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Abstract
This study investigates the occurrence and characteristics of low-level jets (LLJs)
up to 200 m above sea level in the North Sea area, specifically in the south-
ernmost part of the basin, at the entrance of the English Channel. Using a
short-range Doppler lidar installed in Dunkerque Port, on the northern coast of
France, wind profiles were recorded for 4 years and analyzed statistically. LLJs
were detected on more than 11,000 of the 10-min average wind profiles (5% of
time), with similar jet core height and core speed distributions as in other sites
in the southern North Sea area, and a similar annual cycle. However, there were
differences in the core directions and the daily cycle, with afternoon northeastly
jets being the most frequent in Dunkerque, whereas southwesterly nocturnal jets
were dominant in the other North Sea sites. This suggests that wind channel-
ing in the Dover Strait is likely a major factor for LLJ formation in Dunkerque
region. The study also examined the conditions of LLJ occurrence using Euro-
pean Centre for Medium-Range Weather Forecast (ECMWF) reanalysis v5 and
ultrasonic anemometer data, but the different types of LLJs sharing the same
core direction and occurrence conditions made it difficult to quantify specific
jet formation mechanisms. This is the first experimental study on the North Sea
shore, and at the entrance of the English Channel, providing valuable insights
into the LLJ behavior in the region.
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1 INTRODUCTION

Low-level jets (LLJs) are thin narrow streams of
fast-moving air in the lower troposphere. They were first
reported in the late 1930s over Africa (Gouault, 1938;
Farquharson, 1939) and were later observed over every
other continent (e.g., Means, 1952; Smedman et al., 1993;
Andreas et al., 2000; Du et al., 2012). LLJs typically occur
between 80 and 1,500 m above ground level (AGL) and
have been found to appear at altitudes as low as 30 m
above the sea surface in stably stratified boundary layers
(Smedman et al., 1993; Smedman et al., 1995). LLJs are
an important atmospheric process, as their frequency of
occurrence in the Earth’s boundary layer is far from neg-
ligible (e.g., Blackadar, 1957; Bonner, 1968). Their study
has drawn considerable attention owing to their impact
on weather, regional climate, pollution transport and
dispersion, aviation safety, and wind energy production.

Numerous studies have demonstrated the role of LLJs
in the transport of heat and moisture from the ocean to
the deep inland, along with their role in the initiation of
shear instabilities for storm development (e.g., from the
Gulf of Mexico to the US Great Plains; McCorcle, 1988;
Wu and Raman, 1998). Therefore, LLJs play a role in
deep convection, precipitation, and in the development of
severe weather phenomena, such as mesoscale convective
complexes, squall lines, and tornadoes (e.g., Means, 1944;
Maddox, 1983; Frisch et al., 1992; Zhong et al., 1996). For
instance, a LLJ was heavily involved in the US Great Plains
flooding of 1993 and drought event of 1988 (e.g., Schwerdt-
feger, 1975; Mo et al., 1995; Arritt et al., 1997). In addition to
moisture, LLJs have been linked to the transport of air pol-
lutants, before mixing them down to the surface, degrad-
ing the air quality up to several tens of kilometers away
from the source regions (e.g., for ozone Corsmeier, 1997;
Banta et al., 1998; Klein et al., 2019). The transport by
LLJs also concerns the smoke from wildland or forest fires
(Sharples, 2009) and greenhouse gases, which affects the
estimation of their emissions using boundary-layer budget
techniques (Mathieu et al., 2005; Karipot et al., 2006).

From a more local point of view, the strong vertical
wind shear created by LLJs generates mechanical turbu-
lence aloft that can be transported down to the ground
(Mahrt, 1999; Banta et al., 2002) and tends to increase the
vertical mixing below the jet (Banta et al., 2006; Karipot
et al., 2006). The wind shear associated with LLJs also
affects aviation safety, as abrupt changes in the headwind
result in just as abrupt changes in the air lift, and thus
aircraft height, which may cause severe difficulties for
landing or take-off, particularly for small aircraft (FAA
Safety Team, 2008; Golding, 2005). The occurrence of LLJs
is also an important parameter to consider during the
site selection and design process of a wind farm, as LLJs

have a profound impact on wind energy production (e.g.,
Christakos et al., 2014; Gutierrez et al., 2014; Nunalee and
Basu, 2014). The wind speed increases substantially inside
a jet, which can improve the capacity factor of the tur-
bine (ratio of the average power generated to the rated
peak power); however, the LLJ vertical wind shear cre-
ates a vertical gradient in the thrust forces exerted by the
wind on the blades, which increases the fatigue of the tur-
bine (Gutierrez et al., 2014). The short-term prediction of
the generated electric power is also complicated by the
presence of a strong wind shear, which poses problems in
integrating the wind farm into the electric grid.

In the North Sea region, previous LLJ studies were
based on anemometer and Doppler lidar data from off-
shore platforms located about 40–90 km from the Dutch
or German coast (Kettle, 2014; Kalverla et al., 2017; Dun-
can, 2018; Wagner et al., 2019a; Møller et al., 2020) or from
inland sites located about 40–50 km from the Dutch coast
(Baas et al., 2009) or from the German coast (Wildmann
et al., 2022), or even farther inland in northern Germany
(Ziemann et al., 2020; Weide Luiz and Fiedler, 2022). This
work aims at completing the knowledge of LLJs in the
North Sea area by documenting their characteristics in a
coastal area and at a site located at the southern edge of the
North Sea, close to the entrance of the English Channel.
Compared with previous studies, such a coastal environ-
ment is expected to favor baroclinic effects associated with
land–sea temperature gradients; that is, land/sea breezes.
In addition to these local circulations, the vicinity of the
English Channel may generate regional LLJs as the wind
is channeled by the Dover Strait (Capon, 2003).

In this study, the LLJs have been characterized using
4 years of high-resolution wind profiles from a short-range
Doppler lidar, completed by a sonic anemometer for
near-surface winds. The observations, which allow detec-
tion of jets up to 200 m above sea level, were recorded
above the port of Dunkerque (Dunkirk in English), a
French city located on the southernmost part of the
North Sea, about 40 km east of the English Channel
exit. This study was first triggered by the announce-
ment of the installation of an offshore wind farm close
to the city (https://parc-eolien-en-mer-de-dunkerque.fr/),
which raised questions about the wind energy avail-
ability and extreme weather phenomena in the region.
However, Dunkerque city also hosts several large indus-
trial facilities (steelworks, aluminum foundry, petro- and
agro-chemistry, etc.), so that acquiring a better knowledge
of the LLJs’ characteristics was also important to better
understand pollutant dispersion in such a coastal indus-
trial city. In addition, LLJs can present a problem for the
navigation of the largest ships in the English Channel and
during port entrance and docking maneuvers (the air draft
of a recent container ship can reach ∼75 m).

 1477870x, 2023, 754, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/qj.4480 by U
niversite D

u L
ittoral C

ote D
'O

ple Service Facturier, W
iley O

nline L
ibrary on [22/11/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://parc-eolien-en-mer-de-dunkerque.fr/


DIEUDONNÉ et al. 1747

Thus, we focus on the characteristics of LLJs and
provide a detailed discussion about their frequency of
occurrence, and their diurnal and seasonal variations over
the region, in regard to previous observations, notably
recorded in and around the North Sea. The rest of this arti-
cle is organized as follows: Section 2 provides information
about the study site, the observations and reanalysis data
used, and the data analysis process; Section 3 presents the
results (retrieved jet properties, diurnal and seasonal vari-
ability, weather conditions associated with LLJ occurrence
in the Dunkerque region); Section 4 contains the discus-
sion; and Section 5 summarizes the paper and concludes.

2 OBSERVATIONS AND DATA
PROCESSING

2.1 Experimental set-up and data
availability

The study site, Dunkerque, is located in the extreme north
of France (51.05◦ N, 2.35◦ E), on the southern coast of the
North Sea and close to the entrance of the English Channel
(Figure 1a). The coastline in this area is generally oriented
from southsouthwest to eastnortheast and is bordered by a
very flat terrain, the southern Flanders Plain, that extends
about 15 km inland and has a mean elevation of ∼5 m
above mean sea level (AMSL); it is limited to the southeast
by low hills about 30 to 40 m AMSL.

This study mainly relies on wind profiles retrieved
from a Doppler lidar (WindCube v2; Vaisala, Saclay,

France) installed in Dunkerque harbor (Figure 1b). Actu-
ally, two lidars were used: the first one was installed at the
entrance of the port (red dot in Figure 1b) and recorded
observation over 1 year; then, after a few months’ inter-
ruption, another lidar of the same model was installed
in the inner port (yellow star in Figure 1b). At both loca-
tions, the lidar was set up on the roof of a small building
∼14 m AMSL. The lidar retrieved the three wind compo-
nents using the Doppler beam swinging technique with a
combination of five beams (four in the cardinal directions
at a 62◦ elevation angle from the ground, plus a vertical
beam). The accumulation time was 1 s for each beam, so
that a wind profile was retrieved every 5 s, with an accu-
racy of 0.1 m⋅s−1. The wind profiles were then averaged
over 10-min periods. The wind was retrieved every 20 m
from 40 to 220 m above the instrument; the observation
altitudes were therefore 54, 74, 94, 114, 134, 154, 174, 194,
214, and 234 m AMSL. For the second series of observa-
tions in the inner port, two higher gates were added; the
exact altitudes varied in time within a maximum of 304 m
AMSL (maximum range of the instrument). An auto-
matic filter was applied to the data, and all measurements
having a carrier-to-noise ratio lower than −23 dB were
discarded. In the presence of clouds or during rainfall,
the carrier-to-noise ratio drops with increasing altitude,
so that the wind observations’ availability decreases with
altitude. However, the data availability is above 95.7% for
all levels up to 244 m AMSL, dropping to ∼70% at 274 m
AMSL and ∼49% at 304 m AMSL.

The lidar observation at the port entrance cover
the period from July 29, 2016, to July 30, 2017, with

F I G U R E 1 (a) Map showing the location of Dunkerque city (red dot) and the places where previous studies of low-level jets in the
North Sea area took place (green dots), plus the boundaries of the domain for which ERA5 data were retrieved (purple square) with the two
poinst used to compute the land–sea temperature gradient (purple dots). Be: Belgium; NL: Netherlands; DK: Denmark. (b) Aerial picture of
Dunkerque city center and the eastern side of the harbor showing the locations of the Doppler lidar (red dot from July 2016 to July 2017,
yellow star from November 2017 onwards) and of the ultrasonic anemometer (green diamond) (background image from https://www.
geoportail.gouv.fr/) [Colour figure can be viewed at wileyonlinelibrary.com]
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1748 DIEUDONNÉ et al.

only 15 days missing in June 2017 due to power fail-
ure. The lidar observations at the inner port cover the
period from November 27, 2017, to September 30, 2021,
with several interruptions, as this instrument was used
for other projects. Hence, a few days are missing in
September 2018; there was a 4-month interruption from
mid-December 2018 to mid-April 2019, a 1-month inter-
ruption in June–July 2019, and a 13-day interruption in
August–September 2019. The periods with or without
observations are represented graphically in Supporting
Information Figure S1. In total, the database gathers
227,694 wind profiles, corresponding to 1,581 days of
10-min observations, or 4.33 years. As the lidar measure-
ments started and ended in the middle of a calendar year,
when studying the year-to-year variability, the yearly totals
will be computed using reference periods ranging from
the month of August to the month of July the next year.

Owing to the interruption existing in the lidar mea-
surements, the different seasons and months of the year
did not have the same number of observations (Support-
ing Information Table S1). The months with the lowest
data availability were July (72%) and September (76%),
whereas May (100%) and December (92%) had the high-
est data availability; all the other months of the year had a
data availability between 80% and 88%. In terms of season,
summer had the lowest data availability (79%), whereas
spring had the highest (89%); the two other seasons had a
data availability around 80–85%. In order to compute rep-
resentative annual and seasonal cycles (Section 3.3), the
numbers of LLJ wind profiles were corrected for these dif-
ferences in data availability: the observed numbers were
simply divided by the fraction of available data. This way,
the figures presented in Section 3.3 correspond to the
number of profiles that would have been observed if the
series of measurements had been continuous, assuming
that the existing observations were representative of the
time period they stand for. The raw and corrected num-
bers underlying the figures in Section 3.3 are all given in
Supporting Information Table S1.

The near-surface wind was measured using a Metek
USA-1 “Scientific” three-dimension ultrasonic anemome-
ter (Metek GmbH, Elmshorn, Germany) that was installed
in the port, in between the two lidar positions (green dia-
mond in Figure 1b), ∼0.9 km from the first lidar location
and ∼1.4 km from the second. The mast was 15 m high,
so the anemometer was located ∼22 m AMSL. There are
no elevated buildings in the vicinity, and the anemome-
ter is mounted on the top of the mast, so no wind sector
needs to be excluded. The ultrasonic anemometer started
measuring a few months later than the lidar, on January
5, 2017, and then worked till the end of the period. The
anemometer data were recorded at a 20 Hz frequency, but
only the data averaged over 15 min were stored, along

with the turbulence parameters computed online from the
20 Hz data. They were later linearly interpolated to match
the lidar 10-min averaging periods. It was not possible to
directly average the anemometer data over 10-min periods
as the raw data were not kept for storage-capacity reasons.
The anemometer data were filtered using a 90% thresh-
old on the fraction of good quality data obtained during
the averaging period, which resulted in removing 0.35%
of the 10-min periods (in this case, the wind profiles were
kept with a missing value of the lower altitude). This did
not impact the detection of LLJs, as periods with low data
availability on the ultrasonic anemometer also correspond
to a strongly reduced measurement range on the wind lidar
(heavy rain notably). All times are given in the Universal
Time Coordinate (UTC) system, which is very close to the
local solar time.

2.2 Jet detection, properties retrieval,
and classification

In this work, the term LLJ refers to any stream with a
low-altitude maximum in the wind profile that is at least
2 m⋅s−1 and 25% greater than the speed minimum located
immediately above it, following the definition used in the
other studies performed in the North Sea region (e.g., Baas
et al., 2009; Kalverla et al., 2017; Wagner et al., 2019b). The
relative threshold of +25% is used to discard wind fluctua-
tions unrelated to a jet event, which can go above the abso-
lute threshold of +2 m⋅s−1 during storm episodes. Other
researchers (e.g., Andreas et al., 2000; Karipot et al., 2006)
also required that the wind decreased by at least 2 m⋅s−1

below the maximum. However, in Dunkerque, we found
that the very low altitude wind maxima often corre-
sponded to the end or beginning of frontal passages, so we
do not see any physical reason for excluding them from
the jet database. Moreover, we did not have near-surface
wind measurements (e.g., at a 2 m altitude) that would
allow us to observe the wind decrease close to the ground
(and such measurements would not be reliable in an urban
area like Dunkerque). Nevertheless, the dataset was also
processed adding the “wind decrease below the jet” cri-
terion in order to assess its impact on the results (using
the same absolute and relative thresholds on the wind
speed). Regarding the wind absolute threshold, other stud-
ies used higher absolute values, sometimes associated with
shear criteria (e.g., Bonner, 1968; Whiteman et al., 1997;
Song et al., 2005). Aird et al. (2021) performed an exten-
sive sensitivity study and showed that the number of
jets detected depends greatly on the absolute and rela-
tive criteria used. In this study, we retained only the most
frequently used set of speed criteria for better compara-
bility with other studies. Also, using higher thresholds
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would filter out many of the low-speed jets, which are often
observed below 200 m AGL. Although those weak jets do
not play a large role in the long-range transport of atmo-
spheric species, they play a key role in the wind power
estimates, turbulence generation in the surface layer, and
surface–atmosphere exchanges of energy and trace gases
(e.g., Mathieu et al., 2005; Karipot et al., 2006).

The LLJs fulfilling the aforementioned criteria were
detected among the 10-min-average wind profiles from
the Doppler lidar. Profiles with missing data at some alti-
tudes were also used, provided that at least two measure-
ments were retained above the wind maximum. In this
way, jets up to 194 m AMSL could be detected during the
first lidar period (1 year), and up to 234 m AMSL during
the second period (3.33 years). A time continuity criterion
was also used; that is, we required the wind maximum
to persist during at least two consecutive 10-min pro-
files, so that intermittent and continuous jet events were
both considered. Other researchers retained longer dura-
tion thresholds: for instance, Ziemann et al. (2020) used
a 30-min continuity criterion (three consecutive 10-min
average profiles), whereas Baas et al. (2009) used 1.5 hr
(three consecutive 30-min average profiles). To assess the
impact of the minimum duration criterion, we also pro-
cessed the data imposing the jet to persist for three, six, or
nine consecutive 10-min profiles.

For each of the selected wind profiles, the three follow-
ing LLJ characteristics were retrieved: the jet core height,
core speed, and core direction; that is, the altitude zm, the
speed Vm, and the direction 𝜃m of the elevated horizontal
wind maximum. Height and direction continuity criteria
were also tested, imposing the core altitude not to vary by
more than three or two measurement heights between two
consecutive profiles, and the core direction not to vary by
more than 30◦ or 20◦. The wind speed shear between the
jet core and the near-surface wind was computed as the
ratio (Vm − Vs) ∕ (zm − zs), where Vs is the wind speed from
the sonic anemometer and zs its altitude (22 m AMSL).
We also computed the wind direction shear, defined as
(𝜃m − 𝜃s) ∕ (zm − zs), where 𝜃s is the direction of the wind
from the sonic anemometer; the shear is therefore posi-
tive when the wind veers in the clockwise direction with
increasing altitude. To allow comparison with other stud-
ies in the wind energy field, the shear in speed was also
computed as the shear exponent 𝛼, defined as

Vm

Vs
=
(

zm

zs

)𝛼

. (1)

To understand and explain the characteristics of the
LLJs, the wind-speed cores were divided into six bins: 0th
to 5th percentiles (2 ≤ Vm < 3.56 m⋅s−1), 5th to 25th per-
centiles (3.56 ≤ Vm < 5.65 m⋅s−1), second quartile (5.65 ≤

Vm < 7.61 m⋅s−1), third quartile (7.61 ≤ Vm < 9.66 m⋅s−1),
75th to 95th percentiles (9.66 ≤ Vm < 13.33 m⋅s−1), 95th
percentile and above (Vm ≥ 13.33 m⋅s−1). Additionally, in
order to investigate the jet formation mechanisms, we
classified the profiles based on the jet provenance. Four
modes were used, following the wind rose of the jet
core direction (see Section 3.2.2 and Figure 3b): north-
easterly jets (0◦ < 𝜃m ≤ 80◦), eastsoutheasterly jets (80◦ <
𝜃m ≤ 140◦), southerly jets (140◦ < 𝜃m ≤ 230◦) and west-
erly to northwesterly jets (230◦ < 𝜃m ≤ 360◦). The coast
in Dunkerque is oriented toward westsouthwest and east-
northeast (azimuths 60◦ and 255◦), so the eastsoutheast-
erly and southerly jet modes were offshore, whereas the
northeasterly and westerly to northwesterly jet modes
were onshore (Figure 3b). We also differentiated the noc-
turnal and diurnal wind profiles; for this, we calculated
the sunrise and sunset time for each day, simply using
the sunRiseSet Matlab function written by Droste (version
2.3, committed on November 6, 2017, https://github.com/
rdroste/sunRiseSet; see also Meeus, 1991).

All the statistics presented in Section 3 (except
Section 3.3.3) were computed relative to the total num-
ber of 10-min average wind profiles exhibiting a jet (herein
only referred as “jet profile” or “LLJ profile”). However,
it is sometimes more interesting to reason in terms of
meteorological events, which requires gathering the wind
profiles into continuous time-series corresponding to the
same jet event. This was done using a time-continuity cri-
terion: wind profiles with jets that were separated by less
than 3 hr were considered to belong to the same event. This
threshold value was set empirically by observing the time
series of jet core direction along with the corresponding
event attribution (e.g., Supporting Information Figure S5).
A 3 hr threshold allowed us to encompass events during
which the altitude of the jet core temporarily rose above
194 m AMSL, or events during which the speed increment
temporarily fell below +2 m⋅s−1 or +25%. Very few cases
were found for which this threshold resulted in mixing
into the same LLJ event two different weather phenomena
closely following each other in time.

2.3 Characterizing the weather
conditions

In order to characterize the weather conditions favoring
the occurrence of LLJs, we used weather data from the
European Centre for Medium-Range Weather Forecast
(ECMWF) reanalysis v5 (ERA5; Hersbach et al., 2020)
available from the Copernicus Climate Change Service
Climate Data Store (https://cds.climate.copernicus.eu/).
The horizontal resolution was 0.25◦, and we retrieved data
on a grid surrounding Dunkerque, composed of six points
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in latitude (from 50.40◦ N to 51.65◦ N) and nine points in
longitude (from 1.30◦ E to 3.30◦ E). This corresponds to
a quasi-square domain of 140 km× 139 km (Figure 1a).
The time resolution was 1 hr, and data were linearly inter-
polated to match the exact time of the observed wind
profiles. Two parameters were retrieved from the reanaly-
ses: the geopotential at the 850 hPa pressure level and the
2 m temperature.

The geopotential was used to compute the geostrophic
wind over Dunkerque region, using a planar fit to retrieve
the orientation and strength of the geopotential gradient.
The 850 hPa pressure level (∼1,500 m AMSL) is commonly
used as a reference as it is generally located out of the
boundary layer, and thus not influenced by the surface
(e.g., Blackadar, 1957; Wagner et al., 2019b). The 850 hPa
geostrophic wind was used to characterize the general
weather conditions in the Dunkerque area, with easterly
gentle flows being associated with anticyclonic conditions
and stronger westerly flows corresponding to low-pressure
systems passing over the region. The 2-m temperature
was used to compute the land–sea temperature gradi-
ent, defined as the temperature difference between two
points (Figure 1a) located over the sea northnorthwest
from Dunkerque (51.25◦ N, 2.25◦ E) and over land south-
southeast from Dunkerque (50.85◦ N, 2.45◦ E). Those two
points are roughly symmetrical around Dunkerque on a
transect from the coastline, each located ∼23 km from the
coastline. The temperature at each of those points was
computed using bilinear interpolation from the gridded
2-m temperature. This gradient tells whether the condi-
tions are favorable to the formation of a sea breeze on the
Dunkerque coast.

Finally, the atmospheric stability was assessed using
the Monin–Obukhov stability parameter Λ derived from
the ultrasonic anemometer observations following

Λ = −
𝜅 g w′T′

T u3
⋆

, (2)

where 𝜅 = 0.37 is the von-Karman constant and
g = 9.81 m⋅s−2 is the gravity acceleration. w′T′ is the
sensible heat flux and T (K) is the average tempera-
ture, computed using the temperature measured by the
anemometer, which is very close from the virtual temper-
ature appearing in the original formula (Bardal et al., 2018
and references therein). u⋆ is the friction velocity com-
puted from the momentum fluxes. Other researchers
use directly the Monin–Obukhov length L = Λ−1 (e.g.,
Bardal et al., 2018) or the Obukhov parameter; that is,
the ratio between the measurement altitude and the
Monin–Obukhov length (e.g., Rodrigo et al., 2015). In this
study, the Obukhov parameter was not used because the
ultrasonic anemometer is installed at the very land–sea

interface so that the measurement altitude should be
taken above ground level or above sea level depending
on the wind direction. Values of the stability parame-
ter were sorted into modified Pasquill stability classes
(Golder, 1972; Mohan and Siddiqui, 1998); the class
boundaries corresponded to a 50 cm roughness length, a
value that was adjusted for the Dunkerque site during a
previous study (Xiang, 2011). The atmosphere was con-
sidered to be “extremely unstable” if Λ < −0.072 m−1,
“moderately unstable” if −0.072 ≤ Λ < −0.015 m−1,
“slightly unstable” if −0.015 ≤ Λ < −0.002 m−1, “neu-
tral” if −0.002 ≤ Λ < +0.003 m−1, “moderately stable”
if 0.003 ≤ Λ < 0.016 m−1, and “extremely stable” if
Λ ≥ 0.016 m−1. The months of August to December 2016
were not considered for this parameter, as the anemometer
did not function at this time.

3 RESULTS

3.1 Sensitivity to the jet detection
criteria

After processing the whole dataset, 11,462 wind profiles
were found to fulfill the criteria defined in Section 2.2,
which lay the basis for a robust statistical study of LLJ
properties over the study site. As a preliminary remark,
a total of 12,105 profiles (i.e., 5.6% more) would have
been found using only the absolute detection criterion
(+2 m⋅s−1), so that adding the relative detection criterion
(+25% wind speed) did not change the results drastically.
The 11,462 selected profiles represent 5.03% of the total
number of 10-min average periods with observations. This
fraction depended on the year (Table 1, upper part) and
varied between 3.93% (August 2017 to July 2018) and 6.41%
(August 2019 to July 2020). Part of this variability might
come from the data availability: when the missing peri-
ods cover preferentially the months with the highest LLJ
occurrence, the fraction of time with LLJ will be underesti-
mated. Thus, during the period with the lowest jet fraction
(August 2017 to July 2018), the month of August was miss-
ing, though it is usually one of the months with the highest
LLJ activity (Section 3.3.1); conversely, the period with
the highest jet fraction (August 2019 to July 2020) only
lacks 13 days of observations. However, the distribution of
the selected wind profiles in time (Supporting Information
Figure S1), clearly showed that, for the same month of the
year, the number of LLJs can vary strongly from one year
to the next (one can compare, for instance, the months of
April 2017 or 2018 with the month of April 2020, or August
2018 with August 2019 or 2020). The fraction of time with
LLJs can rise up to 22% during some months (April 2020
with 100% data availability), so that jets are definitely not
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DIEUDONNÉ et al. 1751

T A B L E 1 Number of 10-min average wind profiles in which a low-level jet (LLJ) was detected, total number of wind profile
observations, and fraction of observations with a LLJ. In the upper part, the numbers are given for 12-month periods from August to July
the following year, all using the 20-min time-continuity criterion. In the lower part, the numbers are given for the whole period, varying
the continuity criteria. The whole-period total does not match the sum of the yearly values as the months of August and September 2021
are not included in the yearly totals

Period Continuity criteria No. wind profiles No. LLJ profiles Fraction with LLJ (%)

August 2016–July 2017 20 min 50,250 2,008 4.00

August 2017–July 2018 36,330 1,426 3.93

August 2018–July 2019 29,120 1,309 4.50

August 2019–July 2020 50,875 3,263 6.41

August 2020–July 2021 52,124 3,043 5.84

Whole period 20 min 227,694 11,462 5.03

30 min 8,796 3.86

60 min 7,416 3.26

90 min 4,993 2.19

20 min+ 30◦ + 3 heights 11,135 4.89

20 min+ 20◦ + 2 heights 10,774 4.73

20 min+ elevated jet 8,432 3.70

a negligible phenomenon for regional weather, pollutant
dispersion, and wind power generation.

As could be expected, the number of LLJ wind profiles
retained and the corresponding fraction of time progres-
sively decreased as the number of consecutive profiles
required was increased (Table 1, lower part). The increase
from 20 to 30 min had a strong effect, as it reduced the
number of profiles by 23%, whereas a further increase to
60 min only removed an extra 12% of the 20-min database.
Applying the strictest criterion of 90 min, only 44% of the
20-min database remained, resulting in a fraction of time
with jets of 2.19% instead of 5.03%. In the rest of the
article, the looser time-continuity criterion of 20 min was
used in order to include also the short-lasting jet events.
Indeed, peering through the data by eye revealed that these
events were not artifacts, but often seemed to be associated
with frontal passages. Adding height and direction con-
tinuity criteria had a much weaker effect on the number
of profiles retained than increasing the minimum dura-
tion criterion did: imposing the core altitude to vary at
most by two measurement heights and the core direction
at most by 20◦ reduced the number of selected profiles
by only 6.0%. These criteria were not retained in the fol-
lowing, as we regularly found cases when a nocturnal LLJ
would develop shortly after the end of a sea breeze, with
different core properties. Finally, imposing the wind to
decrease also below the jet core reduced the number of
selected profiles by 26%. This criterion was not retained for
the same reason as the longer time-continuity thresholds:

in order to include events associated with frontal pas-
sages, which can happen very close to the ground. The
effects of stricter criteria on the results will be discussed
in more detail in Section 4, but it did not change signif-
icantly the results in terms of jet properties or temporal
variability.

3.2 Jet properties

The whole LLJ database was first used altogether to derive
multiannual averaged distributions of the LLJs’ character-
istics. Here, the fractions of LLJ wind profiles were defined
as the ratio of the number of 10-min periods with specific
LLJ characteristics to the total number of 10-min periods
with LLJs.

3.2.1 Jet core speed

A single value of wind retrieved in the jet core reached a
speed of 33.1 m⋅s−1, and only four profiles (0.03% of the
total) had a core speed above 18 m⋅s−1, so the distribution
presented in Figure 2 is cropped to this value. The peak of
the core speed distribution coincided with its median value
(7.6 m⋅s−1) and was relatively symmetric (first and third
quartiles at ∼5.7 m⋅s−1 and 9.7 m⋅s−1 respectively). How-
ever, the core speed distribution had a longer tail on the
right-hand side, so the average LLJ core speeds (7.8 m⋅s−1)
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1752 DIEUDONNÉ et al.

F I G U R E 2 Distribution of the Low-Level Jet (LLJ) core
speeds, detailed by direction mode as defined in Section 2.2. The
fractions on the right y-scale are all relative to the total number of
profiles with LLJ (11,462). The band on the top of the panel
indicates the ranges of the six speed classes defined in Section 2.2 in
terms of data percentiles. [Colour figure can be viewed at
wileyonlinelibrary.com]

was slightly higher than the median, and the 5th and 95th
percentiles (∼3.6 m⋅s−1 and 13.3 m⋅s−1 respectively) were
not symmetric around the median. The standard deviation
was 3.0 m⋅s−1.

The detail of the core speed distribution in terms of
direction mode (Sections 2.2 and 3.2.2) is also presented
in Figure 2. The northeasterly and southerly modes had
a speed distribution similar to the global distribution; the
westerly+northwesterly mode had a flat distribution lim-
ited to weak and moderate core winds (below 10 m⋅s−1);

the eastsoutheasterly mode also had a flat distribution
with a plateau extending to stronger core wind values
(5–13 m⋅s−1). Consequently, the strong jets belonged dom-
inantly to the northeasterly and eastsoutheasterly modes.
The strongest jets (above 14 m⋅s−1) were almost all north-
easterly, even producing a small secondary peak in the
northeasterly mode core-speed distribution (from 13.5 to
15.5 m⋅s−1), which is also visible from the jet core wind rose
(Figure 3b).

3.2.2 Jet core direction

The general distribution of the wind directions in
Dunkerque is presented in Figure 3a, using observations
recorded 100 m above the lidar; that is, 114 m AMSL as
reference. All wind directions were represented, though
southwesterly winds were more frequent and gathered
a higher number of strong wind events, as expected
due to the influence of Atlantic low-pressure systems in
the region. The distribution of the LLJs’ core directions
(Figure 3b) was quite different from the general wind dis-
tribution, as it was dominated by onshore coastwise flows
entering the English Channel and coming from the north
to northnortheast directions. This “northeasterly mode”,
gathering wind origins from 0◦ to 80◦, accounted for 42%
of the total LLJ profiles and gathered most of the strong jet
profiles (as already stated in Section 3.2.1). The orography
in the Dover Strait region is not so elevated, but in associ-
ation with the sea–land surface roughness gradient, it has
been shown to be able to channel the wind and generate
LLJs (Capon, 2003).

F I G U R E 3 (a) General distribution of the wind direction at 114 m above the mean sea level and (b) distribution of the low-level jet
(LLJ) core directions, plotted as wind roses using the six speed classes defined in Section 2.2 and pictured in Figure 2. In (a), the fractions are
relative to the total number of wind profiles (227,694); in (b) the fractions are relative to the total number of wind profiles with a jet (11,462);
the bins are 10◦ wide. The plain blue line represents the coastline direction in Dunkerque region, the sea/land being located above/below the
line respectively. In (b), the outer circle indicates the angular domains corresponding to each of the four LLJ direction modes defined in
Section 2.2 [Colour figure can be viewed at wileyonlinelibrary.com]
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DIEUDONNÉ et al. 1753

F I G U R E 4 Distribution of the Low-Level Jet (LLJ) core heights by (a) speed classes and (b) direction mode, as defined in Section 2.2
and pictured in Figures 2 and 3b. The frequencies of occurrence are all relative to the total number of profiles selected (11,462). The lidar
settings evolved with time, and the exact altitude of the lidar gates located above 200 m above the mean sea level (AMSL) changed; therefore,
the rightmost bin gathers all values ≥234 m AMSL. As most of them were actually located at 244 m AMSL, the rightmost bin is represented at
this altitude [Colour figure can be viewed at wileyonlinelibrary.com]

In Dunkerque, a secondary mode in the LLJs’ core
direction existed, gathering offshore jets rotated 30◦ to
80◦ clockwise from the coastline (i.e., southeast to east).
This “eastsoutheasterly mode”, ranging from 80◦ to 140◦
in direction, represented 23% of the total number of LLJ
profiles and also contained a small but significant share
of strong jets. The rest of the jet core rose was subdivided
into two modes, separated by a sharp hollow in frequency
in the southwest direction. From 140◦ to 225◦ in direc-
tion, the southerly mode corresponded to a plateau in the
wind rose, gathering 19% of the LLJ profiles, mostly mod-
erate jets. Finally, there was a minor peak in the west
direction (coastwise, exiting the English Channel) and
very few jets from the westnorthwest to north direction;
both were gathered in a “westerly+northwesterly mode”,
which accounted for 16% of the LLJ profiles.

The daytime and nighttime jet core wind roses (Sup-
porting Information Figure S2) show that the eastsouth-
easterly and southerly (i.e., the offshore LLJ modes) were
dominantly nocturnal (with, respectively, 77% and 70%
of the wind profiles in these modes being recorded dur-
ing the night). On the contrary, the northeasterly (i.e.,
onshore coastwise mode) was even more dominantly diur-
nal (at 82%). For the westerly+northwesterly (onshore)
mode, the westerly jets (around 260◦) were dominantly
nocturnal, but the northwesterly jets (280 to 360◦) were
almost exclusively diurnal, resulting in a more balanced
repartition with 58% of diurnal cases. This shows that the
westerly+northwesterly mode very likely gathered two
different types of jets. The latter were still grouped in a sin-
gle mode because, even together, they represented only a
minor fraction of the jets. The LLJ diurnal cycle will be
discussed in more detail in Section 3.3.2.

3.2.3 Jet core height

The distribution of the LLJs’ core altitudes retrieved
over Dunkerque during the whole period is presented in
Figure 4a. The most common jet core height was 114 m
AMSL, the general distribution being rather symmetric
around this altitude. A large majority (79%) of the jets’
cores were located between 74 and 174 m AMSL, whereas
very few jets had a core height really close to the surface
(2.8% at 22 m AMSL), and even fewer were located at the
highest altitude where they can be detected (1.2% ≥234 m
AMSL). The core altitudes above 200 m AMSL were acces-
sible during only 77% of the record (Section 2.1), so they
might be slightly underrepresented; also, having higher
observations would allow the detection of more elevated
jets. However, the number of LLJ wind profiles observed
at the highest accessible altitudes represented only a small
share of the total, and comparison with the two sites clos-
est to Dunkerque suggests that the peak altitude would
not change upon extending the range of the observations
(Section 4).

The details of the distribution by speed class show
that the core height tended to increase with increas-
ing core speed. The weak jets were the most frequent
at 54 m AMSL, and their frequency steadily decreased
with increasing altitude; none was found above 200 m
AMSL. On the contrary, the strong jets were most fre-
quent between 134 and 174 m AMSL and represented
the majority of the cases with a core height above 200 m
AMSL. This behavior can be visualized in more detail
when looking at the core speed range observed at each pos-
sible core height (Supporting Information Figure S3): the
median jet core height grew with increasing core speed
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1754 DIEUDONNÉ et al.

from ∼4.5 m⋅s−1 at 54 m AMSL to ∼11 m⋅s−1 above 200 m
AMSL.

Figure 4b presents the distributions of LLJ core heights
computed for the four direction modes separately. All
modes, except the westerly one, had their most fre-
quent core altitude at 114 m AMSL, like the general dis-
tribution. However, the height distribution of the off-
shore modes (southsoutheasterly and easterly) was skewed
toward slightly higher core altitudes compared to the dom-
inant northeasterly mode. The westerly mode had a flat
distribution with a broad peak from 74 to 134 m AMSL.
In the end, the low core altitudes (22 and 54 m AMSL)
were dominantly associated with onshore jets, whereas
the highest core altitudes (194 m AMSL and above) had
a fraction of offshore jets larger than the general ensem-
ble. Nevertheless, the core speed varied in a similar way
with the core height for the northeasterly (onshore) and
eastsoutheasterly (offshore) jets, at least in the part of the
profile with enough points to compute reliable statistics
(Supporting Information Figure S3) and this, even though
these two modes were respectively diurnal/nocturnal and
occurred in different weather conditions (Section 3.4). One
may think that the nocturnal offshore LLJs tended to
have a higher core altitude because they developed in alti-
tude from frictional decoupling, while northeasterly jets
developed from the surface from the land–sea temperature
gradient (sea breezes) or from the orography and land-sea
surface roughness contrast (wind channeling jets). How-
ever, due to the inertial oscillation, an onshore jet can
turn offshore in a few hours, so the jet core direction at
the time of the observation is not a sufficient parameter

to fully discriminate between the LLJs’ formation mech-
anisms and conclude about their influence on the core
height.

3.2.4 Shear and mixing below the jet

Figure 5a presents the distribution of the shear between
the near surface (22 m AMSL) and the jet core in terms of
wind speed. The maximum observed value was 0.22 s−1,
but the distribution was plotted only up to 0.13 s−1 because
only eight cases (0.07%) fall above this value. The aver-
age and standard deviation of the shear in speed were
0.041± 0.022 s−1, which would correspond to a speed dif-
ference of ∼4 m⋅s−1 with the most frequent core height
of ∼114 m AMSL. The tail of the distribution stretched
on the right-hand side up to 0.10 s−1; that is, speed differ-
ences ∼10 m⋅s−1. The distribution of the shear coefficient
𝛼 corresponding to these values is presented in Supporting
Information Figure S4a. Although it extended up to 2.8,
the figure was cropped at 1.25 as only 54 values were larger,
with the most frequent values being between 0.40 and 0.55.

Compared with the general distribution including all
wind profiles, the distribution of speed shear values under
LLJs was clearly shifted to the right (Figure 5a), which
means that, on average, the shear increased in the pres-
ence of a jet. Globally, the northeasterly mode tended
to generate lower shear values than the eastsoutheast-
erly mode; as this mode is not associated with lower
core heights or weaker core speeds, this means it must
have been associated with stronger surface winds below

F I G U R E 5 Distribution of the wind shear between the near surface (22 m above the mean sea level [AMSL]) and the jet core: (a) speed
shear and (b) direction shear, detailed by direction mode as defined in Section 2.2. A positive shear means the wind veered clockwise with
increasing altitude. The frequencies of occurrence are all relative to the total number of profiles with low-level jets (LLJs) that included a
measurement from the sonic anemometer, for which the shear with the near surface could be determined (10,038). The black lines represent
the distributions computed using all the data (with or without a jet) between 22 and 114 m above the mean sea level, and scaled so that the
right y-axis scale remains correct; an additional one-half factor was applied in (b) as the distribution is very sharply peaked [Colour figure can
be viewed at wileyonlinelibrary.com]
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the jet. Indeed, under northeasterly LLJs, the ultrasonic
anemometer provided higher values of the vertical tur-
bulent intensity TIw (vertical wind standard deviation
normalized by the wind speed; Supporting Information
Figure S4b). This means that the vertical mixing below the
jet was stronger for the northeasterly mode than for the
other three modes. Conversely, the offshore modes were
associated with higher shear values and lower vertical mix-
ing. This difference might only be due to the fact that
the northeasterly mode was dominantly diurnal whereas
the offshore modes were dominantly nocturnal, or result
from frictional decoupling, if this mechanism was indeed
the one driving a majority of the offshore jets. The gen-
eral distribution of TIw was shifted and stretched toward
higher values compared with the distribution computed
under LLJs only (Supporting Information Figure S4b); this
means that jets do not increase the mixing compared with
the all-time average. However, to determine whether LLJs
enhance the vertical mixing or not, it would be more rel-
evant to compare the turbulent intensity values retrieved
just before and after the jet onset; that is, in similar syn-
optic conditions. In Supporting Information Figure S4b,
the values measured in stormy conditions likely pull the
distribution toward the high turbulent intensity values.

Figure 5b presents the distribution of the shear
between the near surface and the jet core in terms of
wind direction. The directional shear ranged from−11.0 to
+10.9◦⋅m−1, but the distribution was plotted only between
−1◦⋅m−1 and +1◦⋅m−1 because 84% of the values fell
in this interval. The shear in direction peaks around
+0.15◦⋅m−1, with 70% of the values lying between −0.15
and+0.45◦⋅m−1. The distribution was skewed toward posi-
tive values (clockwise rotation with increasing altitude), as
can be expected due to the Coriolis effect, and this veering
tended to be more pronounced for the southerly and the
westerly+northwesterly LLJ modes. Compared with the
general distribution including all wind profiles, the distri-
bution of directional shear values under LLJs was much
wider, which means that, on average, the wind direction
veering increased in the presence of a jet. Both veering
directions were represented, though the clockwise rotation
was favored.

3.3 Jet temporal variability

3.3.1 Seasonal and annual cycles

The distribution of the jet profiles by season (Figure 6a)
shows that LLJs were the most frequent in summer,
closely followed by spring (about 38 and 35% of the
total number of wind profiles with jet, respectively). LLJs
were twice less frequent in autumn (19%), which was

an intermediate season, and even four times less fre-
quent in winter (9% of the total). The share of strong
jets was also significantly higher in spring, compared
with the other seasons. The seasonal distribution detailed
by direction mode (Figure 6c) shows that the ampli-
tude of the seasonal cycle was even more pronounced
when considering only the northeasterly mode (onshore
coastwise), which was almost absent during winter.
One could expect the two onshore modes (northeast-
erly and westerly+northwesterly) and the two offshore
modes (eastsoutheasterly and southerly) to exhibit a sim-
ilar behavior. However, the minor onshore mode (west-
erly+northwesterly) peaked in summer instead of spring,
though, as with the northeasterly mode, it was very rare
in winter and uncommon in autumn. Regarding the off-
shore modes, the eastsoutheasterly mode exhibited a sea-
sonal cycle similar to the northeasterly mode, though with
a much smaller amplitude, whereas the southerly mode
behaved completely differently from the other three. This
mode was the most frequent in autumn, then winter, and
the least frequent in summer.

The annual cycle of the LLJ occurrence (Figure 6b)
shows that very marked month-to-month differences
existed inside a given season, and that the annual cycle
did not have a smooth shape. The high LLJ season actu-
ally extended from April to August, with the months
of April, May, and August standing out; April also had
a significantly larger share of the strongest jets. On
the contrary, the number of LLJs was at its lowest in
February. The annual cycle detailed by direction mode
(Figure 6d) shows that the northeasterly mode occurred
from March to September only (with a marked peak value
in April, and a relative pause in July), but this mode
was almost non-existent during the cold months, from
October to February. The other onshore mode (west-
erly+northwesterly) also occurred significantly from
March to September, but with a different month-to-month
behavior (it peaked from May to August but was still rare
in April). The southerly mode, on the contrary, had its
highest occurrences from October to January, peaking in
November and December.

3.3.2 Diurnal cycle

The diurnal cycle of LLJ occurrences (Figure 7, bar plot
envelope) exhibited two marked peaks of similar ampli-
tude: one in the late night (0000 to 0700 UTC) and one in
the afternoon (1200 to 1800 UTC), gathering respectively
39% and 31% of the wind profiles with jets. On the con-
trary, the LLJ diurnal cycle exhibited a marked minimum
during the late morning, with only 6% of the cases occur-
ring between 0800 and 1100 UTC. During the evening and
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1756 DIEUDONNÉ et al.

F I G U R E 6 Seasonal
and annual cycles of low-level
jet (LLJ) occurrences (a, b) by
speed class and (c, d) by
direction mode, as defined in
Section 2.2 and pictured in
Figures 2 and 3b. The values
are corrected for the variations
in the seasonal and monthly
data availability, as explained
in Section 2.1 [Colour figure
can be viewed at
wileyonlinelibrary.com]

early night (1800 to 2400 UTC), the LLJ frequency fol-
lowed a plateau of intermediate values. The weak jets (first
quartile of the speed distribution) clearly peaked from
1100 to 1300 UTC, ahead of the afternoon LLJ peak, pos-
sibly because the core speed was weaker at the onset of
the afternoon LLJ events. Conversely, the strongest jets
(95th to 100th percentiles) peaked 1 hr later than the main
peak (1300–1900 UTC), possibly because these values were
recorded in well-established LLJs.

The frequencies of occurrence according to the four
direction modes are detailed in Figure 7b. This clearly
shows that the afternoon peak in LLJ frequency was
mostly due to the northeasterly mode, whereas the late
night peak was due to the two offshore modes (eastsouth-
easterly and southerly) with an equal share. The evening
and early night plateau results from a combination of the
northeasterly mode persistence in the evening and the
eastsoutheasterly mode increase from the early night. The
westerly+northwesterly mode daily cycle is more or less
constant, which confirms that this mode might actually
gather different types of LLJs.

3.3.3 Jet events’ durations

Using the 3-hr time-continuity criterion (Section 2.2), the
11,462 wind profiles with jets were gathered into 769

events. The performance of the grouping process was
assessed by plotting time series of the jet core direction
and jet event number over the whole period of study (an
example is provided in Supporting Information Figure S5).
The jet core direction was used to ensure that events of a
different nature separated by a short time interval were not
mixed (e.g., May 24 in Supporting Information Figure S5);
a slow rotation of the jet core direction was, of course,
allowed during a single event.

The longest jet event detected lasted for 26 hr 20 min,
and another one lasting 20 hr 50 min was found. How-
ever, most events were much shorter, and the average
duration was 3.1 hr with a standard deviation of 3.7 hr.
Figure 8 presents the distribution of the jet events’ dura-
tions with irregular bins on the left-hand side, to give more
details about the probabilities of short events. The fre-
quency of occurrence of the events steadily decreased with
increasing duration, reaching zero for an event duration
of 18 hr (the two extra events are not represented here).
Among the 769 events detected, 18% were very short and
lasted only 20 min (this is the minimum for LLJ detection),
19% lasted from 30 to 50 min, 17% lasted from 1 to 2 hr,
which leaves 46% of events lasting more than 2 hr. Distin-
guishing the events by direction would be interesting to
see which type lasted longer, but the jet can change direc-
tion completely during a single event, with a continuous
turn, so it did not make sense to attribute a jet event to
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DIEUDONNÉ et al. 1757

F I G U R E 7 Diurnal variation in low-level jet (LLJ) occurrences (a) by speed class and (b) by direction mode, as defined in Section 2.2
and pictured in Figures 2 and 3b. All frequencies are relative to the total number of wind profiles with a jet (11,462) [Colour figure can be
viewed at wileyonlinelibrary.com]

F I G U R E 8 Distribution of low-level jet (LLJ) event
durations. In order to distinguish the probability of the shortest
events, the first two bins are narrower (20 min and 30–50 min). The
frequencies are relative to the total number of events found (769)

a given direction mode. The number and duration of the
events varied along the year following a seasonal cycle (not
shown) similar to the one obtained before grouping the jet
profiles into events.

3.4 Weather conditions favoring jet
occurrence

3.4.1 Land–sea thermal contrast

Figure 9 presents the general distribution of the temper-
ature difference between land and sea in the Dunkerque
region, as defined in Section 2.3. This distribution is
skewed toward negative values, meaning that the air over
the southern Flanders Plain is more often colder than the

air over the southern North Sea, with most values com-
prised between −4 K and +3 K. Figure 9 also presents the
same distribution computed using only the values interpo-
lated at the time of LLJ wind profiles and distinguishing
the four direction modes defined in Section 2.2. The dis-
tribution for the northeasterly mode was very different
from the general one, with a flat plateau between −1 K
and +7.5 K, indicating that a land warmer than the sea
was a driving factor for the formation of northeasterly jets.
This follows the daily and annual cycle of the northeasterly
LLJs, which occurred dominantly during the afternoon
(Figure 7) and almost exclusively from March to Septem-
ber (Figure 6d) when the solar flux was strong enough to
warm up the land. The annual cycle of the land–sea tem-
perature difference observed during LLJs shows that the
land–sea temperature difference was clearly more positive
during northeasterly LLJs (Figure S6a), with monthly aver-
age values higher by 2.5–3.5 K than the overall monthly
average.

A small share of the onshore jet cases was associated
with slightly negative temperature gradient values; that is,
with a land slightly colder than the sea. Indeed, Figure 9
was built using the temperature difference at the time of
the LLJ wind profiles, not the one prevailing at the onset
of the jet events. Consequently, if the jet event is still ongo-
ing at sunset, the sign of the temperature gradient may
change as a result of the faster radiative cooling over land,
just before that puts an end to the onshore jet. This can be
confirmed by the daily cycle of the land–sea temperature
difference for the four LLJ modes (Supporting Information
Figure S6b): the northeasterly cases with a slightly warmer
sea clearly occurred during the night.

Here, we refrain from using the locution “sea breeze”
because northeasterly diurnal jet events may be associated
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1758 DIEUDONNÉ et al.

F I G U R E 9 Distribution of the land minus sea temperature
difference in the Dunkerque region (Section 2.3), computed using
the ERA5 values interpolated at the time of low-level jet (LLJ)
profiles, separating the four direction modes defined in Section 2.2.
The black line represents the distribution computed using all the
hourly ERA5 data from July 1, 2016, to September 30, 2021, and
scaled so that the right y-axis scale can be used (an additional
one-half factor was applied, as the all-data distribution was more
peaked) [Colour figure can be viewed at wileyonlinelibrary.com]

with a regional circulation extending over the whole Dover
Strait (Capon, 2003); this type of event may occur when a
northeasterly geostrophic flow is channeled by the orog-
raphy, an effect that combines with the surface rough-
ness contrast between land and sea. It is possible that
the coastwise northeasterly mode would correspond to
regional jet events whereas the northwesterly jets in the
westerly+northwesterly mode, which are more perpen-
dicular to the coastline, would better correspond to local
sea breeze events. Indeed, the daytime cases of west-
erly+northwesterly LLJs, which are mainly northwesterly
(Section 3.2.2), do correspond to a positive land–sea tem-
perature difference (Supporting Information Figure S6b).
However, distinguishing local sea breeze events from
regional jets would require a more extensive use of reanal-
ysis data and modeling studies that are out of the scope of
the current work.

On the contrary, offshore jets (eastsoutheasterly and
southerly) occurred mostly when the air over land was
colder (from −4.0 K to +0.5 K). Throughout the year, the
monthly average temperature difference was about 1 K
colder under offshore jets than the overall monthly aver-
age (Supporting Information Figure S6a). This follows
the daily cycle of those jets, which occurred dominantly
at night, when the land cools faster than the sea. Here
again, the small share of the offshore jets that were asso-
ciated with slightly positive temperature gradient values
could correspond to the end of the events, when the sun
rises and warms the land faster than the sea. The few

daytime cases of offshore jets occurred during periods with
a colder land (Supporting Information Figure S6b). As for
the onshore jets, we refrain from using the locution “land
breeze” because the distinction between local and regional
phenomena was not made at this stage.

3.4.2 Atmospheric stability

Figure 10a presents the general distribution of the Pasquill
atmospheric stability classes in Dunkerque. Regarding the
wind profiles, 43% were associated with “neutral” con-
ditions (class D) and another 31% with “slightly unsta-
ble” conditions (class C), which is coherent with the fact
that a coastal area is rarely exposed to strongly stable
or strongly unstable conditions. Figure 10b presents the
same distribution but computed only using data coincid-
ing with LLJ wind profiles and separating the four direc-
tion modes. LLJs from the dominant onshore coastwise
mode (northeasterly) were observed under all stability
conditions; however, compared with the general distribu-
tion, the “moderately unstable” and “extremely unstable”
conditions (classes B and A respectively) were overrepre-
sented. This was not so clear for the minor onshore mode
(westerly+northwesterly), which occurred preferentially
under “slightly stable” conditions (class C).

On the contrary, the offshore jets were favored by
“neutral”, “moderately stable”, and “extremely stable” con-
ditions (classes D, E, and F respectively) and almost
never occurred under “extremely unstable” or “moderately
unstable” conditions (classes A and B respectively). This is
coherent with the fact that these jets occurred dominantly
during the night (Sections 3.2.2 and 3.3.2) and generated
lower vertical mixing at the surface (Section 3.2.4), all
facts that point toward frictional decoupling as their for-
mation mechanism. However, if some of the jet events’
hodographs did show the clockwise veering of the core
direction expected from the inertial oscillation, a large
share of them, if not the majority, exhibited a core direction
that remained stable in time or oscillated around a central
value (Supporting Information Figure S7). This means that
frictional decoupling/inertial oscillation was not the only
mechanism responsible for the offshore nocturnal jets.

3.4.3 Geostrophic flow

Figure 11a presents the wind rose of the geostrophic wind
in the Dunkerque region, computed from the geopoten-
tial gradient at 850 hPa, as detailed in Section 2.3. The
strongest geostrophic winds (≥10 m⋅s−1) represented 44%
of the data and were observed mainly from the west
to southwest directions. Those directions were also the
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DIEUDONNÉ et al. 1759

F I G U R E 10 Distribution of the Pasquill atmospheric stability classes in Dunkerque, computed using (a) all the wind profiles
including ultrasonic anemometer data (194,925 wind profiles) and (b) only the wind profiles with a low-level jet (LLJ) and ultrasonic
anemometer data (10,038), and separating the four direction modes defined in Section 2.2. The boundaries of the stability classes are defined
as explained in Section 2.3. The A to F stability classes correspond respectively to “extremely unstable”, “moderately unstable”, “slightly
unstable”, “neutral”, “moderately stable”, and “extremely stable” conditions [Colour figure can be viewed at wileyonlinelibrary.com]

most frequent wind origins and correspond to the pas-
sage of cyclonic systems bringing oceanic air masses
over the Dunkerque area. For 14% of the cases, the
geostrophic wind was very low (<4 m⋅s−1), which cor-
responds to the stagnant conditions occurring under a
high-pressure center. Weaker continental flows from the
northeast to south – that is, associated with anticyclonic
conditions – were several times less frequent than the
west to southwest oceanic flows. When considering only
the data interpolated at the time of the LLJ wind profiles
(Figure 11b), the share of variable winds increased to 41%
whereas the share of strong geostrophic winds dropped to
7%, which means that stagnant conditions favored jet for-
mation. Also, when selecting only the data coincident with
a LLJ, the share of continental flows became comparable
to the share of oceanic flows, which means that anticy-
clonic conditions were favorable for jet formation and that
cyclonic conditions were unfavorable.

The geostrophic wind roses plotted separately for
each of the four direction modes are presented in
Figure 12. The northeasterly and eastsoutheasterly LLJ
modes were clearly associated with anticyclonic condi-
tions (Figure 12b,c respectively), with a higher share of
stagnant conditions (<4 m⋅s−1) and the rest corresponding
to gentle continental flows from the southeast quad-
rant. This is especially the case for the northeasterly
mode, with 50% of the profiles belonging to this mode
recorded under stagnant conditions, which does not really
support the flow channeling hypothesis. However, the
lower altitude geostrophic wind roses (not shown) do
exhibit easterly flows, so a more extensive study of this
type of jet is required to better understand its formation

mechanism. Regarding the onshore cross-coast eastsouth-
easterly mode, which occurred more frequently in spring
and summer (Section 3.3.1) and was mostly nocturnal
(Section 3.3.2), it could be associated with the land breeze
phenomenon. However, the two main types of hodographs
observed for the eastsoutheasterly mode (Supporting
Information Figure S7) suggest that it also included jets
formed from frictional decoupling: when the air in altitude
is isolated from the ground due to the nocturnal tempera-
ture inversion, this air accelerates as it is no longer slowed
by turbulence generated by friction on the ground.

Conversely, the southerly and westerly+
northwesterly LLJ modes were clearly associated with
cyclonic conditions (Figure 12a,c respectively), with a
higher share of stronger geostrophic winds (>8 m⋅s−1)
and a dominance of southwesterly to westerly direc-
tions. In particular, the southerly mode was associated
with the strongest geostrophic winds and a narrow fam-
ily of wind directions from the southwest. Also, the
southerly LLJ mode occurred preferentially during winter
(Section 3.3.1), so that it might be associated with winter
storms passing over the region and correspond to the type
of jet that appears ahead of a cold front. Regarding the
westerly+northwesterly LLJ mode, it was associated with
more dispersed geostrophic wind directions (Figure 12a).
When separating the daytime and nighttime cases (not
shown), it appears that the westerly jets (dominantly
nocturnal) were mostly associated with west to west-
southwest geostrophic flows, whereas jets from the rest
of the northwest sector (mostly diurnal) occurred mostly
under stagnant conditions. Westerly jets, whose direc-
tion corresponds to the Channel exit, might, therefore,
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1760 DIEUDONNÉ et al.

F I G U R E 11 Wind rose of the geostrophic wind at 850 hPa over the Dunkerque region (Section 2.3), computed using (a) all the hourly
ERA5 data and (b) the values interpolated at the time of the low-level jet (LLJ) profiles [Colour figure can be viewed at wileyonlinelibrary.com]

be the counterpart of northeasterly jets and result from
westerly wind channeling in the Dover Strait, whereas
northwesterly jets more likely sea breezes.

4 DISCUSSION

In this section, we compare our results mainly with other
studies performed in the North Sea area: on the inland
sites of Cabauw (Baas et al., 2009), WiValdi (Wildmann
et al., 2022) and Braunschweig (Ziemann et al., 2020),
on the offshore platforms of IJmuiden (Duncan, 2018;
Kalverla et al., 2017; Kalverla et al., 2019) and FINO1
(Wagner et al., 2019a). Cabauw is located ∼50 km from
the sea and∼205 km to the eastnortheast from Dunkerque
(Figure 1a); for wind profiling, the site was equipped with
a 200 m meteorological tower and a radio-acoustic sound-
ing system; the LLJ climatology in Cabauw is very robust,
as it relies on 7 years of wind profiles (Baas et al., 2009). The
WiValdi site is located ∼40 km inland and ∼560 km north-
east from Dunkerque; a wind lidar covering the whole
boundary layer was deployed there and 16 months of data
were used to produce a first climatology of the jets (Wild-
mann et al., 2022). The Braunschweig site is located way
farther inland (∼170 km) also ∼560 km from Dunkerque
but to the eastnortheast; it was equipped with a Doppler
lidar reaching up to 500 m AGL; however, only observa-
tions from the three summer months were published (Zie-
mann et al., 2020). The FINO1 platform is located ∼40 km
from the German island of Bokrum and ∼440 km to the
northeast from Dunkerque (Figure 1a); it is equipped with

a meteorological mast and a long-range Doppler lidar
(Wagner et al., 2019a); the LLJ climatology in FINO1 is
less robust, as it relies on only 1 year of data and with low
overall data availability. The IJmuiden platform is located
∼85 km from the Dutch coast and ∼214 km to the north-
northeast from Dunkerque (Figure 1a); it was equipped
with a 90 m meteorological mast and 300 m range Doppler
lidar; the LLJ climatology in IJmuiden is robust as it is
based on 4 years of wind profiles (Kalverla et al., 2017;
Duncan, 2018). Kalverla et al. (2019) aggregated the data
from seven offshore platforms in the Dutch part of the
North Sea, including IJmuiden, and also analyzed 10 years
of ERA5 data.

4.1 Sensitivity to the detection criteria

Increasing the minimum number of consecutive wind pro-
files with a jet, adding core height or core direction conti-
nuity criteria, or requiring the wind to decrease also below
the jet core are all changes that had similar effects on
the properties of the LLJs retrieved. First, less weak jets
were detected, especially with core speeds below 3.5 m⋅s−1,
either because these were short-lived events or because the
core speed may temporarily have fallen below the detec-
tion threshold. Consequently, the shear distribution was
shifted toward slightly higher values. Second, less very low
altitude jets were detected (at 22 and 54 m AMSL), which is
not surprising as they correspond dominantly to weak jets
(Figure 4). Less top-altitude jets were also retrieved when
using longer time-continuity criteria, likely because the
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DIEUDONNÉ et al. 1761

F I G U R E 12 Wind rose of the geostrophic wind at 850 hPa over Dunkerque region (Section 2.3) computed using the values
interpolated at the time of the low-level jet (LLJ) profiles for the four direction modes (as defined in Section 2.2): (a) westerly+northwesterly
(W+NW) onshore mode, (b) northeasterly (NE) onshore mode, (c) southerly offshore mode, and (d) eastsoutheasterly (ESE) offshore mode.
The results are expressed as a fraction (in percent) of the wind profiles in the corresponding LLJ mode [Colour figure can be viewed at
wileyonlinelibrary.com]

core height temporarily rose above the maximum detec-
tion altitude. Third, LLJs from the northwest quadrant
almost completely disappeared, which is coherent with
these jets often being weak and very low-altitude LLJs. The
westerly+northwesterly mode was thus reduced to coast-
wise LLJs exiting the English Channel (Figure 3b). Fourth,
the general shape of the annual and daily cycles was
preserved, although the month-to-month or hour-to-hour
variability was higher due to the reduced number of points
included in the distributions. In particular, the number of
jets detected during the months of May, June, and July was
reduced more than during other months, due to the larger

share of weak jets occurring during these three months.
As for the daily cycle, the depletion was more marked
during the night, and particularly strong in the morn-
ing (few jets were left from 0800 to 1100 UTC), so the
afternoon peak became more prominent. Fifth, the jets’
conditions of occurrence became more coherent with the
expectation: using longer time-continuity criteria reduced
the numbers of LLJ cases occurring with an unexpected
sign of the land–sea temperature difference (i.e., less cases
with a warmer land for offshore jets and the reverse
for onshore jets). It also reduced the number of west-
erly+northwesterly, eastsoutheasterly, and southerly jets
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occurring under the three unstable classes, so that unsta-
ble conditions were almost exclusively associated with the
northeasterly mode, whereas the three other modes were
dominantly associated with neutral and stable conditions.
Finally, the 850 hPa geostrophic flows under which the jets
occurred were similar for the different continuity criteria;
imposing longer time-continuity periods only increased
the share of stagnant conditions by a few percent (and
conversely for the strong geostrophic flows).

4.2 Core speed

The core speed distribution retrieved over Dunkerque
(Figure 2) is very similar to the ones presented for the two
inland sites that are located not too far from the North
Sea; that is, Cabauw (Baas et al., 2009) and WiValdi (Wild-
mann et al., 2022): they all showed the same asymmetric
shape, with peak values around 8 m⋅s−1, though the inland
speed distributions extended up to higher wind speeds. On
the IJmuiden offshore platform, the core wind frequencies
also peaked around 8 m⋅s−1, but the shape of the distribu-
tion was different, with a larger number of strong wind
values in the 10–20 m⋅s−1 range and the distribution’s right
wing extending up to 25 m⋅s−1 (Kalverla et al., 2019). Wag-
ner et al. (2019b) do not provide a core speed distribution
for the FINO1 offshore platform, but they report a median
core speed of 10.5 m⋅s−1 against 7.6 m⋅s−1 in Dunkerque,
and extreme values up to 46 m⋅s−1, so the winds in FINO1
were also stronger than in the coastal site of Dunkerque.
The larger number of high and extreme values of wind
speed observed over the other sites might be due to a
higher vertical extension of the observations, as more ele-
vated jets tend to be faster (Section 3.2.3). Conversely, the
lower number of weak wind speeds likely resulted from
longer minimum duration criteria.

4.3 Core direction

For the Cabauw inland site, Baas et al. (2009) present the
jet direction distribution directly in term of geostrophic
wind, so a comparison with the real core direction is not
straightforward. At the other site closest to Dunkerque
(IJmuiden), Duncan (2018) found two dominant modes for
the LLJ core direction: from the north to northeast, and
from the southsouthwest. The northnortheasterly mode
in IJmuiden was not oriented exactly as the northeast-
erly mode found in Dunkerque, but this might come
from differences in the coast orientation. Farther away
from the English Channel, above sites located in north-
ern Germany, northeasterly jets were not observed at all.
This indicates that the IJmuiden site is potentially close

enough to the English Channel to be affected by wind
channeling effects, whereas sites located farther on the
Dutch and German coast are not. Conversely, the south-
southwesterly LLJ mode found over IJmuiden, a direc-
tion that is associated with storm passages in the region,
was also observed at the WiValdi inland site (Wildmann
et al., 2022) and at the FINO1 offshore platform (Wagner
et al., 2019a), but not significantly above Dunkerque. One
possible explanation is that we missed part of these LLJs
because, according to Duncan (2018), these jets tend to be
located at slightly higher altitudes, and the observations
at IJmuiden extended slightly higher than in Dunkerque.
This higher altitude of southwesterly jets was confirmed
by Wagner et al. (2019b) above the FINO1 offshore plat-
form. In Cabauw, Baas et al. (2009) showed that south-
westerly jets included the largest number of strong winds
and that strong winds were associated with more elevated
jets, so that we can suppose that southwesterly jets were
generally more elevated in Cabauw too. Aside from the
southwesterly mode, the jet core peaked respectively in
the eastsoutheasterly and southeasterly directions at the
WiValdi inland site (Wildmann et al., 2022) and at the
FINO1 offshore platform (Wagner et al., 2019a), corre-
sponding to cross-coast offshore jets like the eastsouth-
easterly and southerly modes in Dunkerque. This would
correspond to eastsoutheasterly to southeasterly jets in
IJmuiden, a direction that was actually rare in the jet core
rose (Duncan, 2018). Maybe this is because IJmuiden is far-
ther from the coast than FINO1, and thus not impacted by
jets formed over land.

4.4 Core height

The distribution of jet core heights above the two sites
closest to Dunkerque also peaked at low altitudes: around
100 m in IJmuiden (offshore; Kalverla et al., 2019) and
slightly higher, around 140 m, in Cabauw (inland; Baas
et al., 2009) against 114 m in Dunkerque. In Cabauw,
though, the vertical resolution was coarser, so a precise
comparison is not possible. However, for all sites located
farther away from Dunkerque to the northeast, jets appear
to be more elevated. Above the FINO1 offshore platform,
the most frequent jet core height was around 240 m (Wag-
ner et al., 2019a). At Braunschweig inland site, the core
height distribution (which covers only summer) peaked
around 280 m, though a secondary maximum existed at
100 m (Ziemann et al., 2020). No core height distribu-
tion is provided for the WiValdi inland site, but Wild-
mann et al. (2022) reported an even higher average alti-
tude of ∼400 m, noting they could not detect jets below
100 m. Moreover, all these studies found jets up to the
maximum altitude where they could be detected; that
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DIEUDONNÉ et al. 1763

is, up to 300–600 m, depending on the site. This is also
true for the sites located closest to Dunkerque, where
the jet core peaked at low altitude, which suggests that
extending the range of observations in Dunkerque would
allow detection of more elevated jets, though the most
frequent core height would likely remain around 100 m,
like in IJmuiden and Cabauw. Regarding the relationship
between the jet core height and core speed, our results
are very similar to the curve of Baas et al. (2009) for
Cabauw, which is the only site for which such a plot is
presented.

4.5 Surface-to-core shear

Among the studies previously cited, the shear between
the jet nose and the near surface is presented only for
the FINO1 platform (Wagner et al., 2019a), but the values
are expected to be lower because the shear was computed
using a higher reference altitude (33 m instead of 22 m
AMSL). One common fact, however, is that LLJs from
the continent (southeasterly direction) have stronger shear
values both in FINO1 and in Dunkerque (eastsoutheast-
erly mode in Figure 5a). As said in Section 3.2.4, this could
be a consequence of the frictional decoupling from the
ground.

4.6 Annual cycle

The cycle observed in Dunkerque is roughly similar to the
one observed at IJmuiden (Kalverla et al., 2017; Kalverla
et al., 2019) and Cabauw (Baas et al., 2009), with a jet
high season extending from March/April to September.
However, the highest jet frequencies were observed at the
beginning and end of the season in Dunkerque (April
and August) but in the middle of the season (May–July)
in IJmuiden (Kalverla et al., 2017, Kalverla et al., 2019)
and rather at the end (July and August) in Cabauw (Baas
et al., 2009). This difference is a robust feature, because in
Dunkerque the prevalence of the April and August months
was reinforced when imposing stricter detection crite-
ria, and statistics on the three sites all rely on long-term
datasets. One possible explanation for the April peak in
Dunkerque might be that, due to thermal inertia, the sea
water remains very cold until May/June, whereas episodes
with warm air temperature can already be observed in the
early spring. The contrast between the sea-surface tem-
perature and the air temperature is therefore stronger in
spring than in summer, generating stronger and more fre-
quent breezes; this would also explain why the fraction of
strong jets is, by far, the highest in April. The annual cycle
was not shown for the WiValdi site (Wildmann et al., 2022)

or the FINO1 platform (Wagner et al., 2019a), but the
annual cycle observed in IJmuiden is similar to what was
retrieved in the central Baltic Sea (Hallgren et al., 2022)
and on the US East Coast (Aird et al., 2022).

4.7 Daily cycle

The cycle obtained in Dunkerque is very different from the
ones observed both inland and offshore. Above Cabauw,
Baas et al. (2009) reported a nocturnal flat maximum
roughly extending from 2100 to 0600 UTC, and a day-
time flat minimum roughly extending from 0830 to 1800
UTC, with a behavior that is similar for weak and strong
LLJs. Above the IJmuiden platform, Kalverla et al. (2017)
also observed a nocturnal maximum and daytime min-
imum. The statistics from ERA5 gave the same kind of
LLJ daily cycle (Kalverla et al., 2019), though observing
finely the figures suggests that, for the model, the daily
minimum might last shorter for the southern stations
that are located closer to Dunkerque than IJmuiden (very
roughly, the period with fewer LLJs seems to extend only
from 0800 to 1200 UTC instead of 0800 to 1500 UTC).
More to the north, above the FINO1 platform, there was
also a daytime minimum of LLJs, but it occurred later,
from 1200 to 1700 UTC. In the end, the afternoon peak
in LLJ occurrence observed in Dunkerque existed neither
inland nor offshore, which suggests that it is related to
a jet formation mechanism peculiar to the coastal envi-
ronment (namely the sea–land thermal contrast) or to
the location of Dunkerque at the entrance of the English
Channel.

4.8 Events’ durations

Such an analysis is not common in the literature: for
Aird et al. (2021), it was done relying on 6 months
of high-resolution simulations using the Weather and
Research Forecast model over Iowa (USA), whereas Weide
Luiz and Fiedler (2022) used 3 months of Doppler lidar
observations recorded in a rural area of Germany. Both
studies concern continental sites; Aird et al. (2021) covers
winter and spring, whereas Weide Luiz and Fiedler (2022)
bears on the summer. The event duration distributions
presented in these two studies are very similar to the
one observed in Dunkerque, despite the type of site being
very different: the event frequency quickly decreases with
increasing jet duration, so that short events dominate the
distribution. Although events lasting up to around 20 hr
could be detected over the three sites, the average dura-
tion was around 3–4 hr, with about two-thirds of the events
lasting less than 4 hr.
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4.9 Conditions of jet occurrence

The geostrophic wind roses obtained in Dunkerque are
very similar to those reported for the Cabauw inland site
by Baas et al. (2009). In Cabauw, as in Dunkerque, the
dominant geostrophic wind direction and the strongest
speeds were found from the southwest to west, and select-
ing only the data concurrent with the LLJs decreased the
share of strong geostrophic winds and increased the share
of northeasterly to southeasterly geostrophic winds. The
fact that LLJs occur preferentially in weak geostrophic
flows is coherent with Kalverla et al. (2019), who found
the highest LLJ frequency in the Dunkerque area for
the “undefined” weather pattern, which corresponds to
the absence of well-defined synoptic forcing. The pre-
dominance of easterly geostrophic flows during jets is
another finding in agreement with Kalverla et al. (2019),
who also obtained high LLJ frequencies in the weather
patterns causing southeasterly to northeasterly flows in
the Dunkerque region (both cyclonic and anticyclonic).
Regarding atmospheric stability and the land–sea temper-
ature difference, northeasterly jets occurred dominantly in
an unstable atmosphere and when the land was strongly
warmer than the nearby sea, which is coherent with their
spring/summer and diurnal character. Conversely, the off-
shore jets occurred dominantly in a neutral or stable
atmosphere and when the sea was warmer than the land,
which is coherent with their nocturnal character. How-
ever, for the northeasterly jets, the analysis of local data
was not sufficient to distinguish the different possible for-
mation mechanisms (sea breeze or wind channeling in the
Dover Strait), and for the offshore jets the hodographs also
suggested the existence of at least two formation mecha-
nisms (one of them being frictional decoupling). There-
fore, the analysis in terms of direction modes allowed us
to highlight efficiently some of the jet properties (annual
and daily cycle, shear generation, etc.), but each of these
modes cannot be associated unequivocally with a single
jet formation mechanism. A manual classification of the
hundreds of jet events would be necessary, followed by
more work with the reanalyses to identify the set of cri-
teria able to discriminate between the different formation
mechanisms.

5 CONCLUSIONS

In order to better characterize the LLJs occurring at low
altitudes (up to 200 m AMSL) in the region of Dunkerque
(northern coast of France, southernmost North Sea),
almost 4 years of wind profiles recorded by Doppler lidars
were analyzed and the results were compared with previ-
ous observational studies concerning LLJs in the North Sea

area. Those studies presented and analyzed observations
recorded over three inland and two offshore sites along the
Dutch or German coast. Thus, the present work, which
focuses on a coastal site located on the southern edge of
the North Sea, complements those studies.

A low-altitude wind maximum was found in 11,462 of
the 10-min average wind profiles, representing 5.03% of the
database. For the typical LLJ occurring over Dunkerque,
the altitude of the wind maximum (jet core) was located
at 114 m AMSL, with a core wind speed around 7–8 m⋅s−1.
The core height distributions looked similar to what
was reported for the North Sea sites located closest to
Dunkerque. The core speed distribution resembled the one
found at the closest inland site (Cabauw) but included
fewer high-speed values. The core wind direction exhibited
a dominant mode in the northeasterly direction, and a sec-
ondary mode in the eastsoutheastly direction, the remain-
ing cases being subdivided into a southerly and a “west-
erly+nortwesterly” mode. As was previously reported, the
strongest jets tended to be located at higher altitudes. The
northeasterly jets were only observed at the closest off-
shore site, possibly because it is located close enough to
the English Channel to be impacted by the wind chan-
neling effect in the Dover Strait, which has been previ-
ously described in the literature. Conversely, the south-
westerly jets that are very frequent at the other sites, and
even dominant at the offshore sites, were almost absent
in Dunkerque. This difference might be explained by the
fact that the lidar in Dunkerque missed some of those
southwesterly jets (due to a slightly lower maximum range
compared with the other sites).

The LLJs were most frequent in spring and summer;
more precisely, the month with the highest LLJ frequency,
and also the largest number of strong jets, was April. In
contrast, LLJs were the least frequent in February. This
annual cycle was mainly related to that of the dominant
northeasterly LLJ mode, which disappeared from October
to February but peaked in April and remained frequent
until August. On the contrary, southerly jets were dom-
inant in the cold season, from October to January. The
northeasterly onshore mode occurred mostly in the day-
time, whereas the two offshore modes (eastsoutheasterly
and southerly) were almost exclusively nocturnal. Con-
sequently, there were two daily high-activity periods for
the jets, in the late night (0000 to 0700 UTC) and in the
afternoon (1200 to 1800 UTC), whereas the LLJ frequency
dropped in the morning (0800 to 1100 UTC). The after-
noon peak in LLJ frequency was not observed at any of
the other sites in the North Sea area, indicating that the
northeasterly mode is related to a coastal jet formation
mechanism (the sea–land temperature contrast) or with
a wind channeling effect in the Dover Strait. The longest
jet event recorded over Dunkerque lasted more than 26 hr,
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with 18% of the events that lasted from 1 to 2 hr and 46%
from 2 to 18 hr.

ERA5 data were used to investigate the conditions
of occurrence and possible formation mechanisms of
the LLJs over Dunkerque. Two parameters were inves-
tigated: the local land–sea thermal contrast, and the
geostrophic wind computed from the regional 850 hPa
geopotential gradient. The Pasquill stability classes
derived from the ultrasonic anemometer observations
were also used to assess the atmospheric stability. The
northeasterly LLJ mode mostly occurred when the air
over land was warmer than over the sea, under light
to moderate easterly geostrophic winds corresponding
to anticyclonic continental flows; it was also prefer-
entially associated with a slightly or plainly unstable
atmosphere. Therefore, this mode likely consisted of
sea breezes and jets generated by the wind channeling
through the Dover Strait, though the proportion of local
and regional LLJs was not investigated in the present
work. The southerly mode mostly occurred when the
land was colder than the sea, under a slightly or plainly
stable atmosphere, and under moderate to strong south-
westerly geostrophic winds, corresponding to cyclonic
flows bringing oceanic air masses over Dunkerque, with
possible frontal passages. The properties and conditions
of occurrence of the two other LLJ modes (eastsouth-
easterly and westerly+northwesterly) suggested the
existence of at least two formation mechanisms for each
mode, with the eastsoutheasterly mode likely includ-
ing frictional decoupling/inertial oscillation, whereas
the westerly+northwesterly mode likely included
sea breezes.

In conclusion, this work highlighted the differences
that may exist in terms of LLJs between inland, coastal,
and offshore sites, even located along the same coast,
due to the contribution of local coastal phenomena (sea/-
land breezes) and regional phenomena associated with the
shape of the coast (channeling in the Dover Strait). It is
now planned to study wind profiles with a higher ver-
tical extent, in order to check what types of LLJs exist
more in altitude and what their frequency is compared
with the very low altitude jets. A more thorough study
with the reanalysis data should also be performed to check
if the model properly reproduces the LLJs’ variability on
a coastal site such as Dunkerque. Future work should
also aim at quantifying the respective contributions of
local, regional, and large-scale phenomena responsible for
LLJ formation over Dunkerque and the southern North
Sea, using weather reanalysis data on a larger domain
and/or modeling studies. Finally, the formation mech-
anisms of offshore LLJ that do not correspond to fric-
tional decoupling should be investigated using modeling
studies.
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