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Abstract. Particle linear depolarization ratio is a widely used parameter in lidar research to distinguish dif-
ferent aerosol types and the thermodynamic phase of water. It is most frequently measured at ultraviolet and
visible wavelengths (355 and 532 nm), yet multi-wavelength observations suggest that this parameter can vary
substantially with wavelength. In this work, we assessed particle linear depolarization ratios at 1565 nm using
Halo Photonics StreamLine Doppler lidars. We examined the depolarization ratio through three case studies
featuring extremely fresh and aged smoke, and volcanic ash aerosol particles in the troposphere. Both fresh
and aged smoke aerosol particles induced low values. Specifically, aerosol layers dominated by extremely fresh
smoke showed a depolarization ratio of 0.017 & 0.004, whereas aged long-range transported smoke particles
exhibited marginally higher values. Volcanic aerosol layers induced high depolarization ratios with layer mean
values of 0.45 4 0.01. For the extremely fresh smoke case, we further estimated the smoke mass concentration
using the lidar observations at 1565 nm and found good agreement with the in situ observations. These results
demonstrate that Halo Doppler lidars operating at 1565 nm wavelength are capable of distinguishing several key
aerosol types, enabling a comprehensive characterization of atmospheric conditions by simultaneously observing

aerosol properties and wind dynamics.

1 Introduction

Aerosol particles exert a profound influence on climate, yet
their effects remain among the largest sources of uncertainty
in quantifying anthropogenic forcing (IPCC, 2021). Despite
substantial advances driven by field measurements, labora-
tory studies, and modeling, the magnitude of this uncertainty
has remained largely unchanged over the past two decades,
with estimates of aerosol effective radiative forcing being far
less constrained than those of greenhouse gases (Kahn et al.,

2023). Reducing this uncertainty requires, as a fundamen-
tal first step, to reliably detect aerosol particles in the atmo-
sphere and accurately characterize their properties. Active re-
mote sensing techniques, particularly lidars (Ansmann et al.,
1990), provide this dual capability by first identifying the
vertical distribution of aerosol particles and subsequently en-
abling the retrieval of intrinsic aerosol properties. One such
property is the ratio of cross- to co-polarized backscattered
signal known as the particle linear depolarization ratio (§),
after removing the molecular contribution. This parameter
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has long been recognized as a powerful indicator of particle
shape, allowing discrimination between spherical and non-
spherical aerosol particles (Schotland et al., 1971; Sugimoto
et al., 2002; Tesche et al., 2009), thereby offering critical in-
sights into aerosol type characterization (Nicolae et al., 2018;
Papagiannopoulos et al., 2018; Floutsi et al., 2024) and their
individual role in air quality, interaction with clouds, and ra-
diative forcing (Noh et al., 2012; Donovan et al., 2015; Xian
et al., 2020; Cairo et al., 2024; Papayannis et al., 2025).
Historically, aerosol measurements on é using lidars have
been conducted across a wide range of wavelengths from ul-
traviolet (355nm) and visible (532nm) to less commonly
used wavelengths at near-infrared (710, 1064 nm) (Sugi-
moto and Lee, 2006; Ansmann et al., 2009; Freudenthaler
et al., 2009; Tesche et al., 2011; GroB et al., 2013; Pap-
palardo et al., 2013; Burton et al., 2015). Recent devel-
opments have expanded § observations at 458 nm (Kong
et al., 2022), and at longer wavelengths, including 808 nm
(Gonzidlez et al., 2025), 910 nm (Bedoya-Veldsquez et al.,
2022) and 1565 nm (Vakkari et al., 2021). As an outcome,
extensive ground-based and airborne campaigns at several
locations have established reference § values for key aerosol
types like mineral dust (Sugimoto and Lee, 2006; Grof et al.,
2011; Filioglou et al., 2020), volcanic ash particles (Ans-
mann et al., 2010; Pisani et al., 2012; Shimizu et al., 2025),
pollen (Bohlmann et al., 2021; Filioglou et al., 2023), marine
(Haarig et al., 2017) and smoke aerosol particles (Murayama
et al., 2004; Miiller et al., 2005). These studies conclude
that non-spherical aerosol particles such as mineral dust, vol-
canic ash and pollen can maintain high depolarization ratio at
longer wavelengths, while smoke and marine aerosols typi-
cally induce much lower depolarization ratio, presenting sim-
ilar or decreasing values with increasing wavelength.
Despite these advances, several gaps remain. Long-term,
harmonized datasets at longer wavelengths (particularly 910,
1064 and 1565 nm) are only beginning to be systematically
explored and the spectral dependence of § for many natural
aerosol types and mixtures of these require further investiga-
tion, particularly under varying relative humidity (RH) con-
ditions and in under-sampled regions. Moreover, case studies
demonstrate that 6 and its spectral dependence is sensitive to
particle size, shape, composition and mixing state. For exam-
ple, Freudenthaler et al. (2009) studied Saharan desert dust
aerosols at 532 and 1064 nm and concluded that § tend to be
slightly higher at 532 nm compared to the longer wavelength.
In contrast, Sugimoto and Lee (2006) concluded the oppo-
site for Asian dust particles. In line with Freudenthaler et al.
(2009), Haarig et al. (2022) found that mineral dust § values
are slightly higher at 355 and 532 nm compared to the longer
wavelength of 1064 nm. In turn, Vakkari et al. (2021) re-
ported higher values at 1565 nm than at 355 and 532 nm for a
mineral-dust-dominated case while for dust mixed with other
aerosols they reported higher depolarization ratio at 1565 nm
compared to the shorter wavelengths. For pollen aerosol par-
ticles, Filioglou et al. (2023) concluded that birch pollen par-
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ticles induce higher § at 910 and 1565 nm compared to 355
and 532 nm. The opposite is valid for pine pollen particles.
They also found that § is concentration dependent, therefore,
the longer wavelengths offer an advantage in the detection of
large particles such as pollen particles. For marine and pol-
luted marine aerosols, previous studies report a decreasing
trend in § with increasing wavelength (Vakkari et al., 2021;
Haarig et al., 2025). Moreover, Haarig et al. (2018) studied
tropospheric smoke particles and found that they induce a
less than 3 % 6 at 355, 532 and 1064 nm, while higher § val-
ues were reported for stratospheric smoke layers at shorter
wavelengths (Burton et al., 2015; Haarig et al., 2018; Hu
et al., 2019). To the authors’ knowledge, there are no studies
of § at 1565 nm for volcanic ash and smoke aerosol particles.

Multi-wavelength lidar observations, obtained from single
or multiple instruments, enhance the reliability of aerosol
characterization and typing. In this context, this study es-
timates the § for smoke and volcanic ash particles using a
Halo Doppler lidar operating at 1565 nm. Furthermore, we
extend the applicability of such lidar systems by retrieving
smoke aerosol mass concentration at this wavelength. Such
estimates are particularly valuable, as they provide vertically
resolved, model-ready information that improves the repre-
sentation of aerosol loading, plume dynamics, and radia-
tive effects in atmospheric models (Benedetti et al., 2009;
Sekiyama et al., 2010; Zhang et al., 2014). By addressing the
current lack of § observations at 1565 nm, this study supports
the integration of this wavelength into operational aerosol
monitoring networks, benefiting from the negligible contri-
bution of molecular scattering and absorption, which simpli-
fies signal processing and enhances retrieval robustness.

2 Materials and Methods

Three field campaigns were conducted over the years of
2024, 2020 and 2016 at three different locations: at a
Boreal forest site at Kiviniemi, Finland (62°29'06.0” N,
27°29'27.4” E, 110m above sea level), at an urban site at
Kumpula (Helsinki), Finland (60°12'13.5” N, 24°57'39.1" E,
45ma.s.l.) and at a grassland savanna site at Welgegund,
South Africa (26°34'11.3” S, 26°56'21.5” E, 1480 ma.s.l.),
respectively. In each location, a HALO Photonics Stream-
line Doppler lidar was operating. To characterize the 81565 of
extremely fresh and aged smoke as well as volcanic ash par-
ticles, three representative case studies, one from each field
campaign, were selected and presented in Sect. 3. The ex-
tremely fresh smoke case was observed in Kiviniemi (FI),
the aged smoke case in Kumpula (FI) and the volcanic ash
case in Welgegund (SA). For the extremely fresh smoke case
in Kiviniemi (FI), a suite of ground- and drone-based in situ
instruments were employed to quantify aerosol physical and
chemical properties to support the mass concentration esti-
mation of smoke from the lidar observations. To exclude the
influence of biological particles on the analysis, given that
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Table 1. Specifications of Halo Doppler lidars used in this study.

Wavelength 1565 nm
Pulse repetition rate 15kHz
Pulse energy 20

Pulse duration 0.2 us
Nyquist velocity 20ms~!
Sampling frequency 50 MHz
Velocity resolution 0.038ms~!
Points per range gate 10

Range resolution 30m
Maximum range 9600 m
Lens diameter 8cm

Lens divergence 33 prad
Telescope monostatic optic-fibre coupled

the measurements in Kiviniemi (FI) coincided with the ac-
tive pollen season, a Burkard sampler was operated to mon-
itor airborne pollen concentrations in the near-by station in
the city of Kuopio (62°53'31.5" N, 27°38'01.0” E).

2.1 Lidar observations

Halo Photonics StreamLine lidars are commercially avail-
able pulsed Doppler lidars that operate at 1565 nm wave-
length (Pearson et al., 2009). Due to the high pulse-repetition
rates and low pulse energies they are eye-safe, enabling con-
tinuous long-term operation. Here, we use Halo Doppler li-
dars that are equipped with a cross-polar receiver channel,
which enables consecutive measurement of co- and cross-
polar signals and subsequent retrieval of particle linear depo-
larization ratio (Vakkari et al., 2021). The cross-polar chan-
nel is implemented through a fibre-optic switch between the
normal receiver path and the path with a fibre-optic polarizer.
The lidars were configured with 30 m vertical resolution and
focus was set to 2000 m; first 90 m were excluded due to ef-
fects from the outgoing pulse. Other technical specifications
can be found in Table 1.

At Kumpula (FI) and Welgegund (SA), the Halo Doppler
lidars used were capable of full hemispheric scanning (i.e.,
model StreamLine). At Kiviniemi (FI), the version with
limited scanning (i.e. StreamLine Pro) was used. In this
study, we utilize only the vertically-pointing measurements.
At Kiviniemi (FI), the vertically-pointing integration time
was set to 7s per ray and 13min out of every 15min
was vertically-pointing measurement. At Kumpula (FI), the
vertically-pointing integration time was set to 3.5s per ray
and 8 min out of every 15 min was vertically-pointing mea-
surement. At Welgegund (SA), the vertically-pointing inte-
gration time was set to 7s per ray and 6 min out of every
15 min was vertically-pointing measurement.

For each Halo Doppler lidar the data was post-processed
following Vakkari et al. (2019). The post-processing is based
on hourly background checks carried out automatically by
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the lidar. Quantifying the non-polynomial component in the
instrument noise floor, denoted Pymp by Vakkari et al. (2019),
requires an extended data set of background checks and in-
ternal temperature. We used background checks from the full
11-month campaign at Welgegund (SA), and 12 months cen-
tered at the case study for the two other lidars, respectively.
We determined also the internal temperature dependency of
Pamp, though it has only a very minor effect. For each mea-
sured profile, we used the aerosol- and cloud-free parts of
the profile to fit the linear and parabolic components of the
instrumental noise floor. These fits and the instrument and
campaign specific Pymp were then used to process the cor-
rected co- and cross-polar signal-to-noise ratio (SNR) and at-
tenuated backscatter profiles following Vakkari et al. (2019).

Bleed-through, i.e. the incomplete extinction in the lidar
internal polarizer where co-polarized signal is leaking into
cross-receiver due to imperfect polarization separation in the
instrument, was determined from liquid cloud base observa-
tions similar to Le et al. (2024). For Kiviniemi (FI), a bleed-
through of 0.0165+0.010 was determined. For Kumpula
(FI), bleed-through was determined as 0.00715 % 0.0028.
For Welgegund (SA), bleed-through was determined as
0.0085 £ 0.007. These values are in good agreement with the
long-term statistics in Le et al. (2024).

At 1565 nm wavelength, the molecular backscatter contri-
bution is about 2 orders of magnitude lower than at 532 nm,
being approximately 1.9 x 1078 m~! sr~! at standard pres-
sure and temperature (Bucholtz, 1995) which is considered
negligible. In addition, no evidence of multiple scattering
was observed under the prevailing measurement conditions.
Therefore, 61565 as derived directly from the instrument after
correcting for the bleed-through, can be regarded as a rea-
sonable approximation of the particle linear depolarization
ratio, obtained without applying a correction for the molec-
ular scattering contribution, especially during high aerosol
load conditions. The associated uncertainty, os,s,s, iS esti-
mated according to Vakkari et al. (2021) taking into consid-
eration the instrumental noise and the uncertainty in bleed-
through. In the absence of hydrometeors, the atmospheric
transmittance is very close to unity therefore, the attenuated
backscatter coefficient, hereafter ATB 565, can be used as a
proxy for the particle backscatter coefficient, hereafter S;s65.
This assumption is valid provided that extinction within the
sampled aerosol layer remains sufficiently small. Attenua-
tion in dense aerosol layers can lead to an underestimation
of the true Bis¢5. For the exceptionally fresh smoke case
at Kiviniemi (FI), B1s5¢s5 retrieved using the forward Klett
method (Wiegner and Geil3, 2012) as the mass concentration
parameter requires an accurate measure of backscatter inten-
sity and could therefore be biased by substantial departures
of atmospheric transmittance from unity observed during pe-
riods of high plume density. A Lidar Ratio (LR) of 51 sr was
used in Klett inversion according to Mie calculations (see
Sect. 2.4).
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To determine the upper boundary of the smoke layer in
the lidar observations at Kiviniemi, we first identified the
maximum of the ATBis5¢5 profile within the lowest 500 m.
The layer top was then defined as the first altitude above
this maximum at which the §;5¢5 exceeded 0.1. If no such
threshold was reached, the layer top was instead assigned to
the altitude corresponding to the maximum of the ATB 565
profile. For the Welgegund case, the maximum of the 81565
profile was first located between 2 and 4km and then the
base and top boundaries were determined using the second
derivative of ATB5¢5. For the Kumpula case, ATB565 ob-
servations with values lower than 0.2 Mm™! sr~! or higher
than 2Mm~! sr~! were excluded. The remaining observa-
tions were subsequently used to define the boundaries of the
smoke layer. In all cases, cloud-free layers were considered
only.

2.2 Particle mass concentration from lidar observations

Lidar—derived mass concentration () has been estimated us-
ing the methodology presented in Ansmann et al. (2011). The
method requires the mass particle density (p), the extinction-
to-volume conversion factor (cy), and the particle extinc-
tion coefficient w(A) = B(A)-LR(X) for a specific aerosol
type at a certain wavelength (A) to be known according to
m = p-cy(A)-a(A). A density of p = 1.35£0.05 gcm_3 was
used for smoke particles (Reid et al., 2005).

To derive the mass concentration, we first converted the
B1s65 into Bs3p using a Backscatter-related Angstrdm ex-
ponent (BAE) according to Bs32 = Bises - (532/1565) BAE,
The BAE, as well as, the LRs at both 532 and 1565 nm
wavelengths were estimated through Mie calculations (see
Sect. 2.4). This wavelength conversion enables us to use a
literature value of 0.16 +0.01 x 1072 Mm for ¢y at 532nm
(Ansmann et al., 2026), which has not been determined at
1565 nm wavelength, making the mass concentration estima-
tion possible.

2.3 In situ aerosol observations

For the extremely fresh smoke event in Kiviniemi (FI), ad-
ditional ground- and drone-based in situ aerosol observa-
tions were considered. The aerosol size distribution in size
range of 15-710nm was measured with a Scanning Mobil-
ity Particle Sizer (SMPS). The SMPS setup (TSI Inc., Model
3080) consists of a DMA (TSI Inc., Model 3081) and a CPC
(TSI Inc., Model 3776) and temporal resolution was 3 min.
Aerosol particle size distribution in the range between 0.45
and 15.5 um was measured using an optical particle counter
sensor (OPC-N2, Alphasense Ltd.; e.g., Crilley et al., 2018;
Hagan and Kroll, 2020; Julaha et al., 2025) mounted onboard
a DIJI Matrice 600 drone. The OPC was housed within a
custom-built module, similar to Brus et al. (2025), designed
for uncrewed aerial vehicles. Measurements were obtained
by flying the drone horizontally across the smoke plume at
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multiple altitudes ranging from 50 to 110 m. There was a to-
tal of four flights, at 11:30, 12:00, 16:15 and 16:45 UTC, each
lasting up to 20 min. Drone data from the first two flights
are considered only, as these periods exhibited spatially con-
sistent smoke conditions between the airborne and surface-
based observations.

To crosscheck and inter-compare the measurements of
OPC and SMPS, the drone platform was positioned adjacent
to the measurement station. The inter-comparison was per-
formed at 14:30-15:05 UTC and the size distributions from
OPC and SMPS were averaged over this period. The in-
tercomparison showed an approximately twofold difference
in particle number size distributions, with lower concen-
trations measured by the OPC on the drone platform than
by the SMPS at the measurement station. This discrepancy
is not unexpected, given the different measurement princi-
ples of the two instruments, their detection efficiencies and
the strong spatial and temporal variability within the smoke
plume. Sousan et al. (2016) reported that the OPC-N2 per-
forms well in measuring coarse particles but tends to under-
estimate number concentrations of submicrometer particles,
with a detection efficiency of 78 % for particles smaller than
0.5 pm.

To derive the complete aerosol size distribution, the SMPS
and OPC size distributions (hereafter SMPS-OPC) were av-
eraged over the time intervals during which the OPC was op-
erating (i.e., the flight periods), and the corresponding 10th
and 90th percentiles were calculated over these overlapping
intervals. From the combined SMPS-OPC aerosol size dis-
tribution, the total mass of aerosol particles was estimated
using a particle density of 1.35 gcm™3.

To gain a more detailed understanding of the aerosol com-
position, and particularly the black carbon (BC) and or-
ganic aerosol (OA) content during the burning event, ground-
based multi-angle absorption photometer (MAAP, model
5012, Thermo Scientific, Petzold and Schonlinner, 2004) and
aerosol mass spectrometer (AMS, HR-ToF-AMS, Aerodyne
Research Inc., DeCarlo et al., 2006) measurements from the
container (Fig. 1c) were used to estimate the BC-to-organic
aerosol ratio (BC / OA). MAAP measured dried aerosol par-
ticles from the station’s main inlet at a flow rate of 7.5 LPM at
1 min time resolution. The aerosol absorption determined by
MAAP was converted to BC mass concentration using the
instrument manufacturer set default mass absorption cross-
section (MAC) of 6.6m? g~ !, which is commonly accepted
value for MAAP and broadly used in scientific literature
(e.g. Ohata et al., 2021). AMS measures the mass concen-
tration of organics, sulfate, nitrate, ammonia and chloride
compounds and was operated in EI-V mode (tungsten vapor-
izer) at 2 min time resolution. The instrument was calibrated
on-site with ammonia sulfate and ammonia nitrate aerosols
to determine the ionization efficiency of nitrate particles and
relative ionization efficiency (RIE) of ammonia and sulfate.
AMS data analysis was performed using standard tools —
SQUIRREL v1.65C and PIKA v1.25C, downloaded from
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the ToF-AMS-Resources web page (https://cires].colorado.
edu/jimenez-group/TOFAMSResources/, last access: 14 Au-
gust 2026), in Igor Pro.

SMPS, AMS and MAAP in situ aerosol observations were
averaged for 15 min periods to match the temporal resolu-
tion in the lidar observations. Regarding the OPC data, only
observations inside the smoke plume were considered. For
each flight, we derived an average aerosol size distribution
by combining measurements across all sampled altitudes.

Pollen concentrations were assessed with a Burkard sam-
pler of Hirst design (Hirst, 1952) at Kuopio (62°53'31.5” N
27°38'01.0” E). The site is part of the Finnish pollen net-
work operated by the University of Turku (https://sites.utu.
fi/siitepoly/toiminta/, last access: 14 August 2026) and mem-
ber of the European Aeroallergen Network. For the deriva-
tion of the pollen types and their respective concentrations,
the recommendations of the European Aeroallergen Society
(Galén et al., 2014) were followed to ensure high data qual-
ity. Pollen concentrations were utilized in the extremely fresh
smoke case in Kiviniemi (FI). The distance between the two
sites is about 50 km, and the temporal resolution of the ob-
servations is 2 h.

2.4 Mie calculations of smoke particles

Mie-theory predicts the optical properties of spherical par-
ticles (Mie, 1908). Here, Mie model was used to calculate
the f and o at the lidar wavelengths (355, 532, 1064 and
1565 nm) in order to infer the LR and BAE from the mea-
sured in-situ aerosol particle size distributions. Mie model
calculations were done using the Python-package PyMi-
eScatt (ver 1.8.1.) (Sumlin et al., 2018a).

To perform this analysis, the particles were assumed spher-
ical without core—shell structures. A dry aerosol was also as-
sumed, as the surface relative humidity (RH) remained below
40 %. The assumption of spherical particles required for Mie
theory is supported by the low § in the lidar observations dur-
ing the smoke event. From the in-situ observations, the aver-
age mass BC / OA-ratio during the plume was approximately
1%.

The complex refractive indices used were 1.5+ 0.0366i,
1.54+0.0064i, 1.5+0.0003i, 1.5+0.0001; at 355, 532, 1064,
and 1565 nm, respectively. The imaginary part (k) was de-
rived according to Mukherjee et al. (2025), who measured
the k for fresh boreal forest surface smoldering emissions. A
wavelength dependence of k was assumed using their mea-
surements at 365 and 550 nm. The methanol soluble fraction
accounted for more than 90 % of the total organic aerosol
mass, and was therefore considered representative of the bulk
organic aerosol. In contrast, the methanol insoluble fraction
was negligible in these fresh emissions. The real part (n) was
treated as constant at a value of 1.5 according to Sumlin et al.
(2018b), who observed that the n was independent of the A
and was between 1.5-1.7.
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The absorption by BC was taken into account by assuming
an externally mixed aerosol. BC size distribution measured in
a chamber for fresh boreal forest surface was used (Peltoko-
rpi et al., 2026; Vakkari et al., 2026). The BC size distribution
was scaled so that the mass of BC matched the BC / OA-ratio
(about 1 %) of the mass of particles smaller than 1 um. The
BC density was assumed to be 1.80 gcm™>. The mass of par-
ticles smaller than 1 pm was estimated from the derived size
distribution assuming density of 1.35gcm™>. The complex
refractive index for BC was defined according to Egs. (6)
and (7) in Kahnert and Kanngieler (2020).

2.5 FLEXPART airmass trajectories

Air mass history was simulated using the Lagrangian parti-
cle dispersion model FLEXPART (FLEXible PARTicle dis-
persion model) version 11.0 (Bakels et al., 2024). ERAS re-
analysis from European Centre for Medium-Range Weather
Forecasts (ECMWF) was used as meteorological input
(Hersbach et al., 2023). The ERAS input data was retrieved
at 1h temporal, 0.25° latitude-longitude resolution and for
model levels 40 to 137, which corresponds to approximately
the lowest 24 km in the atmosphere. FLEXPART was run
in backward simulation mode, with potential emission sen-
sitivity (PES, s~ 1), describing the sensitivity of the sampled
air mass to emissions along its transport history, output at
1 h temporal resolution. PES output vertical resolution was
500 m up to 6kma.g.l. and remaining PES above 6 km was
integrated into one additional output layer.

For the aged smoke case in Kumpula, Finland on 22
September 2020 the FLEXPART simulation retroplume was
released at height interval of 3 to 4 km above ground level
(a.g.l.) and time interval of 18:00 to 19:00 UTC, respectively.
FLEXPART backward simulation was computed for 16d.
For the volcanic ash particles in Welgegund, South Africa
on 17 December 2016 the FLEXPART simulation retroplume
was released at height interval of 2.5 to 3.2km a.g.1. and time
interval of 04:00 to 05:00 UTC, corresponding to the lidar
observation of the elevated layer. The duration of the FLEX-
PART backward simulation for this event was 14 d.

2.6 MODIS fire radiative power

The fire radiative power (FRP) product from MODIS Aqua
and Terra, collection 6.1, (Giglio et al., 2016) was down-
loaded through the FIRMS interface for the period 7 to
20 September 2020 covering the area of North America to
examine the locations of wildfires in the path of the airmass
for the Kumpula case.

3 Results

In this section, we present the observations of extremely
fresh and aged smoke and volcanic ash particles. Extremely
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Figure 1. (a) Measurement site locations in Finland and land cover from the Copernicus Land Cover inventory CORINE (EU, 2025).
(b) Aerial view of the burned area at Kiviniemi site. The black rectangle indicates the measurement station. (¢) Top and side view of the

measurement station in Kiviniemi.

fresh and aged smoke aerosols were observed in Finland dur-
ing 2024 and 2020, and volcanic ash particles were observed
in South Africa in 2016.

3.1 Case study 1: Extremely fresh smoke

A controlled prescribed burning was conducted on the
6 June 2024 in Kiviniemi (62°29'06.0” N, 27°29'27.4” E)
in North Savo region in Finland (Fig. 1). Approximately 8
hectares of managed boreal forest ecosystem was burned,
with the objective of promoting biodiversity. The area is a
35-75 year old dry Scots pine (Pinus sylvestris) forest, with
scattered birch (Betula sp.) within the stand. A commer-
cial thinning was carried out in winter 2022, leaving log-
ging residues unevenly distributed across the area. The un-
derstory is sparsely vegetated, with dwarf shrubs (Vaccinium
myrtillus, V. vitis-idaea), mosses (Pleurozium schreberi), and
Cladonia lichens dominating the forest floor. The prescribed
burning was performed by the Finnish Forest Administra-
tion (Metsdhallitus) and the fire was allowed to extinguish
naturally — mostly within 24 h, although isolated smoldering
persisted for several days after the burning event. The fire
burned as a surface fire of low to moderate intensity, with
spatially variable severity ranging from low to high. The pre-
scribed burning was carried out in two events. In the first
burning event, the fire started at about 11:00 UTC south from
the measurement container along the horizontal road until the
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whole southernmost section of the area was burned (Fig. 1b).
The wind direction in this first burning was towards north,
bringing the smoke plumes towards the measurement site.
The second burning event started after 15:30 UTC. The fire
was initiated at the easternmost area above the horizontal
road and progressed northwards until the rest of the area was
burned. The fire was made to progress in a direction against
the wind to ensure a better control of the burning.

Figure 2 presents the atmospheric conditions over
Kiviniemi, Finland on the 6 June 2024, recorded by the
HALO Doppler lidar on site. Very high values in the
ATB 565 profile are seen close to the surface starting at about
11:00 UTC, caused by high concentrations of smoke parti-
cles. In this first aerosol layer, which from now on is referred
to as the smoke layer, the §15¢5 is very low (Fig. 2b). The bot-
tom and top boundaries of the smoke layer are also marked
with red filled circles. As seen by the lidar, the smoke layer
had its highest extent during the first burning event in which
the direction of the wind was towards the lidar instrument
and the fire was at its closest proximity to it. The maximum
top height of the smoke layer reached at about 460 m and the
average geometrical extent of it was 120 & 90 m.

Figure 3 shows the relationship between ATBjs5¢5 and
81565 for all height bins inside the smoke layer boundaries.
A clear inverse relationship is observed, with increasing
ATB 1565 corresponding to decreasing 81565. This behavior is
consistent with the presence of fresh smoke, which is char-
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Figure 2. Time-height plot of (a) ATB|5¢5 and (b) 81565 measured
in Kiviniemi 6 June 2024, with the HALO Doppler lidar. The red
dots indicate the boundaries of the smoke layer. The temporal reso-
lution corresponds to 15 min. The ATB 565 is shown on a logarith-
mic color scale. A co-polar SNR threshold of 0.0005 was applied to
the observations.
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Figure 3. Scatterplot of ATB565 versus 81565 for all height bins
within the boundaries of the smoke layer. The color indicates the
time of the observations. The error bars show the absolute uncer-
tainty of 81565.

acterized by enhanced backscatter and relatively low depo-
larization. For sufficiently high ATBs5¢5, 61565 remains ef-
fectively constant. This behavior indicates that the signal
is primarily governed by a single aerosol type, i.e. fresh
smoke, with relatively uniform microphysical properties.
Under these conditions, further increases in particle concen-
tration enhance ATB 565 but do not significantly affect 61565,
which is primarily governed by particle shape rather than
concentration.

After 14:00 UTC, elevated 81565 values are detected. At
this time, the smoke plume was no longer aligned with the
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Figure 4. Evolution of the pine and total pollen concentration on
the 6 June 2024 from the Burkard sampler at Kuopio site.

instrument’s line of sight, as indicated by the concurrent de-
crease in ATBs545. Nevertheless, the §;5¢5 time series re-
veals the presence of highly depolarizing aerosol particles.
Although large fly-ash particles produced during biomass
burning can contribute to increased depolarization (Marti-
nent et al., 2025; Kalembkiewicz et al., 2018), the observed
81565 enhancement extends up to approximately 1km a.g.l.,
i.e. substantially higher than the fresh smoke layer observed
between 11:00 and 12:00 UTC. This vertical extent suggests
that the particles responsible for the elevated §15¢5 were not
associated with freshly emitted local smoke, but rather were
well mixed within the boundary layer. To further examine
this, Fig. 4 presents the daily evolution of pollen concen-
trations measured at a site in Kuopio (approximately 50 km
from the lidar location). Pine pollen was the dominant type
during the observation period. The elevated 81565 values ob-
served here are consistent with previous lidar observations
of pine pollen (Filioglou et al., 2023). Therefore, the en-
hanced §1565 signal is attributed to the regional presence of
pine pollen particles.

A mean §1565 of extremely fresh smoke aerosol parti-
cles of 0.017£0.004 was estimated accounting for obser-
vations having an ATBis65 higher than 30 Mm™' sr~!. Pre-
vious studies on fresh smoke particle detection report low
8 due to the dominance of almost spherical morphology or
weakly nonspherical aggregates shortly after emission. Typ-
ical tropospheric values of 0.01-0.03 at 355 nm, 0.02-0.06
at 532nm and 0.01-0.02 at 1064 nm for fresh plumes have
been previously reported (Pereira et al., 2014; Haarig et al.,
2018; De Rosa et al., 2022). Falling well within the range of
8 in shorter wavelengths, the 81565 shows minimal spectral
dependence.

3.1.1 Mass concentration estimation

Going beyond, the lidar—derived mass concentration was de-
termined following the methodology outlined by Ansmann
et al. (2010). Since there are no observational values on
the LR and ¢, at 1565 nm, parameters that are needed for
the mass concentration calculation, we converted the S1565
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from the Doppler lidar into 532 using a BAEs3;/1565 (See
Sect. 2.2). Furthermore, in order to estimate the mass con-
centration at 532 nm, the ¢, 532 and LRs3» should be known.
A ¢y.532 0f 0.16 +0.01 x 10~ 2 Mim for fresh smoke has been
previously reported in Ansmann et al. (2026) and utilized
in this study. A BAEs32/1565 and LRs3; of 1.224+0.09 and
28+£11 sr were estimated from Mie calculations at 532 nm
(see Sect. 2.4). The Mie estimated LRs at 355, 532, 1064
and 1565 nm wavelengths for this specific aerosol mixture
during the smoke event were 8113 sr, 28+11 sr, 4542 sr
and 5147 sr, respectively. Having the LR565, the determi-
nation of the conversion factor at 1565 nm for boreal smoke
aerosol particles was then possible, yielding to a mean value
of ¢y.1565 = 0.324+0.18 x 10~'2 Mm.

Figure 5 demonstrates that the lidar-derived mass concen-
trations for the extremely fresh smoke event are in overall
good agreement with the SMPS—OPC in situ observations.
This consistency indicates that the lidar-based retrieval cap-
tures the main features of the near-source smoke plume de-
spite the inherent differences in the sampling approaches.
At the same time, both datasets reveal pronounced small-
scale variability in smoke concentrations, which is expected
given the close proximity of the fire source to the measure-
ment site. This variability is particularly evident in the in
situ observations. The vertical lines in Fig. 5 represent the
temporal variability of the smoke concentration, expressed
as the range between the 10th and 90th percentiles, high-
lighting strong concentration fluctuations within the plume.
The lidar measurements additionally provide information on
the temporal evolution and vertical structure of the smoke
layer. The mass concentration is dominated by the amount
of the larger aerosol particles and during the two flights
moderate differences were captured. During these flights, the
measurement altitude varied between approximately 50 and
100 ma.g.l., with maximum heights of 70 and 100 m during
the first and second flights, respectively. During the 1st flight
there is greater agreement between the lidar and in situ ob-
servation compared to the 2nd flight but at the same time
the range of mass concentration is much larger. This discrep-
ancy is expected, given the different sampling volumes and
the inhomogeneity of the smoke plume and assumptions in
the mass concentration estimation between these two mea-
suring approaches. Lidar-derived mass concentration estima-
tions are bound to 49 % uncertainty, assuming a 10 % uncer-
tainty in the B15¢5 and the uncertainty of the rest parameters
as noted above. The presence of a dense smoke layer around
12 UTC results in substantial attenuation of the lidar sig-
nal, making the forward Klett inversion inherently unstable
and strongly dependent on the boundary conditions. There-
fore, the retrieved B1565 carries considerable uncertainty and
should be regarded as indicative of the plume structure only,
rather than a quantitatively robust estimate. Supporting ob-
servations from surface and drone indicate that the aerosol
composition during the fire event was dominated by OA,
while BC contributed less than 1 % to the total mass. This
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Figure 5. Mass concentration estimations from in situ SMPS-OPC
observations and from lidar observations at 105 and 135 m. The
SMPS-OPC observations are limited to the drone flight times be-
tween 11:30-11:40 and 12:00-12:10. The vertical lines indicate the
10th and 90th percentiles.

is consistent with the characteristics of surface fires, which
burn at relatively low combustion temperatures (e.g. Cahill
et al., 2008; Mukherjee et al., 2025; Vakkari et al., 2026).
For crown-fire-dominated events, such as those commonly
observed in North America (Rogers et al., 2015), a higher
BC fraction is typical.

Related to the Mie-estimated LRs, the LR at 355 and
532nm are consistent with previous measurements of ex-
tremely fresh smoke particles exhibiting a decreasing trend
with values of 46 =4 sr at 355nm and 34 £ 3 sr at 532 nm
(De Rosa et al., 2025), although the Mie-estimated LR355,
in this study is larger than the one reported at De Rosa
et al. (2025). More often, there is a neutral or slight in-
creasing spectral dependence (Miiller et al., 2005; Nicolae
et al., 2013; De Rosa et al., 2022; Janicka et al., 2023) re-
ported for fresh smoke. Although there are no literature val-
ues for the LR5¢5, increasing LR o4 has been previously
reported for long-range transported free-tropospheric smoke
layers (Haarig et al., 2018; Su et al., 2025). This is not the
case in Sayer et al. (2014) where similar LR values at 355
and 532 nm followed by a decrease towards 1064 nm were re-
ported at boreal locations using observations from a plethora
of AERONET sites. To this direction, using light-scattering
simulations, Liu and Mishchenko (2020) investigated the li-
dar ratios at 532 and 1064 nm for a range of refractive in-
dexes, particle sizes and shapes and found a decreasing trend
with increasing wavelength for aerosol particles with an ef-
fective radius smaller than about 0.3 um as well. In this study,
the Mie estimations point to increasing LRs between 1064
and 1565 nm wavelengths but the values are smaller com-
pared to the ones reported in Haarig et al. (2018) and Su et al.
(2025), which is attributed to the aging of the smoke particles
and the likely higher share of absorbing aerosols like BC in
the aerosol mixture in their studies.
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The lower LRs estimated from the Mie calculations at
the visible and infrared wavelengths could be explained by
the contribution of BrC, which absorbs more effectively at
shorter wavelengths. Using a laboratory open burning setup
Mukherjee et al. (2025) found that optical properties of
freshly emitted organic particles are substantially diverse and
dependent on the fire type (smoldering, flaming) and burning
material. Among others, they used Finnish boreal peat and
forest surface samples. Photochemical aging transformed the
weakly absorbing particles into less absorbing while the op-
posite is anticipated in dark-aging conditions. In contrast, BC
is more likely to become more absorbing due to the lensing
effect Zhang et al. (2018). The wavelength dependence of LR
in aged smoke particles (> a few hours) is also related to the
composition of the smoke plume as it contains larger aggre-
gates that become optically apparent at longer wavelengths.
It is important to emphasize that the case presented here con-
cerns smoke aerosol particles sampled within a few minutes
after emission, whereas most previously reported observa-
tions of fresh smoke aerosol layers in the literature present
substantially longer timescales (from hours to days). Smoke
particles undergo rapid aging within hours after emission al-
tering their size and scattering properties (Kleinman et al.,
2020; Saide et al., 2022; Vakkari et al., 2018).

3.2 Case study 2: Long-range transported free
tropospheric smoke

On the 22 September 2020, free-tropospheric aerosol lay-
ers were observed over Kumpula site (60°12'13.5”N,
24°57'39.1” E) in Finland (Fig. 6). The aerosol layers which
extended from 1.3 to 5.1 km in the vertical had a variable ge-
ometrical depth with a mean value of 800 m (range: 120 m—
2.2km). An example case of the hourly-averaged Doppler li-
dar profiles between 17:00 and 18:00 UTC is shown in Fig. 7.
Elevated B1s565 values can be seen at around 1.6 km and be-
tween 2.7 and 4km with a mean 81565 of 0.034 £0.01 and
0.038 £ 0.017, respectively. For this case, the 16d FLEX-
PART backward simulation showed air mass transport from
California, which overlapped with very intensive fire loca-
tions according to MODIS observations (Fig. 8). In fact,
long-range transport from the same wildfire episode in Cal-
ifornia (USA) was observed a few days earlier in Germany
(Baars et al., 2021).

To further investigate the variation of §15¢5 in these long-
range transported smoke layers, hourly ATB5¢5 and 31565
profiles were calculated to enhance the signal-to-noise ra-
tio (SNR). Figure 9 presents the relationship between the
hourly-averaged profiles of ATB5¢5 and 81565 for all height
bins inside the smoke layer boundaries. The smoke layer
boundaries for the hourly profiles are indicated in the hourly
time-height plot that can be found in the appendix (Fig. Al).
Similar to the fresh smoke, lower 81565 values coincide with
higher ATBs65. Since this is long-range transported smoke
located in the free troposphere, the ATB5¢5 is lower and
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Figure 6. Time-height plot of (a) ATB 565 and (b) 1565 measured
in Kumpula 22 September 2020, with the HALO Doppler lidar. The
red dots indicate the boundaries of the smoke layer. The tempo-
ral resolution corresponds to 15 min. The ATB{5¢5 is shown on a
logarithmic color scale. A co-polar SNR threshold of 0.0006 was
applied to the observations.

the scatter of §15¢5 is larger than in the extremely fresh
smoke case. In order to retrieve the mean §;5¢5, we have
accounted both for the relative uncertainty of §156¢5 and the
intensity of ATBjse¢5 in a way that observations presenting
high ATB|5¢5 values and low relative uncertainty in §1565
are weighted more in the average. A weighted mean J;565
of smoke aerosol particles of 0.04 £0.02 was estimated for
the long-range transported smoke particles following Eq. (1).
We should note here that the same conclusions are valid when
estimating the mean 81565 using the 15 min resolution infor-
mation but the uncertainty is higher due to the poorer SNR
(not shown).

Free-tropospheric smoke particles have been reported to
produce depolarization ratios below 5 % across lidar wave-
lengths up to 1064 nm (Pereira et al., 2014; Haarig et al.,
2018). The present findings are consistent with these earlier
observations. In comparison to the fresh smoke, the free tro-
pospheric smoke 81565 is larger, indicating that the shape of
the particles is more non-spherical. Various factors can con-
tribute to the observed difference in 1565, including higher
fraction of fractal-shaped BC in smoke emitted in fires with
high FRP or the presence of soil dust in the smoke plumes.
Recent findings also link organic aerosol shape changes to
chemical aging (Qin et al., 2024).

)
L W56 e
Sw
981565
w=|1 81565 ATB 1565 (1)
max (%1565 | | max(ATBjs6s)
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Figure 7. Mean ATB 545 (black) and §;5¢5 (dark red, for the smoke
layers only) vertical profiles accounting for a temporal resolution of
1 h starting at 17:00 UTC. The smoke layer base and top heights are
indicated by gray horizontal lines.

3.3 Case study 3: Volcanic ash in free troposphere

A free tropospheric aerosol layer with very high §;s65
reached the measurement site at Welgegund, South Africa
(26°34'11.3” S, 26°56'21.5” E) in the night from 16 to 17 De-
cember 2016. Figure 10 shows the temporal evolution of the
layer’s ATB 1565 (upper panel) and §15¢5 (lower panel) over
the measurement site as monitored by the HALO Doppler li-
dar. The base and top heights of the layer are marked with cir-
cles. The increase of backscatter coefficient between 2.5 and
3.5km clearly demonstrates the existence of a pronounced
aerosol layer and the large values of §;5¢5 are a clear indica-
tion of non-spherical particles; a typical feature of volcanic
ash (Pisani et al., 2012). Scattered clouds before and after
the plume did not prevent the observation of the plume. The
plume’s altitude remained rather constant during the 12 h ob-
servation period as well as the layer’s geometrical thickness
of 850 m.

FLEXPART airmass history for this layer (Fig. 11) shows
substantial contribution from South America and the di-
rection of Copahue Volcano, which is located on the bor-
der between Chile and Argentina in the Andes Mountains
(37°45'S, 71°10.2' W, 2997 ma.s.l.). Historically, the vol-
cano has exhibited intermittent mild-to-moderate explosive
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Figure 8. Air mass history for the Kumpula case on 22 September
2020 in Finland. (a) Sum of PES at all heights accounting for 16 d
back in time. (b) Sum of PES for < 1 kma.g.l. for 16 d back in time.
(¢) MODIS observations of FRP > 500 MW for the time period 8 to
12 September 2020.

activity, with a notable increase in eruptions since the begin-
ning of 2012. During early December 2016, diffuse gas, wa-
ter vapor, and ash plumes from Copahue rose to altitudes of
3-3.3kma.s.l. and were transported eastbound (Paez et al.,
2021), which overlaps with the air mass history analysis in
Fig. 11. Therefore, we attribute the pronounced high §15¢5
layer as ash originating from the Copahue Volcano.

Figure 12 presents the hourly extracted lidar informa-
tion of ATB15¢5 and §1565 at the volcanic plume layer only
(Fig. Al). The color indicates the relative uncertainty of
81565- In this highly depolarizing aerosol layer, we can define
the 81565 with a better than 10 % accuracy estimating a depo-
larization ratio for the volcanic ash aerosols to be 0.46 & 0.05
at 1565nm. A §1565 of 0.45+£0.01 is estimated using the
weighted mean method described in the previous case study.
No significant changes were found between the 15 min and
1 h temporal resolutions apart from the higher uncertainty ac-
companying the finer temporal resolution observations.
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Figure 9. Scatterplot of ATB{565,m versus 81565nm at the long-
range transported smoke plume layer extracted from hourly li-
dar data. The black line shows the mean §15¢5,, binned every
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Figure 10. Time-height plot of (a) ATB|5¢5 and (b) 61565 mea-
sured between 16 and 17 December 2016 in Welgegund, South
Africa, with the HALO Doppler lidar. The red dots indicate the
boundaries of the smoke layer. The temporal resolution corresponds
to 15 min. The ATB5¢5 is shown on a logarithmic color scale. A
co-polar SNR threshold of 0.0005 was applied to the observations.

3.4 Depolarization ratio at 1565 nm

Here we summarize the depolarization ratios of the fresh
smoke, aged smoke and volcanic ash aerosol particles from
this study. We also gather 81565 information for all studied
aerosol particles up-to-date (Table 2). This collection of case
studies at 1565 nm for various aerosol types demonstrates
that lidar-based classification algorithms could benefit from
the extended information at §15¢5, particularly for identifying
large non-spherical particles. Besides non-sphericity, particle
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Figure 12. Scatterplot of ATB|565nm versus §1565nm at the vol-
canic plume layer extracted from hourly lidar data. The color indi-
cates the relative uncertainty of §1565nm-

size should also be emphasized, because longer wavelengths
are more sensitive to larger particles. The aerosol types with
enhanced depolarization ratios at 1565 nm listed in Table 2,
including dust, pollen, and volcanic ash, are generally large
particles. In contrast, stratospheric smoke observations have
shown that small particles may retain low depolarization ra-
tios at longer wavelengths even if they are non-spherical
(Haarig et al., 2018). Therefore, 81565 provides complemen-
tary information related to both particle shape and size, high-
lighting its potential for aerosol classification and air-quality
monitoring.

For the three aforementioned aerosol types § exhibits a
wavelength dependence. Specifically, for fresh smoke, depo-
larization ratios at shorter wavelengths (355 and 532 nm) are
typically low due to the almost spherical nature of freshly
emitted sub-micron particles; previous multi-wavelength li-
dar studies report tropospheric smoke depolarization ra-
tios < 0.03 at 355 and 532 nm and 0.01 at 1064 nm; a consis-
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Table 2. Depolarization ratio of aerosol types at 1565 nm.

M. Filioglou et al.: Smoke and volcanic ash aerosol particle profiling

Aerosol type 81565 Reference

Polluted marine 0.009 £0.003 Vakkari et al. (2021)
Fresh smoke 0.017 £ 0.004 This study

Aged smoke 0.04 £0.02 This study

Mixture of spruce and birch pollen 0.269 £ 0.005 Vakkari et al. (2021)
Pine pollen 0.26 £0.03 Filioglou et al. (2023)
Birch pollen 0.33+0.04 Filioglou et al. (2023)
Pollen mixture 0.23-0.30 Le et al. (2024)
Desert dust 0.30+0.02 Vakkari et al. (2021)
Long-range transported desert dust 0.24 £0.008 Le et al. (2024)
Volcanic ash 0.45£0.05 This study

tent behavior at 1565 nm was found in this study too, reflect-
ing limited non-sphericity. In aged smoke, particle reshaping
and mixing together with the smoke’s physical and chemical
properties and any co-lifted dust particles can enhance non-
sphericity at shorter wavelengths. At longer wavelengths,
however, depolarization tends to remain low because small
soot aggregates scatter less efficiently, producing a char-
acteristic spectral decline in depolarization with increasing
wavelength. In contrast, volcanic ash consists of larger, non-
spherical particles that produce high depolarization ratios at
both UV and visible wavelengths. Previous studies at 355 and
532 nm report § of about 0.35-0.38 for ash plumes with lit-
tle spectral variation among these shorter wavelengths (Grof3
et al., 2012). Our findings suggest that this non-sphericity
persists at 1565 nm and is further enhanced, presenting an
increase of § with increasing wavelength.

4 Conclusions

For the first time, we report particle linear depolarization
ratios for extremely fresh and aged forest fire smoke as
well as volcanic ash at 1565 nm. We found that (a) non-
spherical large particles such as volcanic ash induce ele-
vated particle linear depolarization ratios at 1565 nm, consis-
tent to the previous observations at shorter wavelengths and
(b) smoke aerosols, dominated by almost spherical particles,
yield lower depolarization ratio, but aged smoke show some
variability probably due to differences in the BC content, dust
uplifting and/or processing during the plume transport. We
further estimated the mass concentration of extremely fresh
smoke using a combination of Mie-derived optical properties
and lidar observations with reasonable agreement to in situ
observations. The Mie-estimated lidar ratios increased with
increasing wavelength except at 355 nm. Whether this be-
havior is characteristic of extremely fresh smoke particles in
boreal forest environments and for this type of surface fire re-
mains uncertain; however, previous observational and light-
scattering simulations have demonstrated the high sensitivity
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of lidar intensive properties such as the lidar ratio to smoke
particles.

For the extremely fresh smoke event within the plane-
tary boundary layer, we found very low particle linear de-
polarization ratio at 1565nm of 0.017 +0.004, which is
in good agreement with previous observations at 1064 nm
showing minimal wavelength dependence. For long-range
transported smoke aerosols in the free troposphere, we ob-
served marginally higher depolarization ratio of 0.04 £ 0.02.
The volcanic ash depolarization ratio induced high values of
0.45 +0.01 and combined with earlier lidar studies at shorter
wavelengths it shows an increase with increasing wave-
length. Taken together, our findings show that Halo Doppler
lidars provide a valuable additional wavelength information
at 1565 nm for investigating the spectral dependence of par-
ticle linear depolarization ratio, even up to the lowest 4-5 km
of the atmosphere. Therefore, they build towards a more ac-
curate aerosol typing and support the development of new
aerosol climatologies, thereby enhancing network-wide uti-
lization of aerosol measurements at this wavelength.

Aerosol observations at 1565 nm benefit from the near
absence of molecular scattering and absorption, which
greatly simplifies signal pre-processing. At this wavelength,
Rayleigh scattering is negligible, so the lidar return is domi-
nated by aerosol particles rather than atmospheric molecules.
This provides a clear advantage over the shorter wavelengths
and for real-time application of the observations. However,
the trade-off is that the aerosol backscatter efficiency is much
lower compared to visible wavelengths, making it harder to
detect fine particles and aerosol layers with low concentra-
tions. Furthermore, mixtures of different aerosol types could
also become challenging due to the weaker scattering con-
trast.

Future work should further investigate aerosol optical and
microphysical properties at 1565 nm, as current understand-
ing at this wavelength emerges from limited case studies.
Expanded observational studies with various aerosol mix-
tures would help clarify how different aerosol types behave
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in the near-infrared and how these signatures vary with atmo-
spheric conditions. Such efforts are essential for fully assess-
ing the potential of 1565 nm measurements to complement
the traditional lidar wavelengths and improve aerosol classi-
fication efforts.

Appendix A
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Figure A1. Similar plot to Fig. 6 for a temporal averaging of 1 h.
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Figure A2. Similar plot to Fig. 10 for a temporal averaging of 1 h.

Data availability. HALO Doppler lidar observations are
available through Cloudnet portal (https://cloudnet.fmi.fi/
file/7fc69d32-56df-48d8-ba9d-d302051bc4 14, Komppula
and O’Connor, 2025). Flexpart version 11.0 is available at
https://gitlab.phaidra.org/flexpart/ (last access: 14 August 2026).
Fire radiative power (FRP) data are publicly available through
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are available upon request.
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