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Abstract: The vertical aerosol layering of the troposphere is poorly documented in mountainous
regions, particularly in the Alpine valleys, which are influenced by valley and mountain winds. To
improve our knowledge of particulate matter trapped in the Annecy valley, synergetic measurements
performed by a ground-based meteorological Raman lidar and a Rayleigh-Mie lidar aboard an ultra-
light aircraft were implemented as part of the Lacustrine-Water vApor Isotope inVentory Experiment
(L-WAIVE) over Lake Annecy. These observations were complemented by satellite observations
and Lagrangian modeling. The vertical profiles of aerosol optical properties (e.g., aerosol extinction
coefficient (AEC), lidar ratio (LR), particle linear depolarization ratio (PDR)) are derived from lidar
measurements at 355 nm during the period between 13 and 22 June 2019. The background aerosol
content with an aerosol optical thickness (AOT) of 0.10 ± 0.05, corresponding to local–regional
conditions influenced by anthropogenic pollution, has been characterized over the entirety of Lake
Annecy thanks to the mobile ultralight payload. The aerosol optical properties are shown to be
particularly variable over time in the atmospheric column, with mean LRs (PDRs) varying between
40 ± 8 and 115± 15 sr (2± 1 and 35± 2%). Those conditions can be disturbed by air masses that have
recirculated over the valley, as well as by contributions from neighboring valleys. We have observed
an important disruption in the atmospheric aerosol profiles by the arrival of an exceptionally dry air
mass (RH ~ 30%), containing aerosols identified as coming from the Great Western Erg (AOT ~ 0.5,
LR = 65 ± 10 sr, PDR = 20–35%) in the Sahara. These desert dust particles are shown to influence
the entire atmospheric column in the Annecy valley. Such an experimental approach, coupling
upward and downward lidar and spaceborne observation/Lagrangian modelling, was shown to be
of significant interest for the long-term monitoring of the evolution of aerosol loads over deep valleys.
It allows a better understanding of the influence of dust storms in the presence of severe convective
weather processes.

Keywords: aerosol; lidar; atmosphere; structure; valley; lake; Annecy; airborne

1. Introduction

The vertical distribution of aerosols over Alpine valleys is still poorly documented.
Meanwhile, the levels of fine particles in areas with dense urbanization or industrial and
transportation activities continue to worry the inhabitants. Field experiments on air quality
have been conducted in the past, but they have been conducted in extremely limited
numbers; the issue of particle pollution in the Alpine valleys only reaches the public
through mainstream press releases. The Pollution in the Alpine Valleys (POVA) program is
one of the most impactful environmental research projects of the last decades [1]. It was
principally oriented towards particulate pollution in the Chamonix and Maurienne valleys.
From this project, anthropic emissions were reported to be fundamentally due to traffic,
industries, residential heating, and some agricultural activities. Despite these findings, the
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societal issue associated with particulate pollution in the valleys is often underestimated
by local stakeholders [2], whereas the health benefits of mitigation policies are no longer
questioned [3,4].

As shown by [5], the air quality in Alpine valleys strongly depends on their specific
topography, due to effects, including the aerosol origins in narrow valleys and certain
atmospheric dynamic processes linked to steep valley walls. First established from obser-
vations in [6], the effects of these dynamic processes have been mainly investigated by
modelling, in particular for studies of atmospheric pollution. The most prominent of these
are TRANSALP [7,8], POLLUMET (Pollution and Meteorology) [9], and VOTALP (Vertical
Transport of Pollutants in Alpine Valleys) [10,11].

As for other locations under scrutiny, most of the measurements of particulate pollu-
tion in the valleys are carried out near the surface (e.g., [1,12]), and few data are available
on the air column from the surface to the free troposphere. However, knowledge of the
vertical distribution of aerosols and their temporal evolution is necessary to understand
and forecast events of particulate pollution and to inform populations (e.g., [13]). Though
some efforts have been performed using other means [14,15], lidar measurements have
a fundamental role to play here through the vertical and temporal resolutions they can
offer [16–21]. The synergy between different types of lidar measurements also allows
better identification of aerosol layers and helps ascertain their origins and variabilities over
time [22–24].

Previous lidar measurements in the Alps by a ground-based scanning system during
VOTALP have allowed us to identify the two aerosol layers associated with inversions
typically induced by local and regional orography, as well as horizontal inhomogeneities in
aerosol concentrations at the opening of the Mesolcina valley near Grono, Switzerland [25].
More recently, a ground-based micropulse lidar was used in the Italian valley of Aosta to
quantify, for the first time, the direct radiative effect of aerosols during two cases— one
with local pollution, and one during a dust transport event in June 2019 [26]. Nonetheless,
the three-dimensional distribution of pollutants was only previously investigated during
POVA in the Chamonix and Maurienne valleys [17], coupling in situ airborne and lidar
measurements to highlight their sources, along with urban heat island effects.

A component of the Lacustrine-Water vApor Isotope inVentory Experiment (L-WAIVE)
field campaign [27], conducted in the Annecy valley in the French Alps in June 2019, was
dedicated to the study of aerosols. One of its main objectives was to document the three-
dimensional extent and temporal evolution of aerosol layers above the Annecy valley in
its complex topographic environment. This unprecedented experiment mainly involved
the airborne Rayleigh-Mie lidar ALiAS (Airborne Lidar for Aerosol Study [28]) and the
ground-based Raman WALI (Weather and Aerosol LIdar [29]).

The objective of this paper is to discuss the spatiotemporal evolution of the vertical
profiles of aerosol optical properties measured during L-WAIVE, based on lidar samplings
of different aerosol structures present in the Annecy valley from 13 to 21 June 2019. The
observation period cannot be generalized to the whole year, but it is representative of a
spring/summer situation. A detailed interpretation of these results will be presented to
identify the origin of the particles, as well as their temporal and vertical variabilities. We
will show that these observations, which were not widely available in the past, pinpoint
notable mixing between aerosols emitted locally and those transported from distant sources
of the Sahara.

In Section 2, the experimental setup is presented, as well as the methods used for
the inversion of the lidar profiles. The temporal evolution of the optical properties of the
aerosol layers is described in Section 3. Section 4 is dedicated to the discussion of local
aerosol contribution to lidar profiles in relation to meteorological parameters. In Section 5,
a case study involving disturbed environmental conditions in the valley due to a desert
dust event is presented.
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2. Materials and Methods

Our objective was to quantify the vertical distribution of aerosols in the Annecy
valley using ground-based and airborne lidars. They are the only instruments that allow
sampling the air column with the vertical and temporal resolution required to observe slight
variations in aerosol plumes. The lidar data are supplemented by in situ measurements
for calibration and validation purposes. In complement, to help identify the contributions
of long-range atmospheric transports and their associated aerosol origin, we also used
satellite observations and Lagrangian modelling.

2.1. Ground-Based Raman Lidar

We positioned the ground-based lidar in the village of Lathuile, on the southern bank
of Lake Annecy (45◦47′N, 6◦12′E, altitude ~447 m above the mean sea level (a.m.s.l.) in the
Haute-Savoie area of the French Alps) [27]. This location allowed us to limit the effects of
slope winds, which have a considerable influence at distances between 50 and 200 m from
the relief [5].

The ground-based lidar WALI (Weather and Aerosol Lidar, https://metclim-lidars.aeris-
data.fr/wali/, last access: 15 January 2023) is an established mobile system, which samples
the troposphere for aerosol [22], water vapor [29–31], and temperature retrievals [32]. It
operates in the ultraviolet part of the spectrum, at the wavelength of ~355 nm, with a field-
of-view (FOV) of .2 mrad, allowing for a full overlap of the emission and reception paths
beyond ~200–300 m. Several aerosol optical parameters were retrieved from two cross-
polarized channels coupled with a dinitrogen Raman elastic channel at ~387 nm [33–35]:
the aerosol extinction coefficient (AEC), the lidar ratio (LR, ratio of the AEC and aerosol
backscatter coefficient), the linear volume depolarization ratio (VDR), the particle linear
depolarization ratio (PDR), and the aerosol optical thickness (AOT). The water vapor mixing
ratio (WVMR) was derived using Raman channels at ~387 and ~407 nm for dinitrogen and
water vapor, respectively [35]. The temperature was derived from two rotational Raman
channels combining the Raman lines of both dinitrogen and dioxygen close to the elastic
Cabannes line centered at 354.7 nm. The relative humidity (RH) was calculated by using
the WVMR and temperature. For all altitude-dependent aerosol optical properties, the
average vertical profiles were computed over 20 min with a vertical resolution of 30 m. In
all Raman retrievals (water vapor, temperature), the lidar signal was averaged over 30 min,
and the vertical resolutions decreased with altitude from 30 m near the ground to 360 m
5 km above ground level (a.g.l.).

Lidar inversion methods can be found in the references cited at the beginning of
this section as additional technical information on the lidar. For our N2-Raman lidar, the
uncertainties of the retrieved optical properties of aerosols are well described in [35]. The
relative error on the determination of AOT from the vibrational Raman channels is less
than 2% for a signal-to-noise ratios (SNR) greater than 10. The uncertainty on the LR is
between 5 and 10 sr, but it increases abruptly for AOTs below 0.1, and it strongly depends
on SNR, as shown by [36]. For AEC higher than 0.05 km−1, the error on the PDR remains
in the order of 1–2%, but it will increase sharply for lower AEC values.

Airborne in situ measurements were used, as in [31], for the calibration of the ground-
based lidar to retrieve vertical water vapor and temperature profiles. The sources of error
on measurements by the Raman channels of WALI are fully described in [32]. In this
study, the bias has been shown to be negligible for water vapor, and it is below 0.4 ◦C
for temperature. Random errors are consistent with theoretical noise levels extrapolated
from known sources, namely, 0.03-0.4 g kg−1 (daytime–nighttime) under 2 km a.g.l. and
0.04 g kg−1 (nighttime), under 6 km a.g.l. for water vapor, and 0.4–0.7 ◦C (daytime-
nighttime) under 2 km and 0.75 ◦C (nighttime) under 6 km a.g.l. for temperature. This
is consistent with previous implementations of WALI [29,31,37] with only water vapor
measurements. During L-WAIVE, uncertainties were again assessed by direct comparison
to atmospheric soundings. With suitable SNR conditions (nighttime or daytime in the first
2 km of atmosphere), statistical errors remain below 3% for water vapor measurements, and

https://metclim-lidars.aeris-data.fr/wali/
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they remain below 2.5 ◦C for temperature measurements (this is a result of larger random
error, likely due to more horizontal variability between lidar and sonde). The resulting
error on RH is around 10%, with less than 5% bias highlighted below 4 km a.g.l.

2.2. Ground-Based Hand-Held Sunphotometer

During the day, in parallel with the cloudless sky lidar measurements, a SolarLight®

Microtops II manual sun photometer (https://solarlight.com/, last access: 15 January 2023)
was used. It was equipped with 4 channels (340, 440, 675, and 870 nm) and with a water
vapor channel at 936 nm. For use with the ground-based lidar, an Angstrom coefficient
between 340 and 440 nm was calculated. Each value considered here is the average of three
consecutive measurements. The manual spectrophotometer has been calibrated by the
manufacturer and verified in comparison to the AERONET (https://aeronet.gsfc.nasa.gov/,
last access: 15 January 2023) sun photometer of Palaiseau (Greater Paris area) before the
campaign. The procedure was the same as that presented in [19]. The AOT accuracy is
comparable to that of the automated Cimel sun photometer. Nevertheless, manual solar
targeting induces an additional bias, which leads to an absolute uncertainty between 0.01
and 0.02, as compared to simultaneous measurements by an automated sun photometer [34].
The expected total uncertainty is, therefore, less than 0.04 on every channel.

2.3. Airborne Measurements

In order to complement measurements of the vertical distribution of aerosols and to
collect information at other locations in the valley, we used a scientific payload onboard a
Tanarg 912 XS ultralight from the company Air Creation, similar to the one described by
Chazette and Totems (2017) [38]. The maximum total payload was approximately 250 kg,
including the pilot. Flight durations were ~2 h, depending on flight conditions, with a
cruise speed around 85–90 km h−1. The ultralight location was computed by a Global
Positioning System (GPS) and an Attitude and Heading Reference System (AHRS), both
part of the MTi-G components sold by XSens. The ultralight flew at altitudes lower than
3.5 km a.m.s.l. above the valley.

The onboard instruments are the following:
Rayleigh-Mie lidar. ALiAS (https://metclim-lidars.aeris-data.fr/alias/, last access:

15 January 2023) was especially developed by LSCE as an airborne payload dedicated to
aerosols and clouds samplings [28,39]. It emits a pulse energy of 30 mJ in the ultraviolet
spectrum at 355 nm with a 20 Hz pulsed Nd:YAG laser (Ultra) manufactured by Lumibird
(https://www.lumibird.com/, last access: 15 January 2023). The acquisition system was
based on a PXI (PCI eXtensions for Instrumentation) technology manufactured by National
Instrument (https://www.ni.com/, last access: 15 January 2023). The receiver implements
two channels for the detection of the elastic backscatter from the atmosphere in the parallel
and perpendicular polarization planes relative to the linear polarization of the emitted
radiation. The native resolution along the line-of-sight (LOS) is 0.75 m. It degraded to 30 m
during data processing to improve the SNR. The FOV ~2 mrad ensures a full overlap of the
transmit and receive paths, around 200–300 m from the emitter. For this study, we used
lidar profiles obtained with a horizontal LOS. The inversion of lidar data on a horizontal
LOS has already been described in [40] and in [41]. The so-called “top-down” inversion of
lidar measurements at nadir are not well constrained. We will, therefore, discuss only the
VDR, which is associated with lower uncertainties than the PDR.

Meteorological probe. The shielded meteorological probe for measuring temperature,
pressure, and relative humidity was a Vaisala PTU-300. With a 1-min sampling time,
this probe measures the atmospheric pressure within an uncertainty of 0.25 hPa, the air
temperature within an uncertainty of 0.2 K, and relative humidity (RH) within a relative
uncertainty of 2.5%.

Particle sizer. The particle sizer used was a Fidas® Frog manufactured by Palas
(https://www.palas.de/en/, last access 15 January 2023). The measuring cell of the Fidas®

Frog is identical to that of the Fidas® 200. The particle sizer operates on battery power with

https://solarlight.com/
https://aeronet.gsfc.nasa.gov/
https://metclim-lidars.aeris-data.fr/alias/
https://www.lumibird.com/
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a volume flow of 1.4 L min−1 in environmental conditions of temperature, atmospheric
pressure, and relative humidity (no drying). The particle size distribution is determined
from 180 nm to 20 µm by means of an optical aerosol spectrometer using Lorenz-Mie
scattered light analysis. The LED source homogeneously illuminates an optically dif-
ferentiated measurement volume with white light. Each particle moving through this
volume generates a scattered light impulse detected at an angle of 85◦ to 95◦ degrees.
The amplitude of the impulse is a measure of the particle diameter, and the number of
particles corresponds to the number of impulses. To allow in-flight measurement, while
limiting missed particles, a sampling head has been custom designed and 3D-printed for
the ultralight cruising airspeed to guarantee an isokinetic air flow at the entrance of the
Fidas®. The Fidas® 200 optical particle sizer is TÜV-certified in the European Community
for aerosol mass concentration measurements. The instrument was leased and calibrated
by ADDAIR (https://www.addair.fr/, last access: 15 January 2023), the official dealer of
Palas instruments. When comparing to measurements of aerosol mass concentration, the
Pearson correlation coefficient was between 0.75 and 0.87 [42].

2.4. Modelling and Satellite Data

Modelling. Back trajectories were computed using the Hybrid Single Particle La-
grangian Integrated Trajectory (HYSPLIT) [43]. The model was initialized using the
wind fields of the Global Forecast System (GFS) (http://www.ncep.noaa.gov/, last access:
14 February 2023) at 0.25◦ horizontal resolution. The endpoints of back trajectories were
defined using the lidar profiles to determine both their temporal and altitude locations
above the lidar when aerosol layers were present. We used the ensemble mode of HYSPLIT,
which computes, simultaneously, 27 back trajectories for each endpoint. For each endpoint
time, the endpoints have been distributed in altitude every 100 m within the altitude range,
where the aerosol layer has been identified from lidar measurements. This allows for a more
static consideration of back trajectories, which can then be represented by surface densities.

Satellite. The level 2, version 4 aerosol optical thicknesses of the Moderate Resolu-
tion Imaging Spectroradiometers (MODIS, http://modis-atmos.gsfc.nasa.gov, last access:
14 February 2023 [44,45]), on board the Aqua and Terra platforms, have been used to study
the horizontal spread and transport of aerosol plumes. The brightness temperature anoma-
lies (BTA) of the Spinning Enhanced Visible and InfraRed Imager (SEVIR, [46]) thermal
infrared channels offer the possibility to identify the location of uplift zones and high AOT
plumes over the Sahara. For this purpose, we used the approach proposed by [47], which
highlights the apparent cooling of the hot surface due to the presence of dust aerosols.
A reference image of warmer temperatures was computed from a series of 21 successive
images taken at 12:00 UTC, centered on 13 June 2019, after which the given image was
compared with the reference image to detect anomalous cold areas.

3. Temporal Evolution during the Field Campaign

As will be seen hereafter, both vertical structures and concentrations of particulate
pollutants are highly variable over the Lake Annecy valley over the course of a day and
from one day to the next. Vertical structures can be highlighted on the AEC, PDR, RH, and
temperature lidar profiles.

3.1. Aerosol Optical Properties

Figure 1 shows the temporal evolution of the optical properties of aerosols retrieved
by the ground-based WALI over the entire L-WAIVE campaign.

https://www.addair.fr/
http://www.ncep.noaa.gov/
http://modis-atmos.gsfc.nasa.gov
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Figure 1. Temporal evolution between 13 and 21 June 2019 of (a) lidar ratio (LR) (mean value as a 
black line and error bar in orange), as well as the aerosol optical thickness (AOT) at 355 nm derived 
from lidar measurements (blue triangles) and the handheld sun spectrophotometer (red dots); (b) 

Figure 1. Temporal evolution between 13 and 21 June 2019 of (a) lidar ratio (LR) (mean value as a
black line and error bar in orange), as well as the aerosol optical thickness (AOT) at 355 nm derived
from lidar measurements (blue triangles) and the handheld sun spectrophotometer (red dots); (b) the
vertical profile of the aerosol extinction coefficient (AEC) at 355 nm; and (c) the vertical profile of the
particle linear depolarization ratio (PDR) at 355 nm. White stripes along time correspond to cloudy
periods when measurements could not be inverted.
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3.1.1. Column-Integrated Parameters

The lidar-derived AOT and LR are presented in Figure 1a in low cloud free condition.
Remarkably high AOTs are reported, above 0.5 at 355 nm on 14 June. It is worth

noting that, in cloud-free conditions, the AOT at 355 nm retrieved from the handheld sun
spectrophotometer is close to the one derived from the ground-based lidar (red dots in
Figure 1a). The latter may be slightly higher due to the lidar blind spot below 200 m a.g.l.
The AOTs increase discernibly after the night of 18–19 June, from ~0.15 to ~0.4, in connection
with the thickening of the aerosol layer. The histogram of AOTs over the period of the field
experiment is presented in Figure 2. The majority of AOT values are distributed around 0.1,
corresponding to particulate pollution which is lighter by a factor of two than that of the
Greater Paris area in spring [48]. For higher AOTs, a non-local aerosol contribution must
be considered.
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based lidar measurements for the altitude range of 0.7–8 km a.m.s.l. (south of Lake Annecy, ground
level at ~0.45 km a.m.s.l.).

The LR is strongly dependent on the particle size and chemical composition of the
aerosol via the complex refractive index of the particles [49]. It, therefore, allows us to trace
the evolution of the aerosol composition in the atmospheric column over time (Figure 1a).
The lowest values (~40–50 ± 10 sr) observed on 14 June may be associated with the
presence of dust-like aerosols [50–52], whose exact origin remains to be determined. The
LRs are generally higher on the other days of the campaign, and the maximum values reach
~115 ± 15 sr at 355 nm during the night of 18–19 June for several consecutive independent
profiles. Such values are exceptional and are rarely retrieved in the literature. They
correspond to the AOTs encountered at that time (Figure 1a), which are among the lowest
measured during the campaign and may lead to higher errors for LR retrieval. This sudden
increase in LR occurs when the regional circulation brings air from the mountain tops, thus
decreasing the AOT. It is, therefore, difficult to assess the origin of the particles involved.
A LR of 115 ± 15 sr is substantially higher than that previously observed over Paris
(90 ± 16 sr, [53]) for pollution aerosols closely linked to motor traffic, although the error
bars overlap noticeably. More common values, between 50 and 85 sr, are encountered quite
often after 16 June. It should be noted that violent thunderstorms broke out on 16 June [27]
and washed off a very large proportion of the aerosols present in the atmosphere. These
thunderstorms, and more frequently the presence of low and medium altitude clouds,
explain the occasional lack of data in Figure 1.
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3.1.2. Vertical Profiles

The temporal evolution of the vertical profiles of AEC is shown in Figure 1b. The
profiles show conspicuous structures, which allow the identification of the aerosol layers.
The low atmosphere was, at first, strongly loaded by dust-like aerosols, up to more than
6 km a.m.s.l. on 14 June. The aerosol load then dropped, especially after the storms, yet an
aerosol layer remained aloft on the afternoon of June 16 between ~1.5 and 2.5 km a.m.s.l. A
similar layer was found on the night of 17–18 June. An upward expansion of the aerosol
layer was noted on 19 June, which could be linked to more important thermal convection
on that sunny day.

Derived from the VDR, the PDR is an optical parameter that allows us to easily
differentiate aerosols according to their degree of sphericity [54,55]. As dust-like aerosols
are much less spherical than pollution aerosols, they will show higher PDRs, as seen on
14 June in Figure 1c. PDR values above 20% are characteristic of dust-like particles mixed
with pollution aerosols [22,52]. For pollution aerosols, the values generally remain below
2-4% during the day. Higher values are observed during the night, exceeding 10%, which
could be the signature of a different origin of particles than during the day, both including
dust-like particles. Aerosols with such PDRs can be observed mainly on 13–14 June, with a
higher frequency being observed during the night.

The nature of aerosols varies vividly, not only from day to day, but even within the
same day. An evolution as a function of altitude is also observed. Moreover, it is also
evident over the horizontal extent of the valley, as shown in Figure 3 by the airborne lidar
measurements on 18 June 2019, 11:00–12:30 LT (local time). The latter highlight a fall in
VDR between the north and the south of the lake. This evolution may be associated with a
rapid ageing of the aerosols, which become more hydrophilic and whose properties can
thus potentially differ between the city of Annecy (located in the north of the valley) and
the lidar ground station of Lathuile.
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3.2. Meteorological Parameters Derived from the Ground-Based Lidar

The temporal evolution of the vertical temperature and RH profiles are shown in
Figure 4. Below 2–3 km a.m.s.l., a marked temperature cycle is observed (Figure 4a),
with the highest temperatures observed during the afternoon. These temperatures can be
related to rising valley winds (see Figure 5b of [27]) and, conversely, the lowest nighttime
temperatures are more frequently associated with mountain winds descending from the
relief surrounding the measurement site. The temporal evolution of RH (Figure 4b) shows
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a less pronounced diurnal cycle due to the presence of precipitating clouds [27], which
disrupt it, but also, at the beginning of the period, are related to the presence of dust-like
particles likely advected from higher altitudes. The air mass above the measurement site
on 13–15 June was much drier (RH < 30%) than usual. A more precise identification of the
origin of this air mass will be presented in Section 5. We also note a warmer and drier lower
troposphere (<2 km a.m.s.l.) on the afternoon of 19 June in connection with vertical mixing
related to a more pronounced thermal convection, which is evidenced by the previous high
PDR values.
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4. Local Aerosol Conditions in Connection with the Valley Winds

The aerosols in local–regional conditions have been observed between 17–19 June,
when the AOT is weaker, between two periods of rainy thunderstorms. A diurnal cycle that
is consistent with that of temperature is not clearly observed (Figures 1b and 2) because
aerosols from the ground are also mixed at higher altitudes via thermal convection at the
hottest times of the day and can recirculate depending on the valley winds. To better
demonstrate the evolution of aerosol transport during the day, we performed ascending
and descending spiral flights over the southern part of the lake at different meteorological
key times during the day from 18 to 19 June. The spiral measurements provided vertical
profiles of AEC from horizontal lidar measurements that can be related to those derived
from the ground-based lidar near the southwest shore of the lake. These results are shown
in Figures 5 and 6.

During the afternoon (~1600–1700 LT) of 17 June (Figure 5), the wind in the planetary
boundary layer (PBL, below ~2 km a.g.l.) rises along the valley (orange path in the diagram
in Figure 5a) to recirculate from 2 km a.m.s.l. (blue path in the diagram) (see Figure 5b
of [27]). This circulation favors aerosol uplift from the bottom to the top of the valley, as
well as vertical mixing by thermal convection. As shown in the WVMR profiles, the lower
layers appear well-mixed, up to about 1.8 km a.m.s.l., above which a significant depletion is
observed. At about ~1800-1900 LT, the valley is cooling down, and we observe a weakening
of the low layer circulation, which will transport less aerosols from Annecy, inducing a sign
change in the vertical AEC gradient, which can be observed by comparing Figure 5b,c.

As the ultralight flights could not be carried out in the evening, when cold high-
altitude air descends from the mountains, they were postponed to the morning of June
18 before the sun had heated the ground surface. The schematic in Figure 6a represents a
return flow along the valley axis on the morning of 18 June 2019, 08:30–09:45 LT. The air
circulation is reversed compared to the previous day, with a mountain wind descending
below ~1.5 km a.m.s.l. As shown in Figure 5b of [27], the wind orientation is more variable
above 2 km a.m.s.l., which may be related to various contributions from transverse valleys
and to the effects of flows over the reliefs of similar mean altitude. We also note that the air
in the lower layers is much colder than the day before due to subsidence from the mountain
tops (Figure 6b,c). Based on this pattern, just above the local PBL (at ~1.6 km a.g.l.), the
peak of AEC at about 2.5 km a.m.s.l. on Figure 6b can be explained by an upper-level
redistribution of aerosols from source areas, such as the city of Annecy or transverse valleys,
such as the highly industrialized Arve valley. On 18 June 2019, 1100-1230 LT, the peak
is wider due to the onset of thermal convection, which will lead to the homogenization
of aerosols in the first 2 km of the atmosphere. Note that the effect of homogenization
are clearly visible in the WVMR profiles of Figure 6b,c. Pollution aerosols can thus be
introduced by this process above the southern part of the lake. This may explain the higher
particle concentrations on 19 June of up to 5 km a.m.s.l. (Figure 1b), preceding the stormy
precipitation on 20 June.
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Figure 5. (a) Schematic representing the circulation patterns in the Annecy valley associated with
the vertical lidar profiles shown below, in (b,c). Vertical profiles of the aerosol extinction coefficient
(AEC), temperature, and water vapor mixing ratio (WVMR) during ultralight flights on (b) 17 June
2019, 15:45–17:00 LT, as well as (c) 17 June 2019, 17:45–19:00 LT. The ground-based lidar location is
indicated by a red dot.
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Figure 6. (a) Schematic representing the circulation patterns in the Annecy valley associated with
the vertical lidar profiles shown below, in (b,c). Vertical profiles of the aerosol extinction coefficient
(AEC), temperature, and water vapor mixing ratio (WVMR) during ultralight flights on (b) 18 June
2019, 08:30–0945 LT and (c) 18 June 2019, 11:00–12:30 LT. The ground-based lidar location is indicated
by a red dot.
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5. Disturbed Conditions—Saharan Dust Event

The main cause of disturbance of aerosol composition over Alpine valleys is related
to the large-scale transport of desert dust aerosols uplifted from above the Sahara. Traces
of such events are found in the ice and snow mantle in the Alps [56]. Here, we analyze
the case of 14–15 June 2019, where strikingly high PDR values were recorded from ground
level to more than 6 km a.m.s.l.

5.1. Evidence of Dust-like Aerosols
5.1.1. What Can Be Inferred from the Weather Data

During the 14–15 June event, data from the European Center for Medium-Range
Weather Forecasts (ECMWF) show that the synoptic wind originated primarily from the
Sahara and was advected over the Mediterranean Sea, south of the campaign location.
In the Annecy valley, the wind sector is favorable to the Foehn effect. This phenomenon
is generated by humid air masses, which undergo an ascendancy over the reliefs. Water
vapor condenses on the windward side. In the valley, this results in a subsidence of dry
air towards the valley ground surface, which is observed in the case of this dust transport
event, where RH falls below 30% (Figure 3). This subsidence carries aerosols trapped in
the air mass, and, as a result, particles can be observed from the surface up to several
kilometers above the valley. Figure 7 shows the flight plan performed over the lake during
an ultralight flight on 14 June, between 17:30 and 18:30 LT. The airborne meteorological
measurements clearly show the drying of the air mass in the lower layers, and they are in
good agreement with the ground-based lidar measurements in Figure 4b.
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Figure 7. Relative humidity (RH) measured by the meteorological probe on the ultralight on 14 June
2019, 17:30–18:30 LT.

5.1.2. Coherence between Ground-Based and Airborne Lidars

The measurements made with the airborne lidar are shown in Figure 8 for the same
flight. In this figure, the AEC (Figure 8a) and VDR (Figure 8b) derived from the ground-
based lidar over the period of the flight are also given. The profiles match very well with
the AEC values up to ~3 km a.m.s.l., after which point a slight discrepancy is observed. This
can be attributed to the different locations of the measurement profiles, but also to the fact
that the ultralight covers a larger area and provides instantaneous samples for each altitude
level, as opposed to the type of profile temporally averaged by the ground-based lidar.
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Figure 8. Measurements performed on 14 June 2019, 17:30–18:30 LT. (a) Vertical profile of aerosol
extinction coefficient (AEC) derived from the ground-based lidar (WALI, pink dotted line) and the
airborne lidar ALiAS (solid red line). (b) Same as (a) for the linear volume depolarization ratio
(VDR). The gray areas correspond to the statistical variability (rms). (c) Aerosol size distribution, as
measured by the airborne particle sizer.



Remote Sens. 2023, 15, 1070 15 of 21

The presence of a major quantity of aerosols above the PBL is confirmed by both types
of lidar measurement over the whole valley. These aerosols are highly depolarizing, as
derived from both instruments. Note that the VDR is stable in the PBL (around 1.5%), and
it increases very rapidly above it to reach 8 to 9%. These values correspond to PDRs of
~4 and 30%, respectively. In parallel, the measurements performed from the ground with
the handheld sun spectrophotometer show exceptionally low Angstrom exponent values,
between 0 and 0.2 on that day. Such values are representative of the presence of a coarse
mode of desert dust-like particles in the atmospheric column, generally centered between
1 and 2 µm in radius (e.g., [57]). The depolarization values show that this mode is mostly
located above the PBL, in the free troposphere, subject to mesoscale circulation.

5.1.3. Dust Signature on Particle Size Measurements

The optical particle sizer aboard the ultralight confirms this conclusion. Indeed, its
airborne measurements show a supermicron aerosol mode, with increasing preponderance
as a function of altitude (Figure 8c), from the PBL top (~2 km a.m.s.l.) to the maximum
flight altitude (~4 km a.m.s.l.) in the free troposphere. As shown in Figure 8c, these
coarse aerosols are not noticeably transferred into the PBL, which shows a pronounced
temperature inversion at its top at the time of the flight (~1800 LT).

5.1.4. Variability of the LR, AEC, and PDR in the Dust Layer

The contribution of desert dust to the aerosol load in the air column is highly variable
as a function of altitude, as confirmed by the particle size plotted against altitude (Figure 8c).
So far, we have assumed a constant LR value as a function of altitude. While this assumption
is acceptable for local aerosol layers, it is most unlikely during this long-range transport
episode. To extract a distinctive profile of the LR in the dust layer up to 6 km a.m.s.l.,
an optimal signal-to-noise ratio is required, and therefore nighttime measurements with
substantially less noise are favored. We have thus assessed the LR profile, as in [22]. The
result is shown in Figure 9 for LR and associated profiles of AEC and PDR. As in the case
of Figure 1b, at the same time, the aerosol layer peaks at ~3.5 km a.m.s.l., with AEC being
~0.16 km−1.
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Figure 9. Mean vertical profiles (red solid line) with 50 m vertical resolution of (a) the aerosol
extinction coefficient (AEC), (b) lidar ratio (LR), and (c) particle linear depolarization ratio (PDR)
between 14 June 2019, 22:00 and 15 June, 06:00 LT. The uncertainties on the lidar-derived optical
parameters are shown as gray areas.
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The LR, AEC, and PDR profiles, with their uncertainties (shaded area), are given
in Figure 9. The LR ranges from ~50 sr at ground level to 75 sr at about 1.5 km a.m.s.l.,
which corresponds to the contribution of larger particles to the particle size distribution
in Figure 8c, and it decreases continuously to ~4.5 km below 50 sr. When compared to
Figure 1a, which gives values between 45 and 70 sr over the same period, the results appear
consistent. Indeed, the calculated mean LR corresponds to the LR profile, weighted by the
aerosol backscatter coefficient profile. Nonetheless, there is a strong variability in the LR
profile, which is the signature of the heterogeneous character of dust layers along altitude.
Pure desert dust aerosols are more likely to be found in the upper part of the profile
(LR ~50 sr). Below this, they are probably mixed with local dust-like or pollution aerosols.

The PDR values remain close to those calculated with a constant LR and clearly
show an increase with distance from the surface. PDR values of 20% near the ground are
representative of aerosol mixtures with dust-like particles, whilst those at higher altitudes,
around 30%, are representative of pure desert aerosols [22]. A rapid transition is noted
between 3 and 3.5 km a.m.s.l., where the PDR increases from ~25% to ~30–35%. This gap,
also observable on the meteorological profiles (see Figure 4), corresponds to the transition
between mesoscale and synoptic air masses, where air mass histories can be different
and where strong wind shears are often observed. It is located at the average altitude of
the surrounding mountain range. Note that wind shears induce turbulence in the free
troposphere that mixes air masses vertically, but desert aerosol transport occurs primarily
in the free troposphere (above 3 km a.m.s.l.).

5.2. Saharan Dust Origin

To complete this study, we will now identify the origin of the air mass that transported
dust-like aerosols over the Alps. For this purpose, we use reanalyses of meteorological
fields and satellite observations.

5.2.1. Evidence of Transport and Horizontal Spread

Three-day back trajectories are computed between 4 and 6 km a.m.s.l. above the
ground-based lidar using HYSPLIT. The choice of this altitude range is made considering
(i) the maximum altitude where desert dust particles were seen by the ground-based lidar
and (ii) the altitude of transition between mesoscale and synoptic air masses. Figure 10a
shows the associated surface density of the back trajectory locations. On 13 June, the air
masses are close to the surface, where potential desert dust sources are located. They are
then lifted to higher altitudes as they cross the Mediterranean Sea.

The horizontal extent of this dust aerosol plume over the Western Mediterranean is
well identified from MODIS-derived AOT at 550 nm. Figure 10b shows a daily synthesis of
MODIS-derived AOTs for 14 June, between ~12:00 and 16:00 UTC, where the transport of
desert aerosols towards the south-east of France is clearly highlighted. It is worth noting
that, with time, Saharan aerosol plumes move from west to east over the Mediterranean
area [57], so that they have a meridional position, which evolves during the transport. This
explains the spatial shift of the back trajectories and MODIS-derived AOTs.

5.2.2. Dust Source Location

On the path of the back trajectories plotted in Figure 9a, the BTA on June 13 from
Figure 10c reveals very clearly the presence of dust aerosols over the Great Western Erg, east
of Morocco (~31◦N~2◦E), as well as all along the Moroccan–Algerian border, around 30◦N.

Not all areas on those back trajectories are necessarily sources of dust from wind
erosion. To locate the source area of dust aerosols more accurately, we compare horizontal
winds with threshold friction velocities, both at 10 m a.g.l. (U10 and U∗10, respectively),
determined over the Sahara from the map of the estimated aerodynamic roughness, estab-
lished by [58]. The threshold friction velocities are those determined in the work of [59].
The U10 winds are from the fifth European Centre for Medium-Range Weather Forecasts
Reanalysis (ERA5) at 0.25◦ horizontal resolution. It is defined that the uplift of dust aerosol
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is likely if ∆U = 1.1 U∗10 − U10 is positive. ∆U is shown in Figure 10d. The coincidences
between the areas defined by the BTAs and ∆U clearly identify the Great Western Erg as
the source of the desert aerosols observed over the Annecy valley.
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Figure 10. (a) Normalized occurrence of the contribution to the air masses going over the ground-
based lidar on 14 June 2019, at 16:00 UTC. The calculations have been performed using three–day
back trajectories in ensemble mode between 4 and 6 km a.m.s.l., in steps of 0.1 km. (b) aerosol
optical thickness (AOT) at 550 nm derived from MODIS on 14 June 2019. (c) Brightness temperature
anomaly (BTA) on 13 June 2019, at 12:00 UTC. The cloud mask has been applied, here colored in gray.
(d) Weighted difference between the horizontal velocity (U10) and the friction velocity (U∗10) at 10 m
a.g.l. (∆U = 1.1 U∗10 −U10).

6. Conclusions

The L-WAIVE field campaign was an opportunity to sample the aerosol-laden air
masses over Lake Annecy, where the atmospheric circulation typical of Alpine valleys
can amplify the particulate contribution to local air masses. Few studies of this type are
available yet, whilst the settlement of mountain valleys is increasing globally, in response
to population growth and the search for less anthropized environments.

Air masses above the Annecy valley were sampled using 355 nm Raman lidar mea-
surements, which made it possible to trace the optical properties of the aerosols, as well
as the atmospheric moisture and temperature profiles, and this highlighted their strong
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heterogeneity over time and as a function of altitude. This heterogeneity is linked to
the dynamic processes in the valley. More particularly, this was related to the diurnal
upward/downward cycle of the valley and mountain winds, coupled with the synoptic me-
teorological conditions. Thus, LRs ranging from 40 to 115 ± 15 sr were observed, as well as
PDRs varying between 2 and 35%. High LR values predominantly correspond to pollution
aerosols and are associated with traffic and industrial pollution. Lower values are likely
associated with local emissions of dust-like aerosols mixed with the pollution aerosols.

During L-WAIVE, in Foehn conditions generated by southerly winds, an important
contribution of dust aerosols from the Sahara has been observed. These aerosols radically
modify the average optical properties of the customary valley aerosol mixtures. They
increase the AOT, which can exceed 0.5 at 355 nm, whereas it is normally 0.1 at the same
wavelength during non-disruptive conditions. The non-spherical characteristics of these
particles immediately induce an increase in the PDR in the layers above the PBL, which
reaches values between 25 and 35%. In the PBL, the desert dust aerosols have mixed
by subsidence with the local aerosols, which leads to intermediate PDR values (10–20%)
between those of local pollution (~1–5%) and dust aerosols (~30%). This shows that, even
in a steep valley, the air dynamic associated with the relief can drastically influence the local
aerosol content via subsidence, which can bring aerosols transported in the free troposphere
down to the valley floor.
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