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Abstract: Aerosol particles are important due to their direct and indirect impacts on climate. Within
the planetary boundary layer (BL), these particles have a relatively short lifetime due to their frequent
removal process by wet deposition. When aerosols are transported into the free troposphere (FT),
their atmospheric lifetime increases significantly, making them representative of large spatial areas.
In this work, we use a combination of in situ measurements performed at the high altitude PUY (Puy
de Dôme, 45◦46′ N, 2◦57′ E, 1465 m a.s.l) station, together with LIDAR profiles at Clermont-Ferrand
for characterizing FT conditions, and further characterize the physical properties of aerosol in this
poorly documented area of the atmosphere. First, a combination of four criteria was used to identify
whether the PUY station lies within the FT or within the BL. Results show that the PUY station is
located in BL with frequencies ranging from 50% during the winter, up to 97% during the summer.
Then, the classification is applied to a year-long dataset (2015) of particle size distribution data to
study the differences in particle physical characteristics (size distribution) and black carbon (BC)
concentrations between the FT and the BL. Although BC, Aitken, and the accumulation mode particles
concentrations were higher in the BL than in the FT in winter and autumn, they were measured
to be higher in the FT compared to BL in spring. No significant difference between the BL and
the FT concentrations was observed for the nucleation mode particles for all seasons, suggesting
a continuous additional source of nucleation mode particles in the FT during winter and autumn.
Coarse mode particle concentrations were found higher in the FT than in the BL for all seasons and
especially during summer. This indicates an efficient long-range transport of large particles in the
FT from distant sources (marine and desert) due to higher wind speeds in the FT compared to BL.
For FT air masses, we used 204-h air mass back-trajectories combined with boundary layer height
estimations from ECMWF ERA-Interim to assess the time they spent in the FT since their last contact
with the BL and to evaluate the impact of this parameter on the aerosol properties. We observed that
even after 75 h without any contact with the BL, FT aerosols preserve specific properties of their air
mass type.
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1. Introduction

Aerosol particles affect climate through both direct and indirect effects, as well as being an
important factor in public health [1]. These aerosol particles are mostly concentrated in the atmospheric
boundary layer (BL) (Table A1). The BL is defined as the first atmospheric layer which is directly
influenced by the Earth’s surface, and responds to surface forcing within a timescale of an hour or
less [2]. The BL develops during daytime in response to convection, and is therefore usually referred
to as a convective mixed layer. Slightly before sunset, when turbulence decreases, the formerly mixed
layer is replaced by the so-called residual layer (RL), which initial properties (in terms of both mean
state variables and concentrations) are similar to those of the mixed layer. As the night advances,
the lower part of the residual layer which is in contact with the ground is progressively transformed
into a stable BL.

The BL height (BLH) varies daily and seasonally according to surface energy balance, and the top
of the BL is usually found between 500 m over the sea and 2 km above land. However, as illustrated
by Herrmann et al. (2015) [3], the determination of the BLH is complex due to the lack of a commonly
accepted technique to measure it. This evaluation is even more challenging over complex mountainous
terrain, above which the atmospheric structure becomes more complicated [4]. In addition to pioneer
methods based on vertical temperature profiles [5,6], several techniques have been developed to
determine the BLH. Those include radio sounding system [7], active remote sensing such as ceilometer,
SODAR and LIDAR [8,9], in situ measurements of trace gases, aerosol particles concentrations,
and wind direction from high altitude sites [3,10–12] as well as atmospheric models [13,14]. However,
the majority of the abovementioned methods retrieve the height of the so-called aerosol layer (AL,
also referred to as aerosol mixing layer in the literature) that can occasionally differ from the BL
([4] and references therein). Mostly during the daytime, the AL can be assimilated to the BL when
aerosol particles are homogeneously mixed within the BL. Herrmann et al. (2015) [3] compared three
criteria for selecting free tropospheric conditions at the Jungfraujoch (JFJ) research station (Swiss Alps,
3580 m a.s.l.) and found that FT conditions prevail for 39% of the time (over 60% during winter and
below 20% during summer). However, it was highlighted that one of the major difficulties in these
studies is providing a robust selection of FT air masses.

BL aerosols can be transported into the FT when they cross the temperature inversion at the
top of the BL, either due to turbulence in the inversion layer, strong thermal convection or cold
fronts over polluted areas [15]. Other sources of particles in the FT can be nucleation of low-volatility
gas-phase components into new particle clusters and their growth to larger sizes. As evidenced in
earlier studies [16–18] new particle formation (NPF) may have specific characteristics at high altitudes.
Once in the FT, aerosol particles have a longer residence time due to the lower frequency at which they
are scavenged by clouds and precipitation, allowing them to be transported in the atmosphere for
several days [19] increasing their impact on the climate. Additionally, aerosol particles transported
into the FT or formed in the FT can be re-injected again into BL, affecting the air quality far from the
source region [20,21]. For these reasons, it is important to characterize the properties of FT aerosols.
Additionally, these measurements are needed to validate and improve numerical mesoscale or global
scale transport models [22]. A number of studies focused on FT conditions from ground-based high
altitude sites [3,14,19] or from airborne measurement campaigns [23,24], providing information on
aerosol physical and chemical properties in this part of the atmosphere. Fröhlich et al. (2015) [25] and
Freney et al. (2016) [19] showed that the FT air masses are strongly influenced by injections from BL,
however, the number of studies comparing the transport from the BL to the FT over long periods of
time are rare.
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In this work, we compare four criteria for determining the BLH relatively to the high altitude
Puy de Dôme station (PUY) during the year 2015. These criteria are based on LIDAR measurements
using the wavelet covariance transform (WCT) method, BLH simulations from the ERA-Interim
reanalysis of the European Center for Medium-Range Weather Forecasts (ECMWF) model, and in situ
measurements of BL tracers (NOx/CO and radon-222 (222Rn)). Then, the four criteria are combined to
reliably segregate the BL and FT air masses sampled at the PUY station. The segregation between BL
and FT air masses is then used to investigate the differences in aerosol properties belonging to each of
these atmospheric layers over the 12-month period.

2. Site and Instrumentations

For this study, we used data collected at Puy de Dôme and Cézeaux stations (Figure A1).
These stations are part of the CO-PDD measurement site located in central France, in the vicinity of
Clermont-Ferrand (300,000 inhabitants). The Puy de Dôme station, hereafter referred to as PUY, is part
of GAW (Global Atmospheric Watch) and ACTRIS (Aerosol Cloud and Trace gases Research Infra
Structure) networks and is located at the top of Puy de Dôme (45◦46′ N, 2◦57′ E, 1465 m a.s.l.), in a
mountain chain orientated North-South and exposed to dominantly westerly winds. The station hosts
a wide variety of instruments to characterize the aerosols, gas, and cloud properties. For instance,
the long-term variation of the particle size distribution has been studied by Venzac et al. (2009) [14],
and the occurrence of the new particle formation (NPF) process was specifically investigated in
several dedicated studies [24,26–28]. Filter measurements, as well as online mass spectrometry
analysis, have been used to document the particles chemical composition [19,29,30] and aerosol-cloud
interactions were also investigated from this station which offers favorable conditions for such
analysis [28,31,32]. The second site, Cézeaux, hereafter referred to as CZ, is located on the University
campus in Clermont-Ferrand (420 m a.s.l.), 16 km west from PUY. Continuous measurement of routine
meteorological parameters and a Rayleigh-Mie-Raman Raymetrics LIDAR system are operated at CZ.

In this study, we focus on the physical characteristics of aerosol particles measured at the
PUY station using a Scanning Mobility Particle Sizer (SMPS) and a GRIMM optical particle counter
(OPC) [33] for particle size distribution measurements and a Multi-Angle Absorption Photometer
(MAAP) for absorption properties and aerosol black carbon (BC) content. Additionally, the LIDAR
system at CZ station is used to determine the vertical aerosol layer height (ALH).

2.1. Investigation of the Vertical Aerosol Distribution Based on LIDAR Measurements

The Rayleigh-Mie-Raman LIDAR is an active remote sensing instrument capable of characterizing
the vertical structure of the atmosphere based on the interaction between a laser and particles as well
as gas molecules [34–36]. The instrument used in the present work includes a laser type Quantel
CFR-400 emitting at 355 nm and a 400 mm Cassegrain telescope. An optical box is dedicated to the
splitting of the receiving laser light in 4 different channels (2 elastic channels in parallel and cross
polarization, and 2 inelastic channels for nitrogen and water vapor Raman scattering). Vertical profiles
of volume backscatter coefficients, extinction coefficients, and the depolarization ratio are retrieved
with a time resolution of 10 min. The system is in operation in the framework of the EARLINET
network (European Aerosol Research Lidar Network).

The altitude of the particles and molecules interfering with the emitted laser pulses is calculated
from the time lapse between the emission of a pulse and the reception of the backscattered light. In this
study, LIDAR profiles are specifically targeted to evaluate the ALH. The estimation of ALH is based
on the gradient in aerosol concentrations observed at the top of the AL, which coincides with a sharp
change in the return signal from LIDAR. Following earlier work by Baars et al. (2008) [13], we applied
the Wavelet Covariance Technique (WCT) method, reported as a robust technique that can handle very
different aerosol situations during all seasons of the year.
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The WCT uses the covariance transform of the Haar function [37] as follows:

WCT (a, b) =
1
a

zt∫
zb

f (z) ∗ h
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)
dz (1)
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)
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where f (z) is the LIDAR signal corrected with z2, with z being the altitude, zb and zt are the lower and
upper limits of the LIDAR signal, respectively, a is the extent of the step function. a was set to 12 ∆z in
the present work, as recommended by Baars et al. (2008) [13], where ∆z = 7.5 m is the spatial resolution
of the LIDAR. ALH was determined in clear sky conditions for each LIDAR profile as the maximum of
the WCT function.

2.2. In Situ Aerosol Properties at the Puy Station

2.2.1. Particle Number Size Distribution

Particle number size distributions in the range from 10 nm to 650 nm were measured using a
custom-made scanning mobility particle sizer (SMPS), with a time resolution of 130 s. This instrument
consists of a differential mobility analyzer (DMA) as described by Villani et al. (2007) [38], a condensation
particle counter (CPC, TSI model 3010) for particle detection downstream of the DMA and a 63Ni
aerosol neutralizer, 95 MBq source. The DMA sheath flow rate is controlled using a blower in a
closed-loop arrangement [39]. The SMPS has been inter-compared with other European SMPS and
DMPS systems in the framework of the European structure ACTRIS (Aerosols, Clouds, and Trace gases
Research Infrastructure Network), and satisfies all requirements for providing a reliable aerosol size
distribution. In specific, uncertainties of the measurements conducted in the frame of ACTRIS were
reported to be lower than 10% for particle number size distributions in the 20 to 200 nm size range,
while below and above this size range the discrepancies increase [40].

Three particle size distribution modes were previously identified by Venzac et al. (2009) [14]
using SMPS data at the PUY station. Hence, based on the aforementioned study, we define the
nucleation mode concentration as the integrated concentrations of particles ranging from 10 nm to
20 nm, the Aitken mode concentration as the integrated concentrations of particles ranging from 40 nm
to 80 nm and accumulation mode (100–300 nm) for aged particles. Particles having diameters from
20–40 nm and 80–100 nm are not included as they can either be nucleation or Aitken modes and Aitken
or accumulation modes, respectively.

In addition, particle number size distributions from 350 nm to 18 µm were measured using an
optical particle counter (OPC, GRIMM 1.108). Combining OPC measurements with those obtained
from the SMPS allowed us to cover diameters ranging from 10 nm up to 18 µm [36], and therefore
characterizing 4 particle size distribution modes (Nucleation, Aitken, Accumulation, and Coarse).

Aerosol particles are sampled through a whole air inlet (WAI) in which the 50% cut-off diameter
is 30 µm. This allows the whole aerosol size distribution to be sampled, even in the presence of a
cloud. Although cloud events were excluded from our study, these inlets ensure that cloud droplets
are evaporated in the WAI so that both interstitial and residual cloud residues are sampled (as if they
had not been activated into cloud droplets) [28].

2.2.2. Black Carbon (BC) Concentrations

BC concentrations were derived from particle absorption measurements conducted with a
Multi-Angle Absorption Photometer (MAAP 5012, central wavelength at 637 nm). The instrument
measures the transmitted and backscattered radiation impacted by the particles on a filter and
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transforms the absorption into an equivalent black carbon mass concentration. Since the wavelength
of the laser beam given by the manufacturer is not exactly that emitted (637 nm instead of 670 nm),
absorption coefficients were corrected according to Müller et al. (2011) [41]. Uncertainties in the
measurements were around 12% [42].

2.3. Gas-Phase Measurements

2.3.1. Carbon Monoxide (CO)

Carbon monoxide (CO) has been measured at PUY station using the Thermo Scientific™ Model
48i-TLE CO analyzer, which is based on the principle that CO absorbs infrared radiation at a
wavelength of 4.6 microns.

2.3.2. Nitrogen Oxides (NOx)

The concentration of nitrogen oxides (NOx) was measured using the ozone chemiluminescence
technology with the Thermo Scientific™ Model 42i-TL TRACE Level NOx Analyzer.

2.3.3. Radon (222Rn)

Radon-222 (222Rn) has been measured at the PUY station with the active deposit method [43].
The method is based on the measurement of 222Rn short-lived daughters (218Po, 214Bi, 214Po) [44]
which are quickly absorbed onto aerosol particles. The accumulated aerosol particles are collected on a
cellulose filter for one hour. Then the filter is automatically moved under an alpha detector coupled
to a photomultiplier. Total α radioactive decay is measured every 10 min over the span of one hour.
Uncertainties in the measurements can reach 10 to 20% [44]. A disequilibrium factor of 1.15, like
the one estimated by Schmidt, (1999) [45] for a similar mountain station at Shauinsland, Germany,
was used for correcting the data.

2.4. ECMWF-ERA-Interim and LACYTRAJ

The BLHECMWF was extracted from the reanalysis ERA-Interim of the European Center for
Medium-Range Weather Forecasts (ECMWF) model [14,46]. This technique is based on the “global
method of Richardson” which includes the influences of mixing generated by wind shear and surface
heating [47]. To estimate BLHECMWF at the location of the PUY, we extracted the nearest grid point
(45◦75′ N, 3◦25′ E) in a resolution of 0.25◦ × 0.25◦ grid.

However, it should be noted that the ECMWF model provides a BLH above sea level, but does not
take into account the surface elevation field, therefore it is necessary to add a surface layer height to
estimate a true BLH. Using the ERA-interim model (https://software.ecmwf.int/wiki/display/CKB/
ERA-Interim%3A+elevation+and+orography), this surface layer height of the relevant grid square
(45◦75′ N, 3◦25′ E) was calculated to be 620 ± 10 m.

Back-trajectories have been computed using LACYTRAJ, a three-dimensional kinematic trajectory
code [48]. We use 3D wind fields produced by the ERA-Interim reanalyses with a horizontal resolution
of 1◦ in latitude and longitude, and 37 vertical levels for the trajectory calculations. Each grid point is
advected using a bilinear interpolation for horizontal wind fields and time and a log-linear interpolation
on pressure level for the vertical wind field. A cluster of 100 trajectories starting from a box between
45.6 and 46◦ N and 2.7 and 3.1◦ E near 1465 m a.s.l is calculated, with a time resolution of 15 min,
during 204 h.

The altitude of each trajectory is compared with the calculated height of the BL, interpolated
in time and space from ECMWF ERA-Interim, along all trajectory points, in order to estimate the
interaction of the air mass with the BL, that is, the time spent of the sampled air mass in the FT since
last contact with the BL.

https://software.ecmwf.int/wiki/display/CKB/ERA-Interim%3A+elevation+and+orography
https://software.ecmwf.int/wiki/display/CKB/ERA-Interim%3A+elevation+and+orography
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3. Results and Discussion

3.1. Segregating between Boundary Layer (BL)/Aerosol Layer (AL) and FT Air Masses

Four different criteria were investigated in the present work to determine when the PUY station
is sampling in the BL/AL or in the FT, including the analysis of LIDAR profiles, radon concentration,
the ratio of NOx to CO concentrations and ECMWF outputs. In the present paper, as in previous
studies (example: De Wekker et al. (2015) [4]), we assimilate the ALH to the convective BLH during the
daytime, and to the RLH during nighttime. In order to harmonize the different datasets over the same
time resolution, data were averaged over a time step of 3 h. The dataset was further harmonized by
only selecting data when all methods are available simultaneously; resulting in 1429 values (Figure 1).
Specifically, this implies that only clear sky conditions will be discussed hereafter since the presence of
clouds prevents the estimation of the ALH from LIDAR.
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Figure 1. The available data from the main instruments used in the determination of the boundary
layer height. Red: Radon-222, Green: NOx/CO, Yellow: ECMWF, and Violet: LIDAR.

In the following sections, we will compare these four different criteria in order to segregate FT
from “BL/AL” air masses.

3.1.1. Comparison between the Aerosol Layer Height from LIDAR Profiles and Boundary Layer
Height Simulated with ECMWF

Figure 2a shows the 3-h average diurnal variation of the ALH retrieved from the LIDAR profiles
(ALHLIDAR) for the four seasons separately (Winter: 1 January to 19 March, Spring: 20 March to
19 June, Summer: 20 June to 21 September, and Autumn: 22 September to 21 December) using data
from 2015. The ALHLIDAR does not show strong variations with the time of the day. The maximum of
the ALHLIDAR is reached during summer and spring (average 2000 m a.s.l., green and black) while in
winter and autumn (red and blue), the average ALHLIDAR never exceeds 1600 m. Lowest ALHLIDAR

are observed during night time, before 9 UTC, when the WCT most likely retrieves the height of the
RL. These typical ALH diurnal and seasonal variations are similar to the ones previously reported
for the PUY station (Figure 2 in Chauvigné et al. (2016) [36]) and for the Leipzig station (Figures 7,
9 and 17 in Baars et al. (2008) [13]). The LIDAR is located approximately 16 km to the east of the PUY
station, that is, downwind of the North-South mountain chain for the western prevailing winds. It is
likely that there is a deformation of the upwind atmospheric structure due to the obstacle that the
mountain chain represents and, hence, we expect that the ALH retrieved by the LIDAR is slightly
increased compared to the surrounding flat and low altitude areas.
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BLHECMWF varies between 700 m a.s.l. at night in winter and 2200 m a.s.l. during the day in
summer (Figure 2b). The model predicts that the PUY station is in the BL during the day (between 9
and 18 UTC) in summer and spring, with 3-h averaged BLHECMWF reaching a maximum of 2200 m a.s.l.
In contrast, the model shows that the site is generally above the BL at all times during winter and
autumn, and therefore considered to be in the FT. These results are in agreement with the study
performed by Venzac et al. (2009) [14] who reported that the PUY station was in the BL during the
daytime during the warm seasons (spring and summer) and in the FT during nighttime during the
cold seasons (autumn and winter). The ECMWF model is not taking into account the forced convection
on the mountain chain. Hence, we expect that the model underpredicts the BLH above the grid square.

Significant differences are observed between ALHLIDAR and BLHECMWF during nighttime
(Figure 2a,b). This is related to the fact that the LIDAR retrieves RLH, while BLHECMWF instead
corresponds to the height of the shallower stable nocturnal BL. On the contrary, ALHLIDAR can be
compared to the BLHECMWF over the daytime period (9 UTC-18 UTC), when the AL can be assimilated
to the convective BL. As evidenced in Figure 3, the ALHLIDAR and BLHECMWF correlate and agree well
with each other (correlation coefficient Pr = 0.6 and linear regression slope 0.78). The value of the slope
below 1 either indicates an overestimation of the ALHLIDAR or an underestimation of the BLHECMWF.
As mentioned above, the overestimation of the ALHLIDAR could be due to the deformation of the
upwind atmospheric structure between CZ and PUY stations. Indeed, the ECMWF model spatial
resolution does not take into account local scale dynamical processes around the PUY mountain chain
(due to a flattening effect over the surface mode grid).

In order to assess if the PUY station is within the BL/AL or in the FT, the real forced convection
from the local topography needs to be taken into account. We calculate the splitting height (SH)
for both WCT and ECMWF methods, which corresponds to the height below which an air mass
encountering an obstacle is going around it, and above which the air mass is overpassing it. Details of
the method for calculating SH is described in Etling, (1989) [49], (Equation (3)).

SH = H (1 − Fr) (3)
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H is the height difference between the PUY station and the foot of the mountain and Fr is the
Froude number [14,49]. When ALH/BLH are higher than the altitude of PUY, the station is always
considered to be in the BL/AL. This is especially the case for unstable conditions (Fr > 1) when the
BLH always reaches the PUY station after the air mass encounters the obstacle. For stable conditions
(Fr < 1), two different situations are identified depending on SH. If the BLH/ALH is lower than SH,
the stream will drift away from the obstacle, and the station will be in free tropospheric conditions.
In contrast, for a BLH/ALH higher than SH, the air mass will be uplifted along the mountain slope,
and the station will, hence, lay in the BL/AL (Table 1). SH data was calculated every three hours
for 2015.Atmosphere 2018, 9, x FOR PEER REVIEW  8 of 25 
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Table 1. The classification of the air mass type (BL/AL or FT) sampled at the PUY station as a function
of BLH/ALH, and Splitting Height (SH).

Comparison of PUY Altitude, ALH/BLH and SH PUY Conditions

Unstable Conditions BLH/ALH > PUY BL/AL

Stable Conditions
BLH/ALH > PUY BL/AL

BLH/ALH < PUY and BLH/ALH > SH BL/AL
BLH/ALH < PUY and BLH/ALH < SH FT

3.1.2. NOx/CO

NOy/CO is an indicator of the “photochemical age” of an air mass that can be used to identify
fresh pollution transported to high altitude sites from lower atmospheric layers [3,10]. Higher values
of NOy/CO represent fresh pollution, while lower values correspond to regional air masses. Hence,
this ratio usually shows lower values in the FT than in the AL [3]. NOy is defined as the sum of NOx

and its atmospheric oxidation products (that is, NOz). In absence of NOy measurements at PUY in
2015, we used NOx data, since a good agreement between NOy and NOx is observed at this site based
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on measurements conducted in 2012 (Pr = 0.93 and slope = 1.11, Figure A2). We, therefore, consider
that at the PUY, the NOx measurements are a relatively good indicator of aged air masses. However,
we are aware that NOx measurements can often be influenced by more local emissions than NOy,
and care should be taken when interpreting these measurements.

For all seasons, we observe a clear diurnal variation with low values at night and high values
during the day (Figure 2c). During daytime, an average NOx/CO maximum of 0.01 was observed for
spring, summer, and autumn, at 9 UTC. For winter, a maximum of 0.08 was reported at 18 UTC.

In order to determine whether NOx/CO is a good indicator for segregating between AL and FT
conditions, we investigated the linear regression between NOx/CO and the BLHECMWF. We found
that both criteria are correlated at the 95% significance level (Pr = 0.54) with the following equation
determined over the one-year dataset:

BLHECMWF = 1204 + 1.3×
(

1
NOx/CO

)
(4)

This equation allowed us to determine a threshold value of NOx/CO = 0.005 above which the
PUY station is considered to be in the FT (that is, for BLHECMWF > 1465 m).

However, we observe that the diurnal amplitude of the NOx/CO ratio varies according to the
season (Figure 2c). As a consequence, using a yearly threshold, the site is considered to be in the AL
during the day (between 6 and 21 UTC) and in the FT in the night (from 21 to 6 UTC) for all seasons.

3.1.3. Radon-222 (222Rn)

The last technique to evaluate AL/FT conditions is based on the level of 222Rn measured at the
PUY station. 222Rn is naturally emitted from the land surface at a relatively constant rate [50,51]. Since
222Rn is naturally emitted from land surfaces, it is often used as a mean to determine the level of
contact of the air mass to the land surface. Hence, the lower the value of 222Rn, the less contact the air
mass has had with the AL. This criterion was recently used by Griffiths et al. (2014) [11] and Herrmann
et al. (2015) [3] to study vertical mixing, based on sites at different altitudes [52] or on vertical profiles
from aircraft [53–55]. It has also been used for the estimation of local to regional surface emissions of
trace gases [56].

As shown in Figure 2d, the 222Rn concentration does not show strong seasonal variations at PUY,
with the exception for summer. As expected, the maximum values of the 222Rn concentration are
reached during summer (average 1.41 Bq·m−3), especially during daytime. This is likely caused by
the increased vertical mixing of air masses during the summer transported to the PUY site. In winter,
spring, and autumn, the average 222Rn concentrations never exceed 0.85 Bq·m−3. This can be a result
of low vertical mixing height as observed from the LIDAR and ECMWF data, but also to a high fraction
of air masses coming from the marine sectors (hence, naturally containing lower levels of 222Rn within
the BL).

In order to proceed with the identification of AL/FT air masses based on 222Rn measurements,
we followed the methodology introduced by Herrmann et al. (2015) [3] for the JFJ site, which is based
on the relationship between the 222Rn levels and the number concentration of particles larger than
90 nm (N90). As illustrated in Figure 4a, in a similar way as was done by Herrmann et al. (2015) [3],
we first investigated the variations of N90 as a function of the air mass residence time in the FT since
last BL contact. As previously reported for the JFJ, we observed decreasing exponential trend of N90

with time since the last BL contact, but the parameters of the fit are, however, different from those
obtained for the JFJ. Specifically, the threshold value below which N90 does not further decrease, that is,
indicating FT background concentrations, is around 151 cm−3 at PUY, being almost 4 times higher
than at JFJ (40 cm−3). This is likely to be explained by a higher proximity to the BL/FT inversion when
the PUY station is in the FT, compared to when the JFJ is in the FT. Indeed, Chauvigné et al. (2016) [36]
pointed out that the aerosol concentrations are not homogeneously distributed over the vertical column
within the FT, with a negative aerosol concentration gradient with altitude also within the FT. Plotting
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N90 as a function of the 222Rn level (Figure 4b) also shows a clear decreasing exponential trend that
indicates that 222Rn is also a good indicator of the BL influence on the PUY station. Using a threshold
of N90 = 151 cm−3 on Figure 4b leads to a threshold of 222Rn = 0.5 Bq·m−3. This translates on Figure 2d
to the PUY station being in the AL all the time during spring, summer, and autumn. For winter, the site
would be in the FT before 10 am and after 8 pm.Atmosphere 2018, 9, x FOR PEER REVIEW  10 of 25 
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3.1.4. Comparison of the Four Criteria

Each of the four methods used to segregate whether the PUY station lies within the BL/AL or
in the FT has specific criteria, based on the vertical profile of aerosols retrieved from LIDAR, on the
“global method of Richardson” from the ECMWF model, the “photochemical age” of an air mass from
NOx/CO and the estimation of local to regional surface emissions of trace gases from 222Rn.

During daytime, the prediction of the BLHECMWF agrees relatively well with the ALHLIDAR,
but it should be noted that some uncertainties can be associated with these simulations due to forced
convection and their horizontal distance from the site, as is discussed in Section 3.1.1 and shown in
Figure 3 above. The NOx/CO tracer would agree best with the prediction of the ECMWF in the sense
that the diurnal variations of this indicator are clear between night and day, even though the seasonal
variation is not very evident. It may be that these two criteria agree because NOx/CO values are
decreased in the residual layer compared to the daytime BL. The 222Rn tracer predicts that the site is in
the BL with a similar trend than the ALHLIDAR: the site is measured to be influenced by the BL most of
the time except during winter and at night. Hence, 222Rn would be more sensitive to the presence of
the residual layer at night than the NOx/CO indicator. However, using a single set of measurements
such as NOx/CO, WCT from LIDAR, ECMWF, or 222Rn was not sufficient to classify air masses in the
FT/(BL/AL) at the PUY station.
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As all four criteria may have their own bias, a combined classification of these four criteria is
proposed in order to increase the robustness of our methodology to determine if the PUY station is in
the FT/(BL/AL).

3.1.5. Classification of Air Masses by Combining Four Criteria

Venzac et al. (2009) [14] previously used temperature, relative humidity and the ECMWF model
to separate BL and free tropospheric air masses at the PUY station. In this work, we present a more
robust classification of air masses using a combination of four criteria (Figure 5a).
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Figure 5. The combined classification of the four methods for the year 2015. (a) 1: All four methods
classified the air mass to be within the FT, 0.75: three out of four methods classified the air mass as
being within the FT, 0.5: only two out of four methods classified the air mass as being in the FT, 0.25:
Three out of four methods classified the air mass as being within the BL/RL and 0: all four methods
considered that the air mass was within the BL/RL. Color bar indicates where the method failed in
calculating the FT(1)/(BL/RL)(0) conditions. Violet: LIDAR, yellow: ECMWF, Green: NOx/CO, Red:
Radon-222 and Blue: successful or equality in the calculation of the FT/(BL/RL) conditions. (b) Same
as (a) with 0.25 and 0.75 combined with 0 and 1, respectively.

As mentioned above, WCT from LIDAR, NOx/CO, and 222Rn retrieve the ALH while the ECMWF
retrieves the BLH. However, AL corresponds to the BL during the daytime and RL during nighttime.
For the simplicity of this work, we use the terminology BL/RL for BL, AL, and RL altogether. Thus,
this section aims at using all available criteria to classify air masses sampled at the PUY station as
those from the FT/(BL/RL).

Figure 5a shows the average classification of the measured air masses as FT/(BL/RL) at the
PUY station. In order to average the four classification criteria, we use a specific labeling. When a
measurement criterion classifies the air mass at the PUY station as FT, the corresponding date is labeled
“1”, when it is classified as BL/RL air mass, the corresponding date is labeled “0”. Hence, when all four
criteria give the air mass as FT, the average classification is “1”, while only three criteria out of four
classify the air mass as FT, the average classification is “0.75”. Similarly, when all four criteria give the
air mass as BL/RL, the average classification is “0”. Additionally, when two criteria of four go wrong
for classifying the air mass as FT or BL/RL, the average classification is “0.5” which corresponds to the
interface mode, while only one criteria out of four are classifying the air mass as BL/RL, the average
classification is “0.25”. Colors in the figure correspond to the one criteria that differs from the other
three. We observe that the WCT criteria did not identify FT air masses in the winter (violet color in
0.75). For classifications of BL/RL conditions, disagreements between the four methods were largely
related to either NOx/CO or 222Rn (green and red color, respectively in 0.25 (Figure 5)). For the tracer
NOx/CO, it is possible that this tracer is more representative of aged regional emissions as reported by
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Freney et al. (2011) [29]. 222Rn levels can also be influenced by the changes in air mass at PUY station.
Indeed, for a given BLH, an oceanic air mass will have lower levels than a terrestrial air mass. Hence,
we believe that 222Rn is the less reliable tracer of FT air masses for our site. This analysis also highlights
that at the PUY station, radon and NOx/CO overestimate when the PUY station is in the BL/AL than
the other methods. ECMWF is also not adequate for the estimation of FT/BL conditions at night time,
retrieving the stable nocturnal BL and not considering the residual nocturnal layer. By combining four
criteria for the determination of FT or BL/RL conditions, we provide a more robust method. As a
consequence, we chose to classify the station in FT air masses when 3 of the 4 criteria identify FT air
masses (0.75) and classify the station in BL/RL air masses when the majority of methods identified
BL/RL air masses (0.25). When only two out of four methods disagree with the others (0.5), the air
mass is classified at the interface (Figure 5b).

At the PUY station, using a combination of these four criteria for assessing if the site is in free
tropospheric conditions, we determine that the site is in the FT for 20% of the time as a yearly average,
over 25% during winter and below 17% during summer. At the JFJ, Herrmann et al. (2015) [3] compared
three criteria for assessing if the site lies in free tropospheric condition, and found FT prevalence for
39% of the time as a yearly average, with over 60% during winter and below 20% during summer.
Chauvigné et al. (2018) [57], also reports time spent in the FT for the Chacaltaya (CHC) (5240 m a.s.l,
Bolivia) site, and found FT prevalence for 45% of the time as a yearly average, with no marked seasonal
variations. The difference between the PUY and these sites is probably that the PUY is at a lower
altitude, but also because the configuration of the topography is different (North-South orientated
single mountain chain) [58].

For the four seasons, the percentage of time that the site is in the BL/RL (red) increases during
the day (between 9 and 18 UTC) to reach a maximum at 18 UTC, and decrease during the night (after
18 UTC) to reach a minimum at 00 h for winter, at 3 UTC for spring and summer, and at 6 UTC for
autumn (Figure 6). On the contrary, this percentage in FT (blue) decreases during the day (between 9
and 18 UTC) to reach a minimum at 18 UTC for winter spring and summer, and at 15 UTC for autumn.
During the night the percentage of FT air masses at the site reaches a maximum at 00 h for winter,
at 3 UTC for spring, and at 6 UTC for summer and autumn.
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Air masses are classified at the interface between the BL/RL and the FT (black), at a higher
frequency at night/early morning than during the late evening, and higher during winter than during
summer. Between 3 and 12 UTC, this percentage reaches a maximum of 15.5% and 10% at 6 UTC
respectively for winter and spring. The high percentage at the interface is related to the diurnal
variation of the BLH which reaches the PUY station at around 6 UTC.

3.2. Comparisons of the Free Troposphere and Boundary Layer Aerosol Properties

In this section, we use the classification proposed by the combination of the four criteria of
FT/(BL/RL) segregation in order to investigate the differences of thermodynamical variables and
aerosol properties when sampled in the BL/RL or in the FT at the PUY station. The values obtained for
all criteria when the PUY station is at the interface between both layers represent a smaller database
that is not statistically relevant and will not be discussed here (Table A1).

In order to assess whether the different parameters show statistically significant differences in
FT/(BL/RL), the Wilcoxon–Mann–Whitney test [59] was applied to the median values (Temperature
(T), Relative Humidity (RH), Pressure (P), Black Carbon (BC), and for the nucleation (Nuc), Aitken
(Ait), accumulation (Acc) and coarse (Coa) aerosol particles size mode concentrations) (Figure 7).
This nonparametric test evaluates the difference in medians between two similarly shaped populations.
This test showed that the FT/(BL/RL) difference was significant for some parameters (for example,
T, RH, and P), however, for certain parameters during certain seasons (for example, the BC and Acc
mode particles in summer and for Nuc mode particles during all seasons) no differences between
BL/RL and FT properties were detected.
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significantly different (equal) with a threshold of 5%. Black Crosses are for missing data.

At first, the meteorological parameters (T, RH, and P) were characterized in the FT and in
BL/RL air masses (Figure 8a–c). As expected higher median RH concentrations were found in BL/RL
conditions for all seasons compared to FT conditions, this difference is shown to be significant by
the Wilcoxon–Mann–Whitney test (Figure 7). The higher RH in BL/RL conditions at the PUY station
is the result of sources of humidity from the surface in the BL/RL. Higher median T and P were
measured in FT conditions compared to BL/RL conditions for all seasons (except in winter for P), the
significance being confirmed by the Wilcoxon–Mann–Whitney test (Figure 7). Higher pressures in
the FT than in the BL/RL could be related to anticyclone conditions, which decrease the BLH [60].
Higher temperatures in the FT than in the BL/RL may be explained by the fact that the PUY station is
situated in the lower part of the FT in which the temperature increases over a limited altitude range
(temperature inversion starting at the very lower part of the FT) [61].
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Figure 9a shows, for different seasons, the Black Carbon (BC) concentration when the PUY is in the
FT or BL/RL. The Wilcoxon–Mann–Whitney test presented in Figure 7, shows that for winter, spring
and autumn seasons, the null hypothesis that the two sets have equal medians was dismissed with a
threshold of 5% (black square), while in summer the null hypothesis cannot be dismissed (transparent
square). Hence it appears that in summer, there is no marked distinction between the median BC
concentration in the FT and the median BC concentration in the BL/RL. However, we observe a
stronger variability in the BC in the BL/RL than in the FT. This variation is likely due to the diurnal
cycle of sources in this layer. In winter and autumn, the median BC concentration is significantly
higher in the BL/RL compared to the FT. This is expected as sources of BC are mainly from surface
emissions. In spring, we observe an unusual trend with BC concentrations significantly higher in the
FT than in the BL/RL.

The high concentrations of BC in the BL/RL for winter and autumn are thought to be a result
of higher contributions of local sources of combustion linked to conventional heating devices often
observed during this time of the year [62]. This combined with lower BL heights results in an
accumulation of these particle concentrations during the cold seasons. In spring and summer, transport
of the materials from BL/RL to FT efficiently occurs by active convection, and the FT air masses are
more impacted by intrusions of BL/RL air. The stronger BC concentration in the FT during spring can
be linked to BC originating from biomass burning occurring frequently during this season during the
burning of vegetation in gardens, that is likely injecting biomass burning particles directly into the FT
from strong heat convection transport from BL/RL to FT.
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In addition, Figure 9b represents median aerosol size distributions (10–650 nm) for the four
seasons, in the BL/RL and FT, and highlights the various shapes observed in the different conditions.
In order to further investigate the seasonal variation of the aerosol spectrum properties in both layers,
we used four aerosol modes: nucleation (10 nm to 20 nm), Aitken (40 nm to 80 nm), accumulation
(100 nm to 300 nm), and coarse (1 µm to 18 µm) modes (Figure 9c–f). During the winter and autumn
months, the median Aitken and accumulation mode aerosol concentrations are significantly higher in
the BL/RL, compared to the FT (Figure 9d,e). In spring (for the accumulation mode) and spring and
summer (for the Aitken mode), we observe the opposite, with higher concentrations in the FT than in
the BL/RL. In summer, the median accumulation mode particle concentration is comparable in the FT
and in the BL/RL.

For nucleation mode particles (10–20 nm) (Figure 9c), there are no significant differences in median
values in the FT and in the BL/RL for all seasons. The lack of difference between nucleation mode
particles in the BL/RL and in the FT would suggest that there is an additional source of nucleation
mode particles in the FT compared to the primary emissions traced by the accumulation mode particles
during winter and autumn. This was already observed by Tröstl et al. (2016) [63] at the JFJ site who
reports that the nucleation mode particles occur within air masses that have been transported over
long-range distances into the FT.

Additionally, these particles show the highest concentrations during summer (Nnuc, FT = 489 cm−3;
Nnuc, BL/RL = 512 cm−3) (Table 2). This is in agreement with Venzac et al. (2009) [14] at the same site,
who reports highest concentrations of nucleation mode particles during summer [14]). Boulon et al.
(2011) [27] reports the highest new particle formation frequency during spring and autumn, but the
intensity of the new particle formation events (in term of nucleation rate and further growth) is the
highest during summer.
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Table 2. The mean concentration of the Nucleation, Aitken, and Accumulation mode particles for the
four seasons.

Particle Mode Season
N (cm−3)

FT BL/RL

Nucleation

Winter 190 254
Spring 490 504

Summer 489 512
Autumn 374 312

Aitken

Winter 346 514
Spring 1211 714

Summer 1119 823
Autumn 367 419

Accumulation

Winter 290 530
Spring 630 470

Summer 560 570
Autumn 220 385

The accumulation mode particle concentrations have a similar behavior to the BC concentrations
previously discussed, and we assume that they have similar sources for winter and autumn. Higher
concentrations of the Aitken mode particles during springtime may be partly due to the growth
of nucleation mode particles that were observed to occur more frequently during spring [24,26]
and preferentially at higher altitudes [27], as also witnessed by higher concentrations during the
spring season for the present dataset, and partly due to a contribution from biomass burning aerosols
due to the active convection transport from BL/RL to FT. During summer, the difference between
concentrations in the FT and in the BL/RL is less marked than in Spring, which may be due to the less
frequent nucleation frequency [27,64] and the less biomass burning events than in spring.

For both accumulation and Aitken mode concentrations, we clearly see that spring and summer
(Naccumulation, spring, FT = 630 cm−3; Naccumulation, spring, BL/RL = 470 cm−3; Naitken, spring, FT = 1211 cm−3;
Naitken, spring, BL/RL = 714 cm−3 and Naccumulation, summer, FT = 560 cm−3; Naccumulation, summer, BL/RL =
570 cm−3; Naitken, summer, FT = 1119 cm−3; Naitken, summer, BL/RL = 823 cm−3) show the highest mean
particle concentrations in both the FT and the BL/RL (Table 2). This is in agreement with that of
Venzac et al. (2009) [14] and Herrmann et al. (2015) [3] during the summer season.

In our study, the observed concentrations are slightly higher then what was found by Venzac et al.
(2009) [14]. This would confirm the tendency observed by Venzac et al. (2009) [14] of the aerosol
concentration increasing over the 6 years of data but would need a careful trend analysis which is
beyond the scope of the present study.

For coarse mode particles, no data is available for winter and autumn, and the Wilcoxon–Mann–
Whitney test is not significant for spring (medians are equal for FT and BL/RL) (Figure 9f). However,
for summer, high median concentrations of the coarse mode particles were measured in FT conditions,
compared to the BL/RL conditions. This difference is likely due to a more efficient long-range transport
of dust and marine aerosols at high altitudes than at lower altitudes. Bourcier et al. (2012) [30] reported
higher concentrations of Cesium (Cs) associated to dust particles at PUY, than at the lower altitude
of CZ, but the difference was mostly found during winter. The authors hypothesized that during
winter, large particles are transported with a higher efficiency at high altitudes due to stronger winds.
The variability of the coarse mode particle concentration is higher during the BL/RL conditions
compared to FT conditions presumably due to the sporadic character of sources of large primary
particles in the BL/RL.

The next step of our analysis is to investigate the variability of aerosol properties within the lower
FT and the possible causes for this variability.

3.3. Aerosol Properties in the Lower Free Troposphere as a Function of Air Mass Type and Age

Our analysis of the air mass back-trajectory history relative to the latest contact with the BL over
the 204-h prior sampling showed that air masses aerosol properties (for example, N90) do not change
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for BL-contact-free times larger than 75 h (Figure 4a). In the following section, we investigate the
change of aerosol particles within the lower free troposphere during the last 75 h prior to sampling.

Figure 10 presents the segregation of FT air masses as a function of the time they spent in the
FT since their last contact with the BL/RL before reaching the PUY station. The BLH parameter of
ERA-Interim ECMWF is interpolated spatially and temporally and compared with the altitude of
each path point to determine the last contact with the BL. This analysis was done using LACYTRAJ,
for the four seasons. Most noticeably, the vast majority (over 80%) of winter and autumn air masses
did not have any contact with the BL/RL for at least the last 75 h before being sampled at PUY. This
explains why certain aerosol concentrations are low in the FT during these seasons. For summer and
spring, the large majority (60%) of air masses were in contact with the BL/RL in the last 15 h prior to
measurement (Figure 10). Therefore, certain aerosol concentrations are high in the FT during these
seasons. We hence assume that aerosol properties measured in these air masses during summer and
spring are more representative of BL/RL than the unperturbed FT. Using this information, we focus
the remaining discussion on aerosol properties measured during winter and autumn assuming that
they are representative of the unperturbed FT and we can, therefore, study their characteristics as a
function of the air mass origin.
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Figure 10. The fraction of time since the last BL/RL contact of >75-h back trajectories of air masses
reaching the Puy de Dôme for the four seasons.

LACYTRAJ has also been used to provide a classification of five possible sources, from Oceanic,
Mediterranean, continental, northerly, or local (Figure 11), similar to Asmi et al. (2012) [28] and
Rose et al. (2015a) [24] (details of the classification are shown in Figure A3). This classification is based
on the location of the last interaction between the air mass and the BL. Therefore, the locations of the
last contact with BL are essential. During the winter season, air masses are mainly of Mediterranean
(34%) and Atlantic (29%) origins, and a smaller fraction of them are either local (15%), continental
(14%), or Atlantic modified (8%) (Figure 11). In autumn, air masses are mostly of Mediterranean (39%)
and Atlantic (48%) origins, and a small fraction is of a continental origin (12%) (Figure 11).

In the following section we compare aerosol properties in the three types of air masses (Atlantic,
Mediterranean, and Continental) observed during both seasons (winter and autumn) (Figure 12).

Higher nucleation mode concentrations are measured when the PUY station is exposed to aged
(>75 h) Atlantic and Mediterranean air masses than when exposed to continental air masses (Figure 12).
We can hypothesize that these high concentrations of nucleation mode aerosols are formed at the PUY
from marine precursor sources that have been transported from the Mediterranean sea and from the
Atlantic ocean [24,65], or that the condensational sink associated to the Atlantic and Mediterranean
air mass types are lower compared to continental air masses containing larger concentrations of
accumulation mode particles. Bianchi et al. (2016) [66] and Tröstl et al. (2016) [63] show also that
nucleation in the FT is favored after a certain time lapse has passed after the last contact with the
BL/RL.
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In aged air masses, the high concentrations of the Aitken and accumulation mode particles
coincide with the high concentrations of BC, originated from continental air masses. These high
BC, Aitken, and accumulation concentrations can, thus, partly be due to biomass burning emissions.
Another source of these high concentrations of Aitken mode particles is the growth of nucleation mode
particles originated from the Atlantic and Mediterranean air masses. Within aged air masses, coarse
mode aerosol concentrations are also higher in Mediterranean and Atlantic air masses compared to
continental air masses, likely a result of transported sea salt and dust particles.

Overall, we observe that even after more than 75 h with no contact with the BL/RL, FT aerosols
preserve properties that are specific to their source region. To the author’s knowledge, this is the first
report of these observations from in situ measurements.

4. Conclusions

A one-year dataset of multiple measurements acquired at the PUY station has been used in this
work to determine the specific physical characteristics of FT aerosols and hence of their sources and
transport pathways from the BL.

In order to achieve this goal, a combination of four criteria was used to identify whether the PUY
station lies within the FT or within the BL. BLH was determined using two independent methods,
firstly the ECMWF model, using the “global method of Richardson” to calculate the BLHECMWF,
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and secondly, the WCT method to calculate the ALHWCT from LIDAR measurements. In addition,
NOx/CO and radon-222 tracers were used to determine the degree of influence from the ALNOx/CO
and ALRn, respectively. Using these tracers, we observe that the PUY station is considered to be in the
FT up to 50% during the winter months.

For most of the time and aerosol property, higher concentrations are found in the BL compared to
FT, as expected from larger sources originating from the surface. However, higher BC, accumulation,
and Aitken modes median concentrations are observed in FT conditions compared to BL during spring.
This might be linked to biomass burning from vegetation in gardens that inject aerosols directly to
the FT from active convection transport. Another source of these high concentrations of Aitken mode
particles is the growth of nucleation mode particles. In general, for these nucleation mode particles,
there is no significant difference in the median values measured in the FT and in the BL/RL for all
seasons. This suggests that there is an additional source of precursors to the formation of new particles
at the PUY station. These additional sources likely originate from aged Atlantic or Mediterranean air
masses. Higher median concentrations and higher variability of the coarse mode particles are also
found in FT conditions during summer is a result of increased contribution from Mediterranean and
Atlantic air masses, bringing dust and marine aerosol at higher altitudes. Finally, even after more than
75 h without any contact with the BL/RL, FT aerosols preserve properties specific to their air mass
type/origin. However, as expected, these differences are less distinct in aged FT air masses (>75 h)
than in recent FT air masses (>15 h).

This work introduces a robust method to establish when a site is in the FT or in the BL/RL. Using
this method, we were able to identify typical physical properties of different air mass sources in both
the BL/RL and in the FT. This method has been applied to the PUY site, which is at the frontier of the
BL and the FT, where the majority of exchanges and interactions occur, making it a unique area to
study these exchanges. The method of differentiating between BL/RL and FT used in this work can be
applied to future studies at altitude sites, providing a real-time estimate of FT air mass sampling. These
aerosol properties (size, number concentration, and so forth) can subsequently be used for comparison
with different aerosol transport models outputs.
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Appendix A

Table A1. Acronyms.

Acronym Explication

BL Boundary Layer
BLH Boundary Layer Height
FT Free Troposphere
RL Residual Layer
AL Aerosol Layer

ALH Aerosol Layer Height
PUY Puy de Dôme
CZ Cézeaux
JFJ Jungfraujoch
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Table A1. Cont.

Acronym Explication

WCT Wavelet Covariance Transform
ECMWF European Center for Medium-Range Weather Forecasts

NOx Nitrogen oxides
CO Carbon monoxide

222Rn Radon-222
BC Black Carbon

GAW Global Atmospheric Watch
ACTRIS Aerosol Cloud and Trace gases Research Infra Structure

EARLINET European Aerosol Research Lidar Network
NPF New Particle Formation

SMPS Scanning Mobility Particle Sizer
DMA Differential Mobility Analyser
CPC Condensation Particle Counter
OPC Optical Particle Counter

MAAP Multi-Angle Absorption Photometer
WAI Whole air inlet

T Temperature
RH Relative Humidity
P Pressure

Nuc Nucleation
Ait Aitken
Acc Accumulation
Coa Coarse
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from Google Earth).
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