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Abstract: Marseille (France) is a city on the Mediterranean coast characterized by two specific wind
patterns: mistral (northwesterly wind blowing above 10 m/s) and sea/land breezes (southwesterly
wind during daytime/northeasterly wind during the nighttime, blowing below 6 m/s). For the first
time, this study investigates the diurnal and seasonal variability in the atmospheric boundary-layer
height (ABLH) in Marseille for both wind patterns. A 532 nm aerosol lidar was installed in the
urban center in the summer of 2021. The lidar installed in the winter of 2021–2022 had an additional
near-infrared channel at 808 nm. The ABLH was extracted from the lidar datasets using a Haar
wavelet method. For well-established mistral conditions, the ABLH reached to about 1000 m and
showed a diurnal amplitude of ~650 m in winter and 740 m in summer, with a morning growth rate
limited by turbulence. During sea breeze situations, the ABLH maxima were lower in both seasons
(300–600 m) due to the sea’s thermal inertia. During land breeze situations, ABLH minima were
estimated to be lower than 150 m. In summer, the Haar method was unable to calculate them because
of unpronounced aerosol layers. While the near-infrared channel gives better results, the polarization
of the green channel allows us to understand the type of aerosols and thus the origin of the air mass;
a combination of the two gives complementary information.

Keywords: boundary-layer height; Marseille (France); aerosol lidar; coastal city

1. Introduction

The boundary layer is defined as the layer of the atmosphere that is directly influenced
by the Earth’s surface. Theoretically, after sunrise, the ground heats up, and, consequently,
warms up the air masses that are in contact with it. As they become warmer, air masses
also become lighter, and, thus, convective processes start and contribute to the increase
in the atmospheric boundary-layer height (ABLH). During the nighttime, a temperature
inversion settles, with a stable nocturnal layer in contact with the ground topped by a
residual layer [1]. In this study, the ABL is defined as the mixed layer during the day
(the lowest part of the atmosphere, which is unstable and characterized by convective
mixing that develops during the morning) and the nocturnal boundary-layer height during
nighttime. Thus, it represents the volume in which surface emissions are mixed in the lower
atmosphere. In addition to having a diurnal cycle, the boundary layer is more developed
during summer than winter due to more incoming solar radiation in summer, resulting
in higher temperatures and stronger convective processes than in winter [2]. The ABLH
also depends on the surface type. Indeed, due to the sea’s thermal inertia and its lower
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roughness, compared with the land, which creates less turbulence, the ABLH over the sea is
lower than over the ground and shows a less pronounced diurnal cycle [3,4]. The location
of coastal cities at the interface of continental and marine influences makes them more
difficult to study due to the different processes involved. Some studies of the variability
in the ABLH in the Mediterranean basin have already been published. For example, [5]
found a mean diurnal ABLH in Athens (Greece) of about 2000 m in July and about 1000 m
in December. In Barcelona (Spain), [6] found ABLH values ranging from 300 to 1450 m
over 3 years and depending on synoptic situations [7]. Elsewhere in continental Europe, [8]
studied the ABLH over Hosvore (Denmark) and found that the ABLH during summer was
around 600 m, while it was around 650 m during winter.

The ABLH is a key parameter to characterize the variability in the boundary layer
and is the main dilution factor of pollutant emissions. When the ABLH is well-developed,
pollutants show relatively low atmospheric mixing ratios [9]. This has a direct impact on
air quality. In fact, high-pollution events have been shown to be more likely associated
with a shallower ABLH because pollutants are trapped and concentrated close to the
ground [3,10]. Moreover, inferred ABLH datasets from field observations are needed
to improve atmospheric transport models. Although progress has been made in the
determination of the ABLH by atmospheric models during daytime and for well-mixed
ABLHs [11], nocturnal and stable ABLHs and complex atmospheric situations remain
challenging for most models [11].

The ABLH is not directly measured by instruments but can be inferred from other
measurements. There are several ways to do this, but some of the most common methods
use aerosol lidar measurements. The laser systems, which are used in this article, are based
on particle scattering theory. They provide a continuous atmospheric aerosol profile in
high temporal resolution (seconds to minutes), but need multiple data treatments and,
thus, request a great investment. Moreover, the ABLH is challenging to infer from lidar
measurements due to limitations in both methods and instruments [12–14].

Complex situations and/or environments and their effects on the ABLH are still poorly
understood. Marseille, the second most populous city in France, is in the vicinity of the
Mediterranean Sea. It is part of the SUD–Provence–Alpes–Côte–d’Azur (SUD–PACA)
region, located in the south-east of France, extending from Camargue Park to the Italian
border from west to east, and from Avignon and the Southern Alps to the sea from north to
south. Marseille is located in the south of the SUD–PACA region in a coastal environment
and is thus subject to both continental and coastal influence. Moreover, the SUD–PACA
region is characterized by a complex topography that leads to two specific meteorological
situations: the sea/land breeze and the mistral situations.

These two meteorological patterns were studied within the ESCOMPTE campaign,
“Expérience sur Site pour COntraindre les Modèles de Pollution atmosphérique et de
Transport d’Emissions” [15]. Within this campaign, which was carried out in the summer
of 2001, the structure and daytime variability in the lowest altitudes of the atmosphere were
investigated. The results of ESCOMPTE highlighted complex air circulation, including the
interactions between hills and the sea in the bay of Marseille, as detailed below.

The mistral wind originates from synoptic north or north-west winds accelerated
by constriction through the Rhône Valley, which separates the Massif Central from the
Alps [16–18]. This process results in a cold wind from the north-west sector (between
290◦ and 360◦), but with strong wind speeds above 16 m/s (official definition given by
the French national meteorological service Météo-France, https://www.meteofrance.fr/,
accessed on 5 January 2022). Once reaching Marseille, this cold wind is slowed due to
the roughness of the city. Afterward, the mistral wind accelerates again over the sea
due to the lower roughness of the marine surfaces compared to the continental surfaces.
In the summer of 2001 during mistral situations, the ABLH was found to be relatively
constant over Marseille in the daytime, at around 1000 m [17]. No results were published
for nighttime or winter.

https://www.meteofrance.fr/
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The alternation of sea/land breezes is a local process due to the proximity of Marseille
to the Mediterranean Sea. During the day, the land surface warms up faster than the sea
because of its proximity to the ground, and air circulation develops from the sea to the land;
this phenomenon is called the sea breeze current. Sometimes, a reverse current in altitude
can establish from the land to the sea [19]. After sunset, the land cools down faster than
the sea, and the circulation in the opposite direction takes place, with a light wind blowing
from the land to the sea: this is called the land breeze circulation. During the ESCOMPTE
campaign, due to the special shape of the coastline in Marseille, two types of sea breeze
occurred during the day: a local sea breeze perpendicular to the coastline, reaching up
to a few kilometers inland, and a deeper sea breeze from the south, going up to 100 km
inland [20]. In some cases, these sea breezes were observed to be “pulsed” by slope breezes
on hills around Marseille and the SUD–PACA region [21,22]. Indeed, the marine air mass
advected by the sea breeze is accelerated by slope breezes and, therefore, has less time to
warm up. This reduces the sea–land temperature gradient between the sea and the land
and, therefore, decelerates the sea breeze. In the city, the air mass warms due to higher heat
fluxes, which contributes to the increase in the temperature gradient between the city and
the sea [23] and, therefore, increases the speed of the sea breeze. This creates a pulsed sea
breeze, making the daytime ABLH more discontinuous [20,24].

To our knowledge, there have been no studies carried out on the ABLH in Marseille
in winter, or on its seasonal variability. Our paper is dedicated to partially filling this gap,
presenting new results in both aspects to understand processes involved in the ABLH
variability in a midlatitude coastal city. It presents the first measurements and results of
ABLH variability in Marseille in winter and in summer since ESCOMPTE in 2001. The
variability in the ABLH is studied on the diurnal and seasonal scales, focusing on typical
sea/land breezes and mistral situations during the summer of 2021 and the winter of
2021–2022. Our ABLH datasets were obtained from lidar routine measurements in the city
center of Marseille (43◦18′18.94′′N; 5◦23′41.319′′E) using the Haar method [25]. We also
dedicate a part of this paper to addressing the limitations of both methods and techniques,
as this is a crucial point for the determination of the ABLH from the lidar data. In the
first part of this paper, the ABLH datasets and methods used to obtain them are presented.
Then, in the second part, the results of each case study per season are presented and
discussed. Finally, the limitations of the instruments and methods are investigated, and
some recommendations are made as to how to improve the ABLH calculations for this
coastal city.

2. Materials and Methods
2.1. Instrumentation and Measurement Sites

The study site, called Marseille–Longchamp and abbreviated as LCP hereafter, belongs
to the regional air quality agency ATMOSUD and Aix Marseille University (see Figure 1). It
is located in the city center of Marseille (43◦18′18.94′′N; 5◦23′41.319′′E). The site is located
2 km from the western coast and 10 km from the southern coast of the Mediterranean
Sea (see Figure 1). In the North and the East, the city of Marseille is bordered by two hill
massifs, respectively, the massif de l’Etoile (maximal height of 600 m) and the Sainte-Baume
massif (maximal height of 800 m).

Lidar measurements presented in this study were collected in the summer of 2021 and
the winter of 2021–2022 within the ANR COoL-AMmetropolis project. Table 1 describes
the characteristics of the lidar instrumentation, depending on the measurement periods.

We installed a biaxial aerosol elastic CIMEL lidar CE376 (CIMEL, https://www.cimel.fr/,
2022, accessed on 15 December 2021) during the summer of 2021 and another in the winter
of 2021–2022. Both were placed in a thermal enclosure to maintain the temperature of the
instrument within the range recommended by the manufacturer. Both instruments can
provide measurements from the altitude of the blind zone (see Table 1) to approximately
10,000 m above ground level (AGL) during nighttime and approximately 8000 m AGL
during daytime. The lidar installed in summer 2021 takes measurements using a green laser

https://www.cimel.fr/
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Nd:YAG with a wavelength of 532 nm, whereas the lidar installed for winter 2021–2022
uses two wavelengths, 532 nm (green laser Nd:YAG) and 808 nm (pulsed laser diode).
The lidar datasets are corrected for the detector’s deadtime, background, overlap, and
range. The resulting signal is, hereafter, called the range-corrected signal (PR2) and is
expressed in arbitrary units (a.u.). The different optical configurations between the green
and near-infrared channels explain the difference in the altitude of the blind zone. The data
quality check was performed by comparing the Rayleigh profile with the backscattering
profile at aerosol-free altitudes to verify the functioning of the lidar.
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Longchamp (LCP), green: La Valentine (LAV)). Arrows in yellow, black, and purple indicate the 
main wind regimes over the study periods, respectively, sea/land breezes (28%), mistral winds 
(21%), and eastern winds (17%). 
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Figure 1. Map of the SUD–PACA region (left, (a)) and zoomed in on Marseille (right, (b)) showing
the location of the measurement stations (blue: Marignane (AER), orange: Corniche (COR), red:
Longchamp (LCP), green: La Valentine (LAV)). Arrows in yellow, black, and purple indicate the main
wind regimes over the study periods, respectively, sea/land breezes (28%), mistral winds (21%), and
eastern winds (17%).

Table 1. Technical characteristics of the CE376 lidars depending on the measurement periods in Marseille.

Summer 2021 Winter 2021–2022

Lidar model CE376-GP CE376-GPN
Wavelength 532 nm 532 nm 808 nm
Polarization Parallel and perpendicular Parallel and perpendicular Parallel

Period of measurement 16 July–14 September 2021 14 December 2021–28 February 2022
Range resolution ∆z 15 m 15 m
Temporal resolution 1 min 1 min

Altitude of blind zone 100 m 250 m 150 m
Altitude of full overlap 1100 m 3000 m 1500 m

A sun–sky photometer CIMEL CE318 was also installed near the lidar on the roof of
the station building, providing Angström exponents during the daytime.

As there were no meteorological data available on site, wind speeds, wind directions,
and air temperature were acquired from surrounding stations located at Marseille airport
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(AER), Corniche (COR), and La Valentine station (LAV). A summary of the meteorological
data used is presented in Table 2.

Table 2. Meteorological instrumentation and parameters used.

Marseille Airport Station
(AER)

Corniche
(COR)

La Valentine
(LAV)

Coordinates 43◦26′16′′N
5◦12′58′′E

43◦16′12′′N
5◦21′36′′E

43◦18′38′′N
5◦28′45”E

Height of the station (m ASL) 9 10 192

Meteorological parameters available
Temperature (◦C)
Wind speeds (◦)

Wind direction (m/s)

Instrumentation Temperature: OPALE station
Wind speeds and directions: Alizia 312

Temperature/wind: Davis
Instruments Vantage Pro 2

Temperature: MERCURY station
Wind speeds and directions: Deolia 96

Time resolution (min) 60 30 60

Sampling height (m AGL) Temperature: 1.5
Wind speeds and directions: 10 1.5 Temperature: 1.5

Wind speeds and directions: 10

AER and LAV stations belong to Météo-France (French national meteorological ser-
vice), whereas COR belongs to the nonprofessional StatIC Infoclimat network
(https://www.infoclimat.fr/stations/static.php, accessed on 8 August 2021).

2.2. Haar Method: Definition and Choice of Parameters

There are multiple ways to retrieve the ABLH from lidar backscattering aerosol profiles.
One of the most widely used methods that have shown satisfactory results is the Haar
method [14,26–31]. The Haar wavelet method, described by [25], is based on a BASIC
algorithm developed by [32], written in Scilab language (https://www.scilab.org/, accessed
on 14 February 2023) and dedicated to the analysis of lidar data, as follows:

h
(

z− b
a

)
=


+1 f or b− a

2 ≤ z ≤ b
−1 f or b ≤ z ≤ b + a

2
0 elsewhere

(1)

where z is the altitude, b is the translation of the wavelet (m), and a is the dilation of the
wavelet (m).

In this study, we used the detection of layers based on the convolution W f (a, b) of the
lidar range-corrected signal PR2(z) with an Haar wavelet:

W f (a, b) =
1
a

∫ zmax

zmin

PR2(z)h
(

z− b
a

)
dz (2)

The maximum convolution of the Haar function W f at altitude b is defined as the
middle of the entrainment zone, which is chosen as the ABLH for this study (see Figure 2).

The Haar method depends on two parameters, the altitude range between the mini-
mum altitude (zmin, m) and the maximum (zmax, m), within which the ABLH is searched,
with dilation a.

To choose the best dilation, a, ideal profiles are selected for each period described
hereafter. According to the literature, too high a dilation can lead to an overestimation
of ABLH, whereas too low a dilation would not allow differentiation between noise and
ABLH [27,33]. Visually, we excluded dilations that were too low and were unable to
differentiate noise from the PR2 of the ABLH. We computed the ABLH for these ideal
profiles with dilations ranging from 2∆z to 30∆z, ∆z being the vertical resolution of the
lidar data, which are typical values found in the literature [25,32,33]. Then, we selected
the dilation that most frequently selected the middle of the ABLH for ideal profiles, the
latter being chosen when the ABL is very well mixed and the gradient between the free

https://www.infoclimat.fr/stations/static.php
https://www.scilab.org/
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troposphere and the ABLH is well marked. The dilation values used for this study are
detailed in Section 4.3.
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18 August 2021 06:50. The ABLH is indicated by the red horizontal line and calculated as the b
for which the W f (a, b) function is the maximum.

After computing the ABLH, the results are visually evaluated and attributed to four
flags: “fog”, “good”, “bad”, and “undetermined”. The flag “fog” is set when there is dew
on the lidar shooting window. The flag “good” is set when the computation of the ABLH
gives good results according to the following criteria: (1) the aerosol layer detected by the
algorithm shows a strong gradient in the profile, (2) over a period of 1 h, the ABLH detected
by the algorithm is continuous and/or does not have a jump greater than 500 m (which
is the maximum growth rate found in the literature), (3) the layer is in contact with the
ground, and (4) the layer is overlaid by an aerosol-free layer. These criteria allow residual
layers or unphysical jumps to be removed. The other data are flagged as “bad” when
the algorithm detects an ABLH that clearly cannot be attributed to an ABLH. Finally, the
“undetermined” flag is set for results that cannot be visually evaluated, that is to say, no
clear boundary layer stands out. All statistics in this study are based on good data only,
but “bad” and “undetermined” data will also be shown and discussed in Section 4.
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2.3. Calculation of Depolarisation Ratio

Our lidar could separate the parallel and the perpendicular components of the lin-
early polarized green light emitted to the atmosphere and backscattered by atmospheric
particles. The ratio between these two components gives information on the shape of these
particles [34–37]. Each type of particle, depending on its emission process and source, has a
characteristic shape and, therefore, a specific depolarization ratio. The depolarization ratio
(δ or VDR) is calculated according to the following formula [36]:

δ =
δ∗
V∗ TP − RP

RS − δ∗
V∗ TS

(3)

where δ∗ is the ratio between the parallel and perpendicular signals; TP, TS, RP = 1 − TP,
and RS = 1− TS are the transmissions of the reflected (R) and transmitted (T) components on
the Polarizing Beamsplitter Cube of the parallel (p) and perpendicular (s) light components;
and V∗ is the polarization calibration coefficient. Except for δ∗, RP, and RS, which were
recalculated, all other parameters were given by the lidar manufacturer.

The δ value gives information about the sphericity of aerosols: low δ values are typical
of spherical particles, whereas high δ values are found for nonspherical particles (see
Table 3, [34–39]).

Table 3. Depolarization Ratio values for some aerosol categories at 532 nm.

Type of Aerosols Summer 2021
Winter 2021–2022

Air molecules 0.0034
Clean marine <0.04

Anthropogenic 0–0.15
Dust 0.25–0.31

As it is not easy to separate clean marine aerosols from anthropogenic aerosols, we
also used the Angström exponent. This is defined as the ratio of the two AOD at λ1
wavelength by AOD at λ2 wavelength divided by the ratio of λ1 by λ2 from the photometer
measurements. Here, we use the Angström exponent from 440–870 nm from AERONET
products [40], which can help when discriminating anthropogenic aerosols from marine
aerosols ([39]). Values above 1 are related to fine anthropogenic aerosols, while values
below 1 can be associated with marine aerosols.

In Section 3, both VDR and Angström exponent are used as tools to determine the
origin of air masses.

2.4. Models

In order to study the ABLH variability for different wind regime cases and seasons,
the reanalysis from weather forecast model outputs was used. They are available on the
website www.meteociel.fr. For the description of the synoptic situations over Europe (in
Section 2.5), the chosen model was ECMWF ERA5 reanalysis, with a spatial resolution of
30 × 30 km, and performed four times per day at 00:00 UTC, 06:00 UCT, 12:00 UTC, and
18:00 UTC with sea-level pressure and 10 m wind speed and direction fields.

The sea temperature was taken from Medspiration SST (https://cersat.ifremer.fr/
Projects/Previous-projects/Medspiration, accessed on 9 January 2023) satellite data.

2.5. Description of Meteorological Conditions

Table 4 lists the dates, wind regimes, and seasons of the four events studied below. A
short name is associated with each event.

www.meteociel.fr
https://cersat.ifremer.fr/Projects/Previous-projects/Medspiration
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Table 4. Short name, season, wind regime, and period for each of the four studied events.

Abbreviation Events Dates (UTC)

SM Summer 2021
mistral 16 August 2021 00:00–19 August 2021 04:00

WM Winter 2021–2022
mistral 18 February 2022 22:00–23 February 2022 23:59

SB Summer 2021
sea/land breezes 4 September 2021 00:00–6 September 2021 23:59

WB Winter 2021–2022
Sea/land breezes 14 December 2021 00:00–17 December 2021 23:59

In this study, all hours and dates are given in UTC. Altitudes are defined as meters
above ground level (AGL).

Mistral situations took place from 16 August to 19 August 2021 for SM and from
19 February to 23 February 2022 for WM. Sea/land breeze situations took place from
4 September to 6 September 2021 for SB and from 14 December to 17 December 2021
for WB.

For SM, a high-pressure area was located over the Atlantic Ocean whereas a rel-
atively low-pressure area was located over the Gulf of Genova. During the WM, the
high-pressure area was located over the Azores islands and extended over France by a
ridge (see Figures 3 and 4).
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Figure 3. Sea-level pressure (left) and 10 m wind directions and speeds by ECMWF reanalysis for
17 August 2021. On the left, colors indicate the mean sea-level pressure and lines highlight the isobars.
On the right, arrows indicate the wind direction and the colors indicate the wind speeds. Source:
(meteorologix.com, accessed on 8 February 2023).

Both situations resulted in a northerly wind over France and a north/north-westerly
synoptic wind (large-scale wind related to pressure conditions) over France. In the southeast
of France, these winds were accelerated by a constriction in the Rhône Valley and resulted in
relatively high wind speeds from the northwest in Marseille. Over the Mediterranean Sea,
the wind merged with the Tramontane winds (north-easterly wind blowing between the
Pyrenees and the Massif Central) and, because of the lower roughness of the sea compared
to the continental ground, the resulting wind was accelerated. That is why COR (which
is the closest station to the sea) showed higher wind speeds than LAV and AER. Wind
directions during mistral situations were very constant over time (315 ± 1◦ and 308 ± 0◦

meteorologix.com
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for SM and WM, respectively, at AER), with high wind speeds during the whole periods
(10.1 ± 3.8 m/s and 8.9 ± 4.1 m/s).
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Figure 4. Sea-level pressure (left) and 10 m wind directions and speeds by ECMWF reanalysis for
20 February 2022. On the left, colors indicate the mean sea-level pressure and lines highlight the
isobars. On the right, arrows indicate the wind direction and the colors indicate the wind speeds.
Source: (meteorologix.com, accessed on 8 February 2023).

Controversially, synoptic situations for sea/land breeze situations during summer
and winter were associated with high-pressure areas over Europe. This resulted in the
absence of synoptic winds over the southeast of France, which favored the installation of
the sea/land breeze situations (see Figures 5 and 6).
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Figure 5. Sea-level pressure (left) and 10 m wind directions and speeds by ECMWF reanalysis for
5 September 2021. On the left, colors indicate the mean sea-level pressure and lines highlight the
isobars. On the right, arrows indicate the wind direction and the colors indicate the wind speeds.
Source: (meteorologix.com, accessed on 8 February 2023).
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Sea/land breeze situations are established because there is a difference in temperature
between the sea and the land. During SB, sea surface temperatures were around 23.0 ◦C and
15.0 ◦C for SB and WB, respectively, whereas, the temperature maxima over the continent
at LAV were 27.9 ◦C and 16.8 ◦C for SB and WB, respectively. During SB, land breezes
occurred during nighttime, blowing from the northeast sector with relatively low wind
speed values below 2 m/s. The land and the sea breezes had the same direction during
summer; however, the sea breezes lasted shorter than the land breezes.

Remote Sens. 2023, 15, x FOR PEER REVIEW  10  of  26 
 

 

 

Figure 5. Sea‐level pressure (left) and 10 m wind directions and speeds by ECMWF reanalysis for 5 

September 2021. On the left, colors indicate the mean sea‐level pressure and lines highlight the iso‐

bars. On  the  right, arrows  indicate  the wind direction and  the  colors  indicate  the wind  speeds. 

Source: (meteorologix.com, accessed on 8 February 2023). 

 

Figure 6. Sea‐level pressure (left) and 10 m wind directions and speeds by ECMWF reanalysis for 

15 December 2021. On the left, colors indicate the mean sea‐level pressure and lines highlight the 

isobars. On the right, arrows indicate the wind direction and the colors indicate the wind speeds. 

Source: (meteorologix.com, accessed on 8 February 2023). 

Sea/land breeze situations are established because there is a difference in temperature 

between the sea and the land. During SB, sea surface temperatures were around 23.0 °C 

and 15.0 °C for SB and WB, respectively, whereas, the temperature maxima over the con‐

tinent at LAV were 27.9  °C and 16.8  °C  for SB and WB,  respectively. During SB,  land 

breezes occurred during nighttime, blowing from the northeast sector with relatively low 

wind speed values below 2 m/s. The land and the sea breezes had the same direction dur‐

ing summer; however, the sea breezes lasted shorter than the land breezes. 

   

Figure 6. Sea-level pressure (left) and 10 m wind directions and speeds by ECMWF reanalysis for
15 December 2021. On the left, colors indicate the mean sea-level pressure and lines highlight the
isobars. On the right, arrows indicate the wind direction and the colors indicate the wind speeds.
Source: (meteorologix.com, accessed on 8 February 2023).

3. Results and Discussion
3.1. Overview of the ABLH Timeseries and the PR2 Quicklooks

The time series of the ABLH over Marseille for the four periods defined in Table 4 are
presented in Figure 7 for the green channel. The colored quicklook displayed on top of the
ABLH time series represents the PR2 as a function of time and altitude.

As shown in Figure 7, the allocation of data in flags is different from one event to
another. “Fog” data represent 7%, 0%, 3%, and 0% for SM, WM, WB, and SB, respectively.
“Good” data represent 65%, 73%, 51%, and 26% for SM, WM, SB, and WB, respectively.
“Bad” data represent 1%, 24%, 16%, and 32% for SM, WM, SB, and WB. Finally, “Undeter-
mined” data represent 27%, 3%, 30%, and 42% for SM, WM, SB, and WB, respectively.

The “good” data represent more than half of all the data in all of the events, except
for SB, where a complex stratification explains the lower percentage of “good” data (as
discussed in Section 4).

Apart from SM, for which this flag was only assigned to a low amount of data, the
“bad” flag was mainly found during the day on 20 February and 21 February in the course
of WM. During SB, the “bad” flag was mainly found during nighttime on 5 September,
where topped boundary-layer clouds were detected by the algorithm and thus, no ABLH
was calculated. During WB, the “bad” flag was found during nighttime: (1) when there
was no observed aerosol (e.g., from 15 December 00:00 and 15 December 11:00 and from
11 December to 16 December 10:30; (2) when the algorithm wrongly detected the ABLH
(from 15 December 19:00 to 16 December 09:00). In the latter situation, the ABLH clearly
decreased on 15 December 19:00 (as observed in Figure 8 below), which likely signified that

meteorologix.com
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the ABLH was below the minimum detection altitude of the lidar and, thus, lower than
150 m.
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Finally, the “undetermined” flag occurred during SM from 16 August 18:00 to
17 August 08:30, when the aerosol gradient defining the top of the ABL was unpronounced
or there were multiple aerosol layers with similar gradient values which both prevented
the algorithm from detecting the ABLH. The same conclusions were drawn for WM. The
complex stratification occurring during that event also prevented the algorithm from de-
tecting the ABLH and, thus, increased the number of “undetermined” cases. Finally, this
flag was mainly attributed to data ranging from 17 December 00:00 to 17 December 19:40,
where there was a relatively low aerosol content during nighttime (which prevented us
from determining whether this layer was a residual layer or the ABLH) and during the
daytime (where a complex stratification was observed).

The near-infrared channel can bring additional information.
During WM, the main differences between the green and the near-infrared channels

were found on 20 December, when the algorithm totally failed to detect the ABLH inferred
from the green channel, whereas it satisfactorily detected the ABLH inferred from the
near-infrared channel (see Figures 8 and 9). The algorithm behaved similarly regarding the
detection of the ABLH maximum on 22 December.
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Figure 9. Time series of the PR2 signals inferred from both the green (a) and the near-infrared
channels (NIR, (b)) during the WB event. The black dots represent the ABLH applying the Haar
wavelet method on the green and near-infrared datasets.

During WB, there was no difference between the ABLH inferred from the green and
the near-infrared channels, except on 16 December. For that day, the ABLH was seen earlier
in the near-infrared channel (from 10:30 with the near-infrared channel compared to 11:30
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with the green channel): when the ABLH grew, it first exceeded the blind zone of the
near-infrared signal (150 m) and then the blind zone of the green signal (250 m).

Unfortunately, there was no near-infrared observation during the summer of 2021. In
the winter of 2021–2022, the mean differences between the estimated ABLH values were
small from both channels, with a mean difference of −31 ± 18 m for SB and −37 ± 177 m
for WM for “good” data (which represented less than 10% of the ABLH values). This is
why, in the following, we will mostly present the ABLH values from the green channel. The
ABLH values inferred from the near-infrared channel are followed by a “*” if they provide
additional information compared to the ABLH values from the green channel.

3.2. Diurnal Cycle, Characteristics, and Seasonal Variability

In this section, we attempt to infer the diurnal cycle of the ABLH for the four events.
For SM, as there was fog in the morning and no strong aerosol gradient in the evening

of 16 August, it was impossible to assess information on the ABLH minimum on 16 August
and 17 August. For WM, in the following, only the 19 February, 21 February, and 22 February
datasets were retained for calculating the ABLH diurnal cycle as there was no “good”
data available on 21 February. For SB, only the nighttime of 5 September to 6 September
and the day of 6 September were considered for the study of the diurnal cycle because
they were the single periods when the ABLH was calculated correctly. Finally, for WB,
2 days (15 December and 16 December) and three night times (14 December–15 December,
15 December–16 December, and 16 December–17 December) were considered. For each day,
the ABLH growth rate was calculated from the period between the ABLH daily minimum
and its maximum.

The mean value of the ABLH was higher during summer than during winter for
both mistral situations (995 ± 323 m versus 659 ± 225 m, respectively), and sea/land
breeze situations (402 ± 159 m versus 350 ± 51 m, respectively). This seasonal variability
comes from the insolation difference between summer and winter, which results in more
pronounced convective mixing in summer than in winter and, thus, a more developed
ABLH. Note that the standard deviation was lower during sea/land breeze situations as
(1) there was less “good” data in these situations, and (2) the amplitude of sea/land breeze
situations was lower than that of the mistral situations (see below, where the amplitude is
discussed). The standard deviation was particularly low during WB as “good” data only
occurred during the daytime.

Sea/land breeze situations exposed the observation site to marine air masses. This
leads to 1) less seasonal variations in the ABLH due to the large thermal inertia of the sea,
2) less turbulence because of a lower roughness of the sea surface compared to the ground
surface, and 3) lower air temperatures, thus lower convective development associated with
these events. Moreover, mistral winds are associated with strong winds bringing more
mechanical turbulence. The roughness of the city may also play a role in increasing the
turbulence over the city, as has already been shown in [41]. However, we do not have
enough measurements or small-scale models to fully investigate the origin of the turbulence.
This can explain why the sea/land breeze situations were associated with lower mean
ABLHs than the mistral situations.

Several differences in the ABLH diurnal cycles during sea and/or land breezes were
observed between both seasons, but differently for mistral situations. During winter, the
ABLH associated with the land breeze was lower than the ABLH associated with the sea
breeze, whereas it was the opposite during summer. This can be explained by the thermal
inertia of the Mediterranean Sea, the latter being warmer (colder) than the land during
winter (summer).

The diurnal amplitude of the ABLH ranges from 745 m to 1090 m and from 645 m to 900 m
for SM and WM, respectively, with maximal values during daytime and minimal values
during nighttime following the diurnal temperature variations. Diurnal amplitudes are
thus similar between summer and winter for mistral situations, whereas the amplitude
of temperature is higher in summer than in winter. As the ABLH during mistral is partly
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driven by mechanical turbulence, the diurnal cycle is thus less sensitive to seasonal temper-
ature variations than the ABLH during sea/land breeze situations. However, the existence
of a diurnal cycle with higher values during daytime than nighttime means that there is
also an impact of thermal processes on the ABLH diurnal variability.

During SB, due to “bad” and “undetermined” flagged data, it was impossible to give
a precise diurnal amplitude of the ABLH. In the case of WB, the diurnal amplitude of the
ABLH ranged from 180 m to 450 m, which is twice lower than the mistral situations. The
amplitude of the air temperature was higher in summer than in winter for both mistral
and breeze situations (mean temperature amplitude of 8.5 ◦C for SM, 6.6 ◦C for WM, and
11.5 ◦C for WB) because of the difference in time of insolation and solar heating intensity
between summer and winter. However, it is noticeable that the diurnal amplitude of the
ABLH was higher for mistral situations when the amplitude of the air temperature was
lower than for sea/land breeze situations. During the nighttime, radiative cooling induces a
substantial cooling of the air mass (from 0 ◦C to 5◦ C in winter), which requires more energy
to start the convective mixing than in mistral situations. Thus, even if the air temperature
increase is faster than in a mistral situation, the amplitude of the ABLH is lower in sea
breeze than in mistral.

This process also explains the difference in the ABLH maximum value between mistral
and sea/land breeze situations: this maximum is higher in mistral situations than in sea
breeze situations (1200–1860 m for SM, 1200–1380 m for WM, 660 m for SB, and 330–450 m
for WB). Furthermore, in breeze situations, the ABLH maximum showed a small seasonality
as the range of maximum ABLH for the SB situation included the maximum of the ABLH
inferred for WM situations, even if there is a significant temperature difference between
both seasons (23 ± 4 ◦C for SM and 12 ± 2 ◦C for WM). This is due to sea thermal inertia,
with induces a shallow ABL. Mistral is characterized by higher wind speeds than average
(5.3 ± 4.2 m/s for summer 2021; 4.2 ± 4.0 m/s for winter 2021–2022), and atmospheric
mechanical turbulence is increased, which does not depend on the season: which explains
that there was almost no difference between the maximum for SM and WM. During the
SB, the ABLH showed two maxima. This might be explained by the establishment of the
sea breeze and the passage of the sea breeze head. Indeed, this maximum ABLH lasted
approximately 1 h and was correlated with an increase in wind speed observed at the COR
station, as well as a wind direction rotation observed at all of our meteorological stations.
This sea breeze head is sometimes associated with high turbulence, which can increase the
ABLH [21]. Once this sea breeze head passes, the ABLH decreases suddenly, leaving room
for the shallow marine boundary layer. During the day, the sea breeze speed increases
with the increase in temperature as the contrast between ground temperature and sea
temperature increases. The air mass passes over Marseille, it does not have enough time to
stay over the ground and to warm up, leading to a slight decrease in the ABLH [42]. Once
the air temperature maximum is reached (at 12:00), the wind speed decreases, allowing the
ABLH increases to reach a maximum at 15:00. One explanation for that increase could be
that, with the decrease in the wind, as the ground is still warm the ABLH develops.

The ABLH growth rates in mistral situations were quite variable and ranged from
62 m/h to 461 m/h, while for sea/land breeze situations it was much less variable, ranging
from 11 m/h to 123 m/h. Except for 22 February, there was no seasonality in the growth
rate of mistral situations. The growth rate on 22 February was particularly high compared
to other values of the event (461 m/h), but we lack the information to understand this
phenomenon. For sea/land breeze situations, we infer higher ABLH growth rate values
in summer than in winter; however, the lack of data below 150 m leads us to be cautious
about the conclusions and their significance.

Some phenomena occurred both during summer and winter, in particular in mistral
situations. When the ground heats the air mass just above it, it should normally trigger
the convection process, leading to the development of the ABLH. However, in our case,
the air was mixed by the strong mechanical turbulence induced by the mistral wind [17].
Thus, it took more time for the ABLH to develop compared to theoretical non-mistral
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situations. This was characterized by the lowest air temperature amplitude during SM and
WM situations (7.1 ◦C and 6.1 ◦C, respectively). The same process also happened in the
evening during ground cooling, when a temperature inversion could theoretically occur
due to the cooling of lower air masses in contact with the ground. If cooling has a stronger
impact than turbulence, we would observe (1) the decoupling of the mixed layer into a
night layer and a residual layer, which was only observed at the end of the night in our
case, (2) a temperature amplitude close to the average amplitude of the season (8.2 ◦C for
the summer of 2021 and 10.1 ◦C for the winter of 2021–2022), whereas we observed a lower
air temperature amplitude (7.1 ◦C and 6.1 ◦C for SM and WM, respectively). Moreover,
we also observed a lower rate of temperature decrease in the evening than the season’s
average. All of these elements allow us to conclude that the high wind speeds mixed the
air mass, limited the cooling, and prevented the formation of a temperature inversion. This
was only observable when the mistral is constant and established. When the mistral wind
slows down (below 10 m/s), the ABL is no longer well mixed and the thermal effects take
precedence over dynamic processes. Moreover, wind directions are no longer constant
from the northwest, but vary from site to site during the day. Mistral winds no longer take
over the local circulations, which are established during the day [43].

3.3. Aerosol Layer Composition and Dynamics

In WM, we noticed very low values below 0.02, typical of marine and/or anthropogenic
aerosols, and relatively high VDR values, typical of continental aerosols [34,35,44,45], see
Figure 10.
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Figure 10. Depolarization Ratio (VDR) during SM event (a), WM event (b), SB event (c), and WB
event (d); black dots stand for the ABLH calculated and then visually flagged as “good”. Note that
the VDR scale is adapted to each case.

It was expected that the observed aerosols were of continental origin; but in our case,
the very low VDR values were associated with relatively low Angström exponents, reflecting
more marine aerosols. However, looking at the LAV wind direction station, we could note
that relatively low VDR values were associated with west-northwest winds and an increase
in temperature, which could be explained by the reinforcement of westerly flow passing
over the Mediterranean Sea and loaded in marine aerosols. For SM, only anthropogenic
aerosols (VDR of 0.10–0.15 and an Angström exponent higher than 1.00) were observed,
which indicates the nonmarine and, thus, the continental origin of the air mass.
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In both sea/land breeze cases, the presence of anthropogenic aerosols was observed in
the ABLH mainly. They come from pollution sources rather than clean marine aerosols.
However, the stratification of aerosol layers in the first few kilometers of the atmosphere
is quite different during summer and winter. Indeed, summer shows aerosol layers up to
4000 m, whereas in winter there is no aerosol layer above the boundary layer. Possible ex-
planations are the following: (1) in summer, synoptic conditions are more often anticyclonic,
pushing forward the stagnation of aerosols, whereas in winter there are frequent passages
of low-pressure areas and fronts which promote the aerosol dispersion; (2) summer sea
breezes are stronger and go further inland than winter ones, developing more into sea
breeze cells, whereas in winter, breezes are weaker and land/sea temperature differences
are less pronounced, limiting the development of sea breeze cells.

3.4. Comparison with the Literature
3.4.1. Mistral

In summer, the ABLH for mistral situations exhibited day-to-day variability. One
possible explanation of the ABLH’s highest values encountered during such situations
would be an interaction with the French Prealps. In [46], the three possible main patterns
downwind of the mistral flow are highlighted: mountain waves, wave breakings, and
flow splitting. More data about the dynamics of the ABLH upstream of the site as well as
modeling studies would allow us to identify the role of these different patterns. Another
explanation for these very high values could be the existence of a hydraulic jump associated
with the mistral regime [17,47].

Whereas in both situations, winds have a continental origin, the ABLH growth rate
on 17 August was very low compared to the literature for Paris in France [48] during
summer. This reinforces the hypothesis that an established and constant mistral wind
diminishes the development and the decrease in the ABLH, as the ABLH development
in Paris is mainly explained by thermal processes, whereas in Marseille, during mistral
situations, high wind speeds lead to high mechanical turbulence. The ABLH on 17 August
coincides very well with what the authors of [17] found, with an ABLH around 1000 m
during summer constant during the day and relatively low compared to what has been
observed at continental sites [27]. The amplitude of the ABLH diurnal cycle was found to
be in the minimum values of the range of values found in the literature [49,50], which can
be explained both by a smaller growth and a smaller decrease in the ABLH.

On 18 August, mistral wind speeds were quite low (below 10 m/s). The ABLH
amplitude on that day was found to be around 1100 m, which is consistent with values
obtained in summer for midlatitude sites without any influence of synoptic wind ([49,50]).
This highlights that lower mistral winds favor the development of local circulations, as
found in [43].

In winter, during the nighttime of 19 February to 20 February, when the mistral
was established, the ABLH minimum was found to be higher in winter than what is
usually found in the literature for continental sites [48,51]. In addition, the decrease in the
ABLH was attenuated compared to other sites [49] because the high wind speed which
characterizes mistral inhibits air mass cooling.

Moreover, the high wind speed can also explain the low growth rate observed on
19 February, compared to the literature for continental sites ([26,52,53]), where only heating
processes drive the ABLH evolution, whereas in our coastal site, the ABLH growth rate
comes from a combination of both heating and turbulence processes, this latter being
predominant in mistral situations: the higher mechanical turbulence due to the mistral
wind prevents the cooling of the nocturnal boundary layer and inhibits the development of
the ABLH [17].

The diversity of the encountered mistral conditions yields a large variability in the
ABLH seasonality. However, some features appear to be specific to such conditions.

The ABLH diurnal cycle is similar or greater in summer than in winter. In the literature,
the difference of maximum between summer and winter in a typical midlatitude continental
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site ranges from 800 m to 1000 m [52,54–57], whereas for mistral conditions in Marseille,
we observed no such difference while the air masses came mainly from inland (around
330 m maximum).

The ABLH minimum inferred during the studied mistral events for both seasons
was relatively high (400–585 m) compared to that found in the literature, where it stands
between 100 m to 300 m [54,55] because of the high turbulence induced by such strong
wind conditions. Turbulence, preventing the increase in the ABLH by heating [17], can also
limit its decrease by cooling.

The ABLH diurnal amplitude in summer is higher than in winter, which is a very
common result [54] because of more heating during summer than in winter.

3.4.2. Sea/Land Breezes

In summer, the sea breeze established around 2 h after sunrise, when the air above the
continent became warmer than the air above the sea. Controversially, when the temperature
of the ground fell below the temperature of the sea, the land breeze developed (between
19:00 and 22:00). The sea breeze lasted 12 to 14 h, which is the typical time range found in
the literature for Mediterranean cities [58–60].

The sea breeze event described in this study shows a different ABLH diurnal cycle
than the one found in most of the literature for coastal (except Marseille) sites [21,50,55],
continental sites of sites [26,29,54,56], and during the ESCOMPTE campaign [24]. We
previously supposed that it was due to the sea breeze head, as this maximum occurs at the
same time as the sea/land breeze rotation. This result was also found by [19].

It has been proven [2,55,61] that the marine boundary layer is shallower than the
continental boundary layer due to the sea’s thermal inertia. This characteristic was also
observable in our case study. The ABLH maximum during the sea breeze regime was
lower than the one measured above continental sites during summer [26,48,52,54,56,57,62].
It was even lower than the ABLH maximum measured in other coastal cities during
summer [50,63,64] because they are partly influenced by continental winds. However, we
did not observe any pulsed sea breeze, as in [24]. One explanation could be that the sea
breeze in our case was from the southwest (from 200◦ to 250◦), contrary to ESCOMPTE
which observed the pulsed sea breeze during a pure western sea breeze event.

The ABLH maximum during sea breeze was similar to that found during the ESCOMPTE
campaign and consistent with the literature, which typically ranges from 400 to 800 m [65].

In the literature, the mean ABLH values at coastal sites include both the influence of
marine and continental air masses. This can explain why the ABLH minimum that we infer
during the studied sea breeze event was greater than both the ABLH mean values and the
mean ABLH minimum, the latter below 600 m [50,54,56,63].

Anticyclonic conditions associated with sea/land breezes correspond to the regional
stagnation of pollutants [66], which likely explains the existence of anthropogenic aerosols
up to 4000 m. The lower layer from 100 m to 400 m, also associated with anthropogenic
aerosols, can be associated with an urban layer, that is to say, aerosol emitted by the city.

Sea breeze, as the ABLH during such events, is poorly documented in the literature
for the winter season, which makes our results unique.

In winter, the sea breeze duration agrees with those found in former studies for the
Mediterranean area [59,60]. The sea breeze establishes 2 to 4 h after sunrise, which is around
07:00 in mid-December. It lasts between 6 and 7 h during the daytime, which is closer to
what was observed in Alicante (mean duration time of 7 h, [59] or on the Levant coast of
Spain [60]). The sea breeze ends with sunset, stopping 1 h or less after sunset time. For WB,
our ABLH values were lower than midlatitude coastal site average ABLHs [26,55,63] due
to the weaker influence of sea breezes at the latter.

During land breeze situations, the air temperature is very low (always below 7.0 ◦C),
which triggers a very low ABLH that we estimate to be lower than 150 m, as it is not visible
nor detected. Furthermore, due to the continental influence of the land breeze, our results
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are comparable to other continental wintertime urban ABLH studies, which estimate the
ABLH to be between 100 m and 300 m [67,68].

Our estimation of the ABLH diurnal amplitude is lower than that found in the litera-
ture for continental sites [56,69,70]. This can be explained by the fact that as the marine air
masses arrive late on land, they start to heat up later in Marseille than in other continental
sites. However, we lack comparative studies on the amplitude of the ABLH diurnal cycles
during winter to make robust conclusions.

Comparing summer and winter, the ABLH maximum was higher in summer than
in winter. However, this difference was relatively small compared to the one found
between both seasons for continental (which is generally in the order of magnitude of
800 m to 1000 m [27,52,56]). This might be explained by the sea thermal inertia between
both seasons.

4. Advantages and Limitations of Instruments and Methods

In this section, we discuss the limitations of both our instrumentation and the Haar
method to infer the ABLH in Marseille.

4.1. Lidar Limitations

In this study, we reached the limitations of both lidar instruments. The manufacturer
determined the blind zone altitude for the green channel as 100 m and 250 m for summer
and winter, respectively, and 150 m for the near-infrared channel. Although this does not
influence the ABLH analysis in summer, our study showed that in winter, particularly
during sea/land breeze situations, the ABLH can be very thin, especially during the
nighttime because of the relatively cold temperatures inhibiting the ABLH development.
This limitation has also been found in other studies, such as that by [71]. To assess the ABLH
values in the lidar blind zone, we recommend using a ceilometer. In fact, a ceilometer
such as a Vaisala CL31 has been shown to have a blind zone of around 70 m [64,72].
Moreover, such ceilometer instrumentation has shown a good ability to detect the ABLH
values up to 4 km altitude during the daytime [30], even if limited to 1–2 km by high solar
noise, especially during summertime in the midlatitudes of the Northern Hemisphere,
where more powerful lidar instruments are perfectly capable differentiating noise and
backscattered signals. Combining lidar and ceilometer could be a good way to retrieve the
ABLH and aerosol layers from around 70 m to 12 km altitude.

4.2. Haar Wavelet Method Limitations

The Haar wavelet method shows a good ability to detect the ABLH when the latter is
defined by a clear aerosol gradient. This is efficient in cases of multiple layers when the
aerosol gradient defining the ABLH is more pronounced than the layers above it. Finally,
this method is able to differentiate layers from clouds and, therefore, will not wrongly
choose a cloudy layer as the ABLH. However, the Haar wavelet method is limited in
two situations: when there are too many layers and when there are no aerosol gradients
because, in the latter, there is no exploitable signal delivered by either lidar or ceilometer

During the SB event, we clearly see multiple layers above the ABLH, with gradients
sometimes higher than those of the ABLH. As the purpose of the algorithm is to detect
gradients, the Haar method may overestimate the ABLH by selecting the top of a higher
layer [71]. The method we chose in this study was to select the altitude range in which
the algorithm should search for the ABLH. By default, this range of altitudes was set from
the altitude of the blind zone to 3000 m, based on typical values found for midlatitude
sites. When an aerosol layer is incorrectly selected by the algorithm, we adapt the altitude
range to exclude this aerosol layer. Otherwise, when the situation is too complicated, other
algorithms more suitable for distinguishing layers of atmosphere should be investigated,
as discussed below.

However, some new algorithms such as STRATfinder ([73]) consider both the gradient
and the temporal continuity of the ABLH. To ensure this temporal continuity, the jump to
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aerosol layers above the ABL would considerably decrease. The ability of this algorithm to
retrieve the ABLH for both high and low signal-to-noise ratio instruments has already been
demonstrated [74]. Another possibility would be to use machine learning [52,75]. In [75],
the authors developed an algorithm based on this method to retrieve the ABLH in complex
stratification and cloudy situations and compared it with other methods such as the Haar
wavelet method. They showed that machine learning presented the best results of all the
methods tested, which makes it promising.

4.3. Impact of the Choice of Dilation on the ABLH

As the ABLH determination relies on indirect lidar measurements, it is complicated to
assess the associated uncertainties. Some studies have tackled this problem. For example,
by comparing radio soundings and lidar measurements, Ref. [76] determined that the
uncertainty of the Haar wavelet method used in that study was ± 60 m. This uncertainty
includes the uncertainties of both the aerosol-based and the temperature-based methods,
which can be large [77]. The uncertainties induced by the choice of parameters of the
method have not been assessed so far.

Some studies have already shown that the choice of dilation is important in providing
correct estimates of the ABLH. Using wavelet theory, [25] shows that a very low dilation,
for example, a few tens of meters, may give too much importance to gradients induced
by noise. These results have been confirmed by [32], whereas typical values of the used
dilation were ranging from 60 m to 300 m [78], depending on instruments and sites. In the
following, we quantify the error when choosing the dilation value. To do so, we calculate
the sensibility S:

S =
∆Y
Y

∆X
X

(4)

In our case, these yields:

S =
∆ABLH
ABLH

∆a
a

=

ABLHref−ABLH
ABLHref
are f−a

a

(5)

The sensitivity of the ABLH to dilation is calculated for each event averaged over
10 min. The sensitivity gives the impact on the ABLH of a relative change in the dilation
around the reference. For example, a change in the dilation of 3%, with a sensitivity of 2,
leads to a change of 6% in the ABLH.

Then, the average of all the sensibilities over the time series per event is calculated and
indicated in the 4th column of Table 5. The standard deviation for all sensitivity studies is
also calculated (5th column of Table 5).

Table 5. Dilation sensitivity study for the four case studies.

Event Dilation of Reference Dilation for the
Sensibility Study

Mean Sensibility
(%/%)

Standard Deviation of Sensibility
(%/%)

SM 270 240 0.09 1
WM 270 240 0.80 5
SB 240 210 0.10 10
WB 270 240 −0.20 1

For all cases, the sensitivity appears to be really low, which means that the choice of
dilation does not greatly affect the calculated ABLH. However, the high standard deviation
associated with each dilation implies that even if this choice does not impact most of the
data points, some could be highly affected by this choice, detecting wrong layers instead of
the ABLH.
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4.4. Recommendations for Undetermined Situations

In some situations, the ABLH cannot be assessed visually because of a too complex
situation (e.g., SB, with several aerosol layers up to 4000 m altitude) or when the aerosol gra-
dient marking the entrainment zone is too weak (e.g., the end of the day on 16 August 2021).
In this section, we suggest a few ways to overcome this indeterminacy.

Complementary instruments could be installed on the Longchamp site to determine
the ABLH with greater accuracy. One way could be to install a wind ultra-high frequency
(UHF) lidar, as in [17]. This instrument has already shown great results ([24]), especially
in the case of sea/land breezes because it allows the boundary layer to be separated from
the free atmosphere, as well as the internal patterns of the sea breeze current such as the
sea breeze head or Kelvin–Helmholtz instabilities ([19]). It also provides complementary
measurements, e.g., wind speeds and direction. This could be useful when coupled with
aerosol lidar, as lidar measurement provides information on the aerosol layer, and wind
UHF would provide information on the displacement of these layers. Using wind UHF
and aerosol layers to determine the ABLH would result in two ABLH time series based on
different definitions, and thus help reduce uncertainties.

Balloon launches could also be considered because the ABLH can be easily retrieved
from potential temperature or wind speed profiles with different methods [2,27,79–81].
This would be particularly useful in cases of mistral wind. Indeed, as explained above,
depending on the wind configuration and its speed, and due to the high mountains around
the Rhône Valley, the flow could be affected by topographic features, such as hydraulic
jump [46] or shelter effects [17]. These effects are diagnosable with the dimensionless
Froude number, Fr, which requires the vertical gradient of potential temperature. Depend-
ing on if Fr is lower than, equal to, or greater than 1, assumptions can be made about the
behavior of the wind compared with an obstacle. This was largely conducted in [17,82],
obtaining interesting results. However, regarding the location of the Longchamp site, which
is in the city center, legislation and authorization could be hard to come by. Moreover, they
are very expensive in terms of human and material resources.

It should be noted that these methods are also complementary, thanks to the different
information they provide. Studies have shown that, in some complex situations, lidar
cannot be used alone [83], which is also confirmed by our study. To study ABLH, we
suggest installing a ceilometer close to the lidar system, since the ceilometer has a very low
blind zone [64,72]. Moreover, radio soundings launched far from Marseille in mistral flow,
as in ESCOMPTE, could be useful for characterizing the air mass arriving above the city.

5. Conclusions

In this paper, we investigated the variability in two typical meteorological situations
in the SUD–PACA region: mistral and sea/land breezes. These meteorological situations
were compared in summer and winter to highlight seasonal differences. We set up a lidar
in the city center during the summer of 2021 and in the winter of 2021–2022.

The mistral is a strong wind from the northwest, with wind speeds higher than 16 m/s
in both summer and winter. Mistral situations can vary considerably depending on the
curvature of the wind, its strength, and its constancy. The ABLH diurnal cycle is driven by
the relative contribution of heat release from the land to the atmosphere due to incoming
solar radiation and the turbulence associated with the high wind speed characteristics of
the mistral. For well-established mistral, high mechanical turbulence limits the decrease in
the ABLH at the end of the day, resulting in a relatively high ABLH during the nighttime;
during the daytime, it inhibits the development of the ABLH by the heating process. The
ABLH shows equal or higher values during summer than winter as mechanical turbulence
induced by mistral winds does not depend on the season. When the mistral is too weak,
the mechanical turbulence is no more a significant driving factor and the heating process
mainly contributes to the development of the diurnal ABLH and its decrease at nighttime.
To understand the ABLH variability during these mistral situations, it is thus important to
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have an overview of the dynamics within a 500 km radius (including the Rhône Valley)
and to not only focus on one specific site.

Sea breeze events are characterized by relatively calm conditions during the daytime,
with wind speeds between 4 and 6 m/s coming from the sea with a southwest wind
direction. Sea breezes last longer during summer than during winter due to more intense
land ground heating, incoming solar radiation, and longer day length. Land breezes occur
during the nighttime with north-east wind directions associated with relatively low wind
speeds (below 3 m/s). Land breezes last longer during winter due to the cold atmospheric
temperature associated with high sea inertia, resulting in a higher temperature at the sea
surface than at the continental (15.0 ◦C). The ABLH diurnal cycle is marked by a higher
maximum, minimum, and growth rate of the ABLH in summer than in winter. Since
the Mediterranean Sea has greater thermal inertia and lower roughness than the land,
the ABLH of air masses coming from the sea has smaller variability than the ABLH of
continental air masses. The ABLH is less than 150 m in winter; however, it could not be
detected more precisely due to the blind zone of the lidar. The stratification of the aerosol
layers in sea/land breeze situations is more developed in summer, with aerosol layers up to
4000 m, likely due to both stagnant conditions and sea breeze cells. A deeper investigation
of the dynamics with a high-resolution 3D model would be useful to fully understand the
atmospheric dynamics in such cases.

Due to instrumental limitations, the near-infrared channel could provide ABLH es-
timates starting from 150 m, contrary to the green channel, which is blind below 250 m.
The near-infrared channel, therefore, has a better performance than the green channel
when it comes to detecting the ABLH. However, the lidar does not separate polarized and
depolarized signals from the near-infrared channel and, thus, it is not able to characterize
the type of aerosols to provide information about the origin of air masses.

The results of this study allow us to draw some conclusions and propose the following
suggestions to improve the coverage of the ABLH measurements in a coastal city such as Marseille:

• The ABLH retrieval calculations need to be carefully assessed. In cases when the
Haar method is chosen, there is no overall difference whatever the chosen dilation.
However, dense aerosol layers on top of the ABL and/or a weak aerosol gradient
between the atmospheric boundary layer and the free atmosphere could limit the
detection of the ABLH by algorithms.

• The blind zone associated with lidar instruments is a limitation in cases of an ABLH
lower than the blind zone (e.g., winter nighttime ABLH); therefore, using a comple-
mentary instrument that can detect low ABLH, such as a ceilometer, is suggested.

• A combination of green and near-infrared channels, as performed in this study, is
found to be helpful when improving the detection and study of the ABLH.

• Enhancing the lidar performance to separate the parallel and perpendicular compo-
nents of the near-infrared signal would be of benefit.

• Lidar measurements alone are limited when used to determine the ABLH in complex
cases; for example, when there are multiple aerosol layers in the lower part of the
atmosphere. Therefore, 3D models and/or complementary measurements, such as
thermodynamic variables, are necessary to understand the atmospheric dynamics of
the region of study.

Finally, this work only focused on one case for both of the studied meteorological
situations and two seasons. To allow the generalization of these results, more cases should
be studied across all four seasons, especially since it has been proven that mistral and
sea/land breezes could have very specific patterns depending on atmospheric dynamics.
This study adds to the few previous studies on ABLH variability in the Mediterranean
basin. However, it is the first to measure the ABLH in winter in Marseille, to assess the
seasonality of the ABLH, and to provide the ABLH during both the day and nighttime in
summer in this Mediterranean coastal city.
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