;+10%], the relative error on
zo can be huge, i.e. [�75%;+195%].

At the location of ASIS, the lidar/radar-derived zo was
larger than the zo measured at the buoy at 1632 UTC.
This can be explained by the fact that airborne retrievals
of Cp, Hs and U10N did not match exactly those of ASIS
at 1632 UTC. Nevertheless, one can note the remarkable
consistency of the lidar-radar derived zo, spreading over less
than an order of magnitude, when ASIS zo varied by more
than a factor of 30 during the same period.

4.6. Drag coe�cient

In Fig. 11, we show the spatial evolution of the neutral
drag coe�cient derived from combined lidar/radar measure-
ments as a function of the lidar-derived neutral 10 m SWS.
Given the sensitivity of CdN to Cp, Hs and U10N , we have
normalized the lidar/radar derived zo to the ASIS-derived zo
at 1634 UTC. Here, we shall only focus on the spatial evolu-
tion of the drag coe�cient. Given the sensitivity of CdN to
remotely sensed variables and the rather large uncertainties
(10-25%) associated with these variables, we feel it is illu-
sive to attempt to demonstrate that the drag coe�cient can
be unambiguously determined from airborne measurements
alone.

For comparison, we show the drag coe�cients estimated
from ASIS measurements between 1603 and 1734 UTC in
Fig. 11. Note that the inverse wave age corresponding to
these points are 0.0468, 0.0545, 0.0616 and 0.0754. We also
show, the inverse wave age dependent neutral drag versus
wind speed relationships. As in Drennan et al. [2002], these
relationships are obtained by solving iteratively a set of 3
equations, i.e. Eqs (16), (17) and relationship relating the
Charnock parameter (� = zog=u

2

�) to the inverse wave age.
The later, obtained on the 24 March 1998 from the ASIS
data, yields

zog

u2�
= 250

�
u�
Cp

�
4

: (18)

The drag coe�cients estimated from combined radar/lidar
measurements are observed to correspond to inverse wave
age values between 0.05 and 0.07, which is remarkably con-
sistent with the ASIS measurements. For further analysis of
the evolution of the drag coe�cient with fetch, we have plot-
ted with di�erent colors and symbols the data grouped in the
4 latitudinal ensembles determined from the behaviour of
the SRL and SWS as a function of fetch: between the coast
and 43.25�N (sheltered region, group 1), between 43.25�N
and 43�N (developing sea, group 2), between 43�N and
42.7�N (developed sea, group 3) and beyond 42.7�N (swell
contamination, group 4). The lidar/radar derived data in-
dicated that younger (older) waves were indeed observed at
short (long) fetch. Data from groups 2 and 4 were identi-
�ed to exhibit less scatter than data from group 1 and 3.
The reason for this is believed to that in the correspond-
ing regions, the action of wind on the sea surface was more
steady, less perturbed than in the sheltered region (group 1)
or at the eastern edge of the Mistral (group 3) where forcing
of the wave �eld is expected to be more transient than in
established ow regions. However, the drag coe�cient data
from groups 2-4, exhibit steeper trends with U10N than those
associated with the constant-inverse-wave-age relationships.

4.7. Friction velocity

In Fig. 12, we show the spatial evolution of the friction
velocity derived from combined lidar/radar measurements
and forecasted by ALADIN (1800 UTC) as a function of
latitude. Also shown are the friction velocity derived from
ARAT in situ measurements made at 100 m ASL using a
eddy-correlation technique between way-points F and B, as
well as the ASIS measurements at 1603, 1634 and 1702 UTC.

The ALADIN and lidar/radar friction velocities at the lo-
cation of ASIS were found in good agreement with the ASIS
measurement at 1634 UTC. Good agreement is also found
between in situ aircraft measurements and lidar/radar re-
trievals. In particular, remote sensing estimates reproduced
the increase of friction velocity near 42.5�N. This increase
was not forecasted by ALADIN. ALADIN forecasted an
increasing friction velocity between the coast and 43.1�N,
and a nearly constant friction velocity further south. Li-
dar/radar retrievals exhibited a similar trend, but with much
more variability.

5. Conclusion

This paper describes a novel approach, using airborne li-
dar and radar measurements, to determine sea surface vari-
ables (sea surface wind, surface roughness length, drag co-
e�cient and friction velocity) and analyze their spatial vari-
ability with an unprecedented horizontal resolution. This
novel approach was tested in the complex coastal environ-
ment of the Gulf of Lion during a Mistral event documented
in the framework of the FETCH experiment.

The present study shows that in the coastal environment,
and under strong wind, cold-air outbreak type conditions,
accurate lidar-derived SWS can be obtained provided that
exogeneous information on the stability conditions and the
whitecap coverage dependence on SWS is available. Stabil-
ity was shown to be crucial as it could introduce a large bias
in SWS retrievals (6.7 m s�1 on average on leg AF). Fortu-
nately, this variable can be obtained, with a reasonable accu-
racy, from numerical weather prediction models. In limited
fetch conditions, the kwowledge of the whitecap coverage de-
pendence on SWS was found not to be as critical (as that of
stability). The impact (or the lack thereof) of the whitecap
coverage dependence with SWS on lidar-derived SWS was

Figure 12. Friction velocity evolution with fetch along leg
AF.



assessed by comparing results obtained using (i) the Mona-

han [1986] relationship (for fully developed sea conditions)
and (ii) a relationship determined speci�cally on 24 March
1998. The knowledge of such a relationship may not be con-
sidered a crucial part of laser remote-sensing oriented ex-
periments in coastal regions. Particular attention was given
to lidar calibration and inversion approaches to ensure rel-
evant, trustworthy SWS retrieval by lidar. The somewhat
tedious processing that needed to be implemented was a di-
rect consequence of the fact that the lidar used in this study
was not developed for the primary purpose of measuring
SWS. A lidar system speci�cally developed for the purpose
of measuring SWS [e.g. a system with longer wavelength
and multiple look angles] would alleviate some of the limi-
tations of the calibration and inversion approach described
in this paper.

The lidar derived SWS evolution with fetch observed on
24 March 1998 in the afternoon was validated against in situ
and remote sensing measurements made from a buoy and a
ship as well as from the space-borne altimeter TOPEX. The
spatial variability in SWS observed with the airborne lidar
was controled by the structure of the wake regions down-
tream of the Massif Central and the Maritime Alps, delim-
iting the longitudinal extention of the Mistral, as well as
inuenced by swell resulting from the action of a steady
northeasterly ow coming from the Ligurian Sea in connec-
tion with intense Alpine lee cyclogenesis. These �ndings
were supported by the other measurements.

Using a formulation of the dimensionless roughness de-
pendance with inverse wave age given by Drennan et al.

[2002] (adapted to this case study), we then show that air-
borne lidar and radar measurements can be combined to
provide insight into the evolution with fetch of roughness
length, neutral drag coe�cient and friction velocity. The
remotely-sensed variables used as input are the signi�cant
wave height and the wave phase velocity (radar) as well as
SWS (lidar). Given the sensitivity of the surface rough-
ness determined from the Drennan et al. relationship and
the uncertainties associated with above mentioned lidar and
radar variables, we felt it was elusive to attempt to deter-
mine the "absolute values" of roughness length, neutral drag
coe�cient and friction velocity from airborne measurements
alone. Rather, we have used ASIS measurements to con-
strain the lidar/radar retrievals at the location of the buoy
and focussed on the analysis of the evolution of roughness
length, neutral drag coe�cient and friction velocity with
fetch.

Four distinct sea state regimes over a distance of 100 km
could be identi�ed from the remotely-sensed variables ob-
tained with this novel approach, in connection with atmo-
spheric forcing (namely, the wake region downstream of the
Massif Central, the established Mistral, the Mistral ow
perturbed by the wake downstream of the Maritime Alps,
the northeasterly ow from the Ligurian Sea). The de-
pendance of lidar/radar derived drag coe�cient with lidar-
derived SWS for the 4 regimes was found to be remarkably
consistent with the relationship derived from the buoy mea-
surements. Finally, lidar/radar derived friction velocities
were found in good agreement with the buoy and in situ
aircraft measurements.

Over the open ocean (neutral stability conditions) in
moderate wind conditions (less than 10 m s�1), Menzies et

al. [1998] were able to retrieve SWSs, with a good accu-
racy and without a need for exogeneous data (submarine
reectance, whitecap coverage, atmospheric stability condi-
tions), using lidar measurements made in the framework of

the Lidar In-space Technology Experiment which took place
in September 1994. Lidar observations made at the global
scale in the framework of future space-borne missions such
GLAS (Geoscience Laser Altimeter System) and CALIPSO
(Cloud Aerosol Lidar and Infrared Path�nder Satellite Ob-
servation) could be used to improve the analysis of turbulent
heat uxes in coastal regions when combined with radar and
in situ data. The perspective of deriving SWS from lidar
measurements in coastal regions where spaceborne radar re-
trievals of SWS are known not to be reliable, is extremely
appealing.

Appendix A: Appendix A: Solar radiation
and lidar background correction procedure

In coastal waters, submarine reectance can be enhanced
due to the presence of Chlorophyll, inorganic suspended par-
ticles from terrestrial origin, yellow substances (in the Rhone

Figure 13. Normalized water-leaving radiance at 670 nm
over the GoL observed by the Sea-viewing Wide Field-of-
view Sensor (SeaWIFS) pass over the GoL at 1138 UTC on
24 March 1998 (obtained from the SeaDAS software).

Figure 14. SeaWIFS normalized water leaving radiance at
670 nm versus lidar detected background light at 732 nm.



river plume) or even mineral dust (deposited at the surface
during Saharan dust outbreaks). As a result, submarine re-
ectance at selected wavelength can exhibit an important
spatial variability at the scale of the GoL. Figure 13 shows
the normalized water-leaving radiance, nLw, at 670 nm ob-
served by the Sea-viewing Wide Field-of-view Sensor (Sea-
WIFS) pass over the GoL at 1138 UTC on 24 March 1998
(obtained from the SeaDAS software). The normalized wa-
ter leaving radiance is approximately the radiance which
would exit the ocean in the absence of the atmosphere and
with the sun at zenith. The normalized water-leaving ra-
diance is linked to the subsurface water reectance �ssw by
�ssw = �nLw=Fo, where Fo is the solar irradiance at the
top of the atmosphere. In Fig. 14, we show the correlation
existing between the lidar system detected background light
(at 732 nm) scattered in the direction of the telescope and
the SeaWIFS normalized water-leaving radiance at 670 nm
extracted from Fig. 13 along leg AF. The background light
is the ambient atmospheric light scattered in the direction
of the telescope acquired prior to �ring the laser, which is in
turn substracted from the subsequent lidar return signals.
[A background light measurement is performed prior to the
acquisition of each lidar signal pro�le.] A correlation coef-
�cient of 0.71 (explaining 85% of the observed variance) is
obtained. A large part of the variance not explained by the
correlation is likely to be related to solar-induced Chloro-
phyll uorescence at 670 nm. Finally, some of the scatter
observed in Fig. 14 can also be explained by the fact that
SeaWIFS and lidar measurements were not acquired at the
same time. Given the high correlation coe�cient, we are
con�dent that solar radiation di�used by the suspended par-
ticulates and/or foam in the direction of the lidar telescope
is indeed removed through "background" light corrections
applied to the lidar data, even though the data presented
here only partly supports those conclusions (due to the fact
that observations were not made at the same time and wave-
length).

Appendix B: Appendix B: Lidar inversion
and lidar-derived sea surface reectance

Sea surface reectance is inferred from lidar measure-
ments using the method described by Flamant et al. [1998],
as

b� = ��z�(�; �; zb)
S(�; z0)

S(�; zb)
: (B1)

which accounts for the lidar signal S(�,zb) in the layer
close to the surface, the lidar surface return signal S(�,z0)
as well as the average backscatter coe�cient �(�; �; zb) mea-
sured in a layer of depth �z, at an altitude zb=z0+�z
above the surface.

The largest uncertainty on lidar-derived SSR is due to
the uncertainty on �(�; �; zb) which is obtained from the
well-known "lidar inversion" procedure [e.g. Flamant et al.,
1998]. In this procedure (see below), accurate �(�; �; zb),
and hence SSR, estimates can only be obtained if the at-
tenuation of the laser beam by aerosol particles is properly
corrected for between the aircraft and the sea surface. This
implies that the aerosol population in the atmospheric col-
umn sampled by lidar is known (this information enables to
calculate a particulate backscatter-to-extinction ratio, BER,
pro�le using the Mie theory). Furthermore, the inversion

procedure used in this study also relies on an independant
measurement of the scattering ratio (de�ned as the ratio of
the total backscatter coe�cient to the molecular backscatter
coe�cient) at some height in the region of the atmosphere
sampled by the laser beam.

During FETCH, the reference scattering ratio necessary
to initialize the inversion procedure was measured in situ
by a nephelometer on-board the ARAT. To compute the
BER, an idealized coastal aerosol population has been de-
�ned, based on previous studies undertaken in this region
and ship-borne measurements. To compensate, in part, the
lack of aerosol measurements, the sensitivity of SSR to the
BER and to the reference scattering ratio has been analyzed.

B.1. Reference scattering ratio

The reference scattering ratio is obtained from in situ
scattering coe�cient measurements made at 3.9 km ASL
by a Meteorology Research, Inc. (MRI) integrating neph-
elometer model 1550B mounted on the ARAT. It measures
the scattering by both gases and aerosols around 550 nm.
No correction for the molecular contribution is applied in
real time. The design of the instrument implies that only
scattering by extinction, and not scattering by absorption, is
measured [Heintzenberg and Charlson, 1996]. The sampled
air used in this instrument was heated to maintain a relative
humidity below 60%. The sampling error on the measured
scattering coe�cient is estimated to be of the order of 10%
as speci�ed by MRI.

The average value of the scattering ratio at 3.9 km ASL
was about 2 (not shown). The statistical variability asso-
ciated with these measurements was observed to be on the
order of 5%, peak to peak. The largest resulting quadratic
error (computed as the square root of the errors squared)
accounting for measurement uncertainties and statistical
variability is 12%. Hence, the reference scattering ratio at
3.9 km ASL was equal to 2.0�0.1 for the entire ight.

B.2. Aerosol composition and vertical distribu-

tion

During a Mistral event, the coastal marine aerosol is a
dynamic reservoir of particles originating from diverse ma-
rine and continental sources. Sea-salt, dust, water-soluble,
particulate organic matter and soot can be important con-
tributors to the coastal marine aerosol composition.

During the FETCH experiment, the aerosol composition
was analyzed from samples made with a 13-stage low cascade
impactor installed on the front deck of the Research Vessel
Atalante [Sellegri et al., 2001]. Special attention was paid to
water-soluble and sea-salt aerosols. Total carbon and soot
concentrations were not measured during FETCH. Size dis-
tributions, between 0.5 and 15 �m aerodynamic diameter,
were obtained from an active scattering spectrometer probe
mounted on the mast located on the front deck of the ship.

On 24 March 1998, 3 aerosol composition samples were
collected at 75, 44 and 38 km from the coast. They revealed
that an important fraction of the aerosol sampled at the
ship was of anthropogenic origin. The bulk concentrations
indicated that the sample closest to the coast was charac-
terized by higher anthropogenic compound concentrations
and lower sea-salt concentrations than the sample farthest
from the coast. The total aerosol concentration derived from
these distributions decreased with increasing fetch within
40-50 km from the coast, and increased with fetch beyond.
The decrease is most likely related to turbulent deposition



of anthropogenic aerosols. Beyond 40-50 km, the increase
in aerosol concentration is likely to be related to particle
generation by the action of wind at the sea surface.

However, these surface measurements are likely not to be
representative of the aerosol composition above the MABL
surface layer. On 24 March 1998, the air masses had trav-
eled over the continent prior to being sampled by the aerosol
instrumentation on the Atalante. Over warm land, the con-
tinental ABL was observed to be about 2 km deep [Flamant,
2002]. Due to convection and turbulence, aerosols are gen-
erally observed to be well mixed in the vertical, over the
depth of the continental ABL, forming a so-called pollu-
tion plume. When continental aerosol plumes are advected
across the coastline they are forced to rise above the MABL
[e.g. Flamant, 2002]. As a consequence, a considerable part
of the continental ABL particles may be transported over
thousands of kilometers without removal by washout pro-
cesses. Numerous measurements have shown this over the
coastal Atlantic Ocean for example [Flamant et al., 2000;
Ansmann et al., 2001]. Hence, (partial) knowledge of the
aerosol composition near the surface is not enough for our
purpose. However, no measurements of the aerosol compo-
sition were made above the sea surface (i.e. from airborne
platforms). Therefore, we have assumed the aerosol popu-
lation over the GoL to be a mixture of the maritime and
continental aerosol described in Ackerman [1998]. The er-
rors and uncertainties on SSR retrievals associated with this
assumption are assessed through sensitivity analyses as de-
tailed in the following.

B.3. Sensitivity, errors and uncertainties on SSR
retrievals

Given the lack of aerosol distribution measurements
above the MABL surface layer, we have considered the likely
range of variation of the BER in a coastal region based
on the work of Ackerman [1998]. Ackerman [1998] com-
puted the BER uctuations with relative humidity (RH)
for two aerosol (marine and a continental) models and at
two wavelengths, i.e. 532 and 1064 nm. Aircraft measure-
ments and ALADIN forecasts were used to determine the
range of RH conditions encountered during the ight. RH
ranged between 40 and 100% in the MABL, and between 15
and 40%�5% aloft. Considering Ackerman's marine aerosol
model, we �nd BER values in the MABL ranging between
0.033 and 0.04 sr�1 at 532 nm; and ranging between 0.02
and 0.04 sr�1 at 1064 nm. Considering Ackerman's conti-
nental aerosol model, we �nd BER values between 0.022 and
0.024 sr�1 at 532 nm; and between 0.018 and 0.022 sr�1 at
1064 nm in the advected continental ABL. Hence, the likely
range of variation for the BER at 732 nm was considered
to be [0:02; 0:04] and [0:018; 0:024], in the MABL and in the
continental ABL, respectively.

Over the GoL, the atmosphere was observed to be com-
posed of three layers essentially: an internal thermal MABL
developing o�shore within the advected continental ABL,
and the free troposphere aloft [Flamant et al., 2002]. In
the following, we have used the extinction coe�cient pro�le
obtained at 550 nm from the in situ nephelometer during
a sounding over the GoL (Section 2) to constrain the lidar
inversion and infer BER values characteristic of each layer.
This pro�le (Fig. 15) was acquired in a region where the
MABL was approximately 0.7 km deep and the continental
ABL approximately 1 km deep (top at 1.7 km ASL). A se-
ries of 100 lidar shots acquired in the vicinity of the aircraft
sounding (the aircraft sounding was performed at a later
time) were used for the lidar inversion.

In order to carry out a meaningful comparison of lidar
and nephelometer extinction pro�les, lidar extinction pro-
�les were retrieved at 732 nm and transposed to a wave-
length of 550 nm assuming a range independent value of the
�Angstr�om coe�cient. We then iterated on the BER values
in the di�erent layers and on the �Angstr�om coe�cient values
until the lidar extinction pro�le converges within 10% (on
average) of the nephelometer extinction pro�le.

The best agreement between the lidar-derived and
nephelometer-derived extinction pro�les was found for val-
ues of 0.02, 0.018 and 0.025 sr�1 in the MABL, continental
ABL and free troposphere, respectively, and an �Angstr�om
coe�cient of 2.5 (Fig. 15). Note that this combination of
BER and �Angstr�om coe�cient values is a possible solution
of the lidar equation, but by no means is it a unique solution.
The BER value of 0.018 sr�1 in the continental ABL is in
good agreement with the characteristic value for continental
aerosol proposed by Ackerman [1998]. On the other hand,
the BER value derived in the MABL is much less than gen-
erally observed in pollution-free conditions, i.e. when the

Figure 15. Comparison between the lidar-derived (solid
line) and in situ nephelometer (dashed line) total extinction
coe�cient pro�le at 550 nm. Also indicated are the BER
values (0.02, 0.018 and 0.025 sr�1) used to derived the par-
ticle extinction coe�cient from lidar data.

Figure 16. Sensitivity of sea surface reectance derived
from a series of 100 lidar shots over the Gulf of Lion to the
BER and to the reference scattering ratio.



lidar signal is dominated by water solubles, particulate or-
ganic matter and sea-salt aerosol. This low value could be
an indication of the rather polluted air masses advected over
the GoL during the Mistral/tramontane event. Such pollu-
tion aerosols were indeed sampled on-board the Research
Vessel Atalante [Sellegri et al., 2001].

Finally, the lidar-derived atmospheric reectivity in the
MABL was reported to increase signi�cantly between end-
points A and F [Flamant, 2002]. He related the increase
of lidar reectivity observed east of 4.4�E on leg AF to an
increase in aerosol concentration and/or a change in aerosol
optical properties downwind of the city of Marseille and the
industrial petro-chemical complex of Berre/Fos (43.4�N, 4.5-
4.6�E, Fig. 1). Hence, the BER value obtained near end-
point F may only be representative of the air masses having
travelled from the Marseille region. To the west of 4.4�E, air
masses could be characterized by commonly assessed BER
values of the order of 0.03-0.04 sr�1, rather than the value
of 0.02 sr�1 near end-point F. Thus, we have analyzed the
sensitivity of SSR (derived from the selected series of 100
lidar shots) to the BER for a 1 km deep MABL in which
the BER was varied between 0.02 and 0.04 sr�1 (Fig. 16).
The sensitivity of SSR to the reference scattering ratio is
also illustrated in Fig. 16. Figure 16 shows that the SSR is
very sensitive the reference scattering ratio and only mod-
erately sensitive to the BER. For a scattering ratio equal
to 2, the SSR varied between 0.053 and 0.056 for the BER
range considered, i.e. about 5%. For a BER of 0.035 sr�1,
the SSR varied between 0.05 and 0.057 for a scattering ratio
ranging between 1.9 and 2.1, i.e. about 15%. This means
that the SWS estimates are not sensitive to the evolution of
the composition of the aerosol.

In this study, the lidar data along leg AF have been pro-
cessed using BER values of 0.02, 0.018 and 0.025 sr�1 in the
MABL, continental ABL and free troposphere, respectively.
The continental ABL top height was taken at 1.8 km ASL
and remained unchanged along AF. The structural charac-
teristics of the MABL along leg AF are derived from lidar
measurements described by Flamant [2002]. These measure-
ments (see Figure 14c of Flamant [2002]) showed the internal
thermal MABL to reach a depth of 1.2 km at approximately
4.5�E. East of 4.5�E, the MABL structure characteristics
over the sea changed dramatically: it was observed to be
shallower, with a depth of about 0.7 km. The backscat-
ter coe�cient above the sea surface is then derived from
each pro�le along AF and is used to compute the SSR using
Eq. B1. As mentioned earlier, a constant reference scatter-
ing ratio of 2.0�0.1 at 3.9 km ASL was used for the entire
leg AF. In the inversion procedure, the �5% uncertainty
on this parameter leads to a 10% uncertainty on the near
surface backscatter coe�cient [e.g. Flamant et al., 1998].

Appendix C: Appendix C: RESSAC and
TOPEX surface mean square slope mea-
surements

The radar backscatter cross section (RBCS) per unit area
(denoted �0, or Normalised Radar Cross Section NRCS) due
to specular reection on a rough surface has been shown by
Barrick [1968] and Valenzuela [1978] to be related to the
probability density function (pdf) of ocean surface slope as:

�0 = �2�
1

cos4 �
p(� 0x; �

0

y); (C1)

where � is the radar incidence angle and �2 is an e�ective
normal incidence reectivity. The sea surface is de�ned by
the height function �(x;y), � 0x, �

0

y are the slope components
in two orthogonal directions, and the slope pdf is denoted
p(� 0x; �

0

y).
If we assume an isotropic rough surface with Gaussian

statistics, Eq. C1 becomes:

�0 cos
4 � =

�2

<S2>
exp

�
� tan2 �

<S2>

�
; (C2)

where <S2> is the MSS of the slopes pdf.
To estimate the MSS values from the RESSAC data, we

analyse the dependence of the NCRS with incidence angle
as described in Hauser et al. [1992]

�
�0 cos

4 �
�
s
= �4:34

�
� tan2 �

<S2>

�
+

B

<S2>
; (C3)

where
�
�0 cos

4 �
�
s
is in dB. The MSS < S2 > is obtained

from the RESSAC data through a least-square �t of the
left-hand side term to tan2 �. Because the quasi-specular
aprroximation is valid only for small angles, the range of in-
cidence angles for this least-square �t is limited to [5�,12�].
This method allows the estimation of the MSS without any
knowledge of the Fresnel coe�cient, nor of the calibration
constant of the radar.

The incidence angle for TOPEX being null (nadir look-
ing), under the Gaussian assumption, the MSS is directly
related to the RBCS, and Eq. (C2) becomes:

�0 =
�2

<S2>
: (C4)

However, the e�ective reectivity di�ers from the Fres-
nel reectivity at normal incidence angle due to di�raction
from small-scale surface structure. The nominal Fresnel co-
e�cient �2 for sea-water is about 0.64 and 0.61, in C-Band
and Ku-Band, respectively. For Ku-Band, the e�ective Fres-
nel coe�cient varies between 0.36 and 0.45 for a wind of 7 to
15 ms�1. The value more often used is about 0.4 [Jackson
et al., 1992].

For C-Band, the radar backscatter is not well calibrated,
so we chose to adjust the e�ective coe�cient using RESSAC
data. First a factor of 0.8 is applied on the RBCS from
TOPEX considering the non-gaussianity of the slope pdf
[see Chapron et al., 2000]. To obtain the same range of
MSS values than RESSAC, we adjust the Fresnel coe�cient
to 0.68. This value is greater than the Fresnel coe�cient
obtained in C-Band (0.61) by Elfouhaily et al. [1998].
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