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Abstract

Cold-air outbreaks (CAO) lead to intense air—sea interactions, the appropriate representa-
tion of which are fundamental for climate modelling and numerical weather forecasting. We
analyze a CAO event with low-level wind speeds of approximately 25ms~! observed in
the north-western Mediterranean Sea. The marine atmospheric boundary layer (MABL) was
sampled with an aircraft equipped for turbulence measurements, revealing the organization
of the MABL flow in coherent structures oriented along the mean wind direction, which was
then simulated in two steps. First, a one-dimensional simulation enabled the determination
of the forcing terms (particularly horizontal advection) required to adequately reproduce
the vertical structure of the MABL flow. These terms were computed from a limited-area
forecast model in operation during the entire field campaign. Then, a large-eddy simulation
(LES) was performed during the well-established phase of the CAO event. The LES output
is validated with respect to airborne data, not only with respect to the mean wind-speed
and thermodynamic profiles, but also the turbulence statistics and coherent structures. The
validated LES results enable description of the turbulent field as well as the coherent struc-
tures. The main discrepancy is a considerable underestimation of the simulated evaporation
(computed with a parametrization of the turbulent surface fluxes), and hence of the moisture
fluctuations throughout the boundary layer. Several possible explanations may explain this
underestimation. The structure of the boundary layer is nonetheless well reproduced by the
LES model, including the organized structures and their characteristic scales, such as the
structure wavelength, orientation, and aspect ratio, which closely agree with observations.
A conditional-sampling analysis enables determination of the contribution of the coherent
structures to the vertical exchange. Although they occupy a limited fractional area, organized
structures are the primary contributors to the turbulent exchange.

Keywords Cold-air outbreak - Large-eddy simulation - Marine atmospheric boundary
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1 Introduction

As oceans cover more than 70% of the Earth’s surface, the study of mass and energy transfer
between the ocean and the atmosphere is fundamental not only for climate issues but also to
short- and medium-term weather forecasting. By definition, the marine atmospheric boundary
layer (marine ABL, MABL) interacts directly with the surface and is the seat of complex
processes acting on a large range of temporal and spatial scales. Inside the MABL, mass and
energy exchanges between the surface and the free atmosphere are made through turbulence
processes. In practice, the surface turbulent fluxes are computed with bulk parametrizations
(Liu et al. 1979) based on the Monin—Obukhov similarity theory (MOST). The complexity
of many of these parametrizations is highly variable depending on the parameters taken
into account, such as waves, sea spray, or gusts. Among the existing bulk formulations, the
Coupled Ocean—Atmosphere Response Experiment (COARE) algorithm (Fairall et al. 2003)
is efficient on a large range of flow regimes (wind speeds up to 20ms~!) and it is widely used
by oceanic and atmospheric modellers (Weller et al. 2004; Lebeaupin Brossier et al. 2008).
We also note the parametrization developed by Moon et al. (2007) for hurricane conditions,
and the work of Andreas et al. (2015), who introduced a new approach to take into account sea
spray. These flux formulations agree quite well under moderate wind speeds, but uncertainties
become important at low or high wind speeds or under strong stratification (Brunke et al.
2003).

The dynamics of the ABL have been described in numerous experimental studies, but
mainly over continental surfaces. Access difficulties have meant that the number of field
campaigns carried out over the sea is much lower than over land, but the development of
autonomous platforms and instrumented aircraft has led to many advances. Understanding
air—sea exchange mechanisms such as the redistribution of the energy from the surface to the
atmosphere in terms of sensible and latent heat fluxes is especially challenging and crucial
in high wind speeds for adapting the current turbulent surface-flux parametrizations and
correctly representing the evolution of the MABL structure. This is particularly significant
during cold-air outbreaks (CAO), when cold and dry continental airmasses are advected over
a warmer open water area during high wind speeds. During these events, energy exchange
between the open sea surface and the atmosphere can be immense: during the GALE campaign
(Genesis of Atlantic Lows Experiment), Grossman and Betts (1990) observed a total (sensible
+ latent) heat flux of 1174 W m™2, a maximum value of 880 W m~2 was observed during the
MASEX campaign (Mesoscale Air—Sea Exchange) (Chou 1993) and, more recently, a total
flux of 917 Wm~2 was deduced from airborne measurements (Brilouet et al. 2017) during
the HyMeX-SOP2 field campaign (HYdrological cycle in the Mediterranean EXperiment,
special-observation period 2).

Inresponse to large air—sea exchange during CAO events, the MABL flow often consists of
coherent structures, which tend to occur more frequently over homogeneous surfaces, such as
the open ocean, whereas surface heterogeneities over continental areas are a limiting factor.
Coherent structures were observed during a number of field campaigns, such as the KONTUR
campaign (CONvection and TURbulence) (Briimmer et al. 1985) off Greenland, the GALE
campaign off the U.S.A. coast, and the BOMEX campaign (Barbados Oceanographic and
Meteorological Experiment) (Grossman 1982). The climatological study of Briimmer and
Pohlmann (2000) notes the occurrence of organized convective structures over the seas around
Greenland and the Barents Sea region more than 50% of the time during winter. These features
have been widely examined using satellite observations, since cloud streets can be observed
under sufficiently moist conditions (Brown 1980; Renfrew and Moore 1999). Clouds act



as tracers, allowing the identification of a particular organization, but this organization can
also occur in clear-sky conditions (Weckwerth et al. 1996). As mentioned by Atkinson and
Zhang (1996), organized structures can develop into very different shapes for which Young
et al. (2002) proposed three main classes: convective rolls, open cells, and closed cells. The
convective rolls are mainly oriented along the mean wind direction, with a characteristic
wavelength (i.e. the width of a pair of counter-rotating rolls) ranging between 2 and 20km,
whereas the downwind longitudinal extension of these rolls into helical eddies (Tsinober
and Levich 1983; Etling and Brown 1993) can reach between 10 and 100km. With a roll
wavelength corresponding to several times the depth of the MABL (hereafter denoted as z;),
convective rolls occupy the spectral domain contributing most to the turbulence kinetic energy
(TKE, e) (LeMone 1976). Organized structures play a major role in the vertical transport of
mass and energy (Chou and Ferguson 1991), but this contribution is not fully understood and
is still an issue for turbulence parametrizations in weather forecast and climate models.

Most previous studies on CAO events and organized convective structures were based on
observations collected during large field experiments or from satellites. Despite limitations
in computer resources, some numerical studies were conducted (Etling and Raasch 1987)
to investigate the development of roll vortices with a two-dimensional model, but current
advances in computing power has enabled numerical modelling of higher resolution. Large-
eddy simulation (LES) refers to a simulation with a grid fine enough to explicitly resolve the
eddies containing most of the TKE and responsible for most of the turbulent transfers (Pope
2000). Chlond (1992) and Miiller and Chlond (1996) used a three-dimensional model to
explicitly represent the large-scale motions of an observed cloud street with cell broadening.
The LES approach has become a frequent tool for process studies, such as in Zurn-Birkhimer
et al. (2005) who focused on the effects of buoyancy and shear on convective structures over
Lake Michigan, or Salesky et al. (2017) who investigated the transition between rolls and
convective cell structures, and their impact on the turbulent transport efficiency. The LES
approach can also be used for the improvement of parametrizations in coarser resolution
models, such as in Pergaud et al. (2009) who improved a turbulence scheme by including a
non-local turbulent transport term, thus combining the classical local-turbulence and mass-
flux concepts. Even though CAO events represent interesting opportunities for improving the
understanding of vertical mixing processes in MABL flows (Morrison et al. 2012; Tomassini
etal. 2017), LES studies of such events are scarce. Liu et al. (2004) and Gryschka and Raasch
(2005) performed simulations reproducing roll clouds generated by the convective instability
during CAO events. By varying the upstream characteristics, the LES approach of Gryschka
et al. (2014) produced roll and non-roll cases to characterize a roll’s contribution to the
vertical turbulent transport. Salesky et al. (2017) realized a set of simulations with different
stability conditions, from neutral to highly convective. An intercomparison of several LES
studies performed on a CAO case was made by de Roode et al. (2019) to improve the current
parametrization schemes used in weather prediction models.

Studies combining the LES approach and in situ measurements of turbulence during CAO
events are even less numerous. Miiller et al. (1999) used a numerical model to simulate
the convective pattern observed with aircraft measurements and synthetic-aperture-radar
satellite images. The MABL turbulence structure in high wind speeds has recently been
studied using airborne measurements performed during the HyMeX-SOP2 field campaign
in Brilouet et al. (2017) with a statistical approach based on the whole multi-day dataset.
Here, we focus on a specific episode to complete the analysis of these observations. The LES
model provides us with three-dimensional fields evolving in time, giving access to MABL
characteristics that cannot be obtained from observations alone. The aircraft observations
enable an evaluation of whether the LES approach produces a realistic MABL structure, after
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Fig. 1 a Map of the north-western Mediterranean. Blue arrows represent the local flow (M =Mistral and
T =Tramontane). b Magnification of the Gulf of Lion where the HyMeX-SOP?2 field campaign occurred in
winter 2013 with the ground tracks of aircraft flights on 13 March 2013: profiles in grey, and stacked straight
and level runs in purple. The pink diamond marks the position of the Lion buoy. ¢ Magnification of the
modelling areas: the green pentagon marks the position of the one-dimensional simulation, the LES domain
is indicated by the green rectangle, and the white square represents the area over which the forcing terms are
calculated. The velocity vectors in (b) and (c), as well as the wind speed (colour scale), are forecasted by the
AROME-WMED model for 13 March 2013 at 1500 UTC

which turbulent processes from the LES output may be analyzed in more detail, particularly
the impact of turbulence organization on the vertical exchange. Below, the chosen case
study and the adopted strategy are described in Sect. 2, while Sect. 3 is devoted to the one-
dimensional simulations performed to establish the set-up of the LES model. The validation
of the LES results against airborne measurements is presented in Sect. 4, Sect. 5 is dedicated
to the analysis of turbulence organization and vertical energy exchanges, and the last section
contains a discussion of the main results.

2 Case Study and Modelling Strategy
2.1 Observations
2.1.1 Overview of the HyMeX-SOP2 Field Campaign

The north-western Mediterranean is favourable for the generation of high wind speeds by
orographic channeling of the synoptic flow, as schematically represented in Fig. 1a. Flamant
and Pelon (1996) detailed the formation mechanisms and the meteorological conditions
leading to Tramontane and Mistral flows. In winter, Tramontane and Mistral flows result in
CAO events transporting cold and dry continental air over the warmer sea, when significant
air-sea heat exchange occasionally reaches 1000 W m~2 (Mertens and Schott 1998; Flamant
2003). The recurrence of CAO events in the Gulf of Lion (Fig. 1b) cools the surface and
introduces water vapour inside the MABL flow, resulting in an oceanic mixed layer becoming
cooler and saltier than the deeper water layers, which, because of the dense-water formation,
can trigger oceanic convection or vertical mixing throughout the water column.

In this context, the second special observation period (SOP2) of the HyMeX field cam-
paign was conducted over the north-western Mediterranean Sea during the winter of 2013 to
identify and understand the processes involved during high wind speeds and strong oceanic
convection. Estournel et al. (2016) provide a global view of the observational strategy and a



description of the instrumentation deployed to monitor both oceanic and atmospheric param-
eters. Two platforms are considered here: (1) a moored buoy operated by Météo-France
(hereafter the Lion buoy) located where oceanic convection was expected (Fig. 1a), and
equipped to measure atmospheric parameters, sea surface temperature (SST) and salinity.
Estournel et al. (2016) and Brilouet et al. (2017) report the meteorological conditions encoun-
tered during winter 2013, including several CAO events associated with high wind speeds.
(2) The French ATR42 aircraft, which performed 11 flights during intense observation peri-
ods (IOP), allowing us to investigate the MABL structure. The mean characteristics of the
MABL flow (i.e. profiles of potential temperature, specific humidity, and velocity) were mon-
itored with a vertical sounding at the beginning—and sometimes at the end—of an airborne
sampling period. The turbulence field was investigated through stacked, straight and level
legs at different heights inside the MABL. More details about the flight strategy and data
processing (in particular, estimates of turbulence parameters) can be found in Brilouet et al.
(2017), who analyzed the turbulence structure and its non-isotropic character because of the
frequent organization of the MABL flow into coherent structures aligned with the mean wind
direction.

2.1.2 Presentation of the Case Study

The choice of IOP was motivated by the quality of available observations to validate the sim-
ulation and the representativeness of intense air—sea exchange. The 13 March 2013 (I0OP28)
was selected from 11 flights operated during the HyMeX-SOP2 field campaign. Figure 2
presents the atmospheric conditions before and during the CAO event, with wind speeds
<5ms~! for several days and moderate wind speeds observed on 12 March 2013. During
the night between 12 and 13 March 2013, the wind speed was low, but then progressively
increased during the morning until establishing a Tramontane event in the afternoon, during
which the wind speed observed at the Lion buoy reached 22-23ms~!. The SST was char-
acterized by a weak diurnal cycle during the period 9-11 March, followed by a continuous
decrease throughout the period 12—13 March. However, this decrease was < 0.2 °C, whereas
the temperature difference between the sea surface and the air (close to zero before the CAO
event) drastically increased, reaching 7 °C in the afternoon. The various terms of the surface
energy budget, presented in Fig. 2, can be expressed as

G = H+LE+Sncl+Lneta (1)

where H is the sensible heat flux, L E the latent heat flux (with E the evaporation and L is the
latent heat of vaporization), Syer and Lyt the net shortwave and longwave radiation fluxes,
respectively, and G is the resulting heat gain for the sea. The terms on the right-hand side of
the equation are positive when directed towards the surface. Between 9 and 11 March, this
budget is dominated by the radiation terms, as the turbulent fluxes are one order of magnitude
lower. On 12 March, there is considerable evaporation associated with the increase in wind
speed, reaching 170 W m~2 in the afternoon. In the evening, the wind speed reduced, and the
heat fluxes returned to very low values. On 13 March, the surface turbulent fluxes increased
throughout the day, becoming much larger than the radiative fluxes in the afternoon, leading
to a strong heat loss G for the sea, a characteristic of the so-called heat pumping. This IOP is
well documented, with two aircraft profiles and stacked runs of 70-90 km performed across
the mean flow in two areas as depicted in Fig. 1b, c. The profiles, located in the north-western
and eastern parts of the study area, were realized on straight and slanted runs, up to around
a height of 2km. They were approximately 70 km and 60 min apart, and revealed significant
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Fig. 2 Time series of the observations at the Lion buoy in the period 8—14 March 2013. a Wind speed (FF,
green) and wind direction (DD, purple crosses); b SST (blue) and the difference between the SST and the air
temperature (red); ¢ net radiative shortwave (Spet, yellow) and longwave (Lpet, red) fluxes, sensible heat flux
(H, green), latent heat flux (L E, blue), and net heat flux (G, black). All fluxes are counted positive when they
correspond to a gain of energy for the sea

differences in the MABL characteristics, reaching 1 gkg ™! and 2.5°C for specific humidity
and potential temperature, respectively. In contrast, the MABL thickness was of the order of
600—-700 m and similar in the two areas. The observers on board the ATR42 flight reported a
fractional cloud cover over the flight area, with organization into cloud bands. Unfortunately,
as it was not possible to obtain more precise information from the aircraft instrumentation,
we use a combination of satellite pictures and simulation output to attempt to describe the
cloud cover as described in the Appendix.

The stacked straight and level legs were performed perpendicular to the mean wind direc-
tion at three altitudes z (z/z; = 0.4, 0.6, and 0.8) to investigate the MABL turbulence
structure. Figure 3 shows the vertical velocity component, potential temperature, and humid-
ity fluctuations collected during a leg flown at the height z/z; = 0.8, where well-defined
organized structures are seen in all three signals, albeit less obvious for the specific humidity.
Nevertheless, the corresponding normalized spectra are quite similar and exhibit a peak at
an identical wavenumber for all the parameters, corresponding to a wavelength of around
2400m. Such an organization has already been reported during CAO events, for example,
by Renfrew and Moore (1999), who observed roll vortices with a characteristic wavelength
of 4-5km from aircraft data collected over the Labrador Sea, although the signature was
more evident in the water vapour than in the temperature signal. The organization of the
turbulence field into convective rolls, as observed here, was quantified in terms of spectral
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Fig.3 Measured fluctuations of the a vertical velocity component w’, b potential temperature 6’, and ¢ specific
humidity ¢’ along a crosswind leg flown at the height z/z; = 0.8. d Corresponding normalized spectra. The
vertical line indicates the spectral peak and the oblique dashed line represents the —2/3 slope of the inertial
subrange

characteristics using a statistical treatment of the airborne measurements from the whole
field campaign by Brilouet et al. (2017). Our objective here is to evaluate the capacity of the
numerical simulations to correctly reproduce the MABL characteristics during a CAO event,
and, in particular, the convective rolls associated with high wind speeds.

2.2 Set-Up of the Numerical Simulations
2.2.1 Description of the Model

All simulations were performed with the MESO-NH non-hydrostatic meteorological research
model, which is able to represent the flow over a large range of resolutions, from the synoptic
scale down to turbulent scales. An overview of the model and its applications is given by
Lac et al. (2018). Due to the non-hydrostatic nature of the model, pressure fluctuations
are computed, meaning that the vertical acceleration components are needed to correctly
simulate the convection processes. The acoustic domain is filtered through an anelastic system
of equations (Durran 1989). The prognostic variables are the three velocity components
(u, v, w), the potential temperature 6, the mixing ratio of different types of hydrometeors,
the TKE e, and possible reactive or passive scalars. A fourth-order centred-advection scheme
is used for the momentum components associated with a fourth-order explicit Runge—Kutta
method for the temporal discretization. The choice of the spatial and temporal schemes was
conditioned by a stability constraint needed to ensure numerical convergence and to fulfil
the Courant—Friedrichs—Lewy (CFL) condition. To achieve a sufficiently high horizontal
resolution, the high wind speeds encountered in this case study imply a small timestep.
As detailed in Lunet et al. (2017), a combination of the advection scheme and Runge—Kutta
method results in a CFL condition that is not too restrictive. Furthermore, Ricard et al. (2013)
have shown that this dynamical configuration is well adapted to the LES approach. The scalar
variables are transported with the piecewise parabolic method (Colella and Woodward 1984).

Concerning the physical parametrizations, the microphysics is handled by the ICE3
scheme (Pinty and Jabouille 1998), which includes six hydrometeor species (water vapour,



cloud droplets, raindrops, pristine ice crystals, snow or aggregates, and graupel). No radia-
tive transfer scheme is used. The subgrid-turbulence scheme (Cuxart et al. 2000) is based
on the approach of Redelsperger and Sommeria (1986), with a 1.5-order closure based on
a prognostic TKE equation, and able to be used for a large range of resolutions with the
same set of equations. The one-dimensional version is used when the horizontal resolution
is coarse enough such that all the turbulent scales are smaller than the size of the mesh, and
the turbulence terms are, therefore, completely parametrized; the three-dimensional version
is deployed in the LES configuration. The mixing length used to compute the turbulent vis-
cosity depends on the configuration. For one-dimensional simulations, the mixing length of
Bougeault and Lacarrere (1989) is used, whereas for LES resolutions, the mixing length can
be viewed as the largest subgrid eddies equalling the cubic root of the product of the three
mesh sides (Deardorff 1980), with a correction depending on stratification.

2.2.2 From the One-Dimensional Approach to the Large-Eddy Simulation

As a first step, several tests were conducted with the model in a single-column version to
develop a reference configuration suitable for the LES model. During this step, we conducted
sensitivity studies with regard to the large-scale forcing and to the turbulent surface fluxes to
reproduce a realistic MABL structure. As the LES domain is of limited area, the large-scale
conditions must be prescribed, and these play a crucial role in the local MABL structure (Bel-
lon and Stevens 2012; Vogel et al. 2016), especially during a CAO event when the horizontal
advection of temperature and humidity is large. The estimation of the large-scale conditions
is non-trivial, but is commonly performed using operational model analyses. Here, the large-
scale forcing (advection) is computed from the output of the limited-area numerical weather
prediction model AROME-WMED (Application of Research to Operations at Mesoscale
dedicated to the Western Mediterranean Sea). Once the reference set-up has been defined,
the large-scale forcing and the surface fluxes validated for the one-dimensional model were
identically applied to each vertical column of the LES domain, which implicitly assumes that
these forcing terms do not vary horizontally inside the domain.

2.2.3 Prescribing the Atmospheric Forcing

The AROME-WMED model (Fourrié et al. 2015) is an adapted version of the French oper-
ational limited-area model AROME (Seity et al. 2011), which provided forecasts during the
HyMeX field campaign, helping to initiate each IOP and the deployment of specific measure-
ment platforms (such as the ATR42 aircraft) during favourable meteorological conditions.
The AROME-WMED model is centred on the western Mediterranean area, and was run with
a 2.5-km horizontal resolution with 60 vertical levels stretched from 10 m above the surface
up to 1 hPa. Each day at 0000 UTC, a 48-h forecast was initialized from the three-dimensional
assimilation, taking into account observations in the temporal range (2230-0130 UTC), with
forecasts available every hour. The surface fluxes of heat and momentum were computed using
the Exchange Coefficients from Unified Multi-campaigns Estimates (ECUME) parametriza-
tion (Belamari 2005). After the campaign, as performed for the second AROME-WMED
reanalysis of the SOP1 (Fourrié et al. 2019), the model was run again with the COARE 3.0
parametrization (Fairall et al. 2003), resulting in reduced values of the sensible heat flux for
high wind speeds, in better agreement with the observations (Brilouet et al. 2017). This latter
version is, therefore, used here.

The quality of the AROME-WMED simulation was assessed with respect to the aircraft
observations on the afternoon of 13 March by comparing simulated and observed profiles of
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Fig. 4 Vertical profiles of a wind speed, b wind direction, ¢ specific humidity and d potential temperature
from the aircraft sounding (black) and the AROME-WMED forecast for 13 March at 1500 UTC at the nearest
erid point to the aircraft track (orange)

wind speed, temperature and specific humidity as presented in Fig. 4. The simulated profiles
are chosen as close as possible in time (less than 30 min) and location to the observations. The
agreement between the profile shapes for temperature (and therefore the MABL thickness),
the wind speed and direction, and the moisture content in the MABL can be regarded as very
good. The only failures in the model profiles are a temperature that is too high (by about
1°C) in the lower half of the MABL, a wind speed that is too low (by about 3ms~!) in the
upper half of the MABL and in the layer immediately above, and a free troposphere that is
too dry. Below, such discrepancies are shown to be within the space and/or time variability
observed during the flight. We can therefore rely on the AROME-WMED fields to compute
the forcing terms for the MESO-NH simulations.

The AROME-WMED model output is used to compute the outer-scale terms that cannot
be resolved by the one-dimensional and LES models, such as the geostrophic forcing and the
advection of heat and moisture. As these forcing terms are of great importance in the episode
analyzed here because the wind speed is high and the horizontal gradients of temperature
and moisture are observed in relation to the progressive heating and moistening of the flow
over the sea, the simulation of a realistic MABL by the one-dimensional and LES configu-
rations requires an accurate estimation of these forcings. Furthermore, these terms have to
be computed on a domain of a size relevant to the local simulations. After different tests,
we chose to compute these terms over a horizontal domain of 50km x 50 km, centred on the
local simulation domain (the white square in Fig. 1c), as the variability (and therefore uncer-
tainty) of the estimates is too large for smaller domains, and larger domains would involve
information that is not relevant to the local simulations. In other words, the 50km x 50km
domain is the optimal one for providing a realistic variability (in time and along the vertical
coordinate) of the estimates. In the simulations, the profile of the geostrophic wind speed as
well as of the advection of heat and moisture is thus prescribed, but no horizontal variation
of these terms is considered, implying they have the same value for all the horizontal meshes
of the LES model.

The advection terms of heat and moisture are diagnosed as total advection terms combining
the horizontal and the vertical contributions, which indirectly take into account the large-scale
vertical velocity component through those tendencies. The time—height cross-sections of the
potential-temperature and specific-humidity advection during the CAO event is presented in
Fig. 5. In the lower part of the MABL for z < 500 m, the Tramontane flow is associated with
the transport of cold and dry air, resulting in cooling and drying rates reaching —2.2Kh~!
and —0.82gkg~'h~!, respectively. Such values in a 700-m-thick boundary layer would
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Fig. 5 Time-height cross-sections of potential-temperature (a) and specific-humidity (b) advection terms
deduced from AROME-WMED model outputs for 13 March 2013

require surface sensible heat and latent heat fluxes of the order of 500 Wm™2 to maintain
the steady-state heat and moisture content of the MABL (in other words, a balance between
advection and turbulent transfers). In the upper part of the MABL and the lower troposphere,
the advection terms are much less important because the wind speed is lower and the contrast
between the continental and marine air masses aloft is not as high as within the Tramontane
flow.

While the large-scale advection of momentum cannot be prescribed in the version of the
MESO-NH model used here, it appears from Fig. 1c that the wind speed does not vary much
over the area of interest. With an order of magnitude for the wind-speed variation of 1 ms™!
over a distance of 50 km, and a wind speed of 25m s~ the advection term in the momentum
equation is of the order of 5 x 10~* ms~2. The order of magnitude of the friction term could
be estimated as ui /zi, where u is the friction velocity. Withu, = 1.1m s'andz; = 750m,
as was observed during the situation analyzed here, a value of 1.6 x 10~3 ms~2 for the friction
term is obtained. The advection term thus remains much smaller than the friction term, but it
cannot be considered as negligible, so that the simulated wind speed could be slightly biased,
and has to be taken into account in the analysis of the results.

The geostrophic velocity U resulting from the equilibrium of Coriolis and pressure forces
cannot be directly diagnosed from the AROME-WMED model output because the parameters
needed for its computation were not available. The profile of geostrophic wind speed (FFg)
was thus constructed as follows: above 1000 m, the effect of surface friction vanishes and the
term FF, equals the actual wind speed. Below 500 m (approximately representing the height
of the Tramontane flow), the value of FF is constant and proportional to the actual wind speed
at 500m (FFy = aFFsq0, with @ = 5/4). Between 500 and 1000m, FF, = B(z)FF(2),
with B(z) = a — (¢ — 1)(z — 500) /(1000 — 500). In the first tests, the wind direction inside
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the MABL appeared to deviate by about 30° from the geostrophic wind direction. In order
for the simulated MABL wind direction to be aligned with the long side of the domain, the
geostrophic wind direction is thus prescribed as DD, = 350°, leading to a MABL wind
direction DD = 320°.

The geostrophic velocity and advection terms are computed every 3 h from the AROME-
WMED model output, and then linearly interpolated to each timestep of the local simulations.

3 One-Dimensional Simulations

The objective of the one-dimensional simulations is to evaluate the mean MABL develop-
ment during the CAO event and to establish the reference set-up for the LES model. The
simulations, initialized with the profiles at 0000 UTC from the AROME-WMED model at
the corresponding location (green mark in Fig. 1¢), lasted 24 h. To correctly resolve the verti-
cal MABL structure, the low computational cost of the one-dimensional simulations enables
a vertical grid comprising 150 levels with a resolution of Az = 5 m close to the surface,
slightly stretched up to 1km, and coarser higher up, with Az = 40m from 1 to Skm. A
timestep of 30s ensures numerical stability by fulfilling the CFL condition.

Table 1 summarizes the tests performed to study the MABL sensitivity to the surface
turbulent fluxes, which can either be calculated from the Lion buoy observations (see Fig. 1
for its location) with the COARE algorithm as in the RUNO1 and RUNO3 cases, or extracted
from the AROME-WMED output and averaged over the area of 50km x 50km (see Fig. 1).
For the RUNO2 case, a constant SST is prescribed and the surface fluxes are calculated
by the MESO-NH model with the COARE parametrization. All the tests reveal a strong
increase in wind speed over the course of the day from 0600 UTC to 1700 UTC in relation to
the reinforcement of the Tramontane flow. However, the fluxes calculated at the Lion buoy
(RUNOL1) are weaker than those produced by the AROME-WMED and MESO-NH models.
Moreover, examination of the evolution throughout the day (not shown here) reveals that the
intensification of air—sea exchange at the Lion buoy is delayed with respect to the models,
as the increase at the buoy becomes significant from around 0600 UTC, whereas it starts at
0000 UTC in the models. These differences can be attributed to the distance between the
model area and the buoy, with the latter lying at the eastern edge of the Tramontane flow. The
differences observed between the RUNO2 and RUNO3 cases in the afternoon are related to a
lower simulated wind speed by the MESO-NH model with respect to the AROME-WMED
model.

The one-dimensional simulations are performed over the whole day starting at 0000 UTC
for the prescribed geostrophic wind speed and advection terms for heat and moisture. Figure 6
presents the mean MABL profiles at 1500 UTC for the different scenarios presented in
Table 1, which are compared to the profiles measured by the aircraft at the two locations
indicated in Fig. 1 at around 1500 UTC and 1600 UTC. Since the surface fluxes calculated
at the Lion buoy are too weak to correctly reproduce the air—sea exchanges in the area of
the simulation, the MABL simulated in the RUNO1 case is too cold and dry (by 2.5°C and
1.5gkg™!, respectively) because the underestimated surface heat and moisture fluxes are
unable to compensate for the advection of cold and dry air. Similarly, the lower wind speed
at the buoy underestimates the surface stress, and the simulated wind-speed profile exceeds
that observed. For the RUNO2 case, corresponding to the MABL simulated with a prescribed
SST, the profiles of wind speed, specific humidity, and potential temperature lie within the
interval between the two aircraft profiles. For the RUNO3 case, the wind stress extracted from
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Table1 Summary of the one-dimensional simulations performed with different surface fluxes computed either
at the Lion buoy location from local observed parameters, from the MESO-NH model with a SST fixed at
286.1K, or extracted from the AROME-WMED model forecast and averaged over the forcing area

Case Source LE (Wm™2) H (Wm™2) T (Nm™2)
0600 UTC 1700 UTC 0600 UTC 1700 UTC 0600 UTC 1700 UTC

RUNO1 Lion Buoy 48 374 12 213 0.01 1.29
RUNO2 MESO-NH 182 410 67 220 0.24 1.34
RUNO3 AROME-WMED 150 513 57 266 0.14 1.72

All fluxes are computed using the COARE algorithm (Fairall et al. 2003). Values of latent heat, sensible heat
and momentum fluxes (7) are presented at 0600 UTC and 1700 UTC on 13 March 2013
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Fig. 6 One-dimensional-simulated profiles at 1500 UTC of a wind speed (FF), b specific humidity ¢, and ¢
potential temperature 6. The dashed blue line shows the initial profile at 0000 UTC, black and gray lines are
the aircraft profiles around 1500 UTC and 1600 UTC, respectively, and the different cases are summarized in
Table 1

the AROME-WMED model exceeds that calculated by the MESO-NH model, which leads
to an underestimation of the wind speed by up to 5ms~!. As explained above, the horizontal
advection of momentum cannot be taken into account by the MESO-NH model. Even though
the flow is quite homogeneous (see Fig. 1), the misrepresentation of the momentum advection
can be partially responsible for the wind-speed underestimation.

The results of the sensitivity tests performed for different atmospheric and surface forcings
led us to choose the RUNO2 case as the reference configuration because the mean vertical
MABL structure matches the observations well.
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4 Validation of the Large-Eddy Simulation
4.1 Set-Up

The dimensions of the horizontal domain of the LES model of 25km x 10km, with the
long side of the rectangle parallel to the mean MABL wind direction, are consistent with
Wyngaard (1983), Sykes and Henn (1989) and de Roode et al. (2004), and allow us to
simulate several coherent structures with wavelengths of the order of 2km as identified from
airborne measurements (Brilouet et al. 2017). The extension of the domain along the wind
direction is consistent with the increase in the characteristic scales in this direction, as evident
in the anisotropy of the turbulent field (Brilouet et al. 2017). Moreover, some hypotheses
have been made in order to run the LES model. The large-scale-forcing profiles are applied
homogeneously to each vertical column of the domain, which assumes that these forcing
terms do not vary horizontally inside the LES domain. Therefore, while the evolution of the
mesoscale structures cannot be explored, our objective is to focus on the organization of the
turbulence field inside the MABL and, particularly, the internal structure of the convective
rolls. The vertical grid consists of 100 levels with a resolution of 20 m close to the surface,
stretching to 70m at 1km, and fixed at 70 m up to 6 km. The lateral boundary conditions are
cyclic, and an absorbing layer is added at the top of the domain to prevent the reflection of
gravity waves.

A fundamental criterion for an LES run to qualify as such is that the major part of the
turbulent structures must be explicitly resolved, with the number of resolved eddies decreasing
as the size of the horizontal mesh increases (de Roode et al. 2004; Honnert et al. 2011). Pope
(2000) defines a criterion as > 70-80% of the total TKE to be explicitly resolved by the LES
model. We thus performed three simulations with isotropic horizontal resolutions of 500,
250 and 100m, which are presented in Fig. 7 in terms of the ratio of resolved TKE to total
TKE. Regardless of the resolution considered, the structures are satisfactorily resolved above
700 m, whereas the turbulence is mainly parametrized below 200 m. This poor resolution of
the turbulence in the lowest layers has already been highlighted in previous studies (Sullivan
et al. 2003; Brasseur 2010; Sullivan and Patton 2011), and is related to the reduced size
of the eddies near the surface, which occupy the subgrid domain. Moreover, the choice of
the horizontal resolution can be related to the MABL depth. As highlighted by de Roode
et al. (2004), the order of magnitude of the characteristic horizontal thermodynamic scales
is close to the MABL depth. The one-dimensional reference simulation (RUNO02) exhibits a
MABL depth of around 700 m (Fig. 6) and, in the 200—700-m layer, the configuration with
a horizontal resolution of 100m gives a resolved ratio > 80%. As the structures of interest
are thus adequately resolved for z > 0.3z;, the results presented hereafter are based on the
100-m LES resolution.

The LES model is initialized with horizontally homogeneous profiles of velocity, specific
humidity, and potential temperature derived from the one-dimensional RUNO2 simulation at
1200 UTC. The turbulence is initiated with white noise applied to the potential-temperature
field at the beginning of the simulation. The duration of the simulation must, therefore,
be long enough to obtain a realistic turbulence field (Guichard and Couvreux 2017) based
on the large-eddy timescale t, = z;/w, (Where, according to Deardorff (1970), wy is the
convective velocity scale) representing the time scale of an air parcel transported across the
whole MABL at the speed w,. The criterion commonly used (Agee and Gluhovsky 1999;
Sullivan and Patton 2011) is a duration of 15-20¢,, which corresponds to a total duration
of 2h here. The simulation is, therefore, run from 1200 UTC to 1700 UTC, implying valid

13



Fig.7 Ratio of the resolved TKE 2000

| -
to the total (resolved plus =  Ax=500m 1 \ K
subgrid-scale) TKE for three Ax=250m | ' '
horizontal resolutions: — Ax=100m |

Ax = 500m, Ax = 250m and

Ax = 100m. The profiles are 1300
horizontally averaged over the
simulation area and
time-averaged between 1630 o
UTC and 1700 UTC E 1000-
L
500+

i 1 Lt i i
8.0 0.2 0.4 0.6 0.8 1.0

Ere .s;"{ef.a.'

profiles in the interval 1400-1700 UTC. To ensure numerical stability given the high wind
speeds (30ms ™! in the MABL), the horizontal resolution of 100 m requires a timestep of 1s
to fulfil the CFL condition.

4.2 Mean Vertical Structure

The full range of wind-speed, potential-temperature, and specific-humidity profiles in the time
interval 1500-1600 UTC and their corresponding mean profiles averaged over the horizontal
domain, are presented in Fig. 8, together with profiles from the one-dimensional simulation
at 1600 UTC and derived from the aircraft measurements. Compared with the difference
between the two observed profiles separated in both time and location, the variability of the
simulated profiles over the whole domain and during a 1-h interval of the simulation is of the
same order of magnitude for the three parameters. All mean one-dimensional and LES profiles
are in the range of the observed profiles, except for specific humidity whose magnitude is
too high in the layer 1300-1900 m, but with a negligible impact on the representation of
the MABL turbulence. The values of the one-dimensional profiles are found within the full
range of the individual LES profiles. With a horizontal resolution of 100 m, the surface layer
is parametrized and cannot be explicitly resolved. As the main drivers of MABL evolution are
the surface fluxes determined from a bulk algorithm, the mean thermodynamic characteristics
of the one-dimensional simulation and the LES model are similar. The slight differences
appearing above the surface layer result from the vertical transport and the distribution of
the energy inside the MABL, which leads to a more mixed layer for the LES model than for
the one-dimensional simulation. The MABL depth z; = 750 m, which is defined here as the
level at which potential temperature, specific humidity, and momentum depart sharply from
their average values in the mixed layer below. Since the value of z; deduced from the two
aircraft profiles (see Sect. 2.1.2) separated by around 70km and 1h is 600700 m, the mean
MABL structure is very well simulated.
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Fig.8 Mean profiles of a wind speed (FF), b specific humidity ¢, and ¢ potential temperature 6 averaged in
the LES domain between 1500 UTC and 1600 UTC (solid lines), and from the one-dimensional simulation
at 1600 UTC (dashed lines). The coloured zones represent the full range of individual LES profiles over the
domain between 1500 UTC and 1600 UTC. Black and gray lines are the aircraft profiles around 1500 UTC
and 1600 UTC, respectively

4.3 Turbulent Fluxes

Figure 9 presents the LES profiles of momentum, and kinematic heat and moisture fluxes
averaged between 1600 UTC and 1630 UTC, which are representative of the quasi steady-
state conditions encountered from 1500 UTC to 1700 UTC when the CAO event is well
established. The decomposition of the profiles into subgrid and resolved contributions illus-
trates that the surface layer is completely parametrized and that the resolved contribution
becomes significant at z = 100m and predominant for z > 200m. The simulated profiles
are compared to observed covariances determined from turbulence measurements sampled
on aircraft legs at several heights. A correction method has been applied to the airborne mea-
surements to reduce the errors linked to sampling issues and data processing (see Brilouet
et al. 2017 for details). Linear interpolation through the mean and standard deviation values
of the covariance give an estimation of the air—sea exchange by extrapolation to the surface
within a certain confidence interval. Due to the high wind speeds and the orientation of the
wind direction along the larger axis of the domain, the vertical transport of momentum is
mostly governed by the term w’u’ (the fluctuation u’ being aligned with the long axis of
the domain). The momentum- and heat-flux profiles fit the observations, while the surface
values derived from the COARE algorithm match the observations well. The moisture-flux
profile decreases continuously from the surface to the top of the MABL, where it falls to
very low values because of the weak moisture gradient observed at the transition between
the MABL and the lower free troposphere. The radiosonde profiles (not shown) launched on
the shoreline north of the simulation area show the temperature jump is well marked at the
top of the mixed layer, whereas the transition towards dry layers is shifted higher by several
hundred metres.

The latent-heat-flux deficit amounts to ~280W m~2 with respect to the observations,
exceeding the uncertainty in the observations, and may echo the discrepancy raised by
Brilouet et al. (2017) who compared bulk fluxes computed with the COARE algorithm at
the Lion buoy with airborne-flux measurements. Therefore, either the high wind speeds are
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Fig. 9 Profiles of a momentum flux ‘w’ 74 ‘ b moisture flux w’q’, and ¢ kinematic heat flux w’6’, averaged

between 1600 UTC and 1630 UTC from the LES model (orange); the solid lines are the total flux (resolved
and subgrid parts), and the resolved and subgrid contributions are the dashed and dotted lines, respectively.
The squares represent the flux values from airborne measurements, solid and dashed black lines are linearly
interpolated profiles through the flux values (squares) and the extremities of the error bars, respectively, as
detailed in Brilouet et al. (2017). The tables in (b) and (¢) indicate the values of observed and simulated surface
fluxes. The “min” and “max” LES surface fluxes represent the range of the values simulated in the period
1600-1630 UTC

beyond the validity of the COARE algorithm or there is an erroneous value in one or several
parameters used in the algorithm with respect to the wind speed and/or specific humidity.

As reported in Table 1, the latent heat flux extracted from the AROME-WMED model,
which is also computed with the COARE algorithm, is 100 W m 2 higher than that computed
by the MESO-NH model, and is mainly explainable by a wind speed S5ms~"! higher in the
AROME-WMED model than in the MESO-NH model, with the latter being close to the
lower bound of the observational range, as remarked in Sect. 4.2. However, the latent heat
flux from the AROME-WMED model still remains underestimated by nearly 160 W m~2.

An underestimation of the prescribed moisture advection would be another possible cause
of the difference between the observed and simulated moisture flux, because the advec-
tion of dry air tends to reduce the specific humidity in the MABL and, hence, to reinforce
the moisture-difference term in the bulk algorithm, thereby increasing the flux. Moisture
advection is a combination of the wind speed and the horizontal gradient of specific humid-
ity (dg/dx) in the wind direction. While the specific-humidity gradient produced by the
AROME-WMED model is hard to validate due to the scarcity of observations on the domain,
an increase in this term would increase the turbulent flux of moisture.

The underestimation of the latent heat flux may also be due to the uncertainty in bulk
formulations at high wind speeds (Brunke et al. 2003). Andreas et al. (2008) note that the
COARE algorithm has been fitted to data collected for wind speeds < 20 m s~! and, therefore,
extending the parametrization to > 20 ms~ ! may not be reliable. The parametrization of Moon
et al. (2007) would have been an alternative to coping with a possible defect of the COARE
algorithm in high wind speeds, as it has been developed for hurricane conditions. While this
surface scheme was not available in the MESO-NH model version used here, surface fluxes
were calculated with the algorithm of Moon et al. (2007) from the Lion buoy observations
during the HyMeX-SOP2 field campaign. Between 1600 UTC and 1700 UTC, the latent heat
flux reached 580 Wm ™2, which is 206 W m~2 higher than with the COARE algorithm (see
Table 1). An analysis of the whole multi-day dataset of the HyMeX-SOP2 field campaign
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(not shown here) confirms this tendency, with systematically higher estimates of the surface
fluxes with the algorithm of Moon et al. (2007) with respect to other parametrizations, such
as the COARE or ECUME algorithms.

There is the possibility that the “classic” bulk formulations do not take into consideration
all the physical processes occurring at the surface and in the surface layer and that the
contribution of sea spray may be missing (e.g. Andreas et al. 2008, 2015). Andreas et al.
(2008) estimate the sea-spray contribution to account for at least 10% of both sensible and
latent heat fluxes for wind speeds > 12ms~! and may even be larger for higher wind speeds.
For our case study, the ATR42 flight report of 13 March 2013 states that there were many
whitecaps at the surface, and that the pilots were forced to limit the duration of the lowest flight
altitude due to a high amount of sea spray reducing visibility and depositing sea salt on the
cockpit window. As pointed out in the review of Emanuel (2018), the potential impact of the
sea spray on air-sea exchange is an increasing concern in the air—sea interaction community.

Another possible cause lies in the particular organization of the turbulence field into coher-
ent structures, which could even have an impact on surface-layer processes and therefore on
surface fluxes. The bulk formulation is based on MOST, requiring stringent hypotheses,
such as homogeneity and stationarity of the turbulence field as well as a flat uniform sur-
face. Nonetheless, MOST exhibits some limitations as emphasized by Sun et al. (2016),
who describe a conceptual framework—the so-called hockey-stick transition—which dis-
tinguishes the local mixing produced by wall-attached eddies (Townsend 1961) from the
large-scale non-local exchange due to coherent structures. Moreover, Li et al. (2018) high-
lighted the impact of the coherent structures inside the surface layer on the modulation of
small-scale structures (wall-attached eddies). The impact of turbulence organization is not
currently taken into account in bulk formulations, and MOST may be too simple to fully
describe complex conditions at the sea surface, such as for swell (e.g. Smedman et al. 2009).

5 Turbulence Organization
5.1 Cross-Sections of the Simulated Fields

The organization of the turbulence field into coherent structures is investigated by inspection
of horizontal cross-sections of the fluctuations of the vertical velocity component and specific
humidity (obtained by removing the horizontally-averaged value) as presented in Fig. 10
at three heights in the MABL (z/z; = 0.4, 0.6 and 0.8). The turbulence field is clearly
anisotropic, with well-defined coherent structures elongated along the wind direction and
characterized by a regular alternation of positive and negative values of fluctuations. This
translates as an organization into convective rolls whose longitudinal axis is close to the
wind direction, which is consistent with previous numerical studies, such as those of Liu
et al. (2004) and Park et al. (2016) who identified aligned rolls with the mean wind direction,
and Gryschka and Raasch (2005) who found an angle of 30° between the coherent-structure
axis and the geostrophic wind direction. Such cross-sections reveal an organization into
coherent structures: the areas of positive vertical velocity component are identical at the three
levels, and are associated with positive moisture fluctuations, whose cross-sections indicate
structures growing with altitude. At the upper level, the structures in the specific-humidity
fluctuations appear more organized than those below, with wider areas of large fluctuations
(positive and negative), which is consistent with previous numerical studies (Jonker et al.
1999; de Roode et al. 2004; Couvreux et al. 2005), and highlights the complex processes
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Fig. 10 Horizontal cross-sections at 1545 UTC of fluctuations of the vertical velocity component w’ (left
panels) and specific humidity ¢’ (right panels) at three normalized heights: z/z; = 0.8 (a and d); z/z; = 0.6
(b and e); z/z; = 0.4 (c and f)

involved in the moisture evolution, such as convective activity, synoptic contributions, and
entrainment. Coherent structures are also observed in the fields of potential-temperature
fluctuations (not shown here), but not as obviously as in the moisture fluctuations since
warmer air parcels originate from either the surface or the top of the MABL, thus complicating
the temperature field even in the presence of organized structures.

Figure 11 presents vertical cross-sections of the fluctuations of the vertical velocity com-
ponent, and the potential-temperature and moisture fluctuations with respect to the average
over the horizontal fields at each level in and perpendicular to the mean wind direction. The
organization into rolls results in large differences depending on the observation direction.
The structures are particularly clear in the crosswind section in the upper part of the MABL,
with almost three pairs of counter-rotating cells. As expected, the signs of the fluctuations of
temperature and moisture are opposite in this area, but there is a phase shift in the fluctuations
of the vertical velocity component, because of the slanted or even horizontal perspective of
the roll helical circulation. This organization is reminiscent of the structure observed in the
aircraft data (see Fig. 3), with characteristic scales of the same order for the observations
(2400 m) and simulations (around 3000 m). With observed and simulated MABL heights z;
of 600-700m and 750 m, respectively (cf. Sect. 4.2), the aspect ratios A/z; = 4 (i.e. the
ratio of the wavelength to the ABL depth) for the simulated MABL and A/z; = 3.4-4 for
that observed, which is in agreement with that observed in convective rolls during a previous
CAO event (Renfrew and Moore 1999) and numerical studies (e.g. Liu et al. 2004; Gryschka
and Raasch 2005). In the along-wind cross-section, there is no clear and regular organization,
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Fig. 11 Vertical cross-sections at 1630 UTC along the mean wind direction at ¥ = Skm (left panels) and
perpendicular to the mean wind direction at X = 12.5km (right panels): fluctuations of the vertical velocity
component w’ (a and d); potential-temperature fluctuations 8’ (b and e); specific-humidity fluctuations ¢’ (c
and f). The dashed line in each panel refers to the MABL depth (z; = 750 m)

though in the upper half of the MABL, it appears that the central part of the section (between
8 and 17 km on the horizontal axis) lies in the descending branch of the rolls, which results in
warmer and drier air parcels. Above the MABL, fluctuations remain significant, which may
be the signature of internal gravity waves generated by the boundary-layer rolls (Lane and
Clark 2002; Melfi and Palm 2012; Thurston et al. 2016).

5.2 Evaluation with Respect to Observations

The organized features simulated here are consistent with aircraft observations reported by
Cook and Renfrew (2015) and Brilouet et al. (2017) who identified an elongation of the tur-
bulent eddies in the along-wind direction, which is more pronounced in unstable conditions,
as well as evidence of increasing scales with height. The anisotropy of the turbulent field can
be illustrated by presenting values along two orthogonal directions at the same level from the
LES results as presented in Fig. 12a—c for the vertical velocity component, and the temper-
ature and moisture through the along-wind and crosswind directions of 9-km length at the
height z/z; = 0.4. As expected, the along-wind signal contains much less information than
the crosswind one, with no clear signs of organization. Convective rolls are three-dimensional
structures that cannot be fully characterized with unidirectional sampling. Furthermore, the
crosswind samples can be compared to the straight and level aircraft runs performed cross-
wind in the MABL. In order to make the comparison meaningful, we reduced the aircraft
series to the same resolution as the LES data (100 m) by non-overlapping averaging. Though
we cannot expect a point-to-point agreement between the observations and simulations given
the chaotic nature of the turbulence, we can evaluate whether the characteristic scales and
the order of magnitude of the fluctuations are comparable. As can be seen in Fig. 12d—f, the
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Fig. 12 The fluctuations of the vertical velocity component w’, potential temperature 6’, and specific humidity
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(L, brown) to the mean wind direction. The right panels correspond to the crosswind LES data (brown) or
measured by the aircraft (green)

observed and simulated series are consistent, which validates the LES results to a degree
rarely achieved until now.

The LES results may be evaluated with respect to the observations through statistical
parameters such as probability density functions (p.d.f.) or spectral analysis. Figure 13 com-
pares the observed and simulated vertical velocity component, potential temperature, and
specific humidity at three heights in the MABL, with the LES p.d.f. calculated over the over-
all horizontal cross-section, and the airborne data averaged over 100-m intervals. In the lower
half of the MABL, the simulated vertical velocity component and potential temperature p.d.f.
compare well to the observed p.d.f. Their distributions are slightly positively skewed, with
a negative mode in the middle of the MABL (but more marked in the vertical velocity com-
ponent) which is a characteristic of convective regimes (Caughey et al. 1983; Deardorff and
Willis 1985). In the middle of the MABL, the turbulence is mostly generated by buoyancy
effects or by the vertical transport of turbulence produced at a lower level. Nevertheless, some
discrepancies in the vertical velocity component and potential temperature p.d.f. appear at the
height z/z; = 0.8, where the turbulence intensity is underestimated, and may be due either
to an overly large decrease in turbulence production or overly strong dissipative effects.

The simulated specific humidity significantly differs from the observed p.d.f. Though the
general shape can be regarded as similar in terms of the peak position and skewness, the
main discrepancies throughout the MABL lie in a wider range of observed values, which is
consistent with the larger measured values of the moisture fluxes. Nevertheless, the p.d.f.,
once normalized by the standard deviation (not shown here), becomes consistent between
the observations and the LES results. As the range of humidity fluctuations observed by the
aircraft is wider, the standard deviation is higher and the normalization leads to comparable
distributions. This confirms the fact that the structure of the simulated MABL is consistent
with that observed in terms of depth, internal organization into coherent structures, and
turbulence level, in spite of the underestimated surface moisture flux (evaporation).
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Fig. 13 Probability density functions of the vertical velocity component (left), potential temperature (middle),
and specific humidity (right) at the heights a z/z; = 0.8, b z/z; = 0.6 and ¢ z/z; = 0.4. The orange lines are
the LES p.d.f. calculated on horizontal cross-sections at 1630 UTC, and the black lines are computed from the
airborne measurements between 1500 UTC and 1730 UTC and averaged at a horizontal resolution of 100 m

The two main sources of MABL turbulence are momentum and buoyancy surface fluxes,
which are both simulated well here. The buoyancy source is expressed through the surface
sensible heat flux, and, to a lesser degree, the surface latent heat flux whose respective
contributions to the total surface buoyancy flux (By = w’6),, where 0, is the virtual potential
temperature) of the kinematic heat flux and the moisture flux can be computed as

LE
+0.61Ty—,
poL

By ~ w'¢’ o 4+ 0.61TH w'q’ 0= 2)

0 Cp
where the subscript O refers to the surface value, T is the temperature (K), p is the air density,
and C), is the specific heat of air at constant pressure (J kg™ I'K~=1). Referring to the values of H
and L E indicated in Fig. 9, then By obs ~ 0.216 Km s~ for the observations (0.177 Kms~!
from the heat flux contribution and 0.039 Kms~! from the moisture flux contribution) and
By s ~ 0.195Km s~ for the LES results (0.172 Km s~! from the heat flux contribution
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and 0.023 Kms~! from the moisture flux contribution). Hence, the inaccurate value of the
buoyancy connected to the underestimation of the latent heat flux amounts to only 10%
of the total buoyancy, and, therefore, does hinder the satisfactory simulation of the MABL
turbulence structure.

The observed and simulated spectra reveal the characteristic scales of the coherent struc-
tures. Figure 14 shows the spectra (normalized by the variance) of the vertical velocity
component, potential temperature, and specific humidity at three heights in the MABL. The
simulated spectra are computed at 1630 UTC in the LES results, and consist of the average of
individual spectra determined in the cross-wind direction (i.e. along the Y-axis of the model).
The airborne spectra are computed on the straight and level cross-wind runs from the time
series sampled every 0.04 s, which corresponds to a horizontal resolution of approximately
4 m. Observed and simulated spectra are both represented in terms of the wavenumber k, with
k = 2m /A for the LES data (X being the horizontal wavelength), and k = 27 f /Viye for the
aircraft data, where f is the frequency in the aircraft time frame, and Vi is the aircraft mean
true airspeed over the run (Ve &~ 100m s~1). In contrast to the aircraft data, the LES data
are unable to reproduce the inertial (or energy cascade) subrange characterized by a —2/3
slope, not only because of the limited horizontal resolution (100 m), but also because of the
numerical dissipation inherent to the advection scheme used in the MESO-NH model (Ska-
marock 2004; Ricard et al. 2013). While this problem may be treated, such as in dedicated
LES models (Sullivan et al. 1994) which can even compute spectra in the inertial subrange
(Darbieu et al. 2015), its simulation is not crucial here, since the characteristic scales of the
convective rolls do not occupy the inertial subrange. Similarly, the eddies contributing to
the turbulent fluxes also do not belong to the inertial subrange, and the spectral attenuation
observed in the LES results does not preclude the computation of the resolved part of the
fluxes. In the range of turbulent energy production, the simulated and observed normalized
spectra agree. The wavenumbers corresponding to the spectral peaks are indicated in the
Fig. 14, and generally show agreement between the observations and simulations, with any
discrepancy less than a factor of two. The only considerable disagreement is observed for
the temperature at z/z; = 0.4, where the observed spectrum peaks at a wavenumber three
times smaller than that simulated. However, the aircraft spectrum exhibits a largely flat shape
extending over almost one decade. Estimating the peak from an analytical fit (e.g. Brilouet
et al. 2017) rather than simply choosing the highest value would probably have given a value
closer to the LES peak. From the spectra presented in the Fig. 14, a characteristic wavelength
of around 2400 m can be estimated.

5.3 Contribution of Coherent Structures to the Vertical Exchanges

Conditional sampling is used to quantify the contribution of the coherent structures to the
turbulent vertical transport in the simulated fields by identifying and isolating the coher-
ent structures from the environment. In a turbulence field organized into convective rolls,
structures are characterized by ascending and descending branches. By analogy with the
bivariate technique used by Grossman (1984), the conditional sampling used here to identify
ascending regions was developed by Couvreux et al. (2010), and is efficient at identifying the
coherent structures from the surface to the top of the MABL, and characterizing organized
bottom-up transport. In the LES model, a passive tracer is emitted at the surface, continuously
and homogeneously over an area, behaving like a radioactive element, with its concentration
decay governed by a time constant. The conditional sampling of the ascending branches relies
on the vertical velocity component and the concentration of the passive tracer as

22



(a) 101

1024
&
£
_‘;‘
-
103+
104 T )
102 10!
k(rad m™!)
(b) 102+
1074, i
it '. .
£ :
= '- :
g :
1034
104 —— . . . |
103 102 101
k(rad m™!)
(¢) 1074
1024
o-bn
—
=
W
"3
103+
104 T T ]
103 102 102
k(radm™)

Fig. 14 Normalized energy spectra of the vertical velocity component, potential temperature, and specific
humidity at the heights a z/z; = 0.8, b z/z; = 0.6, and ¢ z/z; = 0.4. The solid lines are the averages of
the LES cross-wind spectra computed at 1630 UTC, the dashed lines are the observed spectra computed from
cross-wind airborne measurements, and the vertical lines indicate the energy maximum for each spectrum
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An air parcel (x) at a given altitude is considered to belong to an ascending branch of a roll if
there is a simultaneous positive fluctuation of the vertical velocity component w’ and a tracer
concentration fluctuation sv’ (relative to the horizontal mean) greater than a given threshold,
defined here as the maximum between the standard deviation of the tracer concentration at
this altitude oy, and a minimum threshold o, used to filter low-tracer concentrations. While
the descending branches of the rolls could have been sampled from a similar technique with
a second passive tracer emitted at the top of the MABL, as performed by Brient et al. (2019)
to identify a downdraft, the diagnoses of the descending branches were performed using the
specific humidity, as no second passive tracer was emitted in the LES model. The conditional
sampling of the descending branches then evaluates the vertical velocity component and the
specific humidity as

x € DOWN if w’ <0 and ¢" < —oy. 5)

By analogy with the conditional sampling of the ascending regions, an air parcel (x) ata given
altitude is considered to belong to a descending branch of a roll if there is a simultaneous
negative fluctuation of the vertical velocity component w’, and a specific humidity fluctuation
g’ smaller than the opposite of the standard deviation of the specific humidity o, at this
altitude. The conditional sampling based on the specific humidity is applicable only inside
the MABL, and the grid cells identified as descending regions above z = 800 m have been
ignored. While the conditional sampling applied here to identify the coherent structures is
related to the characteristic fluctuations of the flow, an alternative approach for isolating the
convective rolls from the environment is proposed by Brooks and Rogers (1997) based on
spectral partitioning of the organized rolls from the background turbulence.

Figure 15a, b presents three-dimensional visualizations of the air parcels identified by
the conditional sampling as either ascending or descending branches, with both branches
elongated along the mean wind direction with a longitudinal extension reaching 10—15km,
while the transversal scale is around 2 km, which is consistent with the LES analysis above
and the airborne observations. As illustrated in Fig. 15c, the fractional areas occupied by the
ascending and descending branches are close together, which is consistent with an organi-
zation into rolls. The fractional area occupied by the coherent structures, defined as the sum
of the ascending and descending branches, is close to 30%. The maximum is observed just
above the surface layer, and the value decreases regularly up to the top of the MABL where
it rapidly drops to zero. The profile of the area covered by the updraft portions of the roll
structures, always remaining below 17%, is in agreement with previous studies, such as Miao
et al. (2006) who found a plume coverage of 21% as deduced from airborne radar measure-
ments, Shin and Hong (2013) who simulated idealized cases of a convective boundary layer,
Chinita et al. (2018) for shallow cumulus cases, and Brosse et al. (2018) who highlighted the
impact of thermals on atmospheric chemistry.

Once coherent structures have been identified, it is possible to quantify their contribution
to the overall vertical turbulent exchanges. The turbulent flux resolved by the LES model
can be decomposed into rising and descending regions whose sum is the coherent-structure
contribution (which can be qualified as “non-local” because of the vertical extension of these
structures throughout the MABL), with the remaining regions referred to as the environ-
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Fig. 15 Three-dimensional visualization of the a ascending and b descending branches diagnosed with the
conditional sampling at 1545 UTC over the LES domain (see text for details); the black arrows represent
the wind direction. Respective contributions of the ascending and descending branches and of the coherent
structures defined as the sum of both to ¢ the fractional area, d the moisture flux and e the heat flux. The black
lines represent the resolved fluxes, the solid and dashed colour lines the contribution of the coherent structures
and of the environment to the resolved flux, respectively

ment. Figure 15d, e shows that the contribution of the coherent structures to the moisture and
heat fluxes is predominant in spite of their low fractional area in the whole MABL. Above
z = 500m and approaching the MABL top, the contribution of the coherent structures and
the environment to the resolved kinematic heat flux become almost equal and opposite, with
the negative contribution of the coherent structures related to penetrative updrafts. In this
entrainment zone, the positive fluctuations of the vertical velocity component are associ-
ated with a negative potential-temperature fluctuation because an air parcel transported by
a coherent structure arrives in a warmer environment, which is consistent with the interpre-
tations of previous experimental studies (e.g. Young 1988; Chou and Zimmerman 1989).
Concerning the moisture flux, the contribution of coherent structures remains positive in the
whole MABL. The air parcels transported above by the ascending branches are moister than
the environment, and the descending entrained parcels contribute to a positive moisture flux.
Furthermore, the vertical transport relative to the convective rolls is mainly supported by the
ascending branches, and the contribution of the descending regions is of the same order of
magnitude as that of the environment.

This flux partitioning is relevant for CAO events, since the convection inside the MABL
is driven by the surface forcings, and the updraft regions contain the most significant con-
tribution to the vertical transport. LeMone (1976) interpreted this non-local transport as the
result of the concentration of turbulence-producing eddies by roll circulation. Salesky and
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Anderson (2018) also highlighted the important role of this modulation for turbulent trans-
port in the ABL. The adequate representation of the role played by coherent structures in
vertical turbulent exchanges is fundamental to improving atmospheric numerical models,
with parametrizations having already been developed to represent non-local transport (Hour-
din et al. 2002; Soares et al. 2004; Pergaud et al. 2009). Therefore, the LES approach is
a powerful tool for designing parametrizations based on physical processes, for which the
present study could be considered the next step towards a better understanding of the MABL
processes occurring during CAO events.

6 Discussion and Conclusions

The turbulence characteristics of the MABL in high wind speeds have been analyzed using
both airborne measurements collected during the HyMeX field campaign in the north-western
Mediterranean basin and a LES model. In Brilouet et al. (2017), a statistical approach on an
ensemble of CAO events identified the organization of the turbulence field into longitudinal
rolls. As convective rolls cannot be fully characterized with unidirectional aircraft measure-
ments (Lohou et al. 2000; Lothon et al. 2007; Brilouet et al. 2017), the LES approach becomes
a versatile tool for fully describing organized structures and quantifying the contribution of
the structures to turbulent transfers. We focused on 13 March 2013 when the wind-speed
increase began at midnight, reaching around 25 ms ™! in the boundary layer during the after-
noon, with a high contrast in temperature and moisture between the sea surface and the lower
atmosphere over the flight area, and lasting until the next day.

Considering the sparsity and complexities of field campaigns over the sea, the quantity and
quality of the in situ data collected during the HyMeX-SOP2 field campaign in the Gulf of
Lion in high wind speeds should be noted. In particular, the airborne measurements were cru-
cial in demonstrating the presence of coherent structures, defining their main characteristics,
and validating the simulations. The observed high wind speeds and large horizontal gradients
entail a strong horizontal advection (of heat and moisture), which must be prescribed for local
simulations (one-dimensional or LES model investigations). These forcings were computed
from the AROME-WMED model forecasts, the quality of which was evaluated using the
airborne observations. The MESO-NH model was first run in single-column mode with this
forcing, which enabled determination of the configuration able to satisfactorily reproduce
the vertical structure of the MABL. This configuration was used to constrain the LES run in
the afternoon during the well-established phase of the CAO event.

The mean thermodynamic characteristics of the simulated MABL with the LES model
are in good agreement with the mean structure observed by the aircraft profiles. Turbulent
characteristic profiles, such as the momentum and kinematic heat flux, are also consistent
with the observations. Moreover, the simulated turbulent field is anisotropic, with stretched
eddies aligned along the mean wind directions. Boundary-layer convective rolls as observed
in the airborne measurements were successfully simulated with a ratio between longitudinal
and transversal extensions reaching 5-7.5 and an aspect ratio of about four. The aircraft
observations along the straight and level runs, once reduced to a spatial resolution comparable
to that of the LES model, yield a structure comparable to that simulated, which extends the
LES validation beyond averaged profiles of the mean quantities or turbulence statistics.

The simulated surface fluxes of heat, moisture and momentum are computed with the
COARE algorithm (Fairall et al. 2003) using a constant surface temperature observed at
the Lion buoy, and were compared with the values extrapolated to the surface from the
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aircraft flux profiles according to the method described in Brilouet et al. (2017), which
enables determination of the uncertainty of the surface values. The agreement between the
observed and simulated flux profiles is excellent for the momentum and kinematic heat
flux, but the simulation underestimates the moisture flux, with the difference exceeding the
sum of the uncertainty of the aircraft value and the variability inside the LES domain. This
discrepancy does not affect the MABL structure beyond the moisture fluctuations and the
turbulent moisture flux in that the simulated MABL resembles the observations in terms of
depth, organization into rolls and cloud cover, turbulence intensity, and the characteristic
scales. The reasons for this discrepancy are not known with certainty, but some hypotheses
are as follows:

— A one-dimensional simulation was performed in which the surface moisture flux was
artificially forced to be consistent with the aircraft measurements. This forcing simulates
an excessively thick MABL with a strong entrainment at its top, which is very different
from that observed. This artificial enhancement in the surface flux probably breaks the
balance between the prescribed advection and turbulent transfer of moisture.

— Therefore, an underestimation of the prescribed moisture advection would be another
possible cause of the difference between the observed and simulated moisture flux. The
moisture advection is a combination of the wind speed and the horizontal gradient of
specific humidity (dg/9x) in the wind direction. The specific-humidity gradient produced
by the AROME-WMED model is hard to validate because of the scarcity of observations
within the domain. Increasing this term would reinforce the turbulent moisture flux.

— Another source of error lies in the surface-flux computation of the COARE parametriza-
tion. Since the advection of momentum cannot be prescribed in the LES model for
technical reasons, the mean wind speed computed by the model is somewhat underesti-
mated, which results in a smaller value of the moisture flux.

— Furthermore, an underestimation of the moisture flux due to the parametrization itself
could also be possible, because the high wind speeds of this CAO event are on the
threshold, or even beyond the range of model validity. Incidentally, the parametrization
proposed by Moon et al. (2007) for hurricane conditions results in considerably higher
values for this case (580 Wm ™2 instead of 374 W m~2 for the COARE algorithm at the
Lion buoy). In high-wind-speed CAO events, organizations are present in both the MABL
(convective rolls) and at the sea surface (waves and swell). Furthermore, the breaking
of waves injects a large amount of sea spray into the surface layer, which impacts the
air-sea exchange. A holistic parametrization of air—sea fluxes should take into account all
these processes, including the organized structures in the MABL. Such a parametrization
is not yet available, though valuable efforts have been made to involve the role of sea
spray (Andreas et al. 2016). The use of the LES approach to address this question would
require metre-scale horizontal resolutions to be able to describe the atmosphere—wave
interactions.

The explanation for the underestimation of the moisture flux probably lies in a combination
of these different factors (weak advection, wind-speed underestimation and incomplete flux
parametrization). As a direct consequence of the underestimated moisture flux, the p.d.f. of
the specific humidity significantly differs from observations, in contrast to the agreement
for the p.d.f. of both the temperature and vertical velocity component with that observed.
Nevertheless, once normalized with the standard deviation, the p.d.f. of the simulated specific
humidity mimics the observations much better, which confirms that the MABL structure is
well simulated, even with a considerable underestimation of the moisture flux.
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To improve diagnoses of the coherent structures in the MABL, and to quantify their contri-
bution to the turbulent transfers, a tracer of specified lifetime was released at the surface in the
LES model. Conditional sampling based on the method developed by Couvreux et al. (2010)
enables distinguishing the coherent structures from the environment, as well as separating
their ascending and descending branches. In the well-resolved part of the MABL domain (i.e.
above 200m), the ascending and descending branches cover a similar fractional area (10—
15%), which is further evidence of the organization into rolls. In spite of their minor fractional
area, the contribution to the vertical energy exchanges of the ascending branches is predom-
inant. The resolution of the LES results analyzed does not enable description of the coherent
structures at the lowest heights in the boundary layer, which would help to understand their
interactions with the exchanges at the sea surface. Here again, a metre-scale-resolution LES
model would be required to fully analyze the surface layer.

The main strength of the LES model deployed here is the capture of the organized con-
vection at high wind speeds during a CAO event, and the successful comparison of results
with airborne measurements. Care in the processing of airborne-turbulence data described in
Brilouet et al. (2017) has enabled the detailed analysis and validation of the LES results, even
for the turbulence fields produced by the simulation. In spite of a limited horizontal model
resolution (100 m), which prevents resolution of the turbulent scales in the surface layer, the
LES model reproduces the mean and turbulent MABL structure, with the organization of the
simulated turbulent field into convective rolls in agreement with the aircraft observations.
We were even able to compare the characteristic scales and turbulence spectra. To the best
of our knowledge, there are very few similar works. Such works could pave the way to a
better understanding of the role played by the convective rolls and to improvements in the
mass-flux schemes to better take into account vertical non-local transport.
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Appendix 1: Cloud Cover

We present here some illustrations of the cloud cover for the period of time during which the
observations and simulations were performed. People on board the aircraft reported cloud
streets observed at the MABL top. Unfortunately, as the shortwave and longwave broadband
radiation sensors installed on the aircraft malfunctioned, we examined satellite observations.
Presented in Fig. 16 are photos from the MODIS instrumentation aboard the AQUA and
TERRA satellites in the mornings of 13 and 14 March 2013. The meteorological conditions
evolved rapidly during 13 March, with a progressive development of the CAO event associated
with an increasing wind speed from 0000 UTC to the early afternoon. The MODIS image
taken at 1010 UTC exhibits a large cloud cover, which is denser in the southern half of
the domain explored by the aircraft. Unfortunately, there is no image available during the
afternoon period analyzed here. We might however assume that the cloud cover disaggregated
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Fig. 16 Photos from MODIS instrumentation over the Gulf of Lion on, a 13 March 2013 at 1010 UTC,
and b 14 March 2013 at 1050 UTC. The red square represents the area where the aircraft observations were
performed

in connection with the dry-air advection observed during the CAO event. In this way, the
MODIS image for the following morning (Fig. 16b) may be more representative of the
situation analyzed here, because the meteorological conditions are approximately consistent
from the afternoon of the 13 March to the evening of 14 March (see Brilouet et al. (2017), Fig.
1). In the latter image, cloud organization along the mean wind direction is clearly visible.

It is easier to examine the cloud cover from the output fields of the LES. It is characterized
in Fig. 17 from the time series of the fractional area covered by clouds, and of the lifting
condensation level (LCL), computed at each horizontal grid point of the model from the
pressure, temperature and moisture values at the height of 50m above the surface. The LCL
represents the height at which an air parcel, adiabatically raised while keeping its specific
humidity, becomes saturated. The LCL time series represented in the figure is the average
value over the horizontal domain of the model (25km x 10km). Figure 17 shows that clouds
were present all along the LES, with an average cloud fractional area of 64%. LCL values
vary little during the simulation (around 690m on average), and are close to the MABL
height, indicating that clouds form at the top of the MABL. It is easier to examine the cloud
cover from the output fields of the LES model. Figure 17 presents the time series of the
fractional area covered by clouds, and of the lifting condensation level (LCL) computed at
each horizontal grid point of the model from the pressure, temperature and moisture values
at the height of 50 m above the surface. The LCL represents the height at which an air parcel
adiabatically raised at constant specific humidity becomes saturated. The LCL time series is
the average value over the horizontal domain of the model (25 km x 10km). Figure 17 reveals
that the clouds were present throughout the LES run, with an average cloud fractional area
of 64%. The LCL values vary little during the simulation (around 690 m on average), and are
close to the MABL height, indicating that clouds form at the MABL top.

Figure 18 presents the horizontal field at 1545 UTC of the maximum value along the
vertical coordinate of the liquid water content. A non-zero value means that liquid water is
present somewhere above the grid point considered. Let us recall that the horizontal LES
domain is oriented in such a way that the mean MABL wind direction is parallel to the
long axis of the domain. The cloud structure is clearly elongated along the mean wind
direction, with stripes evoking both the periodic structure of the cross-wind observations and
the horizontal cross-sections of the vertical velocity component and moisture fields of the
LES results (Figs. 3 and 10). This is consistent with clouds forming at the top of the ascending
branches of the convective rolls.
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Fig. 17 Time series of the cloud fractional area computed from the LES results, and of the LCL between 1430
and 1700 UTC. At each timestep of the LES run, the LCL is the average of the values computed for the air
parcels at 50 m above the surface
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Fig. 18 Simulated horizontal field at 1545 UTC of the liquid water content. The represented value is the
maximum over the vertical coordinate, regardless of the height at which it is computed
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