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Abstract.

While the large-scale dynamics of extratropical cyclones are well understood, the mechanisms by which fine-scale pro-

cesses generate strong surface winds remain poorly understood. Storm Alex, located over the English Channel on 2 October

2020, featured a secluded warm front associated with enhanced surface wind speeds. Its fine-scale structure is investigated

using Synthetic Aperture Radar (SAR) observations and three Meso-NH Large-Eddy Simulations (LES), with spectral and5

two-dimensional auto-correlation analyses applied to both SAR data and LES outputs. The results reveal energetic fine-scale

structures responsible for locally enhanced surface wind in three high wind speed regions identified from SAR data. These

fine-scale structures are wind streaks quasi-aligned along the mean wind direction, with a characteristic length scale of ap-

proximately 1 km, about twice the marine boundary layer height. They are reproduced by LES in two of the three regions,

where they are due to the presence of boundary layer rolls in which the strongest surface winds are associated with downward10

transport of momentum from a low-level jet. In the third region, the absence of boundary layer rolls in LES may be related

either to insufficient thermal instability or to excessively strong simulated wind shear, suggesting a strong sensitivity to surface

fluxes and vertical stability for developing boundary layer rolls within extratropical cyclones. Overall, this study demonstrates

that combining LES and SAR observations provides a robust framework for accurately capturing, validating, and improving

our understanding of the fine-scale processes associated with surface wind in an extratropical cyclone.15
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1 Introduction

Extratropical cyclones are among the main drivers of atmospheric variability in mid-latitudes, where they play a key role in the

horizontal and vertical transport of heat and moisture. These low-pressure systems can be characterised by strong horizontal

pressure gradients and generate intense winds, impacting human life and activities. In Europe, the majority of extratropical20

cyclones are formed in the North Atlantic during the boreal winter, where the confluence of warm air masses from the subtropics
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and cold air masses from polar regions cause baroclinic instability. In a predominantly westward flow, they can rapidly deepen,

particularly when interacting with the jet stream, and sometimes become meteorological bombs (Sanders and Gyakum, 1980).

On landfall, their average surface winds can exceed 25 ms−1 (storm threshold in the Beaufort scale) and they can also cause

heavy precipitation (Hobbs, 1978).25

Once baroclinic instability leads to the formation of a low-pressure system, the surrounding air starts rotating in a cyclonic

direction and the central pressure decreases. In this cyclonic vortex, fronts form at the interface between air masses. A dis-

tinction is made between warm fronts, in which warm air slides over cold air, causing continuous low rainfall following the

formation of stratiform clouds, and cold fronts, in which cold air forces warm air upward. Cold fronts can trigger the formation

of convective cells, with heavy precipitation and potentially intense wind gusts (Shapiro and Keyser, 1990). Associated with30

the frontal system, two main airstreams can be distinguished: the Warm Conveyor Belt (WCB) ahead of the cold front and

the Cold Conveyor Belt (CCB) ahead of the warm front (Browning, 1990; Martínez-Alvarado et al., 2018). The WCB is a

relatively warm and moist airstream that typically originates in the boundary layer and slowly ascends. In contrast, the CCB

is located at lower levels, typically between the surface and about 2 km altitude. This airstream transports relatively cold air

and usually flows westward. A low-level jet (LLJ) may develop within the CCB (Carlson, 1980; Browning, 1990; Lfarh et al.,35

2023; Gentile and Gray, 2023) and the WCB (Hewson and Neu, 2015; Blanchard et al., 2020), with wind speeds exceeding

25 ms−1, contributing to strong surface winds. High surface winds can also be formed by a descent of air from the frontal

cloud head called a sting jet (Browning and Field, 2004; Eisenstein et al., 2020; Brumer et al., Submitted) or from the upper

troposphere called a dry intrusion (Raveh-Rubin, 2017).

While the development mechanisms of extratropical cyclones are relatively well understood (Shapiro et al., 1999; Browning40

et al., 2000; Neu et al., 2013; Schultz et al., 2019), the formation of strong winds remains less explored, particularly regarding

the intensity and spatial distribution of surface wind gusts. Recent numerical studies (Rivière et al., 2020; Pantillon et al., 2020;

Lfarh et al., 2023) highlight the importance of boundary layer structures in surface wind speed formation, in particular the role

of atmospheric rolls allowing a non-local transport of momentum in LLJs towards the surface in the subsiding branches. These

numerical studies also suggest that these rolls have a large spectrum of horizontal lengthscales from less than 1 km to 10 km.45

Since some boundary rolls are about a kilometre wide, numerical weather prediction models are limited by their horizontal

grid spacing of at least 1 km to explicitly resolve the roll circulations. The use of higher-resolution Large-Eddy Simulation

(LES) becomes essential thanks to their ability to resolve the most energetic turbulent eddies in the atmosphere. Lfarh et al.

(2023) demonstrates that a horizontal grid spacing of at most 200 m (an effective resolution of 800 m) is required to reproduce

boundary layer rolls in an extratropical cyclone. In a tropical cyclone study, Li et al. (2021) similarly shows that a horizontal50

grid spacing of 100 m improves wind prediction through the explicit representation of rolls. In addition, such high resolutions

provide a better match with the boundary layer wind observations.

In most LES studies, the lack of observational data limits the evaluation of results, both with respect to the characteristics

of the boundary-layer structures and their role in wind transport. Ground-based wind profilers can provide a two-dimensional

(z,t) indication of the presence of boundary layer rolls and extratropical cyclone wind speeds (Parton et al., 2009, 2010).55

Also, Doppler cloud radar observations presented in Browning et al. (2015) shows that LLJs can interact with boundary-layer
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circulations and showers originating from higher-level clouds, potentially transporting the LLJ downward through precipitation.

However, Doppler cloud radar observations are only available when clouds and/or precipitation provide sufficient scatterers.

Ground-based Doppler lidars provide high-resolution representations of the vertical wind profile (Pantillon et al., 2020), with

fine temporal resolution. However, they do not offer horizontal extension required to fully characterise the three-dimensional60

structure of the boundary layer. In addition, the wind detection disappears in the presence of clouds, which can hinder the

characterisation of the LLJ, often located within or above boundary-layer cloud layers. The spatial coverage of such instruments

is relatively sparse, unevenly distributed geographically, and predominantly at fixes locations. As a result, measurements are

limited, since extratropical cyclones must pass directly overhead to be observed. Moreover, due to the practical difficulties

involved in deploying them during field campaigns, offshore extratropical cyclones are not captured by these measurements.65

To address this lack of data, scatterometers in C-band from low-orbit satellites in sun-synchronous orbit have been used to

characterise wind speed over ocean with their large swath (≈ 500 km). ASCAT (Advanced Scatterometer, Figa-Saldana et al.

(2002)) carried onboard the Meteorological Operational (MetOp) polar satellites has been used to investigate surface wind

dynamics in extratropical cyclones (Pineau-Guillou et al., 2018) but the coarse spatial resolution (∼ 10 km) and long revisit

time (∼ 12 h) remain a limitation for hazard studies. Moreover, the accuracy is reduced at high wind speed (Chou et al., 2013).70

To increase the observational resolution in open sea, Sentinel 1 constellation satellites (Sentinel-1 A, B, C and D) are a source

of valuable information thanks to their C-band Synthetic Aperture Radar (SAR) with spatial resolution between 20 m and 100

m. The ability to perform wind retrieval from SAR has been proven under high wind conditions (Mouche et al., 2017, 2019)

and with fine horizontal resolution of ≈ 1 km and less. Over the past decades, SAR measurements have been extensively

used to investigate sea surface winds (Mourad et al., 2000; Vandemark et al., 2001; Kudryavtsev et al., 2005; Ayet et al.,75

2021). Furthermore, the footprints on sea allow to determine atmospheric-oceanic interactions and processes, especially rolls

in unstable marine boundary layers (Thompson et al., 1983; Alpers and Brümmer, 1994; Levy, 2001; Sikora and Ufermann,

2004; Wang et al., 2019, 2020; Granero Belinchon et al., 2022; Stopa et al., 2022) and in tropical cyclones (Zhang et al., 2008;

Foster, 2013; Huang et al., 2018; Wang et al., 2018).

Although the ability to accurately detect low-pressure systems from SAR observations has been demonstrated (Fu, 1982;80

Young et al., 2002), these observations have not yet been compared with simulations of extratropical cyclones with comparable

resolution. Furthermore, as highlighted by Lfarh et al. (2023), the interactions between mesoscale structures and boundary-

layer circulations remain poorly understood from observational studies. The objectives of this study are (i) to evaluate LES of

fine-scale phenomena using SAR observations and (ii) to interpret SAR surface signatures observations using LES within ex-

tratropical cyclones. This complementarity ultimately contributes to a better understanding of how boundary-layer circulations85

influence surface winds. To compare LES and SAR observations of an extratropical cyclone, the present case study focuses

on Storm Alex (also named Brigitte by the FU Berlin), which formed on September 30th, 2020 in the Atlantic Ocean before

making landfall in the evening of October 1st in French Brittany. This explosive extratropical cyclone (deepening of ≈ 40 hPa

in 24 h) generated intense winds gusts exceeding 45 ms−1 on north-western French coasts and 25 ms−1 over land. Brumer

et al. (Submitted), using Lagrangian trajectories, show that boundary-layer winds just prior to Alex’s landfall are largely caused90

by a LLJ related to the CCB, as well as two further mesoscale airstreams, a sting jet and a dry intrusion. Storm Alex also caused
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devastating floods in south-eastern France and north-western Italy (Ginesta et al., 2024; Martins et al., 2024). After crossing

Brittany, Storm Alex remained over the Channel on October 2nd before returning to Brittany. Sentinel-1B passed over the

windstorm at 6:23 UTC and captured the entire cyclonic system at a time when surface winds were exceeding 25 ms−1 along

the coastal weather stations in the Channel. This unique opportunity enabled a comprehensive SAR–LES comparison across95

the entire system.

The article is organised as follows: Section 2 describes the various observations available, the numerical configuration and the

diagnostics used to characterise Storm Alex. Section 3 focuses on the description of Storm Alex’s mesoscale structures using

satellite and ground-based observations, complemented by numerical simulations. Section 4 presents the results of three LESs

in high-wind speed areas, compared with SAR data, with a focus on boundary-layer structures affecting surface winds. Section100

5 summarises and analyses the results, and highlights the benefits of using SAR and LES to understand other atmospheric

phenomena.

2 Methods

2.1 Observation data

On 2 October 2020, the Synthetic Aperture Radar (SAR) on board the Sentinel-1B satellite flew over the English Channel at105

6:23 UTC capturing Storm Alex’s surface signature in Interferometric Wide mode with swath width of 250 km (yellow shaded

area in Fig. 1). The C-band SAR, emitting at 5.405 GHz, provides dual-polarised images, emitting in Vertical polarisation

and then receiving in both Vertical (VV signal, referred to as co-pol) and Horizontal polarisation (VH signal, referred to as

cross-pol) (Mouche et al., 2019). The backscattering from the VV and VH signal has a spatial resolution of 10 × 10 m. SAR

backscatter, commonly expressed as the normalised radar cross section (σ0), is highly sensitive to centimetre-scale capillary110

and short gravity waves through different scattering mechanisms in co- (Valenzuela, 1978; Kudryavtsev et al., 2005) and cross-

polarisations (Valenzuela, 1967; Voronovich and Zavorotny, 2013). The slope distribution of these waves controls the sea

surface roughness sensed by SAR and provides an indirect link between σ0 and near-surface wind forcing, including friction

velocity. With the co-polarised and cross-polarised signals ocean surface wind speed can be estimated with the algorithm

presented in Mouche et al. (2019). The wind fields provided, although estimated from SAR images in IW mode, i.e., with115

spatial resolutions of 10 m in the Level-1 product, are downgraded to 1 km resolution in the Level-2 wind product, allowing a

better comparison of SAR winds with the 1-minute averaged winds from observations. Another product at 200 m resolution is

added in this study to provide fine scale wind values and sea surface roughness observations.

Data from ASCAT, a radar emitting at 5.255 GHz on MetOp-A and operating only in co-polarisation (VV), is also used in

this study. ASCAT is able to reliably measure wind speeds, but starts to underestimate them above 25 ms−1 (Polverari et al.,120

2021). In fact, it loses sensitivity and the signal begins to significantly saturate as the C-band backscatter loses sensitivity in

VV. The horizontal resolution (12.5 km) is coarser and its coverage is larger compared to SAR data, thus the data is used to

characterise the mesoscale structure of Storm Alex and its trajectory during the day of 2 October, with two passes at 08:50

UTC and 11:00 UTC over the British Channel.
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Cloud top temperatures associated to Storm Alex are estimated from brightness temperature measured by the 10.8 µm125

channel on the Spinning Enhanced Visible and InfraRed Imager (SEVIRI) radiometer on the Meteosat Second Generation

(MSG) geostationary satellite. The horizontal resolution is 3 km for infrared imagery each 5 minutes. Data from the visible

channel, with a finer resolution of 1 km, is not used due to the timing of the case study focusing around the SAR acquisition

which occurred during the night to day transition.

Another valuable source of information regarding Storm Alex comes from ground-based remote sensing. Operational radar-130

derived quantitative precipitation estimates from the Météo-France Mosaic ARAMIS network are used, providing 5-minute

rainfall accumulations at 1 km of horizontal resolution (Figueras i Ventura and Tabary, 2013). The Jersey radar site is used

to complete the precipitation over the British Channel. MSG and radar data are used to validate the simulated location of the

different fronts associated with Storm Alex.

In order to supplement remote sensing, this study uses in situ 10-m wind measurements averaged over 10 minutes. Fourteen135

coastal weather stations are included to ensure synergy with satellite observations and numerical simulations. Nine stations

are operated by Météo-France and located in the French departments of Manche (7) and Côtes-d’Armor (2), and five other

stations are operated by the UK Met Office and located in south-west England (3), Guernsey (1) and Jersey (1) (See Fig. 2 for

location). In the British Channel, an anemometer positioned at 14 m above sea level on a buoy located at 49.9°N 2.9°W (named

buoy 62103 maintained by the UK Met Office) and one on a ship (EUCFR03, Giraldo and Le Roy (2020)) are added to the in140

situ measurement. The measurement data collected at sea is very valuable, as it also allows wind products from satellites (i.e.,

ASCAT and SAR) to be validated close to the centre of Storm Alex. Lastly, a radiosounding at 5:00 UTC from the Larkhill

station (UK) offers a vertical profile of wind speed to the north-east of the extratropical cyclone.

2.2 Configuration of numerical simulations

Numerical simulations are carried out using the non-hydrostatic atmospheric research model Meso-NH (Lac et al., 2018) in its145

version 5.5.1 ported on GPU (Graphics Processing Unit; Escobar et al. (2025)). This architecture enables faster production of

LES with significant reductions in energy consumption. To investigate the mesoscale and fine-scale dynamics associated with

Storm Alex, simulations with increasing horizontal resolution are performed as shown in Fig. 1.

The first simulation, called MNH800 (blue domain in Fig. 1) is initialised using IFS analyses (horizontal resolution ≈ 9

km) at 00:00 UTC on 2 October 2020. The 06:00 and 12:00 UTC IFS analyses are used as lateral boundary conditions for150

MNH800. The simulation covers a 12 h) period from 00 to 12 UTC, with a time step of 8 s) and output data stored every 10

minutes. The horizontal grid spacing of this simulation is of 800 m over a 512 × 512 grid points domain, corresponding to

an area of approximately 410 × 410 km2, covering the spatial extent from 5.5°W to 0.5°E of longitude and 48° to 52°N of

latitude, thus encompassing the SAR swath (yellow area in Fig.1). The vertical discretisation consists of 92 levels, matching

the configuration of the operational AROME model (Brousseau et al., 2016), with a stretching of resolution over the vertical155

grid from 5 m at the surface to more than 2 km in the stratosphere (27 km). A 4th order centered scheme is used for advection

to achieve a high effective resolution while the turbulence scheme is one dimensional with a mixing length computed according

to Bougeault and Lacarrere (1989). Deep convection is explicitly resolved whereas shallow convection is parametrised with
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Figure 1. Map of domains for the MNH800 simulation (in blue), the MNH200 simulation (in red) and the three Large-Eddy Simulations (in
green). The IFS domain covers all simulations and the yellow shaded area represents the SAR swath.

an eddy-diffusive mass-flux scheme (Pergaud et al., 2009). The ICE3 microphysics scheme is used to simulate mixed-phase

cloud processes (Pinty and Jabouille, 1998). SURFEX (Masson et al., 2013) is used as surface scheme for fluxes and WASP160

(Wave-Age dependent Stress Parameterization, Bouin et al. (2024)) for ocean surface. Additionally, the radiative transfer

model RTTOV (Saunders et al., 2018) version 13.2 is activated to enable satellite radiance simulations for observation-model

comparisons (Chaboureau and Pinty, 2006), in particular the infrared brightness temperature (TB) for channel 10.8 µm.

The second simulation, called MNH200 (red domain in Fig. 1), is a zoom within MNH800 with the same center. The domain

extent is divided by 2 whereas the horizontal resolution is increased by 4 (∆x = 200 m, 1024 x 1024 grid points) and the time165

step adjusted proportionally (∆t = 2 s). The simulation lasts 3 hours, starting at 05:00 UTC and ending at 08:00 UTC. Initial

and lateral boundary conditions are given by MNH800 each 10 minutes. MNH200 uses the same physical parameterisations

as MNH800 except for a 3D turbulence scheme (Cuxart et al., 2000) with the Deardorff mixing length (Deardorff, 1980). In

addition, the shallow convection scheme is deactivated.

In order to investigate the fine-scale structures and to match the horizontal resolution of SAR observations, three Large-Eddy170

Simulations (LESs) are performed with a horizontal grid spacing of 50 m, in a domain of approximately 50 × 50 km2 (1024

x 1024 grid points each, green domains in Fig. 1) and a time step of 0.5 s. MNH200 serves as initial and lateral conditions for

LESs each 10 minutes. Each LES is started at 05:30 UTC once fine-scale structures are formed in MNH200 and to allow a

long enough spin-up before the target analysis time of 6:23 UTC. The LESs are run until 08:00 UTC. Also, between 70% and

80% of the Turbulent Kinetic Energy (TKE) is resolved at the surface (up to 90% within the boundary layer) across all three175
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LESs, indicating a consistent representation of the surface circulation. Hereafter, the three LESs are referred to as Box East,

Box South and Box West (Fig. 1).

Due to the substantial computational cost of simulations, MNH200 and LES are run on the GPU partition of the ADASTRA

supercomputer (Escobar et al., 2025), representing 7 computing hours with 2 GPU-nodes and 6 hours with 4 GPU-nodes,

respectively.180

2.3 Model diagnostics

Extratropical cyclones, such as Storm Alex, are characterised by contrasting air masses associated with distinct warm and cold

sectors. The equivalent potential temperature θe is used to identify these air masses, and is computed as follows:

θe = θ exp

(
Lv rs
cpT

)
(1)

where θ denotes the potential temperature, Lv the latent heat of vaporisation, rs the saturation mixing ratio, cp the specific heat185

capacity of dry air, and T the absolute temperature.

Numerical variables such as 10-m wind speed, hereafter referred to as surface wind and denoted by U10, and surface rough-

ness length z0 are used to compare simulation outputs and SAR. The U10 in Meso-NH is diagnosed using the Monin–Obukhov

similarity theory (Monin and Obukhov, 1954). The main relationship is given by:

U(z) =
u∗
k

[
ln

(
z

z0

)
−ψm

( z
L

)]
(2)190

where u∗ is the friction velocity, k is the von Kármán constant (k ≈ 0.4), L is the Monin–Obukhov length, and ψm is the

stability correction function for momentum. The roughness length (z0) is defined with the externalised surface model SURFEX

as the sum of rough and viscous regimes as:

z0 = u2∗
α

g
+0.11

ν

u∗
and u∗ = U10

√
Cd (3)

where α and ν correspond to the Charnock coefficient and the kinematic viscosity of dry air, respectively, and Cd the drag195

coefficient.

The SURFEX parametrisation used in this study is WASP (Bouin et al., 2024). The Charnock coefficient is dependent on the

age of the wind-sea, which is particularly useful for areas of high wind speeds over the sea. An initial estimate for calculating

U10 is obtained by setting the Charnock constant, Cd, and z0 using Eq. 2. From U10, a value for u∗ is derived, followed by z0

with Eq. 3, which is then fed back into the Monin–Obukhov relationship (Eq. 2). For low winds (< 1 ms−1), a single iteration200

is sufficient; otherwise, three iterations are required. Typical range for z0 on sea is between 10−5 and 10−3 m−1 for U10 lower

than 10 ms−1 and 10−3 to 10−2 m−1 for U10 higher than 30 ms−1. It is assumed that the roughness length z0 obtained from

simulations exhibits a similar dependence on surface wind as the backscattering σ0 obtained from SAR measurements, since

both are related to the friction velocity u∗. However, this assumption should be treated with caution, as z0 and σ0 are sensitive
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to different scales of surface roughness (e.g. these scales changes with respect to the radar frequency, the polarization and the205

incidence angle).

The Marine Atmospheric Boundary Layer (MABL) height is defined as the altitude where the Richardson number (Ri) first

exceeds 0.25. Ri is diagnosed using the gradient Richardson number method:

Ri=
g

ρ

∂ρ
∂z(
∂u
∂z

)2 (4)

where ρ is the air density, u the horizontal wind speed, and ∂/∂z represents the vertical derivative of a variable. It provides a210

physically based estimate of the transition between the turbulent boundary layer and the free atmosphere by accounting for both

thermal stratification and wind shear. This approach is particularly suitable under strongly windy conditions associated with

Storm Alex. A negative Ri indicates thermally unstable conditions (i.e., convective mixing), whereas Ri > 0.25 corresponds

to a stable regime. Between these two limits (0<Ri < 0.25), turbulence may persist under weakly stratified or near-neutral

conditions.215

2.4 2-D Autocorrelation function

As 1D signal processing, significant effort has been invested in determining two-dimensional atmospheric pattern (Lohou et al.,

1998; Mourad et al., 2000). Here, we propose using an autocorrelation function (ACF) developed by Granero Belinchon et al.

(2022) and previously applied to SAR images (Brilouet et al., 2023) as well as LES outputs (Lfarh et al., 2023).

The first step in ACF analysis is to determine how the signal correlates with its neighbours in both x and y directions.220

The result shows whether a signal repeats and determines its shape. The second step is to determine whether patterns have

a preferred orientation. In the spectral space, the directional dependence of the autocorrelation is assessed at the centre of

the domain (Lohou et al., 1998). When the signal is anisotropic, an elliptical shape emerges around this point; otherwise, the

pattern is circular. The major axis of the ellipse defines the preferential orientation of the autocorrelation pattern. The degree

of elongation of the ellipse is quantified by the flatness parameter f (major minus minor axis divided by major axis). Values225

of f approaching 1 indicate that the autocorrelation structures are nearly linear, whereas values tending toward 0 correspond

to a nearly circular shape. The third step is to determine the lengthscale of the organised structure (noted Los). Los can be

determined only if f> 0.7 (Brilouet et al., 2023)) and corresponds to the distance between two maxima of autocorrelation in

the direction perpendicular to the preferred orientation of organised structures.

3 Mesoscale structure and model evaluation230

3.1 Synthetic Aperture Radar observations

The mesoscale structure of Storm Alex is well observed by SAR and fits within the satellite’s swath as shown in Figure 2a. A

low backscattering signal (dark) is located on the west of the Cotentin Peninsula (2-3°W; 49.3-50°N) and is surrounded by a

8
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Figure 2. Map of a) Sea surface roughness from cross-polarisation backscattering signal σ0 and b) horizontal surface wind speed U10 from
Synthetic Aperture Radar observations on 2 October 2020 at 6:23 UTC. Observations from weather stations, buoy and ship are represented
by green points, star and triangle, respectively, where inside color represents the measured surface wind. Dotted squares represent the LES
domains. c) Comparison of observed surface wind speed by weather stations, buoy and ship (U10,obs) and SAR estimation (U10,SAR). The
black and red dotted lines represent the linear regression and the perfect correlation, respectively

wrapping region of strong backscattering (bright) reaching the northern and southern borders of the Channel. Also, one of the

main findings is the presence of a very pronounced front around the centre, corresponding to an abrupt transition from low to235

high backscatter. As expected, low wind speed (below 10 ms−1) is located in the same area of low backscattering signal while

surface wind estimated by SAR exceeds 20 ms−1 in the wrapping region (Fig. 2b). Further west (longitude < 3.5°W), the wind

remains moderate at around 10 to 15 ms−1. A thin band of light wind, associated to a front with weaker backscattering signal,

is located in the north-western part of Storm Alex (3°W; 50-50.5°N). Three areas of strong surface winds are visible, where

the surface wind speed locally reaches 30 ms−1: in the north-east (2.5° to 1.5° W and 50° to 50.5°N), north-west (3.5° to 3°W240

and 49.8° to 50.5°N) and south of Storm Alex (3° to 2° W and 48.7° to 49.3°N). The three high-resolution simulations (LES;

horizontal grid spacing of 50 m) are centered on these three areas with high wind speed (dotted squares in Fig. 2a, b).

The SAR wind estimate was previously calibrated on other weather phenomena such as hurricanes (Mouche et al., 2017),

where wind speeds are significantly higher than those observed in an extratropical cyclone. To ensure the reliability of the SAR

wind estimates in the case of Storm Alex, they are validated against wind speed measurements from French meteorological245

stations at 06:24 UTC and from English stations at 06:30 UTC (see points in Fig. 2b). As SAR wind products are only available

over the sea, direct co-location with weather stations is not possible and SAR wind values are averaged within a 2 km radius

around each station. The floating buoy and ship also allow wind measurements in the open ocean (green star and triangle in

Fig.2). For surface wind speeds below 10 ms−1, the SAR wind speeds are higher than station observations by 3-5 ms−1 (Fig.

2c). In addition, because the stations are located along the coast, wind speeds are likely reduced when the airflow originates250

from land toward the sea, which may explain the observed differences (e.g., stations 1 and 9 for example). For winds above
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15 ms−1, SAR winds better match with the observed values with a slight underestimation of 0.5 ms−1. The linear regression

between SAR and in situ winds has a slope of 0.63 and R2=0.8. However, SAR estimations are consistent with observational

data at sea, i.e. buoy and ship (star and triangle in Fig. 2) with a deviation less than 0.7 ms−1 SAR data therefore provides a

good benchmark for comparing areas of strong winds (> 15 ms−1) derived from simulations at sea.255

3.2 Validation of Alex’ mesoscale structure

Figure 3. Map of brightness temperature from a) MSG and b) MNH800 at 6:30 UTC and accumulated precipitation between 6:25 and 6:30
UTC expressed in mmh−1 from c) radar and d) MNH800. Red squares represent the three LES domains, red crosses the centre of Storm
Alex and black points in c) precipitation radar used in observations

This part is dedicated to assess the representation of the mesoscale structure of Storm Alex with MNH800. The synthetic

observation of brightness temperature from MNH800 using RTTOV (Fig. 3c) is first compared to the MSG image (Fig. 3a) at

6:30 UTC. The centre of Storm Alex, defined as the location where the spiral ends with clear sky, is located around 2.2°W,
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49.9°N (red cross in Fig. 3a,b) with MSG. The simulated center, defined as the location of the minimum mean sea level pressure260

(MSLP; 966 hPa), is well located at 2.4°W, 49.8°N (red cross in Fig. 3c,d). In the western part of Storm Alex, a wide cloudy

area with brightness temperature (TB) close to 240 K is observed, well simulated by MNH800. In the eastern part, a dry air

intrusion coming from the south and that penetrates until 51°N is observed, whereas it is modelled by MNH800 but ends further

south.

Precipitation data is combined with satellite observations and cloud structure data in order to locate fronts. High-frequency265

radar products allow for detailed examination of precipitation structures and intensities. Figure 3c shows two bands of pre-

cipitation. The first is located in the northern part of Storm Alex, characterised by a thin band of rain along the British coast

with values between 5 and 10 mmh−1. It is co-located with the front of σ0 (Fig. 2). The second is wider and more intense

and located to the south-west of Storm Alex with precipitation between 10 and 20 mmh−1. The location of the two rain bands

is well simulated by MNH800 while their intensity is different (Fig. 3d). The northern band has precipitation exceeding 30270

mmh−1 while the southern band is defined by low precipitation between 1 and 10 mmh−1.

In summary, the simulated precipitation in Box South is lower than observed and a simulated clear sky area does not

feature in the observations. In Box West, intense rain is simulated at the northern border while radar values indicates lower

precipitation. This discrepancy can be due to the large distance between the precipitation area and the radar site (black dot

in Fig. 3), which may affect the representativeness of the radar measurements (Champeaux et al., 2011). Finally, Box East275

shows low simulated precipitation as observed, although the precipitation rate is slightly higher towards the centre of the Box

(maximum of 6 mmh−1 compared with the observed 3 mmh−1).

3.3 Mesoscale wind validation

The radiosounding at 5:00 UTC (black curve in Fig. 4a) shows a ground surface wind equal to 12 ms−1, then increases to

around 28 ms−1 at 800 m, which indicates a LLJ associated with Storm Alex. The wind speed then decreases, stabilising at280

around 20 ms−1 above 4 km altitude. The simulated wind speed from MNH800 (blue curve in Fig. 4a) is slightly overestimated

between 130 m (ground level) and 400 m. The maximum intensity of the LLJ is underestimated by approximately 3 ms−1

although its altitude, approximately 730 m, is correct.

In order to assess whether the MNH800 simulation represents surface wind adequately, comparisons are made with satellite

retrievals. At 6:23 UTC, MNH800 wind speeds (Fig. 4c) are compared to SAR wind products (Fig. 4b). The simulation captures285

the three high wind speed areas localised around the low level pressure. The front located to the north of Storm Alex is well

localised even if it is more curved than observed. Simulated surface winds in the three areas are systematically underestimated

by about 3 ms−1, while in the entire simulating domain the simulated mean wind speed is very close to observations (Fig. 4d).

Probability density functions (PDF) of surface winds show that strong wind extremes do not exceed 25 ms−1 in MNH800,

whereas they reach 30 ms−1 in SAR winds.290

At 8:50 UTC, Storm Alex has moved south-westward (Fig. 4e) with weaker winds from ASCAT compared to the SAR

measurements recorded two and a half hours earlier (maximum wind speed around 21 ms−1). In MNH800 (Fig. 4f), the centre

of the cyclone associated with weak winds and the surrounding areas of strong winds are well positioned. The situation is
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Figure 4. a) Vertical profile of horizontal wind speed at the Larkhill station for the radiosounding (in black) and MNH800 (in blue). Maps of
surface wind speed at 6:23 UTC for b) SAR observations and c) MNH800, at 8:50 UTC for e) ASCAT observations and f) MNH800 and at
11:00 UTC for h) ASCAT observations and i) MNH800. The black star represents the Larkhill station location. Probability density functions
of surface wind speed for d) SAR, g) and j) ASCAT (black) and MNH800 (blue).

similar at 11:00 UTC during the second ASCAT pass, when the cyclone centre has moved further towards the south-west (Fig.

4h,i). The mean observed winds are underestimated by MNH800 (14.8 ms−1 versus 16.2 ms−1 at 8:50 UTC, Fig.4g; 14.2295

ms−1 versus 16 ms−1 at 11:00 UTC, Fig.4j). By degrading the horizontal resolution of the MNH800 simulation output to

match with the ASCAT resolution (i.e., 12.5 km) and removing coastal pixels, the mean surface wind from MNH800 increases

by 0.5 ms−1 at 8:50 UTC and 0.6 ms−1 at 11:00 UTC and the MNH800 distribution is closer to ASCAT (not shown). This

can be partly explained by the exclusion of the coastal zone, where surface wind speeds are low. Comparing the distributions

(Fig. 4g,j), the simulated surface wind extremes (low or high) are greater than those observed, with a flatter distribution. This300

may be the result of the finer resolution in the simulation and this widening is reduced when the resolution is degraded (not

shown).
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Given the underestimation of winds relative to the SAR, various sensitivity tests were performed but are not shown here for

the sake of conciseness. Using high-resolution analyses for initial and boundary conditions from the Arome operational model

(Seity et al., 2011) instead of IFS produced a slight increase in wind speed but does not solve the general underestimation in305

all three Boxes. This suggests an underestimation of wind speed in the initial conditions given by the parent models. Similarly,

using the COARE 3.0 (Fairall et al., 1996) and ECUME (Belamari, 2005) parameterisations of surface turbulent fluxes over

the sea instead of WASP only shows a slight decrease (-0.2 ms−1) or increase (+0.3 ms−1) in wind speed, respectively. This

low sensitivity is due to the surface wind range, which is not suitable for wind improvement with surface models (Bouin et al.,

2024). One other possible explanation for wind underestimation could also come from the atmosphere’s response to sea surface310

temperature (SST). Bador et al. (2025) shows that a 2 K increase in SST has the effect of increasing the wind gusts of Storm

Alex over the English Channel by around 4 to 8 ms−1, due to the cyclone becoming more intense. Indeed, two available SST

observations show that the model SST is slightly underestimated by 0.4 to 0.5 K in the MNH800 simulation (buoy, star in

Fig.2b: 289.34 K versus 288.86 K; ship, triangle in Fig.2b: 290.25 K versus 289.82 K).

In conclusion, MNH800 successfully localises the three high-wind areas corresponding to the three Boxes. However, a315

surface wind underestimation of approximately 1 ms−1 is found in the whole domain compared to satellite observations and

is stronger in the three Boxes (3–4 ms−1).

3.4 Airmass identification relative to high wind speed regions

Figure 5 shows fields characterising the thermodynamics of Storm Alex at 6:23 UTC from the MNH800 simulation, where the

three areas of strong winds are shown by black dotted Boxes. The equivalent potential temperature θe at 500 m (see Eq. 1) in320

Fig. 5a shows a warm area (warm seclusion) trapped in the centre of the cyclone (θe > 14 °C). It is surrounded by cold air that

penetrates from the south, along with the dry air intrusion (Fig. 3c). The interface is characterised by a warm front, which is

associated with a sharp decrease in surface wind speed and the heaviest precipitation. The MABL height (Fig. 5b) reaches less

than 200 m in the centre of the cyclone and is more variable in windy areas, ranging from 200 to over 1000 m. In Box East, the

MABL height increase from 400 m in cold air to more than 800 m close to the warm front. In Box South, the MABL height325

is slightly lower between 300 to 500 m, while it varies the most in Box West with peaks of up to 830 m. It is generally higher

when θe is higher.

Strong surface winds in Boxes East and South (Fig. 4b) are occurring in the CCB (θe<13 °C) ahead of the warm front.

Box West, meanwhile, is located directly on the front, which is less pronounced than in the other two Boxes. The maximum

wind speeds from the surface up to 4 km (Fig.5c) are also located ahead of the warm front, in the CCB. Maximum winds are330

stronger in Box West (> 35 ms−1) than in Boxes South and East (25 to 35 ms−1). The altitude of maximum wind speeds also

varies spatially (Fig.5d). In Boxes East and South, peaks of LLJ are found between 400 and 800 m, whereas in Box West they

occur at higher levels, between 600 and 1500 m, indicating a deeper vertical extent of the LLJ in this region (in agreement with

Fig.4a).
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Figure 5. Map of the a) equivalent potential temperature θe at 500 m, b) marine boundary layer height, c) maximum horizontal wind speed
up to 3 km altitude and d) its corresponding altitude, from the 6:23 UTC output of MNH800. The dotted black Boxes indicate the three LES
domains.

The three Boxes exhibit surface winds of comparable intensity, yet they are located in thermodynamically distinct regions. To335

better understand how these differences influence surface wind, the role of fine-scale processes is investigated in the following

section using LES.

4 Fine-scale processes at play in the windstorm

Since the MNH800 simulation correctly represents the strong surface winds associated with Storm Alex, it is used to provide

three LESs: one in each identified region of interest (see black Boxes in Fig. 5) which have distinct environmental conditions.340

The LESs are analysed to investigate the mechanisms responsible for surface wind generation. First the surface winds in the
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LES are evaluated in order to assess their ability to adequately capture fine scale surface organisation. The surface organisation

is then qualified based on both the SAR backscatter data and the LES surface roughness. It is then linked to vertical MABL

coherent structures. Finally, factors influencing MABL organisation are put forward.

4.1 Surface wind345

Figure 6. Probability density functions of surface wind speed deviations from the mean for Boxes (a) East, (b) South, and (c) West, together
with the corresponding energy spectra in panels (d), (e), and (f). Estimates from SAR are shown at 1 km resolution (grey line) and 200 m
resolution (black line). Simulations from MNH800, MNH200, and LES are represented by the blue, red, and green lines, respectively. Vertical
dotted lines indicate the wavelengths of maximum energy and brown lines correspond to the spectral slope of the Kolmogorov cascade.

The ability of the LESs to reproduce the diversity of surface winds within the three Storm Alex Boxes is assessed against

SAR-derived surface wind products at horizontal resolutions of 1 km and 200 m. Compared with SAR products, all simulations,

irrespective of domain configuration or horizontal resolution, systematically underestimate the mean surface wind speed by ∼4

ms−1. Increasing the resolution does not compensate for this bias, suggesting that other factors are responsible, as discussed

in Section 3.3. Wind speed anomalies relative to the domain-mean value are then compared in each box (Fig. 6a–c). Across the350

three Boxes, the mean surface wind speed even exhibits a slight decrease as horizontal grid spacing is refined from 800 m to

50 m. The reduction amounts to -0.1 ms−1 in Box East (panel a), -0.4 ms−1 in Box South (panel b), and -0.5 ms−1 in Box

West (panel c). In the last case, part of the decrease may also result from the westward displacement of the frontal system in

LES.
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For Boxes East and South (panels a–b), the probability density functions (PDFs) of SAR and LES winds are approximately355

Gaussian, whereas Box West (panel c) exhibits noisier and more asymmetric distributions. As model resolution increases,

the PDFs become progressively flatter, indicating enhanced variability. The standard deviation increases by approximately +1

ms−1 in Boxes East and South and by +1.4 ms−1 in Box West. Similarly, the high resolution SAR200 wind product displays

broader PDFs than SAR1000. Consequently, simulated extreme wind values at 200 m and 50 m resolutions are in closer

agreement with SAR observations. LES outputs degraded to the MNH800 resolution remain more spread than the original360

MNH800 simulation (not shown), indicating that part of the variability arises from explicitly resolved fine-scale dynamics

rather than from increases in the number of grid points alone.

To evaluate whether a 50 m horizontal resolution is sufficient to represent MABL circulations and their associated energy

content, kinetic energy spectra are analysed in both simulations and observations (Fig. 6d–f). The SAR1000 spectra (grey

curves in Fig. 6d–f) are computed in two dimensions, whereas those derived from SAR200 (black curves) are only calculated365

along the cross-wind direction owing to strong speckle contamination. The SAR1000 spectra show an increase in energy for

wavelengths below 5 km. However, the spectral analysis are limited by the spatial resolution (i.e., 1 km) and are truncated at

approximately 2 km. Therefore, the energy increase toward finer scales cannot be assessed from SAR1000 data. Energy spectra

derived from SAR200 exhibit enhanced energy at kilometre scales, with peak near λ=0.9 km in Box East (Fig. 6d) and λ=1

km in Box West (Fig. 6f). In contrast, energy remains relatively constant across kilometre scales in Box South (Fig. 6e). The370

sharp decrease in energy below λ=800 m observed in all three Boxes reflects the effective resolution limit of the SAR wind

products.

For MNH800 (blue curves in Fig. 6d–f), energy spectra decrease rapidly at fine scales, which indicate an effective resolu-

tion around 4–5 km and therefore insufficient to resolve boundary layer circulations. MNH200 simulations show contrasting

behaviours among the three Boxes. In Box East (red curves in Fig. 6d), an accumulation of energy is evident, with a peak375

around λ=1.5 km. In Box South (Fig. 6e), the spectral shape resembles that of SAR200, with nearly constant energy at kilo-

metre scales. In Box West (Fig. 6f), maximum energy occurs near λ=5 km before decreasing toward smaller scales, differing

substantially from the SAR200 spectrum.

LES spectra are broadly consistent with SAR200 observations in Boxes East and South. In Box East (green curves in

Fig. 6d), LES confirms the presence of enhanced energy at kilometre scales, with a peak shifted toward λ=1.1 km, closer380

to SAR observations. Below this peak, the spectral slope approaches the Kolmogorov scaling, indicating that LES explicitly

resolves fine-scale surface-flow structures down to its effective resolution (∼ 300 m), corresponding to approximately six times

the grid spacing). In Box South (Fig. 6e), LES spectra display a slight increase in energy between λ=1 and 3 km, followed by

an inertial-range behaviour characterised by k×E(k) scaling close to k−2/3. This behaviour is consistent with Kolmogorov

theory and suggests active turbulent energy transfer across scales down to λ=200 m (approximately four times the grid spacing).385

The main discrepancy between SAR and LES spectra occurs in Box West, where energy decreases continuously from large to

fine scales without exhibiting the kilometre-scale energy peak identified in SAR observations. Overall, these results indicate

that a 50 m horizontal resolution is sufficient to capture both the characteristic energy enhancement at kilometre scales and
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the fine-scale organisation of the MABL. LES simulations reproduce several key spectral characteristics observed in SAR200

products for Boxes East and South, whereas notable differences remain in Box West.390

These findings further suggest that fine-scale dynamical processes play an important role in high-wind regions and that

increasing horizontal resolution enables their explicit representation. This leads to broader and more realistic surface wind

distributions, in improved agreement with SAR observations. The physical mechanisms underlying these processes, as well as

the remaining differences between SAR and LES, are examined in the following section.

4.2 Highlight of surface organised pattern in SAR and LES395

The three Boxes are characterised by strong backscattering in SAR, around 5× 10−3 dB (Fig.7a,c,e), i.e., a strong sea surface

roughness caused by the wind (see Section 3.1). Linear structures alternating between areas of low backscattering (dark) and

high backscattering (light), quasi-periodic and aligned with the surface wind can be identified as streaks (Wang et al., 2019,

2025). In addition, there are less linear surface patterns of several tens of kilometres in size at the interface between weak and

strong backscattering and perpendicular to the wind. They can be attributed to mesoscale frontal instabilities (Harvey et al.,400

2017). To understand which fine-scale phenomena are responsible for the energy accumulation on the km-scale and objectively

quantify the shape and size of the structures, an ACF (defined in section 2.4) is applied on σ0 in SAR data on the one hand and

roughness length z0 (see Eq. 3) in LES on the other hand (Fig. 7).

Due to heterogeneity in the three Boxes (curved direction of streaks around Storm Alex center, contrasting areas of high

and low backscattering in Boxes South and West), each Box is divided into subdomains measuring 5 by 5 km2 (red squares405

in Fig. 7) following approaches in Zhang et al. (2008); Granero Belinchon et al. (2022). In each Box, a maximum of 100

subdomains can be analysed but several filters are applied beforehand. First, subdomains in SAR and LES with a mean surface

wind speed below 20 ms−1 are removed (blue dots in Fig.7). The number of subdomains excluded for each Box is given in

Table 1 as Nw. Second, the sides of the LES domains with inflow from lateral boundary conditions from the MNH200 model

do not form the fine-scale structures expected with a resolution of 50 m. They are therefore removed (orange dots in south and410

east sides in Fig.7b, west side in Fig.7d, north and east sides in Fig.7f) and identified as Np in Table 1. Third, in SAR images,

some subdomains are excluded due to the presence of ships and/or submerged land, which interfere with the SAR signal (green

dots in Fig.7a,c,e). They are also identified as Np in Table 1. The total number of subdomains retained for the ACF analysis

(Nv) is reported in Table 1. For Box East, 48 subdomains are retained from the LES dataset, compared with 89 from the SAR

dataset. This number decreases for Box South, with 25 subdomains from LES and 31 from SAR, and for Box West, with 26415

from LES and 69 from SAR. The discrepancy between LES and SAR mainly results from the suppression of LES subdomains

influenced by lateral boundaries. In Box West, the reduced extent of the strong wind field further contributes to the strong

decrease in the number of retained subdomains.

The ACF is applied to each subdomain and describes how the signal is organised in both horizontal directions. One sub-

domain in each Box for SAR and LES data is shown in Fig. 8 to illustrate the typical patterns found in Boxes. The results of420

the ACF are shown in the second and fourth columns. Positive values indicate that the signal is correlated with the point [0,0],
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Figure 7. Backscattering σ0 from SAR (10−3 dB, first column) and z0 from LES ((10−3 m−1, second column) for Boxes East (first line),
South (second line) and West (third line). Red squares correspond to 5 x 5 km2 subdomains and cyan lines correspond to the trace of vertical
cross sections in LES. Blue dots indicate subdomains with surface wind speed < 20 ms−1; orange dots, subdomains undergoing advection;
green dots, polluted subdomains; and red dots, subdomains with f < 0.7.
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Box variable Nw Np Nv Ns f Los (km) ∆Θ(°)

EAST z0 0 52 48 35 0.83 ± 0.04 1.1 ± 0.5 24 ± 5
σ0 4 7 89 63 0.75 ± 0.08 1.2 ± 0.9 20 ± 16

SOUTH z0 23 52 25 13 0.83 ± 0.05 0.9 ± 0.5 13 ± 4
σ0 52 0 43 5 0.75 ± 0.03 1.1 ± 0.3 11 ± 23

WEST z0 22 52 26 9 0.8 ± 0.05 1.5± 0.8 -15 ± 11
σ0 27 4 69 59 0.83± 0.06 1.2± 0.8 -10 ± 11

Table 1. Summary of ACF metrics for Boxes East, South, and North. σ0 is derived from SAR and z0 from LES. Nw, Np, Nv , and Ns

denote, respectively, the number of subdomains with mean surface wind speed < 20 ms−1, polluted conditions, valid ACF, and identified
streak structures (with f > 0.7 for Meso-NH). Los, Θ, and ∆Θ represent the mean flatness, the characteristic length scale of the structures
(km), and the mean angular deviation between the structure orientation and the wind direction, respectively, computed over Ns subdomains.

while negative values indicate an anticorrelation. The direction of the maximum autocorrelation is represented by black dashed

lines. The first local maximum of the autocorrelation is calculated perpendicular to this direction (blue stars).

According to Brilouet et al. (2023), f>0.7 in SAR data corresponds to streaks, while f<0.7 can be interpreted as a transition

between cells and streaks. The Ns column in Table 1 reports the number of subdomains considered as streaks based on this425

criterion. Subdomains without streaks are represented by the red dots in Figure 7. In Box East streaks are present in 73% of

the valid subdomains in LES, which is consistent with the SAR observations (71%). Contrasted results are found in the other

two Boxes. While half of the valid subdomains in Box South are characterised by streaks in LES (52%), the SAR counts only

12%. In Box West, subdomains composed of streaks are a minority (36%), whereas in the SAR they are a vast majority (86%).

In SAR observations, the average characteristic length scale Los (Table 1) of the streaks varies between 1.1 and 1.2 km with430

standard deviations ranging from 0.3 to 0.8 km, which is substantial and can be attributed to the signal being noisy. The size of

these streaks corresponds to the energy peaks at 0.9 km (Box East) and 1 km (Box West) in the energy spectra (black curves

in Fig. 6d,f). The absence of energy peak at the km scale in Box South (Fig. 6e) is consistent with the fact that streaks are less

frequent. In LESs, the average Los is similar, ranging from 0.9 to 1.1 km in Boxes composed predominantly of streaks (Boxes

East and South in Table 2). In Box West, this value is 1.5 km with a higher standard deviation (0.8 km). The energy peak found435

in LES (green curves in Fig. 6d) can be attributed to the presence of streaks in Box East. It is less pronounced in Box South

(Fig. 6e), which contains only half as many streaks, and is absent in Box West (Fig. 6f), where streaks are scarce. The aspect

ratio, i.e., the ratio between the length scale of the structures and the MABL height in LES, is comprised between 1.9–2.2 for

Boxes East and South and 3.7 for Box West. The aspect ratio values are within the range (i.e., 2× zi) observed in numerical

studies (Weckwerth et al., 1997; Atkinson and Wu Zhang, 1996; Lfarh et al., 2024), but the larger aspect ratio in Box West440

suggests that the streaks are predominantly generated in the downstream portion of the domain. In SAR, the mean deviation of

the streaks compared to the wind direction varies between 10-11° in Box West-South and 20° in Box East (see Table 1 and red

dotted lines in Fig.8). This is within the large range of direction for boundary layer streaks seen by SAR observations (Etling

and Brown, 1993). The LES reproduce the same range of observed deviation deviated counter-clockwise around +2 to +5 °.

This difference in direction is, however, more pronounced than found in extratropical cyclones in Atkinson and Wu Zhang445

(1996); Lfarh et al. (2024).
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To conclude, regions of high wind speed during Storm Alex are predominantly characterised by streak structures with a

typical wavelength of approximately 1 km in SAR, aligned with the mean wind direction (Boxes East and West). The LES

is able to reproduce these structures in Box East, whereas discrepancies arise in Box West between LES and observations. In

Box South, both streaks and irregular patterns are also observed, and LES can reproduce these two distinct patterns. To further450

investigate the nature of these streaks and to explain the differences between SAR observations and LES results, an analysis of

boundary layer processes is performed using the LES.

4.3 Vertical atmospheric structures in LES

Sea surface patterns are expected to be influenced by atmospheric processes (Vandemark et al., 2001). Surface streaks may

originate from different mechanisms, including shear-driven surface-layer turbulence, boundary layer rolls, or gravity waves455

(Young et al., 2002). To characterise boundary layer circulations, vertical cross-sections are extracted from LES over subdo-

mains where fine-scale structures are well resolved, along transects perpendicular to the mean wind direction (blue lines in

Fig. 7b,d,f).

Figure 9 shows the corresponding vertical cross-sections. In Boxes East and South (a,b), where streaks are identified, al-

ternating ascending and descending plumes are found, with approximately 10 updrafts in Box East and 9 in Box South,460

corresponding to a characteristic spacing ∼ 1 km. These structures extend up to approximately 600 m in altitude, reaching or

slightly exceeding the MABL top (dotted lines in Fig. 9). Maximum vertical velocities within updrafts and downdrafts reach

approximately ± 2.5 ms−1. In contrast, the vertical cross-section in Box West (panel c), where no organised surface streaks

are simulated, also exhibits ascending and descending motions, but these structures are (i) less organised, (ii) more intense,

and (iii) extend to higher altitudes. They exceed the MABL top and interact with circulations in the free troposphere. Vertical465

velocities locally exceed ± 5 ms−1, with the strongest upward motions occurring within cloudy regions (blue contours in

Fig. 9c).

Updrafts in Box East (a) are topped by shallow clouds extending vertically by 100 to 800 m. By contrast, Boxes South (b)

and West (c) are characterised by more continuous cloud layers. The cloud layer is slightly thicker in Box West (∼1500–2000

m) than in Box South (∼1000-1500 m), due to a lower cloud base in Box W. Similarly, liquid water ratio (ql) exceeds 1.6470

g kg−1 in Box West, whereas it remains below 1 g kg−1 in Box South.

As shown in Fig. 5 (c,d), a LLJ (wind speed >25 ms−1, orange contours in Fig. 9) is present in all three Boxes. In Boxes

East and South (Fig. 9 a,b), the LLJ is confined below 1 km altitude, whereas in Box West (panel c) it extends up to 2 km.

Furthermore, the maximum LLJ intensity is stronger in Box West (37 ms−1, yellow contours) than in Box East (33 ms−1)

and Box South (30 ms−1). Surface wind speeds are higher beneath downdrafts (∼ 25 ms−1) than beneath ascending plumes475

(15–20 ms−1). These descending motions promote downward transport of LLJ momentum toward the surface. The resulting

enhancement of near-surface wind speed locally increases both friction velocity and surface roughness.

The LES analysis suggests the presence of boundary layer rolls in Boxes East and South. This interpretation is supported by

(i) the streak signatures identified from ACF analyses and (ii) the vertical cross-sections, which reveal updrafts and downdrafts

occurring at regular intervals of approximately 1 km confined within the MABL. In addition, downdrafts appear associated with480
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Figure 8. Spatial fields and corresponding two-dimensional autocorrelation functions (ACFs) for the three Boxes (EAST, SOUTH, and
WEST). For each domain, the first column represents σ0 (10−3 dB) and the second column displays its ACF (ACFσ0 ). The third column
presents z0 (10−4 m−1) with its ACF (ACFz0 ) in the fourth column. The dashed black line indicates the orientation of the dominant
correlation anisotropy (i.e., orientation of structures, degrees from north), while the red dashed line indicates the surface wind direction.
The blue line indicates the perpendicular direction to the structure orientation where stars indicates the first peak of the corresponding
one-dimensional autocorrelation. The labels at the bottom of each ACF panel (in brackets) report the anisotropy factor (or flatness) f, the
characteristic length of structures LLOS , and the orientation of structures Θ associated to the deviation with the surface wind.

enhanced surface winds through interactions with the LLJ, consistent with LLJ transport by boundary layer rolls proposed by

Lfarh et al. (2023). By contrast, atmospheric structures in Box West cannot be interpreted as boundary layer rolls because they
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Figure 9. Vertical cross section of vertical velocity (shading) for Boxes a) East, b) South and c) West along the blue lines shown in Fig.7
(right panels). Dark orange, light orange and yellow bold contours represent 25, 30 and 35 ms−1 horizontal wind speed. Blue contours
represent clouds (ql > 0.1 g kg−1). Dotted black lines represent the height of MABL.

extend beyond the MABL top and lack the linear organisation aligned with the mean wind direction. Their larger vertical extent

and interaction with free-tropospheric circulations rather suggest a different dynamical regime. To investigate the absence of
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boundary layer rolls in the LES over Box West, in contrast with observations, the following section examines the factors that485

may inhibit their development.

4.4 Factor controlling boundary layer rolls formation

This section focuses on the thermodynamic factors controlling the formation of boundary-layer rolls during Storm Alex. Pre-

vious studies, including (Etling and Brown, 1993; Moeng and Sullivan, 1994; Weckwerth et al., 1997), have investigated

roll structures under a range of meteorological conditions and highlight the role of both thermal and dynamical instabilities490

as potential triggering mechanisms. Figure 10 compares the vertical profiles of static stability (∂Θ∂z ), wind shear (∂U∂z ), and

Richardson number (Ri; Eq. 4) across the subdomains in the vicinity of the vertical cross sections. The results reveal differ-

ences in boundary-layer structure, particularly between Boxes East and South and Box West, which respectively correspond to

conditions with and without boundary layer rolls.

Figure 10. Vertical profiles of median vertical gradient of a) θ and b) wind, c) Richardson number Ri and d) liquid water ratio for Boxes
East, South and West. Shaded areas correspond to the 25th and 75th percentile. The horizontal dotted lines correspond to a) the mean MABL
top and b) the inflection point of wind.

The static stability (panel a) exhibits negative values near the surface in all Boxes, indicative of unstable MABL. However,495

Box West is less unstable near the surface compared to Box East (-20 versus -28 Kkm−1) but near-surface thermal instability

alone is unlikely to explain the occurrence of boundary layer rolls (Weckwerth et al., 1997). Instead, the transition toward

neutral or stable conditions occurs at different altitudes, reflecting contrasting MABL top. The MABL top is estimated with
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Ri>0.25 from MNH800 (Fig. 5b) since Ri in LES is too noisy. It is equal to ∼ 340 m in Box East and ∼ 390 m in Boxes

South and West (horizontal dotted lines in Fig. 10). The wind shear profiles (Fig. 10b) provide additional insight. All boxes500

exhibit a similar wind shear in the surface layer, around 0.15 s−1, conditions sustaining boundary layer rolls establishment

(Smedman, 1991; Alpers and Brümmer, 1994; Weckwerth et al., 1997; Santellanes et al., 2021). In Boxes East and South,

wind shear decreases rapidly with altitude and becomes nearly zero above approximately 200 m, remaining weak throughout

the MABL. This vertical homogenisation of momentum is consistent with the enhanced mixing induced by boundary layer

rolls. In contrast, Box West exhibits persistent wind shear throughout the MABL, which can be related to the absence of roll505

structures. In addition, an inflection point within the MABL (horizontal dotted lines in panel (b)) is a necessary condition for

the formation of boundary layer rolls (Alpers and Brümmer, 1994; Atkinson and Wu Zhang, 1996). In Boxes East and South,

it is located within the MABL, whereas in Box West it lies above the top of the MABL. The Richardson number profiles (panel

c) further highlight the contrasted atmospheric conditions among the three boxes. In Boxes East and South, Ri remains strongly

negative throughout approximately half of the MABL before increasing and becoming positive, while still remaining below510

the critical Richardson number Ri=0.25 in the upper part of the MABL. Such a vertical profile is consistent with the presence

of organised boundary layer rolls (Etling and Brown, 1993; Young et al., 2002). In contrast, Box West exhibits Ri values close

to zero within the MABL, followed by a gradual increase with altitude over a thicker vertical extent. Finally, the cloud water

content (panel d) does not indicate consistent differences between Box West and Boxes East and South. Thus, the model does

not accurately represent the boundary layer rolls observed in Box West, because either the thermal instability is too weak or515

the wind shear is too strong, and this results in failing to organise into boundary layer rolls.

Surface fluxes play a key role in shaping the temperature profile and modulating thermal instability (Lfarh et al., 2024).

Sensible (H) and latent (LE) heat fluxes are computed over the valid subdomains (see Table 1). Both H and LE reach their

maximum values in Boxes East and South (approximately 265 and 400 Wm−2, respectively), while Box West exhibits a

lower values by about 30% and 27%. This contrast in H is primarily driven by the thermodynamic gradients controlling520

surface exchange processes, namely wind speed differences (∆U = U10 −Usurface with Usurface = 0) and temperature contrast

(∆T = Temperature at 2 meters−SST). The lower H in Box West is associated with a weaker ∆T (-2.5 K) compared to

Boxes East and South (approximately -4 K). These three values of ∆T are comparable to those observed when boundary layer

rolls are present (Brümmer and Wendel, 1987; Alpers and Brümmer, 1994; Atkinson and Wu Zhang, 1996). Although SST is

relatively uniform across the three Boxes (around 290 K), temperature at 2 meters is higher in Box West than in the other two525

regions. Latent heat fluxes depends on both ∆U and the humidity contrast ∆Hu (2 m relative humidity - 100%). Here again,

∆Hu is less pronounced in Box West (16%) than in Boxes East and South (18.7–19.8%). While ∆U is larger in Box East than

in Box West, potentially enhancing surface fluxes, the fluxes remain comparable between the two subdomains of Box South,

suggesting that wind is not the primary controlling factor. According to Lfarh et al. (2024), a complete suppression of sensible

heat fluxes inhibits the formation of boundary-layer rolls in LES of extratropical cyclone. Here, the reduction in total surface530

fluxes in Box West may provide a plausible explanation for the absence of boundary layer rolls by increasing the static stability

close to the surface.
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Box H LE ∆T ∆Hu ∆U
EAST 263±63 402±84 3.9±0.4 19.8±2.2 20.6±1.9

SOUTH-BLR 269± 53 396±66 4±0.2 18.7±1.4 14.9±4
WEST 184 ± 60 310±90 2.5±0.4 16.7±2.2 17.2±3.5

Table 2. Table of means and standard deviations for sensible and latent surface heat flux, difference between surface and first level of model
for temperature, relative humidity and wind intensity in Boxes East, South and West.

5 Conclusion

This study combines C-band Synthetic Aperture Radar (SAR) observations from the Sentinel-1 satellite and Large-Eddy Sim-

ulations (LES) with the Meso-NH model to investigate the physical mechanisms controlling intense surface winds in Storm535

Alex during its warm seclusion phase over the English Channel on 2 Oct 2020. SAR provides unique high-resolution (100 m)

snapshots of surface wind organisation, while LES allow investigating the associated boundary layer dynamics and fine-scale

processes involved.

A first Meso-NH simulation at 800 m of horizontal grid spacing (MNH800), forced by the IFS operational analysis, repro-

duces the mesoscale structure of the storm, including the cold conveyor belt (CCB), warm sector, and the spatial distribution540

of the low-level jet (LLJ). Three distinct regions (labelled Box East, South, and West) of ∼ 50 x 50 km2 where surface wind

speed is high (> 25 ms−1) are simulated by using LES with 50 m of horizontal grid spacing. High surface wind speeds are

associated to a LLJ located in the CCB of Storm Alex. The LLJ reaches approximately 30 ms−1 in Boxes East and South,

where it extends from the surface to about 600 m, and up to 40 ms−1 in Box West, where it extends up to 1.5 km. A sys-

tematic underestimation of surface wind speed relative to SAR wind products is found in MNH800, and is not significantly545

reduced by increasing horizontal resolution, indicating that it likely arises from the IFS forcing and physical parameterisations

including those for air–sea interaction processes rather than grid spacing alone. In the LESs, the simulated surface wind speed

distribution becomes broader and exhibits more realistic extreme values with respect to SAR wind product, although the mean

wind speed bias persists.

Energy spectra of SAR observations reveal enhanced energy at around 1 km wavelength in Boxes East and West while Box550

South displays a flatter spectral distribution. The LESs’ spectral shapes match observations in Boxes East and South. The LES

of Box West shows a markedly different behaviour, with a monotonic decrease in spectral energy toward smaller scales and

no clear kilometre-scale peak, in disagreement with SAR data. To characterise the nature of the circulation responsible for the

energy peaks, a two-dimensional autocorrelation function (ACF) is employed to identify the presence or absence of coherent

structures and to quantify their characteristic spatial scales. The ACF is applied to the SAR backscatter coefficient (σ0) and555

to the surface roughness length diagnosed from the LES. In SAR, the three boxes are characterised by streaks with typical

scales of approximately 1.1 km and an alignment with the mean wind direction. The LES successfully reproduces the coherent

structures observed by SAR in Boxes East and South. In contrast, in Box West, the autocorrelation analysis does not reveal

streak-like structures in the LES, whereas such features are clearly predominant in the SAR observations.
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Vertical cross-wind sections in Boxes East and South reveal quasi-periodic alternations of updrafts and downdrafts with a560

spacing of approximately 1 km. These structures are confined within the marine atmospheric boundary layer, with maximum

vertical velocities of about ± 2–3 m s−1. They are consistent with boundary-layer rolls definition with a aspect ratio around

2 (Weckwerth et al., 1997). Surface winds are enhanced beneath their subsiding branches and LES analysis suggests that

boundary-layer rolls act as a key organising mechanism for fine-scale wind structures in high-wind regions of Storm Alex,

through efficient downward transport of momentum from LLJ. In contrast, Box West exhibits deeper and less organised vertical565

motions, with updrafts extending above the boundary layer top and interacting with the free troposphere. Vertical velocities

exceed ± 5 m s−1 and are associated with a deeper cloud layer (up to 1.5–2 km). Stronger vertical wind shear and weaker

surface buoyancy fluxes appear to inhibit the formation of organised boundary layer rolls in LES, leading instead to more

disordered convective structures.

From a modelling point of view, this case study highlights the strong sensitivity of boundary layer rolls to the underlying570

thermodynamic and dynamical conditions of the atmosphere. In particular, the results suggest that their formation and organ-

isation depend critically on vertical wind shear and thermal stability. Idealised LESs such as those presented by Wang and

Jiang (2017) may help to systematically investigate the role of these controlling parameters. This study also shows that LESs

are strongly influenced by lateral boundary conditions under strong wind regimes, and that a non-negligible fraction of the

domain cannot be used to investigate fine-scale structures. Simulations performed over larger domains would (i) provide more575

robust statistics and (ii) allow the downstream evolution of advected boundary-layer rolls to be investigated. Recent advances

in high-performance computing now make it feasible to run LES over 3D grids of up to one billion points becoming accessible

(e.g., Escobar et al., 2025).

From an observational point of view, further investigation of surface coherent structures within high wind speed in extratrop-

ical cyclones could be done from Wave mode SAR acquisitions (with horizontal resolution ∼ 5 m) which provide significantly580

improved spatial resolution compared to the Interferometric Wide mode (100 m) images used here. Such data would help

reduce the noise and sampling limitations when identifying fine-scale surface signatures, particularly under extreme wind con-

ditions (Wang et al., 2019). However, the limited number of Wave mode SAR acquisitions, combined with their relatively

small spatial coverage (20 × 20 km2), remains a significant constraint for systematic analyses of extratropical cyclone events,

particularly when attempting to co-locate observations with high-resolution simulations.585

Further progress will also benefit from coordinated field experiments combining in situ airborne measurements with SAR

overpasses, especially under strong wind conditions associated with extratropical cyclone environments. Such measurements

will provide direct constraints on fine-scale boundary layer turbulence and momentum transport processes that are otherwise

difficult to infer from remote sensing alone. In this context, datasets from dedicated field campaigns represent a particularly

valuable resource for investigating interactions between synoptic-scale forcing and boundary layer organisation. In Febru-590

ary–March 2026, the dedicated NAWDIC-DICHOTOMI field campaign (Quinting et al., 2026; Rivière et al., 2026) deployed

the ATR42 research aircraft in extratropical cyclones, equipped with two airborne Doppler radar systems: BASTA (Bistatic

rAdar SysTem for Atmospheric observations; Delanoë et al. (2016)) and RASTA (RAdar SysTem Airborne). These instruments

provide complementary measurements of the wind field within clouds and precipitation, enabling a detailed characterisation
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of the vertical structure of winds from the surface to ∼ 6 km with a spatial resolution. BASTA provides measurements with595

a temporal resolution of 0.1–1 s, corresponding to a spatial resolution of approximately 10–100 m, which offers a valuable

opportunity for comparison with LES simulations.

Finally, this study highlights the potential of Synthetic Aperture Radar (SAR) observations to improve our understanding of

complex fine-scale interactions within synoptic-scale systems. While boundary layer circulations in tropical cyclones have al-

ready been extensively investigated using SAR (Zhang et al., 2008; Foster, 2013; Wang et al., 2018), extending SAR analyses to600

hybrid systems such as medicanes (Miglietta et al., 2025) would help to better characterise local surface wind structures where

tropical and extratropical features coexist (Colin and Husson, 2025; Avenas et al., 2026). Recent studies, such as Brumer et al.

(2026) on Medicane Ianos, highlight that coupled ocean–atmosphere simulation provide a suitable framework to investigate

how fine-scale air–sea interactions influence medicane wind structures and dynamics.
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