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Abstract. This study presents a comprehensive assessment of aerosol hygroscopicity during the HYGRO19
field campaign conducted at the MeteoSwiss station in Payerne (Switzerland) from June to December 2019.
Continuous profiles of aerosol backscatter, water vapour mixing ratio, and temperature provided by the Raman
Lidar for Meteorological Observations (RALMO) during both daytime and nighttime allowed aerosol hygro-
scopic growth to be investigated temporally and vertically under different atmospheric conditions. The campaign
also provided a unique experimental framework by combining continuous Raman lidar observations with ver-
tically resolved in situ measurements from the balloon-borne Compact Backscatter Aerosol Detector coupled
with Vaisala RS41 radiosondes (COBALD-RS41), ground-based tandem nephelometers, and complementary
surface aerosol chemical analyses, enabling aerosol hygroscopicity to be evaluated using three complementary
approaches. Two contrasting aerosol regimes were observed: a summer period characterised by relatively high
aerosol loading and frequent influence from long-range transported particles, and a second period dominated by
low-pressure systems, persistent cloudiness, and reduced aerosol concentrations. Through these different atmo-
spheric conditions, more than 200 well-mixed hygroscopic aerosol layers were identified with RALMO, with
median hygroscopicity parameters of fg (355nm) =2.64£0.64 and yg (355nm) = 0.7040.18. Statistical
analyses revealed no systematic dependence of aerosol hygroscopicity on altitude, with comparable values in the
atmospheric boundary layer and free troposphere. Multi-instrument comparisons showed generally consistent
hygroscopic behaviour among RALMO, COBALD-RS41, and tandem nephelometer observations in the anal-
ysed cases, despite differences between the techniques. Surface chemical analyses showed a predominance of
organic matter, with inorganic species accounting for approximately 11 % of the aerosol mass. No clear depen-
dence of aerosol hygroscopicity on particle size was identified. These results show that continuous Raman lidar
observations, complemented by vertically resolved and ground-based in situ measurements, provide a robust
framework for characterising aerosol hygroscopicity under ambient atmospheric conditions.
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1 Introduction

Atmospheric aerosols have a significant impact on Earth’s ra-
diative balance both directly, through the scattering and ab-
sorption of solar radiation, and indirectly, by modifying the
microphysical properties of clouds due to their ability to act
as cloud condensation nuclei (CCN) or ice nucleating parti-
cles (INPs) (Seinfeld et al., 2016). According to the last Inter-
governmental Panel on Climate Change (IPCC), the largest
uncertainty in the net radiative forcing is primarily domi-
nated by uncertainties associated with the aerosol component
(Douville et al., 2021). These uncertainties are mainly associ-
ated with the high temporal and spatial variability of aerosol
distribution and composition, as well as their complex in-
teractions with clouds (aerosol-cloud interactions, ACI) and
precipitation processes (Bindoff et al., 2013; Chen et al.,
2020). One of the key aspects contributing to these uncer-
tainties is aerosol hygroscopicity, which refers to the ability
of particles to take up water vapour, thereby altering parti-
cle size, chemical composition and optical properties (Chen
et al., 2020). Aerosol hygroscopic growth can influence the
direct radiative effect by modifying particle size and conse-
quently the light scattering pattern (i.e. the phase function).
Moreover, the hygroscopic growth represents a fundamental
aerosol parameter leading to indirect radiative effect, as the
ability of aerosols to act as CCN is directly related to their
affinity for water vapour uptake (Hinel, 1976; Seinfeld et al.,
2016).

Several studies have addressed the effects of hygroscopic
growth on aerosol optical and microphysical properties us-
ing ground-based in situ measurements. Techniques such
as the Humidified Tandem Differential Mobility Analyser
(HT-DMA) (e.g., Liu et al., 2018; Swietlicki et al., 2008;
Pariyothon et al., 2023; Deshmukh et al., 2025; Zhang et al.,
2025) and Humidified Tandem Nephelometers (e.g., Titos
etal., 2014b; Alonso-Blanco et al., 2019; Burgos et al., 2019;
Mouton et al., 2023; Yuan and Zhao, 2023) have been ex-
tensively used to quantify changes in particle diameter or
aerosol optical properties due to water vapour uptake. How-
ever, these techniques also have certain limitations. Most in
situ techniques alter the ambient conditions and are subject
to particle losses in the sampling lines, which can modify
aerosol properties relative to ambient conditions (e.g., par-
ticle number concentration, size distribution, chemical com-
position, scattering, and absorption; Hermann et al., 2001;
Bedoya-Veldsquez et al., 2018). For humidified nephelome-
ter measurements, uncertainties in the scattering enhance-
ment factor (f(RH)) can be substantial at high relative hu-
midity (RH), with values of approximately 20 %—40 % re-
ported for moderately hygroscopic aerosols (Titos et al.,
2016). However, the most relevant issue is that these mea-
surements are representative of only a few metres above the
ground and do not allow for a complete understanding of
aerosol hygroscopicity in the vertical.
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Remote sensing techniques can complement observations
of aerosol hygroscopicity by providing independent mea-
surements of aerosol properties and relative humidity. Fur-
thermore, these measurements can be obtained at high RH
without altering the aerosol sample (Feingold and Morley,
2003). Measurements with ground-based Aerosol Robotic
Network (AERONET; Holben et al., 1998) can estimate
aerosol hygroscopicity through studying changes in aerosol
size distributions in relation to column precipitable water
vapour (PWYV) (Schafer et al., 2008), and also in connec-
tion with the dissipation of fog or low-altitude clouds (Eck
et al., 2012). However, AERONET measurements are rep-
resentative of the entire atmospheric column. In contrast, li-
dar measurements provide vertically resolved aerosol infor-
mation, which make such measurements suitable for investi-
gating aerosol hygroscopicity within well-mixed aerosol lay-
ers (Ferrare et al., 1998). To achieve this, well-mixed atmo-
spheric conditions are required to isolate the effect of hygro-
scopic growth from other aerosol processes (Wulfmeyer and
Feingold, 2000; Feingold and Morley, 2003). Nevertheless,
as these measurements are performed under real atmospheric
conditions, neither the sample nor the ambient conditions can
be controlled, limiting their applicability (Granados-Muiioz
et al., 2015), and obtaining RH profiles with high vertical
and temporal resolution remains challenging. Furthermore,
lidar system quantifies the impact of RH on the backscat-
ter coefficient at a polar angle of 180°, which requires as-
sumptions and calculations to translate it to, for example, the
RH effect on the hemispheric backscatter coefficient. Some
studies relied on thermodynamic profiles from collocated ra-
diosondes (RS) (Veselovskii et al., 2009, 2025; Sicard et al.,
2022; Jing et al., 2026), which limited the application of li-
dar measurements for aerosol hygroscopicity investigations.
To extend the applicability of the technique to other stud-
ies, RH profiles have been derived by combining tempera-
ture (T') profiles from microwave radiometers (MWR) with
water vapour mixing ratio profiles from Raman lidar ob-
servations (Navas-Guzman et al., 2014; Bedoya-Velasquez
et al., 2018; Miri et al., 2024). However, uncertainties in the
MWR temperature profiles, due to their lower spatial res-
olution, can affect the accuracy in the derived RH (Navas-
Guzmdn et al., 2016) and in the retrieved aerosol hygroscop-
icity parameters (Pérez-Ramirez et al., 2021). Despite these
approaches having served as useful benchmarks, long-term
vertically resolved analyses of aerosol hygroscopicity remain
limited (Sicard et al., 2022; Jing et al., 2026). Indeed, most
previous studies have been conducted during specific field
campaigns or have focused on only a few case studies, of-
ten based on nighttime observations. Furthermore, compre-
hensive aerosol hygroscopicity studies require simultaneous
measurements of aerosol chemical composition and particle
size (Pérez-Ramirez et al., 2021; Laly et al., 2025), which are
not always available.

The Raman Lidar for Meteorological Observations
(RALMO) system, operating at the MeteoSwiss aerological
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station in Payerne, Switzerland, can overcome some of the
previously mentioned limitations in aerosol hygroscopicity
studies. Its capability to provide high-vertical-resolution pro-
files of aerosol backscatter, temperature, and water vapour
mixing ratio and to operate continuously during both day-
time and nighttime (Dinoev et al., 2013) makes it partic-
ularly suitable for aerosol hygroscopicity studies (Navas-
Guzman et al., 2019). In this context, the HYGRO19 field
campaign, conducted from June to December 2019 in Pay-
erne, represented a unique opportunity to combine continu-
ous RALMO observations with complementary in situ tech-
niques to characterise aerosol hygroscopicity under ambient
atmospheric conditions. Furthermore, vertical aerosol mea-
surements performed with the Compact Backscatter Aerosol
Detector (COBALD, Brunamonti et al., 2018), alongside
RH profiles from operational RS41 radiosondes, permitted
the direct comparison of aerosol hygroscopicity parame-
ters retrieved from RALMO with those derived from verti-
cally resolved in situ observations. This makes HYGRO19
one of the few studies in which aerosol hygroscopicity has
been characterised vertically using balloon-borne COBALD-
RS41 measurements. Additionally, complementary in situ
measurements, including tandem nephelometers, were per-
formed at ground level, enabling the evaluation of lidar re-
trievals in selected cases where the sampled layers were con-
nected to the surface under well-mixed conditions. Neverthe-
less, some limitations arise from the different approaches and
wavelengths used to obtain aerosol hygroscopicity parame-
ters, since lidars rely solely on backscatter measurements,
whereas tandem nephelometers use the scattering coefficient.
Differences in sampling time and vertical representativeness
further limit the direct comparability of the retrieved param-
eters.

This work focuses on the characterisation of aerosol hy-
groscopicity during the HYGRO19 field campaign using
complementary remote sensing and in situ techniques, and
on assessing the consistency and limitations of their com-
parisons. Selected multi-instrument comparisons are per-
formed between RALMO-derived hygroscopicity parame-
ters and those obtained from vertically resolved in situ ob-
servations from COBALD-RS41 sondes and ground-based
tandem nephelometer measurements. Continuous RALMO
observations additionally provide a statistical characterisa-
tion of the temporal and vertical variability of aerosol hy-
groscopicity within the conditions that fulfil the retrieval cri-
teria. Complementary aerosol and meteorological observa-
tions support the interpretation of the observed hygroscopic
behaviour.

The paper is structured as follows: Sect. 2 describes the
experimental site and instrumentation, Sect. 3 details the
methodologies used, Sect. 4 reports the main results and their
discussion, and Sect. 5 summarises the conclusions and pro-
vides perspectives for future work.
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2 Experimental site and instrumentation

2.1 The HYGRO19 field campaign

The intercomparison campaign of hygroscopic aerosol prop-
erties using remote sensing and in situ techniques (HY-
GRO19 campaign) was carried out from June to Decem-
ber 2019 at the MeteoSwiss aerological station in Pay-
erne, Switzerland (46.82°N, 6.95°E, 49 m above sea level
(a.s.l.)), which forms part of ACTRIS (Aerosol, Clouds and
Trace Gases Research Infrastructure), EARLINET (Euro-
pean Aerosol Research Lidar Network), E-PROFILE (Eu-
ropean Profiling Network), and GRUAN (GCOS Reference
Upper-Air Network). The HYGRO19 campaign focused on
the characterisation of hygroscopic aerosol growth under am-
bient atmospheric conditions using three complementary ap-
proaches: remote sensing measurements from the RALMO
Raman lidar, ground-based in situ measurements from tan-
dem nephelometers, and vertically resolved in situ measure-
ments from COBALD sondes operated alongside RS41 ra-
diosondes (COBALD-RS41). A central objective was to as-
sess the consistency and limitations of the hygroscopicity
parameters obtained with these techniques, accounting for
their different optical properties, wavelengths, and sampling
conditions. Continuous RALMO measurements of aerosol
backscatter, temperature, and water vapour mixing ratio also
enabled the temporal and vertical variability of aerosol hy-
groscopicity to be investigated within selected well-mixed
layers. Additional aerosol and meteorological observations
were used to characterise the atmospheric conditions and
support the interpretation of the observed hygroscopic be-
haviour. The experimental station is located in a rural area
of the Swiss Plateau, between the Jura Mountains (25 km to
the Northwest) and the Alpine foothills (20 km to the South-
east). The site is characterised by a mid latitude continental
climate with some influence of long-range transported pollu-
tion (Navas-Guzman et al., 2019).

2.2 The RALMO Raman lidar system

The RAman Lidar for Meteorological Observations
(RALMO) system is a custom-designed instrument devel-
oped by the Swiss Federal Institute of Technology (EPFL) in
collaboration with MeteoSwiss. It has been operating in the
Payerne station since August 2008 and joined EARLINET
the same year. The RALMO system uses a Nd: YAG
laser source that emits pulses at 355nm (400 mlJ), with a
repetition rate of 30 Hz and a pulse duration of 8 ns. Before
the laser emits to the atmosphere it is expanded to a diameter
of 14cm to reduce beam divergence (to 0.1 mrad). The
receiving system consists of four telescopes with 30cm
parabolic mirrors symmetrically arranged with the verti-
cally mounted beam expander to collect the backscattered
photons, giving a field of views (FOV) of 0.2 mrad. These
characteristics enable RALMO to operate during both
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daytime and nighttime. Optical fibres connect the telescope
mirrors to two grating polychromators, which isolate the
rotational-vibrational (VR) and pure-rotational (RR) signals.
A detailed description of RALMO can be found in Dinoev
etal. (2013).

The system optimises its operability in the incomplete
overlap region because the Raman backscatter is excited by a
single monochromatic beam and the designed reflective-type
lidar telescopes minimise chromatic aberrations. Moreover,
the fibre-coupled diffraction grating-based polychromator
further reduces uncertainties induced by range-dependent
optical imperfections of the lidar receiver to a negligible
level (Dinoev et al., 2013). The water vapour mixing ratio
is computed from VR measurements of nitrogen and water
vapour at wavelengths of 386.7 and 407.5 nm. The accuracy
of RALMO water vapour measurements has been validated
by Brocard et al. (2013), showing good agreement with ra-
diosonde observations and integrated water vapour retrieved
from the Global Positioning System (GPS) and MWR.

Temperature measurements with RALMO are obtained us-
ing four sections of the RR Raman spectrum around 355 nm,
which relies on the rotational Raman scattering of oxygen
and nitrogen molecules. The RR signal is separated from
the elastic (Rayleigh and Mie) scattering using a two-stage
temperature polychromator, which isolates specific rotational
Raman lines while guiding the elastic signal through opti-
cal fibres to the detector. High-efficiency parabolic mirrors
collect the signals, which are then filtered, fibre-coupled,
and diffracted by a reflective holographic grating to resolve
Stokes and anti-Stokes lines from different rotational quan-
tum numbers. This configuration enables accurate and sta-
ble retrieval of atmospheric temperature profiles. Further de-
tails and a complete validation of the RALMO temperature
channel are provided by Martucci et al. (2021). The system
also registers the backscattered signal at 355 nm backscat-
tered signal, which combined with one RR measurement al-
lows the retrieval of independent aerosol backscatter and ex-
tinction measurements (Veselovskii et al., 2015).

For water vapour, nitrogen, and oxygen, the interference
filters are centred at 407.5, 386.7 and 375.4 nm, respectively,
each with a full width at half maximum (FWHM) of 0.33 nm.
This configuration ensures minimal temperature sensitivity
of the Raman scattering signal, with a relative change in
transmitted intensity of 0.4 % per 100 K (Dinoev et al., 2013),
in agreement with values reported in the literature (White-
man, 2003). It also minimises spectral differences between
the laser emission and Raman channels (Veselovskii et al.,
2013, 2015).

2.3 The COBALD-RS41 sondes

COBALD is a lightweight (500 g) aerosol backscatter detec-
tor for balloon-borne measurements developed at the Swiss
Federal Institute of Technology (ETH Ziirich) based on the
original prototype by Rosen and Kjome (1991). Using two
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light-emitting diodes (LEDs) as light sources and a photo-
diode detector with FOV of 6°, COBALD provides aerosol
backscatter at 455 and 940 nm with an accuracy of 5 % and a
precision of 1 % for both channels, and temporal and spatial
resolutions of 1 s and 5 m, respectively (Vernier et al., 2015).
During the HYGRO19 field campaign, COBALD was com-
bined with an additional meteorological radiosonde (RS41,
Vaisala) to obtain measurements of temperature, pressure,
and relative humidity. The RS41 sonde specifications for
nominal measurement uncertainties, as provided by the man-
ufacturer, are 0.3 °C for temperature below 16 km and 0.4 °C
above that altitude, 0.01 hPa (decreasing with altitude) for
pressure, and 4 % RH (Vaisala, 2017).

The COBALD measurements are typically expressed as
the backscatter ratio (BSR, Eq. 1), defined as the ratio of the
total measured signal (normalised to the altitude-dependent
LED power) to its molecular contribution (Brunamonti et al.,
2021). The molecular contribution is computed following
Bucholtz (1995) using the atmospheric number density of
molecules derived from the collocated RS (Cirisan et al.,
2014). A molecular extinction-to-backscatter ratio of 87 /3 sr
is assumed.

_ B+ ™G
ﬂmol(k)

During the HYGRO19 field campaign, the COBALD-
RS41 sonde was used to obtain vertically resolved in
situ observations of aerosol hygroscopicity parameters, pro-
viding the reference measurements for direct compari-
son with those retrieved from RALMO. However, the
COBALD and RALMO systems differ in receiver FOV
(0.01° for RALMO), which results in systematic differences
in backscatter measurements that are corrected using Mie
scattering simulations (Brunamonti et al., 2021).

BSR (D

2.4 The tandem nephelometers

The tandem nephelometers consisted of two integrating
nephelometers operating in parallel and measuring the same
air sample. One instrument operated at RH lower than 40 %
(dry conditions), whereas the second was equipped with a hu-
midification system allowing measurements at different RH
conditions from 40 % to 90 % (wet conditions) (Titos et al.,
2014a). The dry scattering coefficients (o, ary) Were mea-
sured using an Ecotech Aurora 3000 nephelometer at three
wavelengths (450, 525, and 635 nm) with a 1 min sampling
interval. The scattering coefficients under wet conditions
were measured using a TSI 3563 integrating nephelometer
at 450, 550, and 700 nm, recording data every 1 min. The
nephelometer data were corrected to account for angular
truncation errors and instrument non-idealities, following the
method of Anderson and Ogren (1998) for the TSI instru-
ment and Miiller et al. (2011) for the Ecotech nephelometer.
The setup consisted of a 30 min cycle beginning with a base-
line (zero) measurement, followed by gradual increases of
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RH up to approximately 85 %—90 %. For the computations of
the hygroscopicity parameters, the dry scattering coefficient
measured at 525 nm by the Ecotech instrument was corrected
to 550 nm using the Angstrém exponent (Angstr(jm, 1929).

2.5 Complementary instrumentation

During the HYGRO19 campaign, complementary instru-
ments were also employed to provide a comprehensive
characterisation of aerosols. Continuous measurements of
aerosol optical depth (AOD) and column-integrated extinc-
tion Angstrom exponent (AOD-AE) were obtained from
an AERONET sun photometer (SP) operating at Payerne
since 2000 (Level 2 Version 3, Giles et al., 2019). The
station is also part of the European E-PROFILE network
(Haefele et al., 2016) since 2008 and operates a CHM 15k
ceilometer (Lufft) emitting at 1064 nm, which continuously
records aerosol attenuated backscatter. Furthermore, within
the framework of E-PROFILE, a Doppler wind lidar pro-
filer operates to measure horizontal and vertical wind compo-
nents every 10 min, typically covering altitudes from 150 m
to about 5 km above ground level (a.g.l.) (Nowak, 2008).

Ground-based in situ measurements included an
Aethalometer (AE31), operated by the Centre for En-
ergy and Environmental Sciences at the Paul Scherrer
Institute (PSI), capable of providing aerosol absorption
coefficients (oup) at seven wavelengths (from 370 to
950nm). The Aethalometer can also estimate equivalent
black carbon (EBC) concentrations using wavelength-
dependent mass absorption cross sections (Petzold et al.,
2013). Data processing followed Global Atmosphere Watch
(GAW)/ACTRIS recommendations, including corrections
for filter-loading and multiple-scattering effects and was
harmonised as described in Zanatta et al. (2016).

Additional in situ measurements of aerosol properties
were conducted by the Swiss Federal Laboratories for Mate-
rials Science and Technology (EMPA) as part of the NABEL
(National Air Pollution Monitoring Network) programme
(EMPA, 2025). Particle mass concentrations of PM 5 and
PMj( were determined in real time with a Fidas 200 optical
aerosol spectrometer and corrected versus gravimetric ref-
erence data (Hiiglin and Schwarzenbach, 2016). Elemental
carbon (EC) in PM, 5 was obtained in the laboratory from
PM; 5 filter samples using a thermal optical EC analyser
(Sunset Laboratory Inc.) following the EUSAAR?2 protocol
(Cavalli et al., 2010). The concentrations of sulphate (SOﬁf)
and nitrate (NO;') in PMjo were determined from PMy fil-
ter samples using ion chromatography (Hiiglin et al., 2024).
Ammonium (NHI) was estimated assuming complete neu-
tralisation of sulphate and nitrate (Jones et al., 2021; Liu
et al., 2021), and organic matter (OM) was derived from PM
mass closure (PM = inorganic species + black carbon (BC)
+ OM). Furthermore, total carbon (TC) concentrations were
obtained using the novel FATCAT (Fast Thermal Carbon To-
talizer) system, developed by the University of Applied Sci-
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ences and Arts Northwestern Switzerland (FHNW), with a
detection limit of 0.16 ug-C (micrograms of carbon) for a
sampling interval of 2h (Keller et al., 2023). Additionally,
aerosol size distributions in the range 10 to 487 nm, were
measured using a scanning mobility particle sizer (SMPS,
TSI 3034) (PSI, Durand et al., 2023).

3 Methodology

3.1 Aerosol optical properties from Raman lidar
measurements

The combined use of elastic (Klett, 1981, 1985) and Raman
(Ansmann et al., 1990) backscattered signals allows the in-
dependent calculation of the aerosol backscatter coefficient
(B2") as described by Ansmann et al. (1990) and Whiteman
(2003):

(@)

BN (2. h0) = B (2. 10 [k Pt 1}

" P(z, M)

where the sub-index i indicates the Raman molecular
species, ,3'“01 (z, AL) is the molecular backscatter coefficient,
k is the calibration constant, and P (z,A) is the backscat-
tered signal from range z at either the elastic (AL) or the
Raman shifted %; wavelengths. Stokes and anti-Stokes por-
tions of the pure-rotational spectrum with opposite tem-
perature dependence are summed, giving in good approxi-
mation a temperature-independent inelastic signal (Dinoev
et al., 2013). The RALMO system provide accurate aerosol
backscattered and extinction coefficients at 355 nm with a
bias of —2 % + 37 % (—0.01840.237 Mm~" sr~!) compared
with COBALD at 455 nm (Brunamonti et al., 2021).

3.2 Water vapour mixing ratio, temperature and relative
humidity profiles from Raman lidar measurements

Water vapour mixing ratio (r) is defined as the ratio of the
mass of water vapour to the mass of dry air in a sample of the
atmosphere (Goldsmith, 1998). Consequently, the ratio Ny,0
(z) / Nn, (z) is proportional to the water vapour mixing ratio
(Whiteman et al., 1992, 2006). Assuming identical overlap
factors and the range-independent Raman backscatter cross
sections for the two signals, this ratio can be expressed as
(Whiteman et al., 2006):

NHZO(Z) _ P(Z9)"H20) . FNz[T(Z)] . KNZONZ .
NN, (2) P(z,AN,) FnolT(2)] KH,00H,0

exp /[a(z/,)»Hzo)—a(z/,ANZ)]dz’ (3)
0
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and thus,

r() = D@ A0) - FeulT@)]
P(z,AN,)  FuolT(2)]

Z

<K -exp f[a(Z/JHzo)—Oé(z/,)»Nz)]dz/ 4)
0

where the term P(z,An,0)/P(z,AN,) represents the
backscattered signal ratio, Fn,[7(z)]1/Fn,0[T(z)] is the
ratio of the temperature-dependent functions for the Ra-
man nitrogen and water vapour channels, and K is the
instrument calibration constant. For RALMO the calibration
constant was determined by combining absolute calibra-
tion using collocated radiosondes with relative calibration
based on the solar background (Martucci et al., 2018).
The passband filter employed in RALMO allows the ratio
FMrIT (z)1/ Fu,0lT (z)] to be reasonably approximated as 1
(Sect. 3.1), resulting in essentially temperature-independent
measurements (Whiteman, 2003).

The exponential term (Eq. 4) accounts for the difference
in atmospheric transmission between the nitrogen and water
vapour Raman wavelengths, mainly due to the A~* depen-
dence of Rayleigh scattering by molecules and an additional
contribution from wavelength-dependent Mie scattering by
aerosols. Molecular extinction can be estimated assuming US
Standard Atmosphere, while the differential aerosol extinc-
tion is generally negligible under typical Payerne conditions
(Dinoev et al., 2013), though it can reach up to 10 % in hazy
conditions (Whiteman, 2003; Diaz-Zurita et al., 2025).

Temperature measurements with RALMO are obtained us-
ing RR Raman lidar signals (Martucci et al., 2021), and com-
bining these with water vapour mixing ratio measurements,
it is possible to obtain RH profiles following Yau and Rogers
(1996):

_e(?)

RH =
ew(2)

-100 &)

where e(z) is the water vapour pressure, and ew(z) denotes
the saturation vapour pressure. The water vapour pressure is
related to the water vapour mixing ratio through:

e(z) = p(z)-r(2)

T 0.62247(2) ©

where p(z) represents the air pressure profile, estimated
from the closest RS41 operational at Payerne. The satura-
tion vapour pressure ey(z) is computed using the empirical
formulation:

@)

ew(z) =6.107 - exp [ MlT (z) —273] ]

Mp +[T(z) —273]

where the constants M4 and Mp are 17.08 and 234.2, for
temperature above 273 K (List, 1951). RALMO relative hu-
midity profiles have been validated against collocated RS41
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radiosondes (Navas-Guzman et al., 2019; Martucci et al.,
2021), demonstrating strong performance. These capabilities
make RALMO one of the few instruments worldwide capa-
ble of providing continuous daytime and nighttime profiles
of water vapour mixing ratio, temperature, and relative hu-
midity.

3.3 Aerosol hygroscopicity with tandem nephelometers

Aerosol hygroscopicity refers to the equilibrium water con-
tent of water-soluble particulate matter at RH below 100 %
and, thereby altering particle size, shape and optical prop-
erties. Particularly, the impact of hygroscopic growth on
aerosol optical properties is commonly studied using the en-
hancement factor, f; (RH), defined by Hénel (1976):
fe®i) = SR ®)
¢ (RHqef)

where ¢ (X, RH) denotes an optical or microphysical aerosol
property at RH, while the reference value, RHef, corre-
sponds to the lowest value within the analysed layer or time
interval.

In the case of laboratory measurements, when RH can be
controlled, the scattering enhancement factor can be deter-
mined using two instruments that measure the same aerosol
optical property, such as the aerosol scattering coefficient.
One instrument operates at RH below 40 % (dry conditions),
whereas the second is equipped with a humidification sys-
tem that enables measurements over an RH range from 40 %
to 90 % (wet conditions). This configuration, known as a tan-
dem nephelometer (Titos et al., 2014a), allows the scatter-
ing enhancement factor to be determined using the following
two-parameter equation (Clarke et al., 2002; Carrico et al.,
2003):

fo(RH) =a(l —RH)™" ®)

where a is the value at RH =0 % and y, is the Hinel param-
eter characterising the magnitude of hygroscopic growth for
the scattering enhancement. In the case of laboratory mea-
surements, different RH ranges can be controlled, allowing
measurements over a wide RH range from 40 % to 90 %. This
enables a more robust determination of a through linear fit-
ting. Moreover, the use of the same measurement approach
at different sites allows a direct intercomparison of the scat-
tering enhancement factor f, (A, 85%/ < 40 %). Hereafter,
fo (1) for simplicity.

3.4 Aerosol hygroscopicity with lidar measurements

For lidar measurements, the aerosol optical parameter used
to study aerosol hygroscopicity is the aerosol backscatter co-
efficient (82") and the backscatter enhancement factor is de-
scribed as Veselovskii et al. (2009):
B*(RH) ( 1—RH )‘yﬂ

TR = e R — \T—RHpr

(10)
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In the particular case of the RALMO system, the Hinel pa-
rameter (yg) can only be obtained at 355 nm. Since ambient
RH cannot be controlled, it must be ensured that changes
in aerosol optical properties are solely related to changes
in RH. This is achieved by assuming a well-mixed atmo-
spheric layer that typically occurs when water vapour mix-
ing ratio and potential temperature profiles remain nearly
constant with altitude (Feingold and Morley, 2003). Addi-
tionally, following Navas-Guzmén et al. (2019), potential
changes in air-mass origin with altitude should be assessed
using backward trajectories as complementary information
to the thermodynamic profiles. When these conditions are
fulfilled, RH,.r is selected as the point with the lowest RH,
typically corresponding to the lowest altitude, as RH and
B’ increase simultaneously with altitude (Veselovskii et al.,
2009). Consequently, humidograms ( f; (RH) versus RH) can
be computed, and the Hinel parameter is obtained as the
slope of the linear fit between the natural logarithms of 2"
and RH. Note that, for comparison with tandem nephelome-
ters and previous studies, the backscatter enhancement factor
is extrapolated or interpolated to the 40 %—85 % range (fs
(X, 85%/40 %)), depending on the measured RH range. In
the following, it is denoted as fg(A).

It should be highlighted that the Hinel parameter may
depend on the aerosol optical property for its computa-
tion. Consequently, y values derived from aerosol backscat-
ter measurements are not directly comparable to those ob-
tained from total scattering measurements from tandem
nephelometers. Moreover, the spectral dependence of hygro-
scopic growth can vary with particle size, as shown by Mie
simulations in previous studies (Zieger et al., 2013; Navas-
Guzman et al., 2019). Therefore, the enhancement factor
for the same RH may differ between wavelengths and par-
ticle sizes, which further complicates comparisons between
the different techniques. In addition, uncertainties associ-
ated with the retrieval of aerosol hygroscopicity parameters
should also be considered. In the case of lidar-derived pa-
rameters, these uncertainties can reach up to 20 % for RH
uncertainties below 10 % (Pérez-Ramirez et al., 2021).

4 Results and discussion

4.1 Overview of the HYGRO19 field campaign

Continuous measurements of AOD and extinction AE (AOD-
AE) obtained from the AERONET sun photometer during
the HYGRO19 campaign in Payerne were analysed to char-
acterise the columnar aerosol properties (Fig. 1). Two clearly
different periods were identified: the first, from June to Au-
gust, characterised by relatively high aerosol loading, and the
second, from September to December, dominated by low-
pressure systems, persistent cloudiness, and lower aerosol
concentrations (MeteoSwiss, 2026b). During the first period,
a large number of measurements were available, with a me-
dian AOD (500 nm) of 0.24 £ 0.09, where the uncertainty is
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expressed as half of the interquartile range (IQR/2 = (Q3-
Q1)/2)). Fine-mode particles predominated, as indicated by
the median AOD-AE (440-870nm) value of 1.5040.19.
Backward trajectory analyses using the HYSPLIT model
(not shown) revealed that most air masses originated over
mainland Europe, a major source of anthropogenic aerosols.
However, on 26 and 27 June, an event influenced by North
African air masses was observed, with high aerosol load
(AOD (500 nm) up to 0.3) and low AOD-AE (reaching 0.4),
typical of long-range transport of Saharan dust. In con-
trast, fewer measurements were available during the sec-
ond period. The median AOD (500 nm) and AOD-AE (440-
870 nm) values were 0.07 £0.02 and 1.15+0.13, respec-
tively, characteristic of continental background aerosol.

Figure 2 shows the temporal evolution of in situ ground-
based measurements of aerosol scattering (osp, a) and ab-
sorptlon (oap, c) coefficients at different wavelengths scat-
tering Angstrom exponent (SAE, b), absorption Angstrém
exponent (AAE, d), single scattering albedo (SSA, e), par-
ticulate matter (f), and chemical composition (g-h). Data are
hourly values, except for TC concentrations and chemical
compositions that correspond to 2-hourly and daily measure-
ments, respectively (panels g and h). Unfortunately, during
the HYGRO19 campaign, data from the Aurora dry neph-
elometer and the Aethalometer AE31 were available only
since 6-8 August (a—e, g), whereas FATCAT data date since
27 July 2019 (g). The main statistical parameter for the entire
campaign, as well as for the first and second periods sepa-
rately, are summarised in Table 1.

During the campaign, the temporal evolution of the scat-
tering coefficient (Fig. 2a) shows remarkable day-to-day
variability, with values ranging from 0.97 to 206 Mm~!,
and median values of 28 421 Mm~! and 19+ 14Mm™~! at
450 and 550 nm, respectively. Several intense events with
higher scattering coefficients values were observed between
21 August and 21 September, 17 October and 1, 9, 26,
30 November and 7 December 2019, coinciding with in-
creases in aerosol loading (Fig. 1) and particulate matter (Fig.
2f). Concurrently, the analysis of the SAE (450-635 nm,
Fig. 2b) suggests a predominance of fine particles (SAE
= 1.64 £0.26), although some outliers are observed. Sep-
arately, the AERONET AOD-AE measurements (Fig. 1b)
also suggest a general predominance of fine particles in
the atmospheric column, with a median AOD-AE (440-
870 nm) value of 1.46 = 0.21 for the entire campaign. These
observations refer to different temporal coverage and sam-
pling conditions and should not be interpreted as a quan-
titative agreement between the two datasets. The predom-
inance of fine particles near the surface is also supported
by the small difference observed between PMg and PM3 5
(PMjg_25=3.0+1.6ugm™3, Fig. 2f). The low PM con-
centrations (PMjp=13.2ugm™ and PM>s =9.2ugm™3,
(Hiiglin and Grange, 2021)), characterised by a predomi-
nance of fine-mode (PM,s) over coarse-mode (PMjg_35)
mass, are typical of a rural site such as Payerne. Previous
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(a) AERONET Sun Photometer Aerosol Optical Depth and Extinction Angstrom Exponent During HYGRO19 Field Campaign in Payerne (June-December 2019)
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Figure 1. Hourly time series of AERONET observations during the HYGRO19 campaign from June-December 2019: (a) aerosol optical
depth (AOD) at 380, 500, and 1020 nm, and (b) extinction Angstrém exponent (AOD-AE (440-870 nm)).

studies have reported that Payerne is usually influenced by
local and Swiss Plateau emissions, as well as by the transport
of anthropogenic pollution from mainland Europe (Minguil-
16n et al., 2012; Dada et al., 2025). This description provides
background information on the site and does not constitute a
source attribution for individual episodes during HYGRO19.

The analysis of the aerosol absorption coefficient (Fig.
2¢) exhibits values ranging from 0.06 to 26 Mm~!, with a
median of 3.4+ 1.9Mm~! at 520 nm, indicating substantial
temporal variability but generally low absorption levels com-
pared with values typically reported for suburban, urban, and
traffic sites (Rovira et al., 2025). This is consistent with the
single scattering albedo values (SSA (520 nm) = 0.8740.05,
Fig. 2e). However, differences were observed between the
two periods, with larger presence of absorbing particles
during the second (opp =3.5+2.1, SSA=0.854+0.05 and
AAE = 1.09 £0.10) than in the first period (o, = 2.7 £ 1.3,
SSA=0.90+£0.02 and AAE=0.92+0.11). The analysis
of carbonaceous measurements further suggests that these
changes can be associated with a higher frequency of lo-
cal wood burning (Fig. 2g-h). Regarding chemical compo-
sition (Fig. 2h), inorganic species (sulphate, ammonium, and
nitrate) show an important contribution to particulate mat-
ter, accounting for 11 %. However, the TC values compared
with measured inorganic species and PMj 5 support that or-
ganic matter is the main fraction (83 %), which is typically
the largest fraction in summer (OM = 87 %), compared with
the second part of the campaign (OM = 81 %). The predom-
inance of organic aerosol and its larger contribution during
summer (55 %-60 %) than in winter (30 %—40 %) have also
been reported at Payerne (Aksoyoglu et al., 2011; Minguillén
et al., 2012; Bozzetti et al., 2016; Hiiglin and Grange, 2021;
Nowak et al., 2023-2025; Dada et al., 2025).

Figure 3 shows the temporal evolution of vertical pro-
files of the aerosol backscatter coefficient at 355 nm, tem-
perature, water vapour mixing ratio, relative humidity, and
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the backscatter enhancement factor (fg (355nm)) obtained
with the RALMO system during the HYGRO19 campaign.
For simplicity, the data are shown only in the lower tropo-
sphere (0-6kma.g.1.). The temporal and spatial resolutions
were 30 min and 30 m, respectively. Note that the white re-
gions in the figure correspond to areas where retrievals were
not possible due to cloudy conditions.

The key result from Fig. 3 is the capability of RALMO
to provide continuous daytime and nighttime observations
with high temporal and vertical resolution, enabling continu-
ous monitoring of atmospheric vertical profiles and aerosol
hygroscopic parameters (panel e). Temperature and water
vapour mixing ratio (Fig. 3b—c) show a similar temporal evo-
lution over the campaign period, with higher values in sum-
mer and lower values towards winter, and generally decreas-
ing with altitude. Both parameters exhibited higher values
during late June to early August, reaching maxima of 305.6 K
and 15.2 gkg™! below 1.5kma.g.l., respectively. Later, both
temperature and water vapour mixing ratio decrease, reach-
ing their minimum values in December. These behaviours
correspond to the typical seasonal evolution of atmospheric
conditions in Payerne (Bader et al., 2020; Hicks-Jalali et al.,
2020). The median and half of the interquartile range of these
parameters for the entire period, as well as for the afore-
mentioned sub-periods, are summarised in Table 2. The val-
ues are separated below 1.5 kma.g.1. and above that, because
aerosol, temperature, and water vapour profiles (Fig. 3a—c)
reveal the highest values within the first 1.5kma.g.l. corre-
sponding approximately to the mean atmospheric boundary
layer (a.b.l.) height (Collaud Coen et al., 2014).

The analysis of 82" (355 nm) (Fig. 3a) reveals again two
very distinct periods. The first corresponds to June—August,
when the highest values are observed, while the second pe-
riod is from September—December and exhibits consider-
ably lower values. This is consistent with the analysis of
AERONET measurements (Fig. 1a). During the first period,
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In Situ Measurements During the HYGRO19 Field Campaign in Payerne (June-December 2019)
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Figure 2. Time series of in situ ground-based measurements of (a) aerosol scattering coefficient at 450, 525, and 635 nm and (b) scattering
Angstrt')m exponent (SAE (450-635 nm)) from the Aurora 3000 dry nephelometer; (c) absorption coefficient at 370, 520, and 880 nm and (d)
absorption Angstrém exponent (AAE (370-950 nm)) from the aethalometer AE31; (e) single scattering albedo (SSA (520 nm)) derived from
the dry nephelometer and aethalometer data, (f) PM concentrations, (g) equivalent black carbon at 880 nm from the aethalometer and total

carbon concentrations from FATCAT; and (h) chemical composition. The data represent hourly mean values, except for TC concentrations
and chemical compositions that are 2-hourly and daily measurements.
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Table 1. Statistical summary of the aerosol scattering and absorption coefficients at 450 and 520 nm, the scattering Angstrém exponent
(SAE (450-635nm)) and absorption Angstrom exponent coefficient (AAE (370-950 nm)), single scattering albedo (SSA (520 nm)), PM,
equivalent and total black carbon concentrations, as well as chemical composition. Note that ammonium was derived assuming complete

neutralisation and OM was estimated from PM mass closure.

median £ IQR/2 median £ IQR/2

Entire Jun-Aug Sep-Dec Entire Jun-Aug Sep-Dec
osp (450 nm) Mm~1) 28 £21 28+ 17 28422 EBC (880nm) (ugm?) 0.27£0.15 0.23+0.12 0.28£0.16
SAE (450-635 nm) 1.64+026 1.73+0.14 1614029 TC (ugm=3) 28+1.1 2.69 £ 0.67 28+1.2
b (520 nm) (Mm~1) 34+19 27+1.3 35421 EC (ugm?) 028+0.13(4.6%) 026+0.103.8%) 0.31+0.15(5.2%)
AAE (370-950 nm) 1.06£0.10 092+0.11 1.0940.10 SOZ‘ (ugm=3) 0304+0.13 (44%) 0.38+0.12(53%) 0.22+0.11 (3.7 %)
SSA (520 nm) 0.87+£0.05 0.90+£0.02 085+0.05 NO; (ug m~3) 0.114+0.08 (41%) 0.08+0.02(1.2%) 0.17+0.22 (6.4 %)
PMg (ug m3) 93+39 10.1£3.5 79+42 NHI (ugm?) 0.17£0.07 (2.8%) 0.17+£0.04 23%) 0.16+0.10 (3.2 %)
PM, 5 (ugm?) 57£32 6.2+2.7 51435 OM (ugm?) 4942583 %) 5.5+2.1(87 %) 43427 81%)

aerosol is frequently present throughout the entire ABL and
even within the free troposphere (FT). However, on some
days, aerosol layers are observed above and decoupled from
the ABL (e.g. 2-5 and 17-19 July). In the second period,
aerosol backscatter is generally lower (Table 2), and aerosol
is typically confined below 1.0kma.g.l., consistent with a
lower ABL height (Collaud Coen et al., 2014). However, an
episode of relatively enhanced aerosol backscatter extending
into the FT is observed around 1 December.

4.2 Aerosol hygroscopicity analyses using remote
sensing techniques

The backscatter enhancement factor retrieved with RALMO
(fg (355nm)) during the campaign was computed within
the layers fulfilling the criteria described in Sect. 3.4. To
assess potential changes in air-mass origin with altitude, as
reported by Navas-Guzman et al. (2019), 5d (120h) back-
ward trajectories arriving over Payerne were calculated for
each investigated hygroscopic aerosol layer using the Hy-
brid Single-Particle Lagrangian Integrated Trajectory (HYS-
PLIT model 5.4.0; Stein et al., 2015; Rolph et al., 2017).
The trajectory analysis considered arrival times correspond-
ing to the RALMO observations and arrival heights at the
lower and upper boundaries of the investigated layers. A de-
tailed comparison of the trajectories arriving at both bound-
aries is provided in the Supplement (Sect. S1 and Fig. S1).
For comparison with parameters derived with others instru-
ments, fg (355nm) was interpolated or extrapolated to the
40 %—85 % RH range (Fig. 3e). A total of 227 hygroscopic
aerosol growth cases were recorded, with fg (355 nm) val-
ues ranging from 1.2 to 7.2 and a median of 2.64 £ 0.64,
corresponding to yg (355nm) of 0.70+0.18. Most hygro-
scopic layers were observed in summer (177 hygroscopic
layers, 78 %), whereas only a few cases were detected during
October—December, not permitting a robust statistical com-
parison between the two periods.

Frequency histograms of the fg (355nm) and yg are
shown in Fig. 4. To study differences with altitude, two lay-
ers were distinguished: one below 1.5kma.g.l. (orange line
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in Fig. 4), typically below the ABL, where most aerosol par-
ticles are found, and the other one above 1.5kma.g.l. (red
line), generally associated with the FT at the Payerne sta-
tion. To evaluate whether the differences with altitude are sta-
tistically significant, the non-parametric Kruskal-Wallis and
Mann-Whitney U tests were applied. The Kruskal-Wallis
test determines whether three or more independent groups
differ significantly based on ranked data, while the Mann—
Whitney U test assesses differences between two indepen-
dent groups based on ranked observations using the sum of
ranks (Chicco et al., 2025).

For the backscatter enhancement factor (Fig. 4a), no sig-
nificant differences were observed between all data and the
different layer base heights (Kruskal-Wallis p-value = 0.99
and Mann—Whitney U p-values =~ 1.0; at the 95% con-
fidence level), with the frequency distribution skewed to-
wards values lower than 4.0. The Hénel parameter (Fig.
4b), however, follows an approximately normal frequency
distribution, and the differences between layers are small
and not statistically significant (Kruskal-Wallis p-value =
0.98). In general, the retrieved values indicated significant
aerosol hygroscopicity, with 64 % of the cases exhibiting fg
(355nm) values between 2.0 and 4.0, and yg (355nm) val-
ues in the range 0.50-0.99. The most frequent hygroscopic
aerosol layers were observed below 1.5kma.g.l., with 162
layers (71.4 %) and retrieved hygroscopicity parameters of
fp (355nm) =2.64+0.59 and yg (355nm) =0.70+0.16.
Layers above 1.5kma.g.l. were less frequent but exhibited
similar hygroscopicity (fg (355nm) =2.724+0.71 and yg
(355nm) = 0.72 +0.20).

The large database of aerosol hygroscopic cases during
the HYGRO19 campaign allows for an investigation of fg
(355nm) and yg (355nm) with height. In this context, Fig.
5 shows box—whisker plots of these parameters for differ-
ent height ranges, which were determined by optimising the
number of bins in the vertical histograms using established
statistical rules for histogram bin selection (Doane’s rule
Doane, 1976, Rice’s rule Rubia, 2024, and Scott’s normal
reference rule Scott, 2010). These methods account for dif-
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RALMO Measurements During the HYGRO19 Field Campaign in Payerne (June-December 2019)
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Figure 3. Temporal and vertical evolution of RALMO measurements during the HYGRO19 field campaign at the MeteoSwiss station in
Payerne from June to December 2019. (a) Aerosol backscatter coefficient at 355 nm, (b) temperature, (¢) water vapour mixing ratio, (d)
relative humidity, and (e) backscatter enhancement factor at 355 nm and 85 % RH, normalised to 40 % RH.

Table 2. Statistical analysis of the aerosol backscatter coefficient, temperature, water vapour mixing ratio, relative humidity retrieved with
RALMO during the HY GRO19 campaign at different height ranges.

0.0-1.5kma.g.l. 1.5-3.5kma.g.l.

median £ IQR/2 median + IQR/2
Entire Jun—Aug Sep-Dec ‘ Entire Jun—Aug Sep-Dec
B2 (355 nm) Mm ™~ sr—1) 1.50+048 1.63+043 1.09+044 | 0.57£0.34 1.35+£0.39 0.51£0.07
Temperature (K) 285.1£49 2884433 2799£49 | 277.6£4.1 279.6x3.1 273.7+4.9
Water vapour mixing ratio (g kg_l) 6.6+1.7 7.6+1.2 47+15 45+£13 54+1.0 3.04+0.75
RH (%) 6110 59410 63+9.0 62+12 66+ 11 53+12

ferent characteristics of the data distribution, including the
number of observations, variability, and skewness. The anal-
yses are also presented separately for the convective bound-
ary layer (CBL), the residual layer (RL), and the FT, using
the ABL operational products at Payerne station developed
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by Collaud Coen et al. (2014). Additionally, the statistical
parameters and the frequency of occurrence (rel. freq.) de-
rived are summarised in Table 3.

Results from Fig. 5a, ¢ and Table 3 show the vertical
variability of aerosol hygroscopicity parameters. In general,
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Aerosol Hygroscopicity Histograms from RALMO Measurements during the HYGRO19 Field Campaign
(@) (b)

IS
o

~o- Layer base height < 1.5 km, N: 162
-~ Layer base height > 1.5 km, N: 65
I All cases, N: 227

w w
o w

N
(6]

Y
w

[y
o

Frequency of Occurrence (%)
N
o

5 8 00 02 04 06 08 10 12 14 16
fg(355 nm, 85/40 %) yg(355 nm)

Figure 4. Frequency of occurrence of (a) fg (355nm, 85 % /40 %) and (b) yg (355 nm) obtained from RALMO measurements during the

HYGRO19 field campaign from June to December 2019. The analysis includes all detected aerosol hygroscopicity layers, as well as cases
recorded below and above 1.5kma.g.l. N represents the number of cases.

Aerosol Hygroscopicity Box—-Whisker Plots from RALMO Measurements during the HYGRO19 Field Campaign
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Figure 5. Box-whisker plots of (a) fg (355 nm, 85 % /40 %) and (c) yg (355 nm) by different height ranges. The analyses are also presented
for the CBL, RL, and FT (b, d). In each box plot, the central mark represents the median, the red point indicates the mean, and the box
extends vertically from the 25th to the 75th percentiles. N represents the number of cases.
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Table 3. Statistical analysis of hygroscopic aerosol layers retrieved
with RALMO during the HYGRO19 campaign at different height
ranges.

fﬂ (355 nm,

85% /40%)  yg (355nm)
Height range median median N. (rel.
(ma.g.l.) +IQR/2 +IQR/2  freq. (%))
300-606 2.62+058 0.70x0.15 37 (16.3)
606-912 3224+0.75 0.84+£0.18 37(16.3)
912-1218 277+040 0.74£0.10 35(15.4)
1218-1524 230+044 0.60+£0.14 53(23.4)
1524-1830 3.12+0.52  0.82+0.17 16 (7.1)
1830-2136 3.17+0.77  0.83£0.19 17 (7.5)
2136-2442 2344+037 0.61£0.12 13(5.7)
2442-2748 1.724+0.02  0.39+£0.01 4(1.8)
2748-3054 280+£0.65 0.74£0.16 8(3.5)
3054-3360 248+042  0.65+0.12 7@3.1)

some vertical variability is observed, with the highest hy-
groscopicity parameters found between 606-912ma.g.l. (f3
(355nm) =3.2240.75 and yg (355nm) = 0.84+ 0.18), and
between 1830 and 2136 ma.g.l. (fg (355nm) =3.17+£0.77
and yg (355nm) = 0.831+0.19). Some height ranges show
appreciable differences (e.g., between 606-912ma.g.1., and
between 1218-1524 ma.g.l.), for which the Mann—Whitney
U test yielded a p-value of 0.01. However, the low num-
ber of data, particularly for the highest layers, and the range
of variability of median values are below 20 %, which is
within the uncertainties of the methodology. The most im-
portant point to remark is the large variability of the hygro-
scopicity parameters, as reflected by the large standard devi-
ations and percentile ranges. Grouping fg (355nm) and yg
(355 nm) into the CBL, RL and FT (Fig. 5b, d) increases the
number of data and makes the statistics more robust. Nev-
ertheless, the analysis did not reveal any significant differ-
ences, as the mean, median and percentile values are very
similar. Particularly, slightly higher hygroscopicity was ob-
served in the FT (fg (355 nm) = 2.7540.59 and yg (355 nm)
=0.7340.16), lower values were obtained in the CBL ( f
(355 nm) = 2.564-0.60 and yg (355nm) = 0.68+0.17) and
the highest frequency of occurrence was found in the RL.
Overall, these results suggest no clear vertical dependence of
aerosol hygroscopicity, and the observed height-dependent
patterns should be interpreted with caution, since apparent
differences may be amplified by the limited number of obser-
vations per layer or by inherent methodological limitations.
For instance, the different RH ranges used to compute fg
(355nm) and yg (355nm) in the humidograms (not all ex-
perimental cases cover the same minimum-to-maximum RH
range), along with uncertainties in RH measurements, can
affect the retrieval (Pérez-Ramirez et al., 2021).

To further investigate temporal changes in aerosol hy-
groscopicity, Fig. 6 shows the monthly evolutions of fg
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(355nm) and yg (355nm) during the HYGRO19 campaign.
Results are presented as box-whisker plots, with the most im-
portant statistical parameters summarised in Table 4, which
also includes surface chemical composition (Sect. 2.5). Note
that chemical composition data are available at daily res-
olution and correspond to surface measurements, whereas
hygroscopicity parameters are derived from RALMO mea-
surements at higher temporal resolution and at different alti-
tudes. These hygroscopicity studies require well-mixed con-
ditions within the analysed layers, which may be decoupled
from the surface, particularly when located in the free tro-
posphere. Therefore, thermodynamic homogeneity within a
selected layer does not establish that it is mixed with the sur-
face or that its aerosol chemical composition is represented
by surface measurements. Additionally, these conditions are
met during specific periods and may not persist throughout
the day to which the surface chemical composition measure-
ments correspond. Therefore, the surface chemical measure-
ments are used to characterise near-surface aerosol compo-
sition, rather than to attribute the hygroscopicity of individ-
ual elevated layers to specific chemical components. Such
attribution would require vertically resolved chemical mea-
surements, and the uncertainty associated with extrapolating
surface composition cannot be quantified here.

The largest number of cases for studying aerosol hygro-
scopicity was in July (104 layers, 45.8 %), followed by Au-
gust (55 layers, 24.3 %) and September (40 layers, 17.6 %),
whereas fewer cases were recorded from October to Decem-
ber (Table 4). The most hygroscopic layers occurred in June
(fp (355nm) =3.65£0.70 and yg (355nm) = 0.9440.15),
while lower hygroscopicity was observed in October and
December (fg (355nm) =2.36£0.26 and yg (355nm) =
0.6040.08), as well as in July (fg (355nm) =2.47£0.49
and yg (355nm) = 0.65+£ 0.15). Consistent with these differ-
ences, the Mann—Whitney U test revealed statistically signif-
icant differences between June and July (p-value = 0.001).
High values were also recorded in September, which likewise
showed statistically significant differences compared with
July. High hygroscopicity was also observed in November,
although only three cases were identified (Fig. 6 and Table
4).

Results from Tables 1 and 4 show that organic mat-
ter was the dominant component of the near-surface
aerosol (4.9+2.5ug m—3 (83%)), whereas inorganic
species accounted for approximately 11% of the
aerosol composition. The inorganic fraction was mainly
composed of sulphate (0.30+£0.13ugm™> (4.4 %)),
nitrate  (0.11 +0.08 ug m> (4.1%)) and ammonium
(0.17£0.07 pg m~—3 (2.8%)). Elemental carbon showed a
low concentration (0.28+0.13ugm™> (4.6 %)). Previous
studies have also reported an important contribution of
organic aerosol at Payerne (e.g., Minguill6én et al., 2012;
Hiiglin and Grange, 2021; Dada et al., 2025). During
the campaign, this contribution was particularly high in
summer, especially in June (Tables 1 and 4), and may partly
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Monthly Aerosol Hygroscopicity Box—Whisker Plots from RALMO Measurements during the HYGRO19 Field Campaign
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Figure 6. Box-whisker plots of (a) fg (355 nm, 85 % /40 %) and (b) yg (355 nm) from RALMO measurements for every month during the
HYGRO19 field campaign. In each box plot, the central mark represents the median, the red point indicates the mean, and the box extends
vertically from the 25th to the 75th percentiles. N represents the number of cases.

Table 4. Statistical analysis of aerosol hygroscopicity parameters retrieved from RALMO measurements and surface chemical composition
obtained during the HY GRO19 campaign for hygroscopic aerosol cases detected during each month.

Aerosol hygroscopicity parameters

Chemical composition

fp (355nm) yp (355 nm) median &+ IQR/2
2= - +

Month median £IQR/2  median =IQR/2 N (rel. freq. (%)) 3 EC 738 04 73NO3 73NH4 3 oM

(ngm™) (%) (ugm™) (%) (ngm™) (%) (ugm™) (%) (ugm™) (%)
June 3.65+0.70 0.94+£0.15 18(7.9) 0.26+0.04 (4.6) 0.28+0.06(5.0) 0.06£0.01(1.1) 0.124+0.02(2.2) 5.24+£0.60 (87)
July 2474049 0.65+0.15 104 (45.8)  0.26+0.06(3.5) 0474007 (6.6) 0.09+0.03(12) 0.19+0.03(28) 67412 (86)
August 2.64£0.66 0.70£0.18 55((24.3) 026+0.11(4.2) 043£0.10(6.3) 0.07£0.02(1.1) 0.18+0.04 (2.7) 49+2.5(83)
September 3.1540.99 0.83+0.22 40(17.6) 0.2640.10(5.0) 031+0.08(55) 0.1540.04(3.1) 0174003 (2.9) 4.6+ 1.4(83)
October 2.36£0.26 0.60£0.08 2(0.90) 0.36+0.02(6.00 030+£0.02(4.9) 0.16+£0.02(2.7) 0.164+0.02(2.6) 5.00£0.78 (84)
November 2.94+0.66 0.78+£0.16 3(13) 0404005(57) 0154001 (1.6) 04040.11(43) 0.17+£004(1.8)  47+1.0(87)
December 2.30+£0.18 0.60£0.06 522) 0.19+0.134.7) 0.15£0.06 (3.1) 0.214+0.21(7.1) 0.12£0.08 (3.3) 2.8+1.9(82)

reflect enhanced photochemical activity during this season
(Kammermann et al., 2010). In contrast, during autumn and
winter, black carbon concentrations increase due to greater
residential wood burning and a shallower boundary layer in
the region (Minguillén et al., 2012; Dada et al., 2025), and
these particles are typically less hygroscopic (Deshmukh
et al., 2025; Lorenzo et al., 2025). The predominance of
scattering and fine particles, together with lower concen-
trations of carbonaceous species during summer, may be
associated with the higher hygroscopicity observed during
this period compared with the second part of the campaign
(Fig. 2 and Table 1). However, the surface composition
does not establish the chemical composition of the layers
analysed with RALMO and cannot, by itself, explain their
retrieved hygroscopicity.

Changes in the light-scattering and backscatter due to hy-
groscopic water uptake at a given RH also depend on par-
ticle size. This effect was assessed using the extinction AE
from sun photometer measurements. The relationship be-
tween particle size and the enhancement factor shows no
clear dependence on particle size, with differences not being
statistically significant. Fine particles yielded fg (355nm)
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=2.60£0.49 and yg (355nm) = 0.70+£0.14, compared to
fp (355nm) =2.30£0.80 and yg (355nm) = 0.6040.22
for larger particles. The corresponding analysis is shown in
Fig. S3 in the Supplement. Previous studies have also re-
ported no clear dependence of aerosol hygroscopicity on
particle size, with different size-dependent hygroscopic be-
haviours observed depending on aerosol properties and atmo-
spheric conditions (Kammermann et al., 2010; Zieger et al.,
2013; Titos et al., 2014b; Jefferson et al., 2017; Sicard et al.,
2022).

Wind speed and wind direction allow investigating the re-
lationship between air-mass origin and aerosol hygroscopic
behaviour. The profile data were obtained using a Doppler
wind lidar. Figure 7 illustrates the temporal evolution of
wind direction for the detected hygroscopic aerosol layers
(a), monthly wind-rose diagrams as a function of wind speed
(b) and the corresponding fg (355nm) (c). Data from Fig. 7
show that during summer more wind profiles could be mon-
itored due to lower cloud cover, allowing the observation
of distinct vertical wind structures. Near the surface, North-
east (NE) winds were frequently observed, while above that
winds predominantly originated from the Southwest (SW)
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and West (W). Wind speeds were around 5 to 8ms~! (in-
set in Fig. 7a), with a median value of 42+19ms™!,
corresponding to a moderate breeze (WMO, 2008). These
conditions are typical of high-pressure systems, which oc-
cur more frequently in summer over central Europe (Me-
teoSwiss, 2026a). In contrast, during autumn and winter
months, layers were mostly monitored below 1.5kma.g.l.,
predominantly due to instrumental limitations under cloudy
conditions associated with more frequent presence of low-
pressure systems (MeteoSwiss, 2026b). Southwestern and
Western air masses, originating in the Atlantic, travel through
France before reaching Payerne, suggesting a possible mix-
ture of particles (backward trajectories computed with HY'S-
PLIT are not shown for clarity). Similar results were found
by Kammermann et al. (2010) at the Jungfraujoch alpine site
(Switzerland), where higher hygroscopicity was observed for
winds from the SW or W and lower for other wind directions.
Layers with fg (355 nm) > 3 in July—September also showed
SW-W winds above 5ms~!. Lower hygroscopicity in late
June and July can be associated to the presence of dust parti-
cles, due to the influence of air masses from Southern Europe
and North Africa, consistent with other studies in Switzer-
land (Fierz-Schmidhauser et al., 2010; Navas-Guzman et al.,
2019; Eirund et al., 2022; Collaud Coen et al., 2026). North-
east winds are observed mostly at surface level, with wind
speeds of 3-6 ms~!, suggesting the influence of Central Eu-
ropean urban and industrial emissions, containing less hygro-
scopic black carbon and organic matter.

Table 5 summarises some of the most relevant studies on
aerosol hygroscopicity based on aerosol optical properties.
When reported, aerosol chemical composition is provided;
otherwise, site classification (e.g., urban, rural, marine) is
used as a proxy for aerosol type. These studies are also clas-
sified according to whether they are based on remote sens-
ing (lidar and ceilometer) or in situ (tandem nephelome-
ters) techniques. Note that RALMO hygroscopicity param-
eters are provided at 355 nm for the 40 %—-85 % RH range,
whereas for some other studies, values are provided at dif-
ferent wavelengths and RH ranges due to differences in sys-
tem configurations and experimental conditions. The main
advance provided by the HYGRO19 campaign is the inves-
tigation of the temporal and vertical variability of the hy-
groscopicity parameters. Long-term analyses using remote
sensing techniques have been reported in only a few stud-
ies (e.g., Bedoya-Velasquez et al., 2019; Sicard et al., 2022;
Jing et al., 2026), whereas most studies are limited to a
small number of case studies or were conducted during spe-
cific field campaigns (e.g., Lv et al., 2017; Fernandez et al.,
2018; Chen et al., 2019; Navas-Guzman et al., 2019; Pérez-
Ramirez et al., 2021; Laly et al., 2025). On the other hand,
for tandem nephelometers (f, and ), the results of this
work are also comparable to those reported in previous stud-
ies based on in situ techniques (e.g., Zieger et al., 2014; Titos
et al., 2021; Li et al., 2025), with the differences being within
the uncertainties associated with each technique.
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4.3 Assessment of different techniques for studying
aerosol hygroscopic growth

Hygroscopic growth retrievals depend on both the measure-
ment wavelength and the aerosol optical property, while
chemical composition may also play an important role (Gy-
seletal., 2007). Consequently, f; and y, values derived from
aerosol backscatter measurements (e.g. lidar or COBALD)
are not directly comparable to those obtained from total scat-
tering measurements using tandem nephelometers. In addi-
tion, previous studies based on Mie simulations have shown
that the spectral dependence of hygroscopic growth can de-
pend on particle size (Zieger et al., 2013; Navas-Guzman
et al., 2019). Therefore, enhancement factors for the same
RH may differ between wavelengths and particle sizes, and
values obtained from different techniques are expected to
correlate in their variability, whereas their absolute values are
not expected to be directly comparable.

4.3.1 RALMO retrievals versus ground-based tandem
nephelometers

During the HYGRO19 campaign, tandem nephelometers op-
erated from October to December, providing the enhance-
ment factor at 550 nm (f, (550 nm)) derived from scatter-
ing coefficient measurements over a relative humidity range
from below 40% to 85% (Sect. 3.3). Note that the tan-
dem nephelometer measurements are representative only of
near-surface conditions (approximately 3 ma.g.l.). Figure 8
shows the temporal evolution of f, (550 nm) retrieved with
the tandem (cyan curve) and those values obtained with the
RALMO system ( f (355 nm), differentiating between cases
detected within RL or FT (purple points and diamonds, re-
spectively). Unfortunately no layers were detected in the
CBL. Only seven hygroscopic aerosol layers could be iden-
tified using the RALMO data during this period, primarily
due to the frequent presence of cloud, fog, and precipitation.
The aerosol hygroscopicity parameters for coincident mea-
surements between both methodologies are summarised in
Table 6. During the period when tandem nephelometer mea-
surements were available, fine (SAE =1.71 4+ 0.22) and large
particles (SAE = 0.88+0.20) exhibited very similar hygro-
scopic enhancement factors, with median f, (550 nm) val-
ues of 1.34 in both cases and IQR/2 values of 0.07 and 0.06,
respectively. Similarly, y, values showed negligible differ-
ences (0.25 £0.03 and 0.26 & 0.03, respectively).

Figure 8 shows an approximately constant value of f,
(550nm) below 1.5, with a median of 1.34+0.07. A sim-
ilar behaviour is observed for y, (550nm), with a me-
dian of 0.26+0.03 (graph not shown for clarity). How-
ever, clear outliers were observed on 8 December, coincid-
ing with a marked increase in the aerosol scattering co-
efficient, PM» 5 concentrations, and scattering AE (values
greater than 2.0), along with increases in EBC and TC con-
centrations (Fig. 2). For this day, HYSPLIT backward trajec-
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Wind Speed and Direction, and Enhancement Factor During the HYGRO19 Field Campaign in Payerne (June—December 2019)
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Figure 7. Temporal and vertical evolution of wind direction (a) for the hygroscopic aerosol layers from wind profiler measurements during
the HYGRO19 field campaign (June-December 2019). The inset in panel (a) shows the wind rose. Monthly wind rose plots depicting wind
speed (b) and the fg (355nm, 85 % /40 %) from RALMO measurements (c).

Enhancement factor at 85 % RH during the HYGRO19 Field Campaign in Payerne, using Tandem Nephelometers and RALMO measurements

3.5
— Tandem f;,, ( 550, 85/40 %)

3.01 O RALMO fy( 355, 85/40 %) - RL &
§ < RALMO fp( 355, 85/40 %) - FT L
Q25 ©
~< 2.0 )
= <&

1.5 {\ wfﬂw i M M/VJLW d"ﬁ A,

WM \ o, 1y " /\/\ff
]O'?-Oct 15-Oct 01-Nov 15-Nov 01-Dec 15-Dec 01-Jan

Figure 8. Temporal evolution of fi (550nm, 85 %/ < 40 %) obtained using a tandem nephelometers during the HYGRO19 field campaign.
The purple points and diamonds indicate fg (355 nm, 85 % /40 %) from RALMO measurements in the RL and FT, respectively. Note that
the values for RALMO were normalised to 40 % RH, whereas the tandem measurements correspond to RH values below 40 %.

tories showed long-range transport from the North Atlantic
and North America (Fig. S5a in the Supplement), where nu-
merous fire hotspots were detected by the NASA/NOAA
Suomi National Polar-orbiting Partnership satellite (https:
//firms.modaps.eosdis.nasa.gov/, last access: 5 November
2026, Fig. S5b in the Supplement). For the cases within the
RL (12 November and 10 December 2019), good agreement
was obtained between both techniques (Table 6). In contrast,
the agreement for the FT cases was poorer, which is expected
since aerosol layers in the free troposphere are largely decou-
pled from the boundary layer and typically exhibit different
microphysical and optical properties than those near the sur-
face. Nevertheless, the cases detected on 24 October and 13
December showed good agreement with the tandem neph-
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elometers values, which can be explained by the presence of
a well-mixed layer extending from the boundary layer into
the lower free troposphere, allowing the hygroscopic layers
to be representative of ground-based measurements.

Overall, the comparisons of lidar-derived aerosol hygro-
scopicity parameters with those from the tandem nephelome-
ters show good agreement for layers below the ABL, as ex-
pected because lidar techniques require a well-mixed layer.
The slightly lower values obtained from the tandem neph-
elometers compared with RALMO can be attributed to dif-
ferences in the sampled aerosol populations, the specific op-
tical quantities measured (scattering coefficient vs. backscat-
ter coefficient) and the different wavelengths used by each
instrument. This comparison should be interpreted with cau-
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Table 5. Aerosol hygroscopicity parameters derived from aerosol light-scattering enhancement factors (in situ measurements) and aerosol
backscatter enhancement factors (remote sensing observations) from this study and previous studies. Values are expressed as median = half
of the interquartile range for this study and Zieger et al. (2014), and as mean = standard deviation for Jing et al. (2026).

Chemical composition

Research type  Location Instrument or site type Hygroscopicity Reference
Statistics Payerne, Switzerland Low fractions (EC: 4.6 %) fp (355nm, 85 % /40 %)
Raman lidar i 2— This stud;
227 cases 46.82°N, 6.95°E mainly (505" . 2:64:£0.64 Y
NH,, NO;: 11 %) yp (355nm): 0.70 +£0.18
Campaign Melpitz, Germany Tandem fo (550nm, 85 % / 40 %) .
Feb—Mar 52.53°N, 12.93°E nephelometers " 2784023 Ziegeretal. (2014)
Xinzhou, Shanxi Raman Lidar mixed aerosols of .
Case study 38.39°N, 112.7°E and RS anthropogenic origin vp (355 nm): 0.75 Lvetal. 2017)
Madrid, Spain Raman Lidar marine mixed X P
Case study 40.46° N, 3.73° W and RS with local aerosol yp (532nm): 0.62 Ferndndez et al. (2018)
~ i . : actions . 3 q
Long-term Paris, France Ceilometer L.ow fmcuoznf (BC; 8 %) N Sp (910nm, 85% / <40 % Bedoya-Veldsquez et al. (2019)
8 cases 48.71°N, 2.21°E Tower higher (SO4 s NO3 s NH4 ) 2.6-33
Baltimore, Washington =~ Remote yp (355nm)
Case study 38.75-39.75°N sensing mainly (SO42’, 52 %) 0.65+0.10 Pérez-Ramirez et al. (2021)
77.75-75.25°W and In situ : :
Long-term fo (550nm, 85 % / < 40 %)
and campaign 23 Sites Tandem urban and rural 1-3 Titos et al. (2021)
observations nephelometers  marine 2-4
Campaign Tandem fo (550nm, 85 % / < 40 %) .
Feb—Apr Xiamen, China nephelometers urban and rural 1.5-2 Lietal. (2025)
ase s aman Lide o ; vp (355 nm) aly et z
Case study 50.6°N. 3.1°E Raman Lidar regional pollution 0754005 Laly et al. (2025)
Statistics ‘Wuhan, China Polarization local and yp (532nm) .
192 cases 30.5°N, 114.4°E lidar regional pollution 0.6240.24 Jing et al. (2026)

tion, since the retrievals are based on different wavelengths
and optical properties, and the limited number of available
RALMO cases should also be considered. To provide a pre-
liminary physical baseline for assessing the effects of wave-
length and the optical property considered under a com-
mon set of surface-based aerosol assumptions, Mie simu-
lations were performed (Bohren and Huffman, 2007) and
are discussed later in Sect. 4.3.5. Particularly, particle-size
effects on aerosol hygroscopicity for near-surface measure-
ments were also investigated using the scattering Angstrém
exponent (SAE (450-635nm)) from the Aurora 3000 dry
nephelometer. The results (not shown for clarity) indicate a
weak dependence of the hygroscopic enhancement on parti-
cle size, with no statistically significant differences between
small and large particles.

4.3.2 Intercomparisons with COBALD-RS41 sondes I:

17 September 2019

The COBALD-RS41 sondes, which provide a unique oppor-
tunity to validate lidar-derived hygroscopicity parameters,
were launched sporadically during the HY GRO19 campaign
between 23:00 and 23:30 UTC. Comparisons with RALMO
are performed using 30 m vertical intervals, resultingina 6 s
temporal resolution for the COBALD sondes. A key differ-
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ence between remote sensing and balloon-borne techniques
is that lidars probe the vertical air column directly above the
laser, whereas balloon sondes can suffer of horizontal drifts
with altitude due to winds. Consequently, in the presence
of wind shear, the two instruments may sample different air
masses, with the horizontal separation generally increasing
with altitude. The COBALD and lidar systems also differ
in receiver FOV (0.01° for RALMO and 6° for COBALD),
resulting in systematic differences in backscatter measure-
ments, which are corrected using Mie theory scattering sim-
ulations (Brunamonti et al., 2021).

The first case study focuses on 17 September 2019, when
the region was affected by air masses originating from North-
western Europe, passing over the Swiss Plateau and arriv-
ing at Payerne (backward trajectories shown in Fig. S2a
in the Supplement). These air masses can transport anthro-
pogenic and biogenic aerosols, especially considering that
they travel at very low altitudes within the ABL. In situ
measurements (graphs shown in Fig. S6 in the Supple-
ment) indicate that scattering processes were dominated by
fine particles (SAE (450-635nm) = 1.75£0.17), while ab-
sorbing particles also contributed notably (SSA (520 nm)=
0.714£0.08 and AAE (370-950 nm)= 1.22+0.05, Fig. S6a—
d), suggesting the presence of a mixture of anthropogenic
and biogenic particles. These observations are consistent
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Table 6. Values of the enhancement factor and Hinel parameter retrieved using the tandem nephelometers and RALMO instruments. Note
that the values for RALMO were normalised to 40 % RH, whereas the tandem measurements correspond to RH values below 40 %.

Tandem Nephelometers at 550 nm

| RALMO at 355 nm

Date Hour (UTC)  f5 (550nm, 85% / <40%) yo (550nm) ‘ Hour (UTC) fﬂ (355nm, 85% /40%) yp (355nm)  Layer
24 October 2019 17:00 1.52+£0.09 0.254+0.03 16:00 1.83+£0.07 0.26 £0.03 FT
9 November 2019 16:00 1.324+0.07 0.24£0.03 17:00 2.94+0.08 0.88 £0.02 FT
12 November 2019 11:00 1.71+0.14 0.40+£0.04 23:30 1.924+0.05 0.47£0.02 RL
6 December 2019 15:00 1.30£0.03 0.224+0.01 18:30 2.30+0.06 0.60 £0.02 FT
6 December 2019 15:00 1.30£0.03 0.224+0.01 19:00 2.11£0.06 0.54+0.02 FT
10 December 2019 09:00 1.86+0.17 0.48 £0.05 08:00 1.89+0.24 0.46 £0.09 RL
13 December 2019 18:00 2.60+0.27 0.59+£0.06 22:30 2.48+0.10 0.65+0.02 FT

with HYSPLIT backward trajectories, wind profiler mea-
surements (wind speeds between 3 to 6ms~! from the NE)
and PM concentrations (Fig. S6e). Consistently, the daily sur-
face aerosol chemical composition was dominated by OM
(5.6 ugm=3 (85 %)), followed by EC (0.39 ugm™3 (5.9 %)),
SO~ (0.31pgm™ (4.7%)), NHF (0.15ugm™> (2.3 %)),
and NOj (0.12pg m~3 (1.8 %)), suggesting minor contri-
butions from local traffic emissions (Dada et al., 2025).
Surface size distribution from SMPS (Fig. S6, right pan-
els) confirmed the dominance of fine-mode particles (di-
ameter lower than 2.5 um), with a pronounced increase in
Aitken-mode particles during the afternoon of 17 Septem-
ber (red curve, Fig. S6h), along with a slight enhancement
in coarse mode particles (D > 2.5 um). In contrast, particle
number concentrations on 18 September decreased from the
first half of the day (00:00-12:00 UTC) to the second half
(12:00-24:00 UTC), particularly for particles smaller than
100nm (green curve). The two-hourly mean particle size
distributions on 17 September (Fig. S6i), revealed nearly
constant particle number concentrations between 12:00 and
14:00 UTC, followed by a progressive increase in fine parti-
cles during the afternoon.

The temporal evolutions of aerosol backscatter coeffi-
cient, water vapour mixing ratio, and relative humidity on
17 September 2019 are illustrated in Fig. 9a—c. Ceilome-
ter data were also available, which permits the retrieval of
B at 1064 nm but with B2¢" derived with the Klett in-
version algorithm (Klett, 1981, 1985) at constant lidar ra-
tio of 50 sr. Aerosol particles are observed up to approxi-
mately 3.5kma.g.]l. until 03:00 UTC, with peak of concen-
tration below 2.5kma.g.l.. Low clouds are also observed
around 3.0-4.0kma.g.l. between 07:00 and 11:00 UTC (Fig.
9a). During nighttime, there is a considerable increase in
the aerosol backscatter coefficient after 21:00 UTC, which
became even more pronounced after 23:30 UTC within the
0.48-0.87km a.g.1. layer. For this time interval, the RH val-
ues (Fig. 9c) show a strong correlation with S2". At the
same time, the water vapour mixing ratio (Fig. 9b) exhibited
greater homogeneity, suggesting a well-mixed layer. There-
fore, these measurements (dashed lines in Fig. 9a—c) fulfil
the criterion for aerosol hygroscopicity studies and coincides
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with COBALD-RS41 sonde launch. The vertical profiles of
aerosol backscatter, water vapour mixing ratio, and RH re-
trieved from RALMO, the ceilometer, and the COBALD-
RS41 sonde are shown in Fig. 9d—f.

The vertical profiles of 82" between 23:00 and 23:59 UTC
on 17 September show very similar patterns for the different
instruments (RALMO, COBALD and ceilometer). RALMO
recording the highest %" values, while the lowest values
were registered by ceilometer. COBALD, however, revealed
intermediate values. This pattern is consistent with the spec-
tral dependence of light scattering using Mie theory for
spherical particles, which indicates stronger backscattering
in the ultraviolet than in the infrared region. Particularly,
within the 0.48-0.87kma.g.l. layer, a marked increase in
B2 (AB =23Mm~!sr~!, Fig. 9d) was observed in coin-
cidence with an increase in RH from 69 % to 86 % (Fig. 9e).
The potential temperature and water vapour mixing ratio pro-
files (Fig. 9f) exhibited relatively constant values within this
layer, with 6 =296.2940.05K and r =7.79+0.25gkg™!,
suggesting a well-mixed atmosphere.

Figure 10 shows the humidograms (dependency of f; (4)
with RH) for RALMO (355 nm), COBALD-RS41 (455 and
940 nm), and the ceilometer (1064 nm) within the selected
0.48-0.87kma.g.1. layer. Note that for homogeneity all the
derived hygroscopicity parameters were normalised to the
40 %-85 % RH range. These parameters obtained using the
different techniques for the three case studies are summarised
in Table 7. It should be noted that different wavelengths were
used in the retrievals.

Overall, there is good agreement between remote sens-
ing (RALMO and ceilometer) and in situ vertical measure-
ments (COBALD-RS41), with the differences being within
the uncertainties of each method. In particular, the slight dif-
ferences can be attributed to balloon drift with altitude, dif-
ferences in integration time, and the high spatial and tempo-
ral variability of aerosol optical properties, which can lead
to discrepancies between both techniques (Brunamonti et al.,
2021). More specifically, RALMO observed an increase in
B?" at 355 nm by a factor of 3.5, while RH increased from
68 % (reference RH) to 86 %, with the retrieved hygroscopic-
ity parameters of yg (355 nm) = 1.40+0.04 and fg (355 nm,
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Figure 9. Temporal evolution of (a) 82" (355 nm), (b) water vapour mixing ratio, and (¢) RH profiles from RALMO on 17 September
2019. (d) B profiles from RALMO at 355 nm (purple), COBALD at 455 and 940 nm (blue and red), and ceilometer at 1064 nm (black).
(e) RH profiles from RALMO (purple) and RS41 (red). (f) Water vapour mixing ratio (purple) and potential temperature (blue) profiles from
RALMO. The vertical profiles correspond to 23:30-23:59 UTC for RALMO and ceilometer, and 23:00-23:30 UTC for COBALD-RS41.

85 % /40 %) = 6.98+0.37, indicating high aerosol hygro-
scopicity. The ceilometer retrieval, however, yielded lower
hygroscopicity parameters, with yg (1064 nm) = 1.26+£ 0.05
and fg (1064nm)=>5.77£0.37. Using the in situ verti-
cal technique with COBALD-RS41 sondes, the values ob-
tained were yg (455nm) = 1.2740.11 and fg (455nm) =
5.86%0.88, and yg (940nm) = 1.40+0.11 and fg (940 nm)
= 6.934 1.06, showing no clear spectral dependence. The
apparent differences in the spectral behaviour of yg are be-
tween instruments uncertainties and do not clearly indicate a
consistent wavelength dependence.

4.3.3 Intercomparisons with COBALD-RS41 sondes |l
and aerosol hygroscopicity near clouds: 12

November 2019

The second case study of aerosol hygroscopicity using
RALMO and COBALD-RS41 sondes was conducted on 12
November 2019, when air masses originated over the North
Atlantic Ocean, passed through France, and reached Pay-
erne (backward trajectories shown in Fig. S2b in the Sup-
plement). Wind profiler data at the height of this layer in-
dicated relatively low wind speeds of 2.6ms~! from the
South (265°), suggesting local and regional aerosol influ-
ence. In situ measurements (graphs shown in Fig. S7 in the
Supplement) during the period 11-13 November 2019 ex-
hibited characteristics that could be attributed to local an-
thropogenic particles. On 11 November, both the scatter-
ing coefficient (a) and SSA (d) reached relatively high val-
ues (osp (450nm) = 54.045.1 Mm~! and SSA (520 nm) =
0.78=+ 0.06, respectively), indicating a clear predominance of
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Figure 10. Enhancement factor (f;(A,RH)) retrieved from
RALMO, COBALD-RS41 and ceilometer within the 0.48-
0.87kma.g.]l. layer. The time interval corresponds to 23:30—
23:59 UTC for RALMO and ceilometer, and 23:00-23:30 UTC for
COBALD-RS41. The retrieved parameters are summarised in Ta-
ble 7.

scattering processes over absorption (Fig. S7b, oap (520 nm)
=9.74+ 1.6 Mm™"). From 12 November onwards, scattering
and absorbing coefficients decreased markedly, coinciding
with an increase in SAE (> 1.5, Fig. S7c¢), and a decrease
in the albedo (SSA (520nm) = 0.59+0.35) suggesting a
greater contribution of absorbing aerosol and increased an-
thropogenic influence. Daily surface aerosol chemical mea-
surements exhibited higher EC concentrations (0.23 ugm?
(7.0 %)) than NOy, SOﬁ_, and NHy (5.2 %, 3.7 % and 2.9 %,
respectively) and slightly higher values than in the previ-

Atmos. Chem. Phys., 26, 15653-15682, 2026



15672

ous case study (EC = 5.9 %). Nevertheless, OM remained the
dominant aerosol component (2.7 ugm—> (81 %)).

Analysis of the temporal and vertical evolution of
RALMO measurements in the lower troposphere (Fig. S8
in the Supplement, left panel) shows that the conditions re-
quired to investigate aerosol hygroscopicity were fulfilled be-
tween 23:30 and 23:59 UTC within the 0.47-0.99 kma.g.1.
layer. Vertical profiles of aerosol and thermodynamic pa-
rameters for this layer (Fig. S8, right panel) show an in-
crease in B2 from 0.15 to 0.30 Mm™! sr~! (Fig. S8d) and
in RH from 65 % to 90 % (Fig. S8e). Meanwhile, the poten-
tial temperature and water vapour mixing ratio profiles (Fig.
S8f) remained relatively constant (6 = 281.004+0.14 K and
r =2.90+0.03 gkg™!). High values in backscatter above the
hygroscopic aerosol layer were associated with the presence
of clouds, suggesting that hygroscopic conditions near the
cloud base could facilitate particle activation as cloud con-
densation nuclei (Pérez-Ramirez et al., 2021).

The uniqueness of the observations on this day is that
a comprehensive assessment of aerosol hygroscopicity can
be performed using all available techniques (RALMO,
ceilometer, COBALD-RS41 sondes, and tandem nephelome-
ters). RALMO humidogram (purple curve, panel a) re-
veals that B2 at 355nm increased by a factor of 2.0
(fg (355nm, 90 % /65 %) = 2.0), corresponding to a Hénel
parameter of yg (355nm) =0.47£0.02 and fg (355nm,
85% /40 %) =1.92£0.05, indicating lower aerosol hy-
groscopicity compared with the case on 17 September
(fg (355nm, 85% /40 %) = 6.984+0.37). Ceilometer hu-
midogram (black curve, panel a) showed slightly lower
hygroscopicity, with yg (1064nm) =0.43+0.04 and fg
(1064 nm) = 1.83+0.05. By contrast, COBALD-RS41 son-
des (blue and red curves, panel a) yielded yg (455nm) =
0.46£0.04 and fg (455nm) = 1.88£0.10 and yg (940 nm)
=0.624+0.05 and f5 (940 nm) = 2.35+0.17 (Fig. 11a). De-
spite these slight differences, the results indicate good agree-
ment between the different techniques.

On the other hand, hygroscopic values obtained with the
tandem nephelometers (Fig. 11b) closest in time to the
RALMO retrievals on the same day (12 November 2019
at 11:00UTC) show consistent values, with y, (550nm)
=0.40£0.04 and f, (550nm) = 1.7140.14, regardless of
differences in sampling time, sampled aerosol, and specific
optical properties (Table 7). The analyses of different hu-
midograms with time for this day (Fig. 11b) indicate an in-
crease in aerosol hygroscopicity over time, reaching maxi-
mum values at 11:00 UTC (cyan curve), whereas the sub-
sequent available humidogram at 03:00 UTC (pink curve)
shows that these processes were decreasing. From these re-
sults, it can be concluded that the different techniques are in
good agreement within the uncertainties of each method, and
may be attributable to differences in wavelength and sam-
pling methods. Overall, no consistent spectral dependence of
the retrieved hygroscopic parameters was identified across
the different instruments.
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4.3.4 Aerosol hygroscopicity and clouds: 10 December
2019

The last case study corresponds to 10 December 2019. HY'S-
PLIT backward trajectories calculated at 500, 1000, and
1500 ma.g.1. (Fig. S2c in the Supplement) were nearly iden-
tical within the first 2 km a.g.1., suggesting that the origin and
transport pathways of the air masses were independent of
altitude. The air masses originated over the North Atlantic
Ocean and travelled across France before reaching Payerne;
therefore, the influence of a mixture of aerosol types is ex-
pected.

In situ measurements from 9 to 11 December 2019 (shown
in Fig. S9 in the Supplement) revealed a marked increase
in EBC concentrations (f) from 10 December onwards, sug-
gesting large influence of heavily polluted anthropogenic
aerosols from local emissions. The concurrent increase in
scattering and absorption further indicates enhanced aerosol
loading, and the low values of single scattering albedo (SSA
=0.63£0.08, Fig. S9d) suggest large influence of absorb-
ing particles. Consistently, the daily surface aerosol chemi-
cal composition revealed similar concentrations of EC and
NO; (0.26 ugm = (6.3 %) and 0.27 pgm =2 (6.4 %), respec-

tively), both higher than SO~ (0.17 ugm™3 (4.1 %)) and
NH4 (0.14 ug m~3 (3.4 %)). This indicates a higher contri-
bution of EC compared with 17 September (6.3 vs. 5.9 %),
although lower than on 12 November (7.0 %).

Figure S10a—c (in the Supplement) shows the tempo-
ral evolution of B2 (355nm), water vapour mixing ratio
and RH profiles. The most relevant feature is the presence
of clouds before 15:00 UTC as can be seen by the strong
backscattering signal (Fig. S10a). Consequently, there are re-
gions where retrievals were not possible. Later, low clouds
dissipate and retrievals could be performed. From 08:00 to
08:30 UTC within the layer 0.70-0.97 kma.g.l. the require-
ments to study aerosol hygroscopicity are meet (dashed line
in Fig. S10). Aerosol backscatter coefficients (Fig. S10d)
showed an increase from 1.8 to 2.1 Mm™~! sr=! at 355 nm, si-
multaneous with an increase in RH from 53 % to 66 % (Fig.
S10e), while the potential temperature (6 = 279.18+ 0.29 K)
and water vapour mixing ratio ( = 1.9040.01 gkg~!) pro-
files remained relatively constant (Fig. S10f).

Figure 12a shows the humidograms obtained with
RALMO (purple) and ceilometer (black) measurements. Hu-
midograms retrieved with the tandem nephelometers at dif-
ferent times are also illustrated in Fig. 12b. Results from
RALMO showed that 82" at 355nm increased by a fac-
tor of 1.2, corresponding to a Hinel parameter of yg
(355nm) =0.46£0.09, and fg (355nm, 85% /40 %) =
1.89+£0.24, indicating lower aerosol hygroscopicity com-
pared to those obtained on 17 September (fg (355nm) =
6.98+0.37) and similar to that retrieved on 12 November ( f3
(355nm) = 1.924+0.05). Values calculated using ceilome-
ter measurements showed less agreement, which may be re-
lated to the lower signal-to-noise ratio (SNR) due to the
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Figure 11. Enhancement factor (f; (A,RH)) retrieved from (a) RALMO, COBALD-RS41 and ceilometer within the 0.47-0.99 kma.g.1.
layer, and (b) from tandem nephelometers at different times on 12 November 2019. The parameters are summarised in Table 7. Note that the
values in the left panel were normalised to dry conditions at 40 % RH, whereas the tandem measurements correspond to RH values below

40 %.

cloud presence, yielding yg (1064nm) =0.194+0.01 and
fp (1064nm) = 1.3040.03. Data from the tandem neph-
elometers at 09:00 UTC (cyan curve in Fig. 12b) were of
Yo (550nm) = 0.48+0.05 and f, (550nm) = 1.86+0.17,
in strong agreement with the RALMO values (Table 7).

Regarding the surface chemical measurements, used here
to characterise the near-surface aerosol chemical composi-
tion, the enhanced EC content combined with the lower
SOZ‘ concentration (4.1 vs 4.7 %) may explain why this case
exhibited lower hygroscopicity (fg (355 nm) = 1.8940.24)
than on 17 September (fg (355nm) = 6.98+0.37). Actu-
ally, previous studies have also reported that particles with
high EC concentrations tend to exhibit lower hygroscopic-
ity, while those primarily composed of sulphuric acid and
ammonia show higher hygroscopicity (Zieger et al., 2014;
Jefferson et al., 2017; Bedoya-Veldsquez et al., 2019; Chen
et al., 2019; Pérez-Ramirez et al., 2021; Cedefio et al., 2023;
Deshmukh et al., 2025; Li et al., 2025; Lorenzo et al., 2025).
But the key aspect here is the close proximity to clouds, sug-
gesting how aerosol hygroscopicity can facilitate particle ac-
tivation as cloud condensation nuclei under favourable ther-
modynamic and dynamical conditions (Pérez-Ramirez et al.,
2021).

4.3.5 Assessment of aerosol hygroscopicity using Mie
simulations

To assess the effects of wavelength and optical property on
the retrieved hygroscopicity parameters, a quantitative com-
parison was performed using preliminary, surface-based Mie
simulations (Bohren and Huffman, 2007). Aerosol backscat-
ter coefficients at the RALMO and COBALD wavelengths
(355 and 455 nm, respectively) and aerosol scattering coeffi-
cients at the tandem nephelometer wavelength (550 nm) were
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simulated using the Mie code (Prahl, 2026). For these sim-
ulations, daily surface aerosol chemical composition mea-
surements (Sect. 2.5) were used to estimate the effective
dry-particle refractive index (mqry) using a volume-weighted
mixing rule (Liu and Daum, 2008), as well as the hygro-
scopicity parameter («x; Petters and Kreidenweis, 2007). The
refractive indices of the individual dry aerosol components
used as inputs to the Mie simulations are provided in Ta-
ble S1 of the Supplement. Hygroscopic particle growth and
the corresponding wet particle size distributions were then
calculated from the measured dry SMPS size distributions
using the «-Kohler theory (Petters and Kreidenweis, 2007).
Finally, the change in refractive index due to water vapour
uptake was calculated by volume-weighting mqry with the
refractive index of water (mu,0; Hale and Querry, 1973).
Based on these calculations, the dependence of f; (1) on
RH (Fig. 13) was obtained for the study cases with available
SMPS size distributions. The simulated hygroscopicity pa-
rameters (Table 8) suggest that differences in wavelength and
optical property alone may not explain the differences ob-
served between the RALMO and tandem-nephelometer hy-
groscopicity retrievals (Table 7). Under the assumption of
the same aerosol population, surface chemical composition,
and hygroscopic growth, the Mie simulations yielded similar
or larger hygroscopicity parameters for scattering at 550 nm
than for backscatter at 355 nm, with y, (550nm) ranging
from 0.31 to 0.41 and yg (355 nm) from 0.30 to 0.32. Differ-
ences among the dry size distributions (Fig. S4 in the Sup-
plement) could partly account for the range of values ob-
tained for the simulated hygroscopicity parameters. Since the
Mie size parameter depends on both particle size and wave-
length, hygroscopic growth can modify the relative scatter-
ing and backscatter behaviour at the different wavelengths.
Therefore, the larger y, (550 nm) values should not be inter-
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Figure 12. Enhancement factor (f; (A, RH)) retrieved from (a) RALMO and ceilometer within the 0.70-0.97 km a.g 1. layer, and from (b)
tandem nephelometers at different times on 10 December 2019. The parameters are summarised in Table 7. Note that the humidograms in
the left panel were normalised to dry conditions at 40 % RH, whereas the tandem measurements correspond to RH values below 40 %.

Table 7. Values of the enhancement factor and Hénel parameter retrieved using remote sensing and in situ techniques. Note that the values
for RALMO, COBALD-RS41 and ceilometer were normalised to 40 % RH, whereas the tandem measurements correspond to RH values
below 40 %. Values from different techniques are expected to correlate, whereas their absolute values are not directly comparable.

Case I: 17 September 2019

Hour (UTC)  Technique Layer (kma.gl) fr (A,RH) ve (A)
23:30 RALMO (355 nm) (fp (355nm, 85 % /40 %) = 6.98+0.37) vp (355nm) = 1.40+0.04
23:00 COBALD-RS41 (455 nm) 0.48-0 87 (fp (455nm, 85 % /40 %) = 5.86+0.88) yp (455nm) = 1.27+0.11

’ COBALD-RS41 (940 nm) ’ ’ (fp (940 nm, 85 % / 40 %) = 6.93+ 1.06) vp (940nm) = 1.40+0.11
23:30 Ceilometer (1064 nm) (fp (1064 nm, 85 % /40 %) = 5.77 +0.37) yp (1064 nm) = 1.26+0.05
Case II: 12 November 2019
Hour (UTC)  Technique Layer (kma.g.l)  fr(A,RH) ve (V)
23:30 RALMO (355 nm) 0.47-0.99 (fp (355nm, 85 % /40 %) = 1.92+0.05) vg (355nm) = 0.47+0.02
23:00 COBALD-RS41 (455 nm) ’ ’ (fp (455nm, 85 % /40 %) = 1.88+0.10) vp (455nm) = 0.46+0.04
11:00 Tandem (550 nm) ground (fo (550nm, 85%/ <40%) =1.71£0.14)  ys (550nm) = 0.40+0.04
23:00 COBALD-RS41 (940 nm) 0.47-0.99 (fp (940nm, 85 % /40 %) = 2.35+£0.17) vg (940 nm) = 0.62+0.05
23:30 Ceilometer (1064 nm) ’ ’ (fp (1064 nm, 85 % / 40 %) = 1.83%0.05) yp (1064 nm) = 0.43+0.04
Case III: 10 December 2019
Hour (UTC)  Technique Layer (kma.g.l.)  fr (A,RH) ve (V)
08:00 RALMO (355 nm) 0.70-0.97 (fp (355nm, 85 % /40 %) = 1.89+£0.24) yp (355nm) = 0.4640.09
09:00 Tandem (550 nm) ground (fo (550nm, 85% / <40 %) =1.86£0.17)  ys (550nm) = 0.48+0.05
08:00 Ceilometer (1064 nm) 0.70-0.97 (fp (1064 nm, 85 % / 40 %) = 1.30+ 0.03) yp (1064 nm) = 0.1940.01

preted as a general increase in aerosol hygroscopicity with
wavelength. Conversely, the simulations yielded greater yg
values at 355 than at 455 nm, in qualitative agreement with
the RALMO and COBALD-RS41 retrievals (Table 7).
Results from Table 8 also show that the simulated hygro-
scopicity parameters are generally closer to those obtained
with the surface tandem nephelometers (Table 6). This nu-
merical similarity should not be interpreted as a quantitative
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closure, since the sampling times and reference RH condi-
tions are not identical in all comparisons. Nevertheless, it
may partly result from the fact that both the SMPS size dis-
tributions and the chemical composition used as inputs to
the Mie calculations are measured at the surface. This sub-
section clarifies the surface-based nature of the simulations
and the limitations of their comparison with vertically re-
solved retrievals. Consequently, differences between the sim-
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Mie Simulations of Aerosol Hygroscopicity
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Figure 13. Enhancement factor ( f; (A, RH)) retrieved from Mie simulations for (a) 17 September 2019 at 23:30 UTC, (b) 24 October 2019
at 16:00 UTC, (c) 9 November 2019 at 17:00 UTC, and (d) 12 November 2019 at 23:30 UTC. Backscattering simulations are shown at 355
and 455 nm, and scattering simulations at 550 nm. Note that the humidograms were normalised to 40 % RH.

Table 8. Values of the enhancement factor (f; (A, RH)) and Hénel parameter (y; (1)) retrieved from Mie simulations at 355 and 455 nm
for aerosol backscatter and at 550 nm for aerosol scattering. Note that all values are normalised to 40 % RH. R f; and Ry, denote the ratios
between the corresponding enhancement factors and Hénel parameters at the indicated wavelengths, respectively.

fr (., 85/40 %)

Date SMPS interval  fg (355nm)  fg (455nm)  f» (550 nm) R;fs/ 455 R;fs/ 330
17 September 2019 23:30 UTC ~ 22:00-24:00  1.524£0.08 1434004 1534002 1.06+£0.06 0.99+0.05
24 October 2019 16:00 UTC 16:00-18:00  1.5340.02 1424001 1644002 1.08+£0.02 0.93+0.02
9 November 2019 17:00 UTC 16:00-18:00  1.514£0.02 1424001 1624002 1.074£0.02 0.93+0.02
12 November 2019 23:30UTC ~ 22:00-24:00  1.55+£0.02 1444002 1774003 1.07£0.02 0.88+0.02
Za )

Date SMPS interval ~ yg (355nm)  yg (455nm) o (550 nm) R?,CSS/ 453 R)S,fs/ 330
17 September 2019 23:30UTC ~ 22:00-24:00  030+0.04 0264002 031+£001 112£0.17 0.99+0.13
24 October 2019 16:00 UTC 16:00-18:00 0314001 0254001 036001 121£0.05 0.86+0.03
9 November 2019 17:00 UTC 16:00-18:00  0.304£0.01  025+001 0354001 1.18+£0.05 0.86+0.03
12 November 2019 23:30UTC ~ 22:00-24:00 0324001 0264001 0414001 1.19£0.06 0.77+0.03

ulated and RALMO-derived hygroscopicity may also reflect
changes in aerosol size distribution, composition, morphol-
ogy, and refractive index with altitude, particularly for decou-
pled aerosol layers. These results are consistent with previ-
ous Mie studies (e.g., Zieger et al., 2013; Bedoya-Veldsquez
et al., 2018; Navas-Guzman et al., 2019), which showed that
aerosol hygroscopicity derived from scattering and backscat-
ter can depend on particle size, chemical composition, and
wavelength.

5 Conclusions

This study has focused on aerosol hygroscopicity during the
intercomparison campaign of hygroscopic aerosol proper-
ties using remote sensing and in situ techniques (HYGRO19
campaign), which was carried out at the MeteoSwiss aero-
logical station in Payerne, Switzerland (46.82°N, 6.95°E,
491 ma.s.l.) from June to December 2019. The continuous

https://doi.org/10.5194/acp-26-15653-2026

operation of the RAman Lidar for Meteorological Obser-
vations (RALMO), which provides measurements of tem-
perature, water vapour mixing ratio, and aerosol backscatter
during both daytime and nighttime, enabled aerosol hygro-
scopicity to be investigated under different atmospheric con-
ditions over a 6-month period. More than 200 hygroscopic
aerosol layers were identified, constituting one of the largest
databases available for Raman lidar aerosol hygroscopic-
ity studies. The use of balloon-borne Compact Backscat-
ter Aerosol Detectors coupled with Vaisala RS41 radioson-
des (COBALD-RS41) provided unique vertically resolved
in situ observations for direct comparison with RALMO re-
trievals. Additionally, tandem nephelometer measurements
allowed aerosol hygroscopicity to be evaluated under well-
mixed near-surface conditions. Complementary in situ and
remote sensing observations were also used to provide a
comprehensive characterisation of aerosol and atmospheric
conditions.
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Two contrasting aerosol regimes were observed during the
campaign. The first, from June to August 2019, was char-
acterised by relatively high aerosol loading and frequent
clear-sky conditions, whereas the second, from September
to December, was dominated by low-pressure systems, per-
sistent cloudiness, and reduced aerosol concentrations. The
median values of Aerosol Optical Depth (AOD) at 500 nm
and extinction Angstrém exponent (AOD-AE) between 440—
870 nm were 0.24 £0.09 and 1.50 & 0.19, respectively, dur-
ing the first period, representing a considerable aerosol load
for a rural background site such as Payerne. Backward-
trajectory analyses indicated the influence of air masses from
mainland Europe, which typically act as a source of anthro-
pogenic pollution. However, some cases of air masses orig-
inating from Southwestern Europe and North Africa were
also detected, showing higher aerosol loads (AOD (500 nm)
approximately 0.3) and low AOD-AE values (approximately
0.4), suggesting the presence of dust particles. During the
second period, only a few AERONET measurements were
available, with median AOD (500 nm) and AOD-AE (440-
870 nm) values of 0.07 £0.02 and 1.15 4 0.13, respectively,
more typical of a rural background site. These meteorologi-
cal conditions largely limited the number of cases available
for aerosol hygroscopicity studies using RALMO.

Aerosol hygroscopicity retrieved with RALMO showed
high hygroscopic growth, with fz (355 nm, 85 % / 40 %) val-
ues ranging from 1.2 to 7.2 and a median of 2.64 £ 0.64,
corresponding to a median yg (355nm) of 0.70+0.18.
The highest occurrence was in summer (177 layers, 78 %
of all cases), with aerosols being more hygroscopic in
June (fg (355nm) =3.65+£0.70 and yg (355nm) =
0.94£0.15). Fewer cases were detected during October—
December, when lower hygroscopicity was observed (fg
(355 nm) = 2.36+ 0.26 and yg (355 nm) = 0.60% 0.08), lim-
iting the representativeness of comparisons with summer.
Complementary surface chemical measurements showed a
predominance of organic matter (OM) during both campaign
periods, with a higher sulphate mass fraction in June—August
and higher elemental carbon (EC) and nitrate mass fractions
in September—December. This contrast in surface aerosol
chemical composition between the two periods may help ex-
plain the observed differences in hygroscopicity. However,
the surface observations provide context for the campaign
and do not establish the chemical drivers of the temporal vari-
ability in vertically resolved aerosol hygroscopicity. Regard-
ing the vertical variability of aerosol hygroscopicity, no sta-
tistically significant differences were observed between lay-
ers below and above 1.5kma.g.1., used as a threshold to dis-
tinguish the Atmospheric Boundary Layer (ABL) from the
Free Troposphere (FT). A more detailed classification dis-
tinguishing the Convective Boundary Layer (CBL), Residual
Layer (RL), and FT showed no statistically significant differ-
ences.

Multi-instrument comparisons showed generally consis-
tent hygroscopic behaviour between RALMO, COBALD-
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RS41, and tandem nephelometer observations in the anal-
ysed case studies. RALMO and tandem nephelometer re-
trievals showed good agreement for aerosol layers within the
residual layer, when well-mixed conditions extended up to
the RL. For example, on 10 December 2019, yg (355 nm) =
0.464 0.09 was obtained from RALMO and y, (550nm) =
0.48+ 0.05 from the tandem nephelometers. However, some
discrepancies were found for some layers identified within
the free troposphere, which may be due to the presence of de-
coupled layers, which can exhibit different optical and micro-
physical properties compared to those near the surface. The
results obtained confirmed the capability of these techniques
to robustly characterise aerosol hygroscopicity, as indicated
by the close agreement between the retrieved hygroscopicity
parameters and their associated uncertainties. No consistent
spectral dependence was identified from the available obser-
vational case studies. The small number of cases and the
differences in sampling and retrieval methodology between
instruments prevent a robust assessment of a general wave-
length dependence. Since the different techniques rely on dif-
ferent aerosol optical and microphysical properties, measure-
ment wavelengths, sampling conditions and vertical repre-
sentativeness, the comparisons were performed qualitatively
and should be interpreted with caution. The Mie simulations
likewise suggest no consistent spectral dependence and that
near-surface aerosol conditions may not be representative of
those within atmospheric layers, which may partly contribute
to the differences observed between surface and vertically re-
solved hygroscopicity retrievals.

Further investigation of the relationship between aerosol
chemical composition and hygroscopicity would require the
combination of remote sensing observations with real-time,
vertically resolved aerosol chemical composition measure-
ments. Furthermore, Raman lidar measurements revealed
high aerosol hygroscopicity in the vicinity of clouds, sug-
gesting that aerosol hygroscopicity may facilitate particle ac-
tivation as cloud condensation nuclei under favourable ther-
modynamic and dynamical conditions. Additional studies us-
ing numerical weather prediction models capable of accu-
rately reproducing both clouds and the evolution of aerosol
hygroscopicity are needed.

Data availability. RALMO data can be accessed through the
EARLINET network (https://data.earlinet.org/earlinet/, last access:
5 November 2026), while ceilometer and Doppler wind lidar data
can be obtained via the E-PROFILE network (https://data.ceda.ac.
uk/badc/eprofile/data/switzerland/payerne, last access: 5 Novem-
ber 2026). Co-author Alexander Haefele can be contacted for
access to raw RALMO and radiosonde measurements (alexan-
der.haefele @meteoswiss.ch). Sun photometer data can be retrieved
from the AERONET network (https://aeronet.gsfc.nasa.gov/, last
access: 5 November 2026). In situ aerosol data can be requested
from co-author Benjamin T. Brem (benjamin.brem@psi.ch), while
chemical composition data from the NABEL station can be ac-
cessed at https://www.bafu.admin.ch/en/data-query-nabel (last ac-

https://doi.org/10.5194/acp-26-15653-2026


https://data.earlinet.org/earlinet/
https://data.ceda.ac.uk/badc/eprofile/data/switzerland/payerne
https://data.ceda.ac.uk/badc/eprofile/data/switzerland/payerne
https://aeronet.gsfc.nasa.gov/
https://www.bafu.admin.ch/en/data-query-nabel

A. Diaz-Zurita et al.: Hygroscopic aerosol by remote sensing and in situ techniques

cess: 5 November 2026). The HYSPLIT backward-trajectory files
and corresponding maps are available for download from Zen-
odo (https://doi.org/10.5281/zenodo.23010868; Diaz-Zurita et al.,
2026).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-26-15653-2026-supplement.
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