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Abstract. Elevated concentrations of smoke within the plan-
etary boundary layer (PBL) represent a significant health
hazard, making its monitoring essential. This study demon-
strates that a multi-channel fluorescence lidar can effec-
tively analyze smoke—urban aerosol mixtures and retrieve
smoke mass concentration. The method is based on the fun-
damentally distinct fluorescence spectra of the two aerosol
types, with an estimated detection threshold on the order of
0.1 ugm™3. Measurements performed over Moscow with a
five-channel fluorescence lidar in 2023-2024 captured nu-
merous smoke episodes across a wide altitude range from
spring through autumn. In 2024 alone, smoke was detected
in 59 out of 67 measurement sessions between April to Octo-
ber. Back-trajectory analysis indicates that most events were
associated with long-range transport over Atlantic, with only
12 episodes originating from fires in southern Russia. Focus-
ing on smoke within the PBL, the results show that long-
range transported smoke from North American wildfires can
descend and mix with this layer, contributing mass concen-
trations on the order of 1 ugm™. In contrast, regional wild-
fires in southern Russia led to substantially higher concentra-
tions, with smoke mass in the PBL reaching up to 50 ugm™—3
during observed episodes.

1 Introduction

Smoke is a principal aerosol type in the European part of
Russia, originating from both long-range transport (primar-
ily from North American wildfires in the upper troposphere)
and from regional fires. Its presence within the planetary

boundary layer (PBL) represents a significant health hazard,
making its monitoring and quantitative assessment essential
(Ferrare et al., 2025). Mie—Raman lidars are widely used to
study the physical properties of fresh and aged smoke (e.g.
Haarig et al., 2028; Baars et al., 2019; Adam et al., 2020;
Ansmann et al., 2021; Hu et al., 2022, 2025). Furthermore,
the aerosol extinction coefficient measured by lidar at a sin-
gle wavelength can be converted to smoke volume concentra-
tion using appropriate extinction-to-volume conversion fac-
tors (Mamouri and Ansmann 2016, 2017; Ansmann et al.,
2021; Veselovskii et al., 2025b). However, the standard Mie—
Raman technique struggles to identify dilute smoke mixed
with urban aerosol due to their similar optical properties.
This discrimination, however, becomes feasible with the in-
clusion of fluorescence measurements.

Lidar based fluorescence monitoring employs several
methodologies. The most spectrally resolved approach uses
a spectrograph coupled with a multichannel detector (e.g. a
32-channel PMT) to capture the full fluorescence spectrum
(Sugimoto et al., 2012; Saito et al., 2018; Reichardt et al.,
2023, 2025; Huang et al., 2025; Li et al., 2026). More com-
monly, detection is limited to a single (Rao et al., 2018; Li
et al., 2019; Veselovskii et al., 2020; Gast et al., 2025; Gi-
darakou et al., 2026) or several discrete spectral channels
(Veselovskii et al., 2023, 2025a).

For a fluorescence channel centered at wavelength A, the
key derived parameters are the fluorescence backscattering
coefficient, B), and the fluorescence capacity, G,, defined
as the ratio of B) and the aerosol backscattering coefficient,
B, at the laser wavelength Ap (Veselovskii et al., 2020).
The fluorescence capacity of smoke, Gi, is nearly an order
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of magnitude greater than that of urban aerosol, GV, pro-
viding a basis for discrimination. Implementation of a single
fluorescence channel in a standard Mie—Raman lidar is a rel-
atively straightforward and allows estimation of the smoke
and urban particles contribution to the total aerosol backscat-
tering coefficient (Veselovskii et al., 2024). However, at high
relative humidity, particle hygroscopic growth increases the
aerosol backscattering coefficient, while water uptake can
also directly quench fluorescence (Veselovskii et al., 2025b).
Both effects reduce the measured fluorescence capacity, ulti-
mately compromising the accuracy of this approach.

Many of these challenges are resolved by analyzing the
spectral dependence of fluorescence backscatter, which dif-
fers significantly between smoke and urban aerosol, provid-
ing a robust basis for their separation. Typically, the fluo-
rescence capacity of urban aerosol, GH, decreases mono-
tonically with wavelength, while that of smoke, GS, ex-
hibits a distinct maximum in the 500-600 nm spectral range
(Veselovskii et al., 2025a; Reichardt, et al., 2025). Crucially,
the spectral shape (i.e. the relative fluorescence backscatter-
ing across wavelengths) remains unaffected by water uptake
(Veselovskii et al., 2025a), enabling discrimination even at
high relative humidity. Based on this principle, Veselovskii
et al. (2025a) proposed a method to separate the fluorescence
contributions of smoke, Bf, and urban aerosol, B)lf , to the
total fluorescence backscatter B using a fluorescence lidar
with several discreet channels.

In this study, we apply this method to data from a five-
channel fluorescence lidar at the Prokhorov General Physics
Institute in Moscow (2023-2024). While the fluorescence
spectral properties of elevated smoke layers have been an-
alyzed previously (Veselovskii et al., 2025a; Reichardt et al.,
2025), here we focus specifically on quantifying smoke
mixed with background urban aerosol within the PBL.

The paper is structured as follows: Section 2 describes
the lidar system and methodology. Section 3.1 presents an
analysis of a September 2023 episode involving long-range
transported Canadian smoke intruding into the PBL. Sec-
tion 3.2 examines three episodes in September—October 2024
with smoke transported from southern Russia. Section 3.3 in-
vestigates the anomalously strong pollution layer transported
from Europe in August 2024. In the conclusion, we summa-
rize our main findings.

2 Experimental setup and methodology
2.1 Fluorescence lidar

A lidar with five discrete fluorescence channels centered at
438, 472, 513, 560 and 614 nm wavelengths has been op-
erational at the Prokhorov General Physics Institute since
2022 (Veselovskii et al., 2023). The lidar is based on a tripled
Nd:YAG laser with pulse energy of 80 mJ at 355 nm and rep-
etition rate of 20 Hz. Backscattered light is collected by a
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40 cm aperture telescope and the lidar signals are digitized
using Licel transient recorders with 7.5 m range resolution.
Measurements were performed through a laboratory window
at an angle of 48° to the horizon. This configuration enables
the retrieval of the aerosol backscattering, 8355, and extinc-
tion, 355, coefficients along with five fluorescence backscat-
tering coefficients. Additional atmospheric parameters were
obtained from radiosonde measurements at the Dolgoprudny
meteorological station, located about 50km from the ob-
servation site. The calibration of the fluorescence channels
and the calculation of B; follow the procedure detailed in
Veselovskii et al. (2020, 2023). As the fluorescence chan-
nels in our lidar have different bandwidths, B; is determined
as the total fluorescence backscattering for a given channel,
normalized by its spectral width. Throughout this paper, all

reported By, are given in units of Tm~! sr~! nm~!.

2.2 Discrimination of smoke and urban particles

Urban aerosol comprises a wide range of particle types,
including sulfates, nitrates, secondary organic components,
black carbon, and others. Among these, the organic com-
ponents are the primary contributors to fluorescence. Smoke
and urban particles exhibit distinct fluorescence spectra, pro-
viding a basis for their discrimination (Veselovskii et al.,
2025a). In an external aerosol mixture where these two com-
ponents predominate, the total measured fluorescence spec-
trum can be approximated as a linear combination of their
individual contributions, Bf and Bf:

By = B+ B} =aB"™" + bB}"" (1)

This is the system of five equations (one for each fluores-
cence channel) with two unknown coefficients, @ and b. The
terms Byref and Bfref represent the reference fluorescence
spectra for pure urban aerosol and pure smoke, respectively.
Once the fluorescence contributions of urban aerosol, BE,
and smoke, Bf, are separated, the aerosol backscattering co-
efficients, attributed to each particle type are calculated as:

BY BS
Biss = —x and Biss = —= )
GA GA

assuming the fluorescence capacities remain constant within
the spatiotemporal intervals considered.

We solve the system of Eq. (1) using the least squares
method, minimizing the difference between the measured
and reconstructed fluorescence backscatter across all five
channels. For most cases, the corresponding discrepancy is
within a few percent. Consequently, any fluorescence chan-
nel can be used to calculate the backscattering coefficients
via Eq. (2). In this study, we used the 513 nm channel as it
lies near the center of the measured fluorescence spectrum.
For selected GEB and G§13, the fluorescence capacities at
other wavelengths are recalculated using the reference fluo-
rescence spectra Byref and B;’ref normalized to their values
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at 513 nm. As an additional verification of the retrieval, we
check that BYLs + B3ss & Bass.

One challenge in applying Eq. (2) is particle hygroscopic
growth at high relative humidity. An increase in particle size
enhances the aerosol backscattering coefficient, leading to
decrease in the fluorescence capacity. Therefore, if GEB and
G§’13 are derived at low RH, the retrieved ,3?55 and ﬁ§’55
in high RH regions will be underestimated. This effect can
be accounted for by interpreting the results as representing
the backscattering of dry particles (Miri et al., 2024). How-
ever, water uptake can also cause the fluorescence quenching
(Veselovskii et al., 2025b). At present we do not correct for
this quenching and do not consider ﬁ%s and ,83355 derived
within spatiotemporal intervals with high RH. It is important
to note that the spectral shape of fluorescence (i.e., the ra-
tios between channels) is not affected by hygroscopic growth
(Veselovskii et al., 2025a), allowing the separation of fluores-
cence contributions via Eq. (1) even at high RH.

As noted, the fluorescence spectrum of urban aerosol de-
creases monotonically with wavelength, while that of smoke
exhibits distinct maxima at the 513 and 560 nm channels. Our
2024 observations corroborate the main findings from 2023
reported by Veselovskii et al. (2025a). Figure 1 shows rep-
resentative fluorescence spectra of urban particles within the
PBL and of smoke in the middle troposphere from several
2024 measurement episodes. The urban aerosol fluorescence
spectrum exhibits notable seasonal variation. To quantify the
spectral slope, we use the ratio Rsep/438 = %, as this pa-
rameter provides the strongest distinction between smoke
and urban aerosol signatures. This ratio is about 0.6 for the
period from April to the middle of May, and it decreased
to a minimum of 0.28 in July before rising to ~ 0.35 in
September 2024. A similar seasonal pattern for Rse0/438 Was
observed in 2023. The monthly averages for May through
September 2024 were 0.56, 0.42, 0.35, 0.40, and 0.47, re-
spectively. Thus, the decrease in fluorescence with wave-
length becomes steeper in summer. This trend likely results
from increased vehicular emissions and enhanced secondary
organic aerosol formation under higher summer tempera-
tures. In contrast, the fluorescence spectra of smoke showed
no clear seasonal dependence.

In Veselovskii et al. (2025a), the reference spectra BEref
and Bfref were defined as averages over all 2023 observa-
tions. Given the high variability in fluorescence spectra, at
present study for each analyzed episode, we selected spa-
tiotemporal intervals expected to represent pure smoke or
urban aerosol. When such an interval was unavailable for a
given episode, we used appropriate spectra from temporally
proximate measurements.

To calculate particle volume concentration from the re-
trieved backscattering coefficients, we use extinction-to-
volume conversion factors at 355nm specific to urban
aerosol, C%S, and smoke, C3555. This requires first convert-
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Figure 1. Fluorescence spectra for (a) urban aerosol within the PBL
and (b) smoke in the middle troposphere observed in 2024. Spectra
are normalized to the sum of the fluorescence backscattering coef-
ficients across all five channels.

ing the backscattering coefficients to extinction coefficients:
U U U S S S
@355 = PBass X S3s5 and 355 = B3ss X S3ss ®)

where S%S and S§’55 are the corresponding lidar ratios at
355 nm wavelength. The volume concentration for smoke is
then:

S S
Vs = (355 X 355 )
and the mass concentration is given by:

Ms = psVs = ,OSC3855(¥§55 = pSC3SSS S3555ﬂ?§55
S S B)? S pS
= PsC3ssS355 o5 = Ki'B; ©)
A

where ps is the smoke density. Thus, factor K f’ relates the
fluorescence backscattering to the smoke mass concentra-
tion. The mass concentration of urban aerosol is calculated
analogously using its respective density py, conversion fac-
tor C %5 and lidar ratio S%S. Based on values reported by Li
et al. (2016) and Ansmann et al. (2021), the smoke particle
density typically falls within the range of 1.0-1.3 gcm 3. In
this study we use the mean value ps = 1.15 gcm™>.

The extinction-to-volume conversion factor at 532nm
for aged smoke, CSS32 has been derived by Ansmann
et al. (2021) from AERONET measurements and by
Veselovskii et al. (2025b) from multiwavelength Mie—
Raman lidar observations. Both methods yielded a value
of CSS32 ~ 0.13 um> cm =3 Mm. For the conversion of our
355nm lidar measurements we adopt the value C3s55 =
0.085 4 0.015 um3 cm =3 Mm, reported by Veselovskii et al.
(2025b). For urban aerosol a lidar-derived value of Cgss =
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0.08 £0.03 pm3 cm—3Mm was obtained for Lille, France
(Veselovskii et al., 2025b). However, urban aerosol composi-
tion, and thus its conversion factor, can vary significantly by
region. For instance, the C %2 value from Lille is nearly half
that reported by Mamouri and Ansmann (2017) for Leipzig.
Consequently, applying the Lille-derived Cgss to the urban
aerosol in Moscow could introduce substantial uncertainty.
In this study we calculate and report mass concentration
only for aged smoke. The overall uncertainty in quantifying
smoke mass concentration mixed with urban aerosol depends
on the combined uncertainties of the parameters used: the
smoke density, the lidar ratio, the fluorescence capacity, and
the conversion factor. We estimate the total uncertainty of
this procedure to be below 40 %. In contrast, the relative spa-
tiotemporal variations in smoke concentration within a single
measurement episode can be derived with significantly lower
uncertainty, which we estimate to be below 10 %.

2.3 Sensitivity of fluorescence lidar measurements to
presence of smoke

As a first step in the analysis of the measurements, it is im-
portant to estimate expected sensitivity of fluorescence lidar
to the presence of smoke, within the PBL. For an external
mixture of urban and smoke particles the total measured flu-
orescence backscatter is By = BE + Bf.

As mentioned, for the lidar used, a convenient indicator of
smoke intrusion to the PBL is an increase of the spectral ra-
tio Rs60/438. Pure urban aerosol is characterized by the spec-
tral ratio Rgﬁo /438" The intrusion of smoke increases this ratio

by factor A, such that Rs60/438 = AR%{50 /438" Thus, measured
spectral ratio is:

U S
Rs60/438 = Bseo + B

=3U S
B3+ Bisg

U U S S
_ R560/4SSB438 + R560/43SB438 (6)

U S
Byzg + Blsg

And consequently:

U
RS60/438(1 —A)

U S
(AR560/438 - R560/438)

S _ pU
B438 - B438

@)

Our instrument can reliably detect a 10 % change in the
spectral ratio (i.e. A =1.1). Using the characteristic values
of R%O/%g =0.5, R5860/438 = 1.5 and a typical urban fluo-

rescence backscatter B}tjss =2Tm 'sr'nm~!, the Eq. (7)
yields a detectable smoke fluorescence backscatter of Bf38 ~
0.1 Tm~'sr—'nm~!. The smoke mass concentration corre-
sponding to this fluorescence backscatter can be calculated
from Eq. (5) as:

BS 0 CS SS
Mg = 438 - 355355 ®)
G438
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Substituting typical aged smoke properties, such as S3S55 =
40sr (Haarig et al, 2018) and G3;3=4x 10"%nm™!
we obtain a detectable smoke mass concentration Mg ~
0.1 ugm™3. This is a rough estimation, but it reveals high
sensitivity of fluorescence technique, which is a direct result
of the pronounced difference between the fluorescence spec-
tra of smoke and urban particles. For more accurate evalua-
tion of smoke concentration, it is necessary to solve the sys-
tem of Eq. (1), as will be done in the following section.

3 Results of the measurements

This study analyzes smoke episodes over Moscow in 2023
and 2024 observed with a five-channel fluorescence lidar.
Smoke was present during most measurements in the May—
October period. In 2024, for instance, we performed 67 mea-
surement sessions from April to October, detecting smoke in
59 episodes. Of these 59 episodes, back-trajectory analysis
indicates that the majority were associated with long-range
transport from North America, with only 12 originating from
fires in southern Russia. In this section, we examine sev-
eral representative cases, focusing on smoke from both North
American wildfires and fires in southern Russia. The values
of G§13, S3S55 and K53, used to calculate the smoke mass
concentration during the episodes considered in this study,
are summarized in Table A1l in the Appendix.

3.1 26-27 September 2023. Long-range transported
smoke

On the night of 26-27 September 2023, air masses origi-
nating from North America descended from approximately
7000 m to 2000-3500 m height range, as indicated by HY S-
PLIT backward trajectory analysis (Stein et al., 2015) shown
in Fig. 2. This enabled the mixing of transported smoke
with urban particles within the PBL. The spatiotemporal dis-
tributions of aerosol parameters, such as B3ss, Bsi3, G513,
and Rseo/438 are shown in Fig. 3. Two distinct aerosol lay-
ers are evident. A lower layer extends from the surface to
~ 1250 m altitude. It is characterized by a low fluorescence
capacity (G513 < 1.5 x 10~ nm~!) and a low spectral ra-
tio (Rs60/438 < 0.7), indicating the predominance of urban
aerosol. Above 1250m both Gs13 and Rsep/43g increase
markedly, with Gs13 > 4 x 10" °nm~"! and Rs60/438 up to
1.5. These values are characteristic of smoke particles. Ra-
diosonde measurements taken at 00:00 UTC on 27 Septem-
ber 2023 reveal a temperature inversion at ~ 1250 m, con-
firming this altitude as the PBL top. The smoke layer is thus
situated directly atop the PBL. Notably, within the PBL itself,
the spectral ratio Rseo/438 for the period 17:00-22:00 UTC
is higher than that observed during 23:00-00:00 UTC. This
suggests that smoke penetrated into the PBL up to approxi-
mately 22:00 UTC.
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NOAA HYSPLIT MODEL
Backward trajectories ending at 1800 UTC 26 Sep 23
GDAS Meteorological Data
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Vertical Motion Calculation Method: Model Vertical Velocity
Meteorology: 0000Z 22 Sep 2023 - GDAS1

Figure 2. The HYSPLIT six-day backward trajectories for the
air mass over Moscow at altitudes 750, 2000, and 3500 m on 26
September 2023 at 18:00 UTC.

To separate the fluorescence backscatter contributions of
smoke and urban particles using the method described in
Sect. 2, reference spectrum of pure smoke, Bfref, was de-
rived from the elevated layer at ~ 2800 m, where the fluores-
cence capacity Gs;3 exceeded 6 x 107® nm~!. The pure ur-
ban aerosol spectrum, B}Ljr‘“’f, was taken from measurements
the previous night (25-26 September), when smoke content
within the PBL was below detection limit. The particle pa-
rameters used in the analysis of this episode are given in Ta-
ble Al.

Recall that this method relies on the spectral shape, i.e., the
relative fluorescence backscatter across wavelengths. The ab-
solute magnitude is not used directly in the separation algo-
rithm. Formally, the algorithm contains no threshold. How-
ever, for low signals, the ratios of fluorescence backscattering
in different channels become oscillatory. In data analysis, this
manifests as oscillations in the retrieved fluorescence compo-
nents. Normally, in the lower troposphere, we limit our con-
sideration to values where Bsj3 > 0.5 Tm™!sr ! nm~!.

The resulting spatiotemporal distributions of the separated
fluorescence backscattering coefficients for urban aerosol,
BEB, and smoke, 35513, are shown in Fig. 4. Urban aerosol
is confined primarily within the PBL. While the main smoke
plume resides above the PBL, a significant amount of smoke
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(B§’13 up to ~1.0Tm~'sr—'nm™!) is present within the
PBL.

Vertical profiles of particle properties averaged from
17:15-23:00 UTC are presented in Fig. 5. Due to incomplete
geometrical overlap below ~ 1000 m, the lidar ratio within
the PBL is not shown. Radiosonde measurements indicate
that relative humidity increases with height, reaching 83 % at
1150 m. The observed increase in the aerosol backscattering
coefficient 8355 near the PBL top is likely due to particle hy-
groscopic growth. Within the PBL, the fluorescence spectral
ratio Rseo/438 is elevated (~ 0.65), indicating a mixture of
smoke and urban particles. In contrast, above the PBL, where
smoke predominates, this ratio increases to ~ 1.5. The spec-
tral shape also differs between layers. Within the PBL, flu-
orescence decreases monotonically with wavelength, which
is characteristic of urban aerosol predominance. Above the
PBL, the spectrum exhibits a distinct maximum at 513 nm,
a known signature of biomass burning smoke. The poten-
tial temperature measured by radiosonde (not shown) is con-
stant up to ~ 1200 m, confirming a well-mixed PBL. There-
fore, we would expect fluorescence backscatter to be rela-
tively uniform with height within this layer. However, Fig. 5b
shows a clear decrease in Bsi3 between 500 and 1000 m. This
reduction is consistent with fluorescence quenching caused
by water uptake at elevated RH, as reported by Veselovskii
et al. (2025b).

The vertical profiles of the retrieved fluorescence
backscattering coefficients ng and B§’13 along with the
total fluorescence backscatter Bsi3 are shown in Fig. 5b.
The reference spectra, used in the retrieval are presented in
Fig. 6a. The reference spectrum of smoke is an average taken
overnight within the 2600-2800 m height interval. The ref-
erence spectrum of urban aerosol was obtained from mea-
surements in the PBL on 25 September 2023, when smoke
contamination was minimal.

The measured Bsj3 is accurately reconstructed by the
sum BEB + 35513. To convert BEB and 35s into correspond-
ing aerosol backscattering coefficients, B3ss and ,8_,?55, accu-
rate values for the fluorescence capacities G?B and G§13
are required. For this case, we used G§13 =6.0 x 107° and
GgB =1.0 x 10"®nm~". The aerosol backscattering coeffi-
cient 8355 is well reconstructed by the sum /353 + /35513 within
the elevated smoke layers. However, within the PBL, the sum
/353 + ,85513 is systematically less than measured f3ss. This
discrepancy is attributed to particle hygroscopic growth oc-
curring at high relative humidity.

The smoke mass concentration, Ms can be derived from
Eq. (5). For the elevated smoke layer, the lidar ratio is
53555 =38+6srand G?B =6.0x 107° nm~". For these val-
ues, coefficient K513 in Eq. (5) is of 0.63 ugsr, meaning
that a fluorescence backscatter BS; = 1.0 Tm ™! sr~!nm™!
corresponds approximately to a smoke mass concentration
of Mg~ 0.63ugm~>. From spatiotemporal distribution in
Fig. 4b we estimate that the smoke mass concentration ex-
ceeds 30 12 ugm™—3 within the main elevated smoke layer.

Atmos. Meas. Tech., 19, 5587-5602, 2026
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Figure 3. Spatio-temporal distributions of (a) the aerosol backscattering coefficient 8355 (in Mm~!sr™1), (b) the fluorescence backscattering

coefficient B53 (in Tm~lsr—!
night of 26-27 September 2023.
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Figure 4. Spatio-temporal distributions of the fluorescence backscattering coefficients (in Tm™!sr

and (b) smoke, BSSB, particles on 2627 September 2023.

As noted, smoke mass concentrations within the PBL can
be underestimated due to fluorescence quenching during hy-
groscopic growth. Therefore, to analyze relative trends less
affected by this bias, Fig. 6b presents the temporal evolu-
tion of the mean smoke mass concentration within the 500—
550 m altitude range. This layer was selected because the
relative humidity remains below 70 % and the total aerosol
backscattering B3s5 is accurately reconstructed by the sum
/3_?13 + /35513. Within this layer, the derived mass concentration
decreased from approximately 0.840.3 to 0.20.08 ugm—3
over the course of the night.

As discussed, the retrieved smoke concentration depends
on the choice of reference fluorescence spectra. However,
because smoke and urban aerosol have fundamentally dif-
ferent spectral shapes, the retrieval is not overly sensitive to
minor spectral variations. Figure 6a compares the reference
spectra used in our retrieval (solid lines) with the 2023 an-
nual mean spectra (dashed lines). While the urban aerosol
spectrum closely matches BEref, the annual mean spectrum
for smoke deviates noticeably from the reference spectrum
Bfref used in the retrieval. The impact of this spectral differ-
ence on the retrieved smoke mass concentration is shown in
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nm~1), (¢) the fluorescence capacity G513 (in 10~ nm~!), and (d) the spectral ratio Bsgo/B43g during the

20
Time [hours]

21 22 23 00

-1 8]

nmfl) attributed to (a) urban, Bgis,

Fig. 6b. Using the annual mean spectra increases the derived
concentration by approximately 40 %, although the relative
temporal trend is mostly preserved. From these results, we
conclude that selecting episode-specific reference spectra is
essential for accurate concentration estimates. At the same
time, it is reasonable to expect that the fluorescence spectra
of pure smoke and urban aerosol do not vary significantly
within the PBL during a single episode. Consequently, the
retrieval method should reliably capture the relative temporal
and vertical variations in smoke mass concentration, partic-
ularly under conditions where hygroscopic effects are mini-
mal.

3.2 Smoke from regional fires in southern Russia

Between August and October 2024, intensive wildfires in
southern Russia generated multiple episodes of smoke trans-
port to Moscow. In this section, we analyze three representa-
tive events: 25-26 September, 1-2 October, and 3—4 October.
The corresponding five-day HY SPLIT backward trajectories,
shown in Fig. 7, confirm that the sampled air masses passed
over active fire regions. These cases exemplify distinct sce-
narios of smoke interaction with the urban environment: (i) a
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strong smoke plume directly invades the PBL; (ii) relatively
weak smoke plumes are observed against a background of ur-
ban aerosol; and (iii) a smoke layer rests atop the PBL. For all
three episodes, the relative humidity remained below 60 %.
These dry conditions minimized the effects of hygroscopic
growth and fluorescence quenching, allowing for a more re-
liable reconstruction of smoke mass concentration.
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25-26 September 2024

The spatiotemporal distributions of particle parameters
(identical to those in Fig. 3) for the night of 25-26 Septem-
ber are presented in Fig. 8. A strong aerosol plume, centered
at approximately 1400 m altitude, is observed between 22:00
and 01:00 UTC. Within this plume, the aerosol backscatter-
ing coefficient, B355, exceeds 10 Mm~!'sr~!. The plume is
characterized by an enhanced fluorescence capacity (Gs3 >
5.0x10°° nm~!) and high spectral ratio (Rse0/438 > 1.7).
Figure 7a indicates that the air mass associated with this
plume was transported at low altitudes over fire regions near
the Black Sea.

For the separation ng and B5513, the reference smoke
spectrum was obtained near the top of the plume (1600—
1800 m altitude), where the fluorescence capacity G513 was
the highest. The reference urban aerosol spectrum was de-
rived from measurements on 24 August 2024 within the
750-1000 m interval (as will be shown in Fig. 21d), with
no smoke in the PBL The values of G513 =0.8 x 107° and
G5 13=35x% 107 nm~" were used for analysis. The sepa-
rated fluorescence backscattering coefficients are shown in
Fig. 9. The aerosol plume is dominated by smoke, though a
moderate increase in urban aerosol concentration within the
plume is also observed (By13 up to 5 Tm~!sr~ ! nm™!). Out-
side of plume (17:00-19:00 UTC) the fluorescence backscat-
ter of urban aerosol and smoke is relatively weak (B51 ;<2
and B513 <5Tm Ysrinm™1).

Vertical profiles of particle parameters within the plume
are shown in Fig. 10. The spectral ratio Rs¢0/438 and the fluo-

Atmos. Meas. Tech., 19, 5587-5602, 2026
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Figure 8. Similar to Fig. 3, but for the night of 25-26 September 2024.

rescence capacity Gs13 increase with altitude, reaching peak
values of approximately 1.75 and 5.5 x 10~%nm~! respec-
tively, near the plume top (~ 1750 m). The lidar ratio also in-
creases slightly from 45 to 48 sr. This vertical gradient likely
results from the mixing of the smoke with local background
pollution during transport. Additionally, atmospheric aging
processes, which can alter particle composition during trans-
port, may further contribute to the observed gradient. The
measured Bsi3 and B3ss are well reconstructed by the sums
BEB + BSS13 and :le.Jl 3+ /35513 respectively. Using the G513 and
S355 values from 1700 m we calculate that K §13 = 0.87 pgsr.
As follows from Fig. 10b, the maximum smoke mass concen-
tration within the plume is approximately 50 4 20 ugm—3.

1-2 October 2024

On the night of 1-2 October several intense aerosol plumes
were observed within 1000-2000 m altitude range. The air

Atmos. Meas. Tech., 19, 5587-5602, 2026

mass trajectory (Fig. 7b) did not intersect the main fire zone
but instead skirted its northern periphery. Figure 11 presents
the spatiotemporal distributions of the particle parameters
(the same as in Fig. 4). Within the plumes the fluorescence
capacity Gsi3 and the spectral ratio Rs0/438 increase to ap-
proximately 3 x 107®nm~" and 1.2 respectively, which are
the values characteristic of smoke. However, these values
are lower than in the previous episode, as background ur-
ban aerosol contributes significantly to the total fluorescence
backscatter in this case.

Urban aerosol and smoke were mixed throughout the PBL.
To separate their contributions, we used the reference spec-
trum for urban aerosol measured on 24 August 2024, and the
reference spectrum for smoke obtained on 3 October 2024,
as detailed in the following section. The results of separa-
tion BEIS and 35313 are shown in Fig. 12. The distribution of
background urban aerosol is relatively uniform, confirming

https://doi.org/10.5194/amt-19-5587-2026
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that the observed aerosol plumes consist predominantly of
smoke.

Vertical profiles of particle parameters, averaged over the
period 00:15-01:15 UTC and encompassing a strong smoke
plume, are displayed in Fig. 13. Both the fluorescence capac-
ity Gs13 and the spectral ratio Rse0/438, increase with alti-
tude, reaching maximum values of 3.2 x 10°nm~! and 1.3
respectively, near the top of the plume. The lidar ratio also
increases with height, rising from 5048 to 60+ 9 sr. For ref-
erence, the lidar ratio for pure smoke measured on 3 October
2024 is 75+ 10 sr. The observed increase of S355 with height
is thus consistent with an increasing proportion of smoke
in the aerosol mixture. The fluorescence capacity spectra in
Fig. 13d differ from those presented for 26 September 2024
(Fig. 10). Specifically, the enhancement in Gs13 and Gsep
near the plume top is less pronounced, which can again be
attributed to a greater degree of mixing between smoke and
background urban aerosol.

For calculation the aerosol backscattering coefficients, we
used ng =0.8x 10" °nm~! (from 24 August 2024) and
G§13 =5.3%x10"%nm~! (from 3 October 2024). As shown in
Fig. 13c, the measured 355 is accurately reconstructed by the
sum 553 + ﬁ5513, corroborating the assumption, that fluores-

https://doi.org/10.5194/amt-19-5587-2026

cence capacity of smoke and urban particles remained con-
stant with altitude. Using Eq. (5) with S355 = 75 sr we find
that KSS13 ~ 1.4 pgsr. Consequently, the maximum smoke
mass concentration within the plume is approximately 9.0 &
3.6 ugm=3.

3—4 October 2024

On 3-4 October air mass passed again over region of intense
fires (Fig. 7c). As shown in Fig. 14, a smoke layer with high
fluorescence capacity (G§13 >5x10"°nm~!) and a high
spectral ratio (Rs60/438 > 1.4) is located at the top of the PBL
between 17:00 and 22:00 UTC. To separate the fluorescence
backscattering contributions of smoke and urban aerosol,
the smoke reference spectrum was obtained from the 2600-
2800 m altitude range, while the urban aerosol reference
spectrum was again taken from measurements on 24 Au-
gust 2024. The resulting spatiotemporal distribution of back-
ground urban aerosol, shown in Fig. 15, is relatively uniform,
with BEB <1.5Tm 'sr'nm~!. In contrast, the smoke
layer atop the PBL exhibited strong fluorescence backscat-
ter Bss]3 > 18 Tm~!sr~!nm~!, while within the PBL B§13

Atmos. Meas. Tech., 19, 5587-5602, 2026
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remained low (below 2 Tm~! st~ ! nm~!). Thus, smoke was

primarily localized above, rather than within, the PBL.

Vertical profiles of particle parameters averaged over
the 16:50-22:00UTC period are shown in Fig. 16. A
smoke layer atop the PBL is centered at approximately
2700 m, with a peak aerosol backscattering coefficient f3ss
of 3.5Mm~!sr=!. Within this layer both the spectral ratio
Rs60,438 and the fluorescence capacity G513 increase sharply
to values of 1.4 and 5.3 x 107®nm~! respectively. Below
2250 m the lidar ratio is 45 4= 7 sr, but within the smoke layer
S355 increases to 75 &= 10 sr, a value typical for fresh smoke
(Haarig et al., 2016).

For the calculation of aerosol backscattering coefficients
,BSU13 and ,855153 we used fluorescence capacities G?B =0.8 x
1076 and G353 =5.3x 10~ nm~". The sum Byw + B§’13 ac-
curate reconstructs the measured fluorescence profile Bs;3 at
all altitudes. However, for the aerosol backscattering coeffi-
cient, the sum /353 + ﬁ5513 falls below the measured B355 at
altitudes below 1000 m. This discrepancy may be due to a
change in the composition of urban aerosol at these lower
altitudes. The factor K 5513 from Eq. (5) is approximately
1.4 pgssr, therefore, the maximum smoke mass concentration
within the smoke layer is 23 49 ugm™>, while within the
PBL this value is below 2 £ 0.8 ugm 3.

Atmos. Meas. Tech., 19, 5587-5602, 2026
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The fluorescence measurements allow to evaluate the tem-
poral evolution of the smoke mass concentration mixed with
the background urban aerosol. Figure 17 shows the mean
smoke mass concentration for the three episodes discussed
in this section. Values are averaged within the altitude inter-
vals indicated on the plots. On 25-26 September, the concen-
tration was highest, reaching ~ 50 ugm~3. On 1-2 October,
concentrations were lower, peaking near 10 ugm~3. On 3-
4 QOctober, the mean concentration was enhanced at the be-
ginning of the measurements (Ms > 20 ugm™>) due to the
presence of the elevated smoke layer and then it decreased to
~ 4ugm~3. The results presented in this section demonstrate
that smoke from regional fires leads to significantly higher
concentrations within the PBL compared to long-range trans-
ported North American smoke.

3.3 Extreme pollution event on 24-25 August 2024

While the dominant aerosol layers observed in our 2024
measurements originated from fires, and the technique de-
scribed in this paper reliably separates smoke from back-
ground urban aerosol, we also identified episodes involving
transported layers with high optical depth (OD) that were at-
tributed to anthropogenic pollution. This section presents one
such episode from 24-25 August 2024.

https://doi.org/10.5194/amt-19-5587-2026
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HYSPLIT seven-day backward trajectories for air masses
over Moscow at 1000, 2000, and 4300 m are shown in
Fig. 18. The episode featured a complex multi-layered
aerosol structure. Relative humidity from the Global Data
Assimilation System (GDAS) remained below 60 % thus,
minimizing interference of particle hygroscopic growth on
data analysis. The spatiotemporal distributions of particle
parameters are presented in Fig. 19. At the start of the
measurements a layer at ~ 5000 m descended overnight to
~ 4000m. This layer exhibited a high fluorescence capac-
ity G513 > 5 % 10°nm~! and spectral ratio Rse0/438 > 1.0,
identifying it as smoke from Canadian wildfires, consistent
with the backward trajectories in Fig. 18.

A second strong layer with the aerosol backscattering co-
efficient B3ss > I0Mm~!sr~! was observed initially at ~
2500 m and descended to ~ 2000 m. Its fluorescence char-
acteristics, G513 ~ 2 X 10°nm~! and Rse60/438 ~ 0.5, are
indicative of urban/industrial particles. The corresponding
backward trajectories show transport at low altitudes across
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Europe, likely passing over a strong pollution source, though
we cannot presently identify its exact origin. To separate the
contributions of urban aerosol and smoke we used the ref-
erence fluorescence spectra, measured within 750-1000 m
range for urban particles, within 4100-4400 m for smoke and
averaged from 21:00 to 24:00 UTC. The results of this sep-
aration are shown in Fig. 20. The smoke is predominantly
contained in the upper layer, while aerosol below 4000 m
consists mainly of urban particles.

Vertical profiles of particle parameters are shown in
Fig. 21. The aerosol backscattering coefficient in the layer
centered at 2000 m peaks near 10 Mm ™! sr~!. The lidar ratio
in this layer is S3s55 = 30+£5 sr and it is even lower (S355 ~ 25
44 sr) between 2750 and 3750 m, values that are too low
for aged smoke. The characteristic lidar ratio for long-range
transported Canadian smoke S355 = 38+£6 sr, typical for long
transported Canadian smoke, is observed only in the layer
near 4300 m.

Atmos. Meas. Tech., 19, 5587-5602, 2026
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The spectrum of fluorescence capacity within the 750—
1000m range (Fig. 21d) and the value Gs13 =0.8 x
1076 nm~! are typical for background urban aerosol. In con-
trast, within the layers at 2000 and 3000 m, G513 increases
t0 2.3 x 1074 nm~!, while the spectral shape remains similar
(Rs60/438 ~ 0.5). This indicates that the urban aerosol above
1400 m has a different composition. A likely explanation is
an elevated proportion of organic components (relative to in-
organic species like sulfates and nitrates) in the transported
pollution layer.

Results of separation the fluorescence backscatters B§Jl3
and 85513 are shown in Fig. 21b. The sum BEB + BSS13 ac-
curately reconstructs the measured total fluorescence profile
Bsq3 at all altitudes. Urban aerosol predominates in the lay-
ers at 2000 and 3000 m, though a minor smoke component
is also present. To calculate the aerosol backscattering co-
efficients ,B;j and ,85513 via Eq. (2), we used fluorescence
capacities G55 = 1.9 x 10 and G§13 =58x10"nm~'.
Since the urban aerosol composition differs below 1400 m,
Ggw was taken from the 2600 m altitude, where the smoke
contribution was minimal. The sum ,3?13 + ,35513 reconstructs
the measured B3s5 well above 1400 m and strongly underes-
timates it below that height, due to the difference in urban
aerosol properties.

Atmos. Meas. Tech., 19, 5587-5602, 2026

Converting the retrieved smoke fluorescence backscatter
to mass concentration, shows that K§’13 ~ 0.64 ugsr. Con-
sequently, the smoke mass concentration within the layer
at ~ 1750m is estimated as 3+ 1.2ugm~>. This episode
demonstrates that transported pollution layers can have
a composition distinct from the local background urban
aerosol. While the source of the pollution layer remains
unidentified, the method provides fluorescent signatures for
distinguishing such events.

4 Conclusions

The results presented in this study demonstrate that a lidar
equipped with several discrete fluorescence channels enables
the retrieval of smoke mass concentration within the PBL,
even when smoke is mixed with urban aerosol. The tech-
nique exhibits high sensitivity, capable of detecting vertical
and temporal variations in Mg with an estimated detection
threshold of approximately 0.1 uygm™>. Observations over
Moscow from 2023 to 2024 reveal that from spring through
autumn, smoke was frequently present not only in the free
troposphere but also within the PBL, intermixed with back-
ground urban aerosol. The episodes considered in this study

https://doi.org/10.5194/amt-19-5587-2026
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Figure 18. The HYSPLIT seven-day backward trajectories for the
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24 August 2024 at 21:00 UTC.

are representative and were selected to demonstrate different
scenarios of smoke and urban aerosol mixing within the PBL.
Notably, long-range transported smoke from North Ameri-
can wildfires contributed up to ~ 1 ugm~3 to the PBL mass
concentration in Moscow. Regional wildfires constituted an-
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other significant source of smoke. During August—October
2024 we observed 12 episodes where smoke from fires in
southern Russia was detected within the Moscow PBL, with
mass concentrations reaching up to 50 ugm~3,

The use of multi-channel fluorescence lidar thus moves
fluorescence lidar beyond qualitative aerosol-classification
tool and towards a quantitative methodology capable of mon-
itoring the dynamics of smoke-urban aerosol mixing. How-
ever, the accuracy of the quantitative retrieval is influenced
by several factors. In particular, the fluorescence quench-
ing by water uptake during hygroscopic growth may require
dedicated correction schemes. A further priority for future
work is the validation of this retrieval technique through di-
rect comparison with in situ, ground-based aerosol measure-
ments, in order to better quantify the total uncertainty budget
and to strengthen the fluorescence-to-mass conversion.

A further practical consideration involves instrumental
trade-offs. To measure fluorescence across a wide spectral
range, we have chosen a system configuration that excluded
simultaneous aerosol measurements at 532 and 1064 nm. The
traditional 38+ 2« lidar observations (three aerosol backscat-
tering and two extinction coefficients), along with multi-
wavelength depolarization measurements, remain a valuable
tool for aerosol characterization. Therefore, a compromise
for future integrated lidar systems may involve the syner-
gistic use of 2-3 discrete fluorescence channels (within the
~ 420-520 nm spectral range) along with Mie-Raman mea-
surements at 532 and 1064 nm wavelengths. At present, such
strategy is developed at ATOLL (ATmospheric Observation
at Lil.Le) instrumentation site at the Laboratoire d’Optique
Atmosphérique, University of Lille.

Atmos. Meas. Tech., 19, 5587-5602, 2026
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Figure 21. Similar to Fig. 5, but for 24 August 2024 for the period 21:00-00:00 UTC. RH profile was obtained from the GDAS.

Appendix A

Table Al summarizes the particles parameters used in the
analysis of smoke episodes in this study. The fluorescence
capacities G35 of long- t rted North Ameri
pacities G3,; of long-range transported Nor merican
smoke and of regional smoke from southern Russia are sim-
ilar and vary within the interval (5.3-6.0) x 10" °nm~"'. The
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lidar ratios of regional smoke in October 2024 were twice as
high as those of North American smoke. Consequently, the
factors K 5513 for regional smoke are also higher. We should
also recall that, when separating the fluorescence contribu-
tions of smoke and urban particles, only the normalized ref-
erence spectra are used; therefore, the absolute value of Ggw
is not employed in calculating the smoke mass concentration.
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It is only essential for verifying that the aerosol backscatter-
ing coefficient f3ss is well reconstructed by the sum of cor-
responding contributions /353 + /35513.

5601

Table A1l. The particle parameters used for the analysis of smoke episodes in this study.

Episode G§13, Gg13’ 53555, KSSB’ Smoke origin
10°nm~!  107%nm™! ST ugsr
26-27 September 2023 6.0 1.0 38 0.63  North America
24-25 August 2024 59 1.9 38 0.64  North America
25-26 September 2024 5.5 0.8 48 0.87  Southern Russia
1-2 October 2024 5.3 0.8 75 1.4 Southern Russia
3—4 October 2024 53 0.8 75 1.4 Southern Russia
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