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Abstract. This study presents lidar observations of long-range transported biomass burning aerosol (BBA) plumes from the

exceptional 2023 Canadian wildfire season, recorded between May and September at the ATOLL observatory (France) and

the GPI site (Russia). ATOLL operates a multi-wavelength Raman lidar with 3 polarization channels (355, 532 and 1064

nm) and a single fluorescence channel at 466 nm. GPI uses a fluorescence lidar with 5 broadband fluorescence channels

excited by 355 nm. The dual-site dataset combines multi-wavelength elastic scattering and depolarization measurements with5

fluorescence observations, enabling a comprehensive characterization of BBA properties in the free troposphere (FT) and

upper troposphere–lower stratosphere (UTLS). UTLS layers exhibit higher particle depolarization ratios, slightly lower lidar

ratios, lower extinction- and backscatter-related Angström exponents, and a redshift in fluorescence spectral peaks. Cross-site

comparisons show consistent fluorescence magnitudes and spectral shapes, highlighting the potential of coordinated multi-lidar

fluorescence observations. Correlation analysis indicates that depolarization ratio, extinction-related Angström exponent, and10

fluorescence color ratio are moderately (r2 ≈ 0.61–0.68) correlated with layer altitude, however, this correlation is not sufficient

to confirm a solid altitude dependence. It is likely that altitude is an intermediate variable linked to other controlling factors

such as injection height of the plume, in-layer temperature and the plume origin. In addition, we observed BBAs showing no

clear hygroscopic growth at RH of 90%–100% and statistically low RH values in the detected nearly 100 layers, suggesting

aged BBAs, which were typically considered as hygroscopic, may have limited water uptake capability.15

1 Introduction

Biomass burning aerosol (BBA) particles originated from wildfire burning are an important atmospheric aerosol component.

The Canadian wildfires in 2023 have been unprecedented due to the scale and intensity, with a record-breaking burned area

of approximately 15 million hectares. The estimated carbon emission is approximately 647 TgC, comparable to the annual

fossil fuel emissions of moderate large nations (Byrne et al., 2024; Jain et al., 2024; Khaykin et al., 2025). Large amounts of20
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particles and vapors are emitted into the atmosphere during wildfire combustion. Depending on the injection height, BBAs

from wildfires could remain several weeks or months before being removed from the atmosphere by wet or dry deposition.

Atmospheric BBA particles influence the radiation budget directly by interacting with the solar radiation budget, and indirectly

by changing cloud properties and processes. Through atmospheric circulations, BBA particles can distribute over the globe

and reach remote regions, influencing air quality and climate over a global scale (Schill et al., 2020). If injected into the strato-25

sphere, BBA particles could also impact the stratospheric chemistry and deteriorate the depletion of ozone layers (Trickl et al.,

2015; Ansmann et al., 2022; Ohneiser et al., 2022; Solomon et al., 2022).

Freshly emitted BBA particles rapidly enter into an aging process, involving a series of complex and competing chemical and

physical processes, such as oxidation, coagulation, condensation, dilution, and evaporation. Aged BBA particles are typically

composed of black carbon (BC) cores and organic carbon (OC) coatings. The BC cores represent only a few percent of the30

total mass, while the OC coatings dominate the particle mass (Yu et al., 2019; Czech et al., 2024). During the transport of BBA

plumes, these processes continuously alter the chemical composition and the physical properties of the particles. However, our

understanding of long-range transported BBA particles, for example, those involved in intercontinental transport, is still lim-

ited. Laboratory experiments face challenges in simulating the aging process over a long period. Similarly, field observations

targeted on long-range transported BBA plumes are resource-intensive and limited by the uncontrollable field conditions and35

long distance tracking of BBA plumes. Furthermore, the aging conditions in the ambient atmosphere is more complicated, as

it involves cloud processing and exposure to various precursor species during the transport.

Multi-wavelength lidar measurements have provided crucial insights into the properties and impacts of long-range transported

BBAs. These lidar measurements have shown that the particle size of BBAs, after long range transport, is typically bigger

than those detected near the source region (Müller et al., 2007; June et al., 2022). The increase in particle size enhances their40

effectiveness as cloud condensation nuclei (CCN). Lidar measurements also revealed unexpectedly high depolarization ratios

in BBA layers in the upper troposphere and lower stratosphere (UTLS), in contrast to the free troposphere (FT). This could

be explained by the irregular morphology of BBA particles, attributable to the aging process or the lifting mechanisms dur-

ing the emission. Additionally, lidar observations provide unique information for the study of aerosol-cloud-interaction. Ice

cloud formation was usually observed simultaneously with BBA plumes, suggesting that BBA particles may be effective INPs45

in the atmosphere (Hu et al., 2022; Mamouri et al., 2023). The organic species in BBAs, such as the Humic-like substance,

polycyclic aromatic hydrocarbon (PAH) and some secondary organic aerosols (SOA) formed during the aging process, are

effective fluorophores, making them good a target for laser-induced fluorescence (LIF) lidar (Lee et al., 2013; Garra et al.,

2015; Zhang et al., 2019). The fluorescence capacity and the fluorescence spectrum are related to the concentration and the

species of the fluorophores in the total aerosol mass. Therefore, the LIF lidar can provide a new dimension of information50

to aerosol characterization, as the fluorescence signal serves as a proxy to aerosol chemical composition. Currently, there are

basically two types of LIF lidar systems—one utilizes single-channel broadband fluorescence channel, which can be conve-

niently integrated into existing lidar system, and other one detects the fluorescence spectrum with spectrometers or broadband

interference filters at selected spectral range (Sugimoto et al., 2012; Reichardt, 2014; Reichardt et al., 2023, 2022; Veselovskii

et al., 2023, 2020). Observations of aged BBA particles from LIF lidar systems showed particles originated from wildfires have55
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strong fluorescence efficiency, making them distinguishable from other aerosol types and detectable even in some cloud condi-

tions. Additionally, the fluorescence capacity and spectrum of BBAs varied case-to-case, which is probably linked with the fire

source, aging condition and lifting mechanism (Reichardt et al., 2022; Veselovskii et al., 2024b). However, at current stage,

the sparsity and heterogeneity of existing LIF lidar systems, as well as the gap between field observation, particularly remote

sensing observations, and laboratory measurements hinder the understanding of aged BBA properties, their aging process and60

role in the atmosphere.

In this study, we analyzed the observations of long-range transported BBA plumes from Canadian wildfires in 2023 with two

LIF lidar systems at different locations–a multi-wavelength Mie-Raman-polarization lidar equipped with a single broadband

fluorescence channel in France and a 5-channel fluorescence lidar in Russia. The two lidar systems are located in the downwind

of long-range transported BBA plumes from Canada. In 2023, both lidar systems accumulated a rich dataset of BBA observa-65

tion due to the long wildfire season lasting from May to September. The dataset provides complementary information about

BBA properties, allowing to bridge the gap caused by lidar configurations. The description of two lidar systems is presented in

Section 2, and followed by the case analysis, where important features of BBA particles are demonstrated case-by-case. Ad-

ditionally, we present a cross-comparison of fluorescence measurements between four lidar systems and the statistical results

of BBA properties recorded in the 5-month observation in 2023, providing a comprehensive characterization of BBA particles70

with LIF lidar observations.

2 Observation site and lidar system

Lidar observations presented in this study are obtained from two lidar systems operated at two different sites – ATOLL obser-

vatory (50.611N, 3.142E), France and GPI (General Physics Institute of the Russian Academy of Sciences, 55.235N, 37.548E)

in Moscow, Russia. The distance between the two sites is about 2300 km. Influenced by the polar jet stream and pressure75

systems over the Atlantic Ocean, air mass transport from North America to the two lidar stations follows typically 2 pathways.

The first is a more zonal (west-to-east) flow across the North Atlantic, reaching the ATOLL observatory, while the second is

shifted northeastward, passing through the polar region and/or the Scandinavia to reach Moscow. The influence of polar jet

stream results in cooler and drier air masses reaching Moscow, whereas the air masses arriving at ATOLL may pick up moisture

as they traverse the Atlantic Ocean (Barry and Chorley, 2009; Wallace and Hobbs, 2006). Figure 1 shows the geographical80

locations of the two sites and the 7-day back trajectories of air mass at 5000 m reaching the two sites, dating back from 20:00

UTC, 14 May 2023, which is the onset of the BBA observation for both sites in 2023.

2.1 Lidar at ATOLL, France–LILAS

The lidar system– LILAS, operated at ATOLL observatory which is a National Facility affiliated to ACTRIS, has a Nd:YAG85

laser source emitting at 355, 532 and 1064 nm with corresponding pulse energy of 100, 90 and 100 mJ. The laser has a

repetition rate of 20 Hz. The backscattered light is collected with a Newtonian telescope of 40 cm diameter. The reception
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Figure 1. The locations of lidar systems at ATOLL observatory(50.611N, 3.142E, 60 m a.s.l), France and Moscow, Russia (55.235N,

37.548E, 87 m a.s.l). The red and black solid lines represent the 7-day HYSPLIT back trajectories for ATOLL and Moscow, starting from

20:00 UTC, 14 May 2023. The base map is taken from ©Google Earth.

module includes detection channels for the three elastic wavelengths, each equipped with a pair of cross- and co- polarization

channel, and three Raman wavelengths: 387 ( vibrational Raman of N2), 408 (vib-rotational Raman H2O vapor) and 530 nm

(rotational Raman of N2 and O2). Additionally, LILAS has a broadband fluorescence channel of 44 nm width centered at 46690

nm. The lidar signals are digitized with Licel Transient recorders, allowing for a simultaneous acquisition of an analog and

photon-counting signal (except for 1064 nm channel, which has only analog detection), with a range resolution of 7.5 m. This

configuration allows the acquisition of vertical profiles of the 2α+3β+3δ (α: extinction coefficient, β: backscatter coefficient,

δ: particle linear depolarization ratio) dataset, the spectral fluorescence backscattering coefficient and fluorescence capacity, as

well as the water vapor mixing ratio (WVMR) and the relative humidity (RH). The fluorescence backscattering coefficient is95

computed in a way similar to the calculation of WVMR and requires a calibration constant, as expressed by Equation (1):

βF,λ(z) =
CR
CF,λ

PF,λ(z)
PR(z)

TR(z)
TF,λ(z)

NR(z)σR, (1)

where PF (z) and PR(z) are the lidar signals of fluorescence and Raman channels, respectively. CR

CF
is the calibration constant,

which is determined by the ratio of the instrumental constant of the Raman channel to the fluorescence channel. NR(z) is the

vertically distributed number concentration of Raman scatters and σR is the Raman differential scattering cross section in the100

backward direction.

The calibration constant accounts for the ratio of the opt-electronic efficiency of the fluorescence channel to the nitrogen Raman

channel. And it can be determined by swopping the PMTs of the two channels (See Appendix A). The fluorescence capacity

is the ratio of the fluorescence backscattering coefficient to the elastic backscattering coefficient at the fluorescence excitation

wavelength (i.e., 355 nm for LILAS system). The fluorescence capacity of aerosol particles is mainly linked to their chemical105

composition, representing the capacity of aerosols in producing fluorescence signals when exposed to radiation. More detailed
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description about the definition and calculation of fluorescence backscattering and capacity can be found in Veselovskii et al.

(2020). To facilitate the comparison of aerosol fluorescence properties derived from different lidar systems, which may adopt

interference filters of different width and spectral range, in this study, we redefine fluorescence backscattering/capacity as

spectral fluorescence backscattering/capacity, denoted as BF,λ/GF,λ, by dividing the fluorescence backscattering/capacity by110

the width of the interference filter, as expressed in below:

BF,λ(z) =
βF,λ(z)
∆Dλ

, (2)

GF,λ(z) =
BF,λ(z)
β355(z)

, (3)

where βF,λ represents the spectral integrated fluorescence backscattering coefficient and ∆D represents the full-width-half-

maximum (FWHM) of the interference filters in the fluorescence channels.115

2.2 Five-channel fluorescence lidar at Moscow, Russia

The lidar operated at GPI in Moscow, Russia utilizes a tripled Nd: YAG laser at 355 nm, with pulse energy of 80 mJ and

repetition rate of 20 Hz. To avoid the contamination to the fluorescence measurements, the laser radiation at 532 and 1064

nm is redirected by a dichroic mirror and then cleared by an optical dump. The characteristics of the telescope and the data

acquisition recorder are the same with the LILAS system. The optical reception module consists of an elastic channel at 355120

nm, aN2 Raman at 387 nm and five fluorescence channels respectively centered at 438(∆D=29), 472(∆D=32), 513(∆D=29),

560(∆D=40), and 614(∆D=54) nm. This configuration allows for the detection of the extinction and backscattering coefficient

at 355 nm, the spectral fluorescence backscattering coefficients and fluorescence capacities at five channels. The calibration

of the 438 nm fluorescence channel is performed by swapping the PMTs, as described in the Appendix. And the relative

sensitivity of the rest fluorescence channels with respect to the 438 nm channel is determined using a tungsten–halogen lamp,125

Thorlabs QTH10/M, with a color temperature of 2800 K. A more detailed description about this lidar system and the calibration

procedure is presented in the study of Veselovskii et al. (2023). The spectral fluorescence measurements provide valuable

information about the chemical composition of aerosols. In this study, we use the color ratio (CR560/472) between the 560 and

472 nm channel to represent the spectral variation of aerosol fluorescence:

CR560/472(z) =
BF,560(z)
BF,472((z)

(4)130

3 Case analysis

Four representative lidar observation cases, including two cases from ATOLL and two from GPI, were selected for detailed

analysis. These observations capture the typical characteristics of BBA properties and demonstrate their variability, likely influ-

enced by the fire origin, injection mechanism in the source region, and atmospheric processing during the long-range transport.

The observations were measured in May and June, 2023, during the peak wildfire activity, which allows the plume origins to be135

identified with higher confidence. Moreover, the BBA layers were thick, reducing the possibility of contamination by residual
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layers from earlier burning events.

3.1 Case 1: 14 May 2023 at ATOLL, France

On 14 May 2023, LILAS detected a thick BBA plume beneath a dense cloud layer extending from 6000 to 12000 m height,140

as shown in Figure 2. According to the back trajectory analysis, the plume originated from wildfire on 5-6 May (shown in

Figure B1 Appendix), in Alberta in western Canada. This observation suggests the Canadian fires had intensified, as LILAS

had only detected some thin and drifting BBA layers before this date. The structure of the BBA layer is clearly illustrated in

the quicklook of fluorescence backscatter coefficient in Figure 2(c), which shows the base of the BBA layer at 4000 m and the

top at 6000-7000 m, in contact with the cloud base. A very thin BBA layer was observed at around 12000 m height, shown145

by an enhancement in the fluorescence backscatter. However, the thick mixed phase and cirrus clouds at 6000-12000 m height

resulted in significant noise in the fluorescence backscattering signal.

Figure 3 exhibits the profiles of BBA properties averaged between 21:00 and 22:00 UTC and relative humidity obtained from

both lidar observation and the ERA-5 reanalysis. The cloud base was stable at around 6200 m and the fluorescence backscatter

coefficients extended up to 6800 m, indicating the presence of BBA particles inside the cloud base, where the humidity is150

high. Inside the BBA layer at 4600 to 6000m, lidar ratios are about 36 and 69 sr at 355 nm and 532 nm and particle linear

depolarization ratios at 355, 532 and 1064 nm are respectively 0.08±0.01, 0.05±0.01 and 0.013±0.002, showing a typical

spectral dependence of BBAs (Hu et al., 2019; Haarig et al., 2018; Baars et al., 2019). The extinction and backscatter related

Angström exponents are approximately 0.7±0.2 and 2.2±0.2. The fluorescence signal is strong inside the layer, and spectral

fluorescence capacity is approximately 3.4±0.2 ×10−6nm−1, which is an important feature of BBA aerosols due to the abun-155

dance of fluorescent molecules formed during the combustion of biomass.

Both ERA-5 and lidar-derived RH profiles show a steep increase from about 30% at 4000 m to nearly 90%–100% at the cloud

base. However, the vertical oscillations appearing in the RH profile from lidar measurement were not observed in the ERA-5

data, likely due to the decreasing vertical resolution with increasing height in ERA-5. As RH increases, hygroscopic aerosol

particles absorb water from the surrounding air. This water uptake by particles is a rapid process–typically reaching equilibrium160

within seconds. Therefore, it is often considered as an equilibrium process rather than time-dependent (Carslaw, 2022). Water

uptake increases particle size and sphericity, which can be detected in lidar measurements through increased elastic backscat-

tering and a reduction in the depolarization ratio (Navas-Guzmán et al., 2019; Dawson et al., 2020; Veselovskii et al., 2024a).

In this case, despite a sharp RH increase above 5000 m, the backscatter coefficients at 355 and 532 nm remained steady or even

decreased near the cloud base, showing no enhancement of elastic scattering due to water uptake. Additionally, the particle165

linear depolarization ratio at 532 nm remained low (around 0.05), and the EAE increased only slightly with height, suggesting

no obvious response to the RH. Similarly, the variations in lidar ratios and BAE with increasing RH are more attributable to the

vertical variability of BBA properties other than hygroscopic growth. The fluorescence capacity, which is sensitive to hygro-

scopic growth, as shown by Veselovskii et al. (2024a) in an urban aerosol layer, exhibited minor changes near the cloud base.

These observations suggest that BBA particles not showing significant hygroscopic growth even at RH levels of 90%–100%.170
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The fluorescence quenching–i.e. the suppression of aerosol fluorescence capacity due to environment factors, for instance the

humidity–has been reported in several publications (Reichardt et al., 2025; Gast et al., 2025). However, we did not detect this

phenomena in the present case, although it was detected in other events during the 2023 fire season (Veselovskii et al., 2024a).

The absence of fluorescence quenching under high RH conditions remain an open question and requires further observational

and laboratory investigations.175

Previous studies have claimed that freshly emitted BBAs contain essentially non-hygroscopic compounds, however, they be-

come increasingly hygroscopic during the aging process, due to the increase of oxidation level (Rudich et al., 2007; Jimenez

et al., 2009; Massoli et al., 2010; Lambe et al., 2011). Nevertheless, the assessment of BBA hygroscopicity is difficult because

of the complex and widely varied of organic compounds. Our findings in this case contribute to the relatively limited evidence

showing that aged BBA particles originated from Canadian wildfires do not exhibit significant hygroscopicity. Similarly, Zheng180

et al. (2020) found that long-range transported smoke layers descending to the marine boundary layer have substantially lower

hygroscopicity compared to the background marine aerosol. It is worth noting that the influence of aerosol fluorescence on lidar

water vapor measurement cannot be completely excluded, particularly in BBA layers whose fluorescence spectrum touches the

water vapor Raman wavelength at around 407.5 nm. Two strategies can be adopted to mitigate this effect: either performing a

correction to subtract the aerosol fluorescence contribution from water vapor signal, or reducing the bandwidth of water vapor185

interference filter to minimize the fluorescence contamination (Reichardt et al., 2023; Veselovskii et al., 2024a). However, the

correction approach is not feasible for LILAS measurements, as it requires at least two fluorescence channels to characterize

the spectral behavior of aerosol fluorescence. Instead, LILAS utilizes a very narrow interference filter of 0.3 nm bandwidth

at 407.5 nm, to suppress as much as possible the influence of fluorescence. Considering that the humidity derived from mea-

surements during the fire season in 2023 did not exhibit anomalous values in the tropospheric BBA layers, we can reasonably190

assume the BBA fluorescence had quite limited impact on the measurements of LILAS, although it could increase, to some

extent, the uncertainty of the absolute values. To ensure the robustness of our analysis, RH profiles from ERA-5 reanalysis and

radiosonde data were used to validate the lidar-derived humidity measurements.
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Figure 2. Lidar observations at ATOLL observatory in the night of 14 May 2023. (a) The backscatter coefficient (unit:m−1sr−1) at 532 nm.

(b) The uncalibrated fluorescence backscattering coefficient at 466 nm and (c) the volume linear depolarization ratio at 532 nm. The white

pixels on the images are negative values resulted from the low signal-noise-ratio above thick clouds.

8

https://doi.org/10.5194/egusphere-2025-5041
Preprint. Discussion started: 18 November 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 3. Vertical profiles of (a) backscatter coefficient and particle linear depolarization ratio, (b) spectral fluorescence backscatter coef-

ficient and spectral fluorescence capacity, (c) RH from lidar and ERA-5, (d) Angström exponent: EAE and BAE, and (e) lidar ratios. The

profiles of BBA properties and RH (red triangle line) are calculated from lidar measurements averaged between 21:00 and 22:00 UTC, 14

May 2023. The RH profiles from ERA-5 are at 21:00 and 22:00 UTC, 14 May 2023.

3.2 Case 2: 27-28 May 2023 at ATOLL, France195

The BBA layers detected at ATOLL on 27 and 28 May originated from wildfires on 19 and 20 May in Alberta, British Columbia

and Saskatchewan, in the western area of Canada. Giant and dense smoke plumes which can be observed from MODIS obser-

vations in Figure B1(b). In the night of 27 to 28 May, lidar quicklooks revealed stratified BBA plumes over ATOLL at 2000 to

12000 m height, as shown in Figure 4. One notable feature is that BBA layers at 12000 m showed higher depolarization ratio

at 532 nm and fluorescence capacity than those in the free troposphere, as shown in Figure 4(b) and (d).200

BBA optical properties derived from averaged lidar observations between 20:55 and 22:15 UTC are plotted in Figure 5. The

layers with extinction and backscatter coefficients peaking at 4000 m and 12000 m are identified as BBAs, due to their specific

signatures in lidar ratios, depolarization ratios and their capability of producing fluorescence when exposed to laser radiation.

Between 7000 and 10000 m, an optically thin residual layer was observed in the profiles of elastic and fluorescence backscat-

tering, although it was near the detection limit of LILAS. In the planetary boundary layer (PBL), below 2000 m, background205

aerosols dominated. Additionally, the RH from lidar measurement and ERA-5 dataset both show air mass was dry in these two

BBA layers, with RH lower than 40%, therefore, no hygroscopic effect is observed.
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Figure 4. Lidar observations at ATOLL observatory between 20:30 UTC and 03:00 UTC in the night of 27 to 28 May 2023. (a) The

backscatter coefficient (unit: m−1sr−1) at 532 nm. (b) The uncalibrated fluorescence backscattering coefficient at 466 nm and (c) the

volume linear depolarization ratio at 532 nm.

Table 1 summarizes the optical properties of two BBA layers at different vertical levels. The BBA layer at around 12000 m ex-

hibited mean linear depolarization ratios of 0.20. 0.14 and 0.03 at 355, 532, and 1064 nm, respectively, while the depolarization

ratios in the BBA layer at around 4000 m are about 50% lower at each wavelength. Such a difference of depolarization ratio has210

been detected in previous lidar observations of transported BBA layers. The EAE (extinction-related Angström exponent) of

approximately 0.0 is also a characteristic of aged BBA in the UTLS, whereas, typical BBA in the middle or lower troposphere

tend to have slightly higher EAE. Notably, in this case we observed a notably higher fluorescence capacity in the UTLS BBA

layer than the tropospheric BBA layer, adding a new evidence that UTLS BBAs differ from those in the free troposphere in

microphysical and chemical properties.215
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Figure 5. Vertical profiles of (a) extinction coefficient (at 355 and 532 nm) and extinction-related Angström exponent, (b) backscatter

coefficient (at 355, 532 and 1064 nm) and backscatter-related Angström exponent, (c) lidar ratios (355 and 532 nm), (d) particle linear

depolarization ratios (at 355, 532 and 1064 nm) , (e) the spectral fluorescence backscatter coefficient and spectral fluorescence capacity, and

(f) relative humidity. The square plots and error bars represent the mean values and standard deviations in the UTLS layer at 11900 m to

12300 m. The lidar observations are averaged between 20:55 and 22:15 UTC, 27 May 2023 and the ERA-5 meteorological data is at 22:00

UTC, 27 May 2023.

Table 1. Optical properties of BBA particles and RH in different vertical ranges in Case 1 (14 May 2023) and 2 (27 May 2023), observed at

ATOLL observatory. The means and standard deviations in three BBA layers: 4600–6000 m (Case 1), 3500–5000 m and 11900–12300 (Case

2) m are computed and summarized in the table. Be noted that the values after ′±′ represent the standard deviation in the vertical range.

Date Height EAE BAE LR355 LR532 PLDR355 PLDR532 PLDR1064 GF,466 RH

[m] [sr] [sr] 10−6 [nm−1] [%]

14 May 4600–6000 0.7±0.2 2.2±0.2 36±4 69 ±5 0.08±0.01 0.05±0.01 0.013±0.002 3.4±0.3 30–100

27 May 3500–5000 0.4±0.2 2.3±0.1 38±5 81 ±12 0.09±0.02 0.06±0.01 0.013±0.002 2.7±0.3 20

11900–12300 0.0±0.3 1.8±0.1 30±7 66 ±12 0.20±0.03 0.14±0.01 0.026±0.005 7.0±0.6 30
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3.3 Case 3: 31 May–01 June, 2023, at GPI, Russia

In the night of 31 May to 01 June 2023, BBA plumes transported to the GPI site also originated from western Canada, sim-

ilar to Case 2. The emission of the plumes dated back to 27 May, 2023, according to HYSPLIT back trajectory (See Figure

B2(a)). The lidar quicklooks in Figure 6 show BBA plumes, marked by strong fluorescence signals, were distributed at 4000220

m to 10000 m height. The PBL height was at around 2000 m, with a residual layer suspending above it. Two BBA plumes

sequentially appeared in the height range of 9000–10500 m, and the second plume presented at 01:40 UTC showed a stronger

fluorescence signal.

Aerosol properties averaged in two time intervals across the night of 31 May to 01 June are plotted in Figure 7 and summarized

in Table 2. The first time interval (T1) is from 22:30 to 23:58 UTC, 31 May 2023, and the second (T2) from 01:30 to 02:30225

UTC, 01 June 2023. For clarity, only the spectral fluorescence backscatter coefficient at 513 nm and the elastic backscatter co-

efficient, as well as the vertically averaged fluorescence capacities in the second time interval are plotted for comparison with

the first time interval. The color ratio of fluorescence signals at 560 to 472 nm, CR560/472 in Figure 7(a) shows higher values

in the UTLS layer than in the tropospheric layer. Similar to Case 2, the lidar ratio in the UTLS layer was about 36 sr, lower

than 55 sr in the tropospheric BBA layer. The relative humidity at 4000 to 7000 m was in the range of 10%–50%, according to230

radiosonde and ERA-5 data. In the UTLS layer, radiosonde measurements provided RH values around 50%, noticeably drier

than the prediction of ERA-5, i.e, 60%–80%. According to our analysis, higher RH values of ERA-5 reanalysis than radioson-

de/lidar measurements are often detected in the UTLS for both ATOLL and GPI station during the wildfire season in 2023. The

discrepancy between model and radiosonde data in the UTLS has been reported in several previous studies and may be related

to the lack of radio sonde measurements above the upper troposphere or/and the bias in other parameters in the meteorological235

field, for example, the temperature (Simmons et al., 2020; Sun et al., 2021; Krüger et al., 2022). The radiosonde sensor, for

example, the RS92 sonde, has also well-known bias, which could underestimate RH in daytime measurements, however, at

night, it showed much smaller errors (Bock et al., 2013). Therefore, in this study we take the radiosonde data as reference

when it diverges from ERA-5 data.

The spectral fluorescence capacities are averaged within three vertical ranges in the PBL, FT and UTLS, and are plotted in240

Figure 7(d). In both time intervals, the spectral fluorescence capacities in the PBL decreased with wavelengths. In the 5000–

6000 m, the fluorescence capacities of BBA particles increased significantly at wavelengths greater than 438 nm and peaked at

513 nm, with the values of approximately 7.3×10−6 nm−1 in the first time interval and 8.1×10−6 nm−1 in the second period.

The UTLS layer in the first time interval showed even lower spectral fluorescence capacities than in the FT at wavelengths

shorter than 560 nm. From the first to the second time interval, the BBA layer in the FT showed minor changes in the values245

and the spectral dependence. In contrast, the UTLS layer exhibits significantly stronger fluorescence capacities in the second

time interval than in the first interval. Whereas, their normalized spectral fluorescence capacities, shown in Figure7(e), are still

in good agreement, both showing a red shift in the peak toward 560 nm in UTLS. This red-shift of BBA fluorescence spectrum

in UTLS was also detected by Reichardt et al. (2025) at Lindenberg, Germany in transported BBA plumes from Canadian

wildfires in 2023. It confirms that this was not a feature detected during specific events, but a recurring feature of transported250
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Figure 6. Lidar observations at GPI, Moscow, Russia between 22:30 UTC and 02:30 UTC in the night of 31 May to 01 June 2023. (a)

Backscatter coefficient at 355 nm, (b) spectral fluorescence backscatter coefficient at 513 nm and (c) the volume linear depolarization ratio

at 355 nm.
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Figure 7. Vertical profiles of (a) spectral fluorescence backscatter coefficients (at 438, 472, 513, 560 and 614 nm) and color ratio of 560 to

472 nm, (b) extinction and backscatter coefficients and lidar ratio at 355 nm, (c) relative humidity from radiosonde measurements (00:00

UTC, 01 June) and ERA-5 reanalysis (23:00 UTC 31 May and 02:00 UTC, 01 June). The temporal average was performed in two time

intervals, the first (T1, solid line) is from 22:30 to 23:58 UTC, 31 May 2023, and the second (T2, dashed line) from 01:30 to 02:30 UTC, 01

June 2023. (d) The spectral fluorescence capacities and (e) normalized spectral fluorescence capacities averaged within three vertical ranges:

800–1200 m in the PBL (powder blue), 5000–6000 m in the FT (red) and 8500–9200 m (T1)/9600–10000 m (T2) in the UTLS (cyan). For

clarity, not all profiles from T2 are shown.

BBA plumes during the Canadian wildfire season in 2023.

The BBA plumes detected in Case 2 and 3 shared similarities in geographical locations of fire sources and closeness of detection

time, which offers a good opportunity for the comparison of fluorescence measurements. In Case 3, the spectral fluorescence

capacity in the 472 nm fluorescence channel is in the same order of magnitude with the 466 nm fluorescence channel in Case

2 (see Table 1 and 2). While Case 2 showed a markedly higher fluorescence capacity of the BBA layer in the UTLS than in255

the FT, observations in Case 3 suggest that BBA particles in the UTLS do not necessarily always exhibit higher fluorescence

capacity. Instead, the redshift of the fluorescence spectrum is a more recurring feature that BBA layers in UTLS differ from

those in the FT.
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3.4 Case 4: 20 June 2023 at GPI, Moscow, Russia260

Wildfires in Canada intensified significantly from the beginning of June 2023, with active fires spreading from northern British

Columbia, Alberta and Saskachewan to central Alberta and the southern region of Northwest Territories. In the same period,

large-scale wildfires broke out in eastern Canada, particularly in Quebec, making substantial contributions to the emission of

BBA particles into the atmosphere. MODIS observations (Figure B2(b)) show the extensive coverage of BBA plumes stretch-

ing from western to eastern Canada on 13 June, making the attribution of individual plumes highly uncertain. According to265

HYPLIT back-trajectory analysis in Figure B2(b), the BBA plumes arriving at GPI station on 20-21 June likely originated from

western (ex. the Alberta ) and western Canada (ex. Quebec ) after approximately 6 to 9 days of transport.

Figure 8 presents the lidar observations during the night of 20 to 21 June, 2023. The BBA layers extending from 3000 to

10000 m are more clearly identified in the quicklook of the fluorescence backscattering at 513 nm, compared to the elastic

backscattering signal at 355 nm. The BBA layer above 10000 m is optically denser than the layers below, and marked with270

high fluorescence and moderate volume linear depolarization ratio. In Figure 8(c), some data points at around 10000 m show

volume depolarization ratio close to 0.10 between 23:10 and 23:50 UTC. It is likely an indication of ice crystals formed inside

or below the BBA layers, which has been quite often observed during BBA observations.

Figure 9 presents the BBA properties derived from averaged lidar observations and the RH profiles from ERA-5 analysis and

from radiosonde measurement. The profiles of the spectral fluorescence backscatter coefficients in five channels, in Figure 9(a),275

show that aerosol layers from the PBL to the tropopause at around 12000 m presented different levels of fluorescence. The

fluorescence backscatter coefficients, the extinction and backscatter coefficients at 355 nm peaked at 10500 m, where a thick

BBA layer was detected. The color ratio CR560/472, showed a clear increase versus height, from below 0.6 in the PBL to 1.2

near the tropopause. The increasing trend is particularly strong in the thin BBA layer at 7000 to 9000 m.

Lidar ratios at 355 nm calculated for the two BBA layers, 7000-9000 m and 10300–10800 m, are approximately 38 sr and 32280

sr, respectively, which are in good agreement with the observations in Case 2 at ATOLL station, although lower than the values

observed in the night of 31 May to 01 June, 2023 (Case 3). Additionally, both Case 2 and Case 3 demonstrate lower lidar ratios

(at 355 and 532 nm for ATOLL observations, at 355 nm for GPI observations ) in the UTLS layers than in the free tropospheric

layer. This signature could be an indicator of different morphology and/or radiative properties of BBA particles in the UTLS

and in the troposphere.285

Radiosonde measurements at Moskva station indicated RH values generally below 40% at above 2000 m, whereas ERA-5

reanalysis showed RH increasing above 7000 m to a peak of 90% near 10500 m. Despite uncertainties in RH estimates from

both radiosonde measurements and model data, we observed no evidence of hygroscopic growth in the BBA layer. Therefore,

we can conclude that BBA properties in this case are not significantly influenced by the humidity in the atmosphere.

The spectral fluorescence capacities in five channels and the normalized spectra, averaged in three vertical ranges, are plotted290

in Figure 9(d) and (e). Between 800 and 1200 m, where urban aerosol was the dominant aerosol type, the spectral fluorescence

capacity monotonically decreased with wavelength–from 1.50±0.12×10−6 nm−1 at 438 nm to 0.43±0.04×10−6 nm−1 at 614

nm. In contrast, within the BBA layer between 7000 and 8000 m, the spectral fluorescence capacity increased toward longer
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Figure 8. Lidar observations at GPI station in Moscow, Russia between 23:00 UTC and 03:00 UTC in the night of 20 to 21 June 2023. (a)

Backscatter coefficient at 355 nm, (b) spectral fluorescence backscatter coefficient at 513 nm and (c) the volume linear depolarization ratio

at 355 nm.
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Figure 9. The profiles of BBA properties derived from lidar observations and RH from ERA-5 and radiosonde measurements. (a) The spectral

fluorescence backscatter coefficients and color ratio between 472 and 560 nm, (b) extinction and backscatter coefficients at 355 nm, (c) RH

from ERA-5 and radiosonde data, (d) the spectra of fluorescence capacity and (e) corresponding normalized fluorescence capacity at 472 nm.

The lidar observations were conducted between 00:50 and 02:30 UTC on 21 June 2023 and the RH profiles are at 00:00 UTC 21 June 2023.

wavelengths, peaking at approximately 1.7×10−6 nm−1 around 472 and 513 nm. In the higher BBA layer (10300 –10800 m),

the spectral fluorescence capacities across the five channels increased significantly, with the spectral peak shifting further to295

longer wavelengths. The maximum fluorescence capacity reached 6.0±0.7×10−6 nm−1 at 513 nm, closely followed by a sec-

ond maximum of 5.8±0.8×10−6 nm−1 at 560 nm. The shift of the fluorescence spectrum is further evidenced by the increase

of color ratio, CR560/472 in this layer, as shown in Figure 9(a).

Table 2 presents a summary of the BBA properties observed in Case 3 and Case 4. The fluorescence channel at 472 nm of the300

GPI lidar is spectrally close to the 466 nm fluorescence channel of LILAS lidar at ATOLL observatory, therefore these two

channels are used here for comparison. The spectral fluorescence capacities (at 472 and 466 nm) presented in the four cases

are comparable in magnitude. Particularly in Case 2 and Case 4, both the tropospheric and UTLS layer show consistent fluo-

rescence capacities measured by two different lidar systems. Higher fluorescence capacities in the UTLS layer were detected

in Case 2, Case 4 and the second time interval of Case 3 at 472 and 466 nm. An exception occurred in the first time interval of305

Case 3, where the UTLS BBA plume did not exhibit enhanced fluorescence capacity, suggesting that this property is variable

and likely influenced by multiple factors. In contrast, a redshift in the fluorescence spectrum within the UTLS was consistently
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Table 2. Summary of BBA properties presented in Case 3 (31 May–01 June 2023) and Case 4 (20–21 June 2023). The results in the table are

plotted in Figure 7 and Figure 9. Note that the values presented before and after ′±′ represent the mean and standard deviation in the height

range.

Date Height range LR355 GF,438 GF,472 GF,513 GF,560 GF,614 RH

[m] [sr] 10−6[nm−1] 10−6[nm−1] 10−6[nm−1] 10−6[nm−1] 10−6[nm−1] [%]

31 May, night 5000-6000 55±13 4.8±0.5 6.9±0.6 7.3±0.7 6.4±0.8 4.0±0.6 20

8500-9200 36±7 3.2±1.7 5.3±0.9 6.7±1.3 7.1±1.6 5.3±1.2 50-80

01 June, morning 5000-6000 54±7 5.1±0.7 7.9±0.7 8.1±0.7 6.8±0.7 4.3±0.4 20

9600-10000 39±5 4.8±2.0 8.0±1.3 9.7±1.4 10.8±1.6 8.4±1.1 50-80

20-21 June 7000-8000 38±13 1.4±1.2 1.7±0.5 1.7±0.5 1.3±0.6 0.9±0.4 38

10300-10800 33±7 3.2±1.7 5.9±0.7 6.0±0.7 5.8±0.8 4.6±0.5 35

observed in Cases 3 and 4.
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4 Statistics and discussion310

4.1 Extinction- and backscatter-related Angström Exponent

The extinction coefficients and Angstöm exponents of 34 BBA layers detected from May to September 2023 at ATOLL obser-

vatory are presented in Figure 10. These layers were identified as BBA based on their signatures in lidar ratios, particle linear

depolarization ratios and fluorescence capacity. Among the 34 BBA layers, 26 layers were classified as free tropospheric layers

(layer top < 8000 m), and the other 8 layers were classified as UTLS layers (layer base > 8000 m). The extinction coefficients315

of most BBA layers observed during this period were below 200 Mm−1. The extinction-related Angström exponent in free

tropospheric layers averaged 0.8±0.3, generally bigger than those observed in the UTLS layers, where the values averaged

0.1±0.2. The backscatter-related Angström exponents in the free tropospheric BBA layers averaged 2.0±0.2, slightly bigger

than those averaged in the UTLS layers, which is 1.5±0.2. Such difference of Angström exponent between tropospheric and

UTLS BBAs has been reported in previous lidar observations (Haarig et al., 2018; Hu, 2018; Ohneiser et al., 2020; Mamouri320

et al., 2023).

Light scattering models indicate the EAE of aerosols is strongly correlated with aerosol particle size. Both field campaign

and laboratory measurements showed that BBA particles tend to grow during the aging process due to the condensation of

gas-phase organic compounds and particle coagulation. Particle size can also vary from fire to fire, influenced by the burning

conditions, fuel types and lifting mechanisms, which can all affect the morphology and composition of BBA particles injected325

into the atmosphere (Selimovic et al., 2019; Hodshire et al., 2021; Perring et al., 2017; Katich et al., 2023; Kleinman et al.,

2020). For example, aircraft measurements showed BBA particles injected into the UTLS by pyro-cumulonimbus (PyroCb)

convections were with thicker coatings, thus resulting in bigger size compared with tropospheric BBA particles. One likely

explanation is that the strong updrafts in PyroCb convections lift large amounts of aerosols and vapors, promoting the coagu-

lation of aerosol particles and condensation of the organic vapors, which accelerates the growth of BBA particles. The aging330

environment in the ambient atmosphere may also play a role. For instance, particles with diameters larger than 50-100 nm are

more efficient CCN particles and therefore are more likely to be washed out by wet removal, a process that is more frequent in

the free troposphere (Petters et al., 2009).

In contrast to the EAE, the BAE of aerosol particles is influenced not only by the particle shape, but also by the refractive

indices. A detailed investigation on the effect of these factors is beyond the scope of this study. So far, there has been few335

observations addressing differences in BAE between tropospheric and UTLS BBAs, underscoring the need for additional mea-

surements to better understand this feature.

4.2 Lidar and depolarization ratios

The lidar ratios and particle linear depolarization ratios observed from May to September 2023 at ATOLL observatory are340

displayed in Figure 11. The spectral dependence of lidar ratios, which inversely correlates with wavelength, aligns with previ-

ously observations of BBAs from Canada, the US and Australia. The average lidar ratios in tropospheric BBA layers during
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Figure 10. (a) Extinction coefficients at 355 and 532 nm, (b) Extinction-related Angström exponent and (c) backscatter-related Angström

exponent measured by LILAS at ATOLL observatory from May to September 2023. Note that the BBA layer with extinction coefficient

higher than 20 Mm−1 are selected and classified into 2 groups: FT (free troposphere) and UTLS (upper troposphere and lower stratosphere),

according to the height of the layer base.
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this period are respectively 44±9 sr and 72±11 sr at 355 and 532 nm, while in the UTLS layers they were 36±4 sr and 62±4

sr. The slightly higher lidar ratios in tropospheric layers compared to the UTLS layer are consistent with lidar observation in

Moscow, as shown in Case 3 and 4.345

The particle linear depolarization ratios in tropospheric BBA layers averaged 0.12±0.08, 0.07±0.03 and 0.02±0.01 and 1064

Figure 11. (a) Lidar ratios at 355 and 532 nm, (b) particle linear depolarization ratios (PLDRs) at 355, 532 and 1064 nm, in the BBA layers

measured by LILAS at ATOLL observatory from May to September 2023. The data points are divided into two categories by the height of

the selected layers – free tropospheric (FT) layer and UTLS layer. The scatters and error bars represent the means and standard deviations in

the selected BBA layers.

nm. In contrast, the corresponding values in the UTLS layers are higher at 355, 532 nm , averaging 0.23±0.08 and 0.14±0.05,

respectively, while remaining almost unchanged at 1064 nm with an average of 0.02±0.01. Pronounced depolarization ratios

of BBA layers in UTLS have been observed by several lidar systems during the remarkable wildfires in global scale – Canadian
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wildfire in 2017, Australian wildfire in 2019/2020, Californian wildfire in 2020 (Haarig et al., 2018; Hu et al., 2019; Ohneiser350

et al., 2020; Hu et al., 2022; Mamouri et al., 2023). High depolarization ratios are usually linked with particle morphology,

which can be complex for aged BBAs, as their organic coatings may appear semi-solid and glassy in cold and dry conditions

in UTLS. Therefore, UTLS BBA particles could be highly irregular and present high depolarization.

The lifting process of wildfire plumes may also influence the morphology of BBA particles. Exceptionally high depolarization

ratios were observed during two periods: on 12 July and from 23 to 30 September2023, with values at 355 nm approaching or355

exceeding 0.30. According to Khaykin et al. (2025), these plumes originated from wildfires associated with pyroCb activity,

detected in Siberia on 30 June and in Canada on 15 and 22 September. PyroCb-convection can rapidly inject thick clouds of

BBA particles, organic vapors, and ice crystals into the UTLS (Peterson et al., 2017). BBA particles processed by pyroCb

events are found to exhibit distinctive characteristics, including larger sizes and thicker organic coatings, compared to those

not affected by such convective processes (Rosenfeld et al., 2007; Katich et al., 2023). In particular, LILAS detected tropo-360

spheric BBA layers with depolarization ratios comparable to those in the UTLS on 29 and 30 September. Lidar observations

revealed that these layers gradually descended from the free troposphere to the planetary boundary layer over ATOLL within

2–3 days. HYSPLIT back trajectories suggest that this descent was likely associated with a dry intrusion a strong downward

motion driven by cyclonic activity that can transport air masses from the UTLS into the lower troposphere and boundary layer

(Danielsen, 1968). Consequently, the observed tropospheric BBA layers with high depolarization ratios were likely of UTLS365

origin.

4.3 Fluorescence capacity and spectrum

Transported BBA plumes originated from Alberta wildfires in late May 2023 have been reported by other lidar stations in

Europe, providing an opportunity for the cross-comparison of fluorescence measurements. Figure 12 presents the spectral

fluorescence capacities analyzed in Case 2 and 3 in this study, as well as measurements reported by two German lidar systems–370

MARTHA at TROPOS in Leipzig and RAMSES at DWD in Lindenberg. MARTHA and LILAS utilize the same interference

filter at 466 nm for fluorescence measurements, while the RAMSES lidar employs spectrometers that allow for the detection of

the fluorescence spectrum with a spectral resolution of about 12 nm. Consequently, the measurements of RAMSES can reveal

more features of the fluorescence spectra and serve as a reference for broadband fluorescence measurements (Reichardt et al.,

2023). Another important aspect of this comparison is to assess whether the fluorescence measurements, made by different li-375

dar systems, each calibrated individually by different lidar groups, are consistent. Although the proximity in observational time

does not guarantee that the plumes originated from the same wildfire, it can still eliminate the possibility of plumes coming

from other regions, since the Alberta wildfires were the dominant fire sources during the second half of May.

Figure 12 demonstrates the fluorescence capacities measured by LILAS and MARTHA are in good agreement in the tropo-380

spheric BBA layer. However, in the UTLS layer MARTHA derived much lower values than LILAS. This decrease in fluo-

rescence capacity is likely due to cloud processing, as MARTHA detected ice cloud formation at the base of the UTLS BBA

layer. In the spectral range around 466 nm, the fluorescence capacities by the four lidar systems are consistent in magnitude,
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Figure 12. Comparison of fluorescence capacities measured by four lidar systems in transported BBA plumes originated from Alberta

wildfires in late May, 2023. The four lidar systems are – LILAS at ATOLL (Lille, France), MARTHA at TROPOS (Leipzig, Germany),

RAMSES at DWD (Linden-berg, Germany), and the GPI lidar (Moscow, Russia). Measurements from LILAS and GPI presented respectively

in Case 2 (27 May 2023, diamonds ) and Case 3 (31 May – 01 June, 2023, circles with lines, solid line–time interval T1, dashed line– time

interval T2) are compared with measurements from MARTHA on 29 May, 2023 (triangles) and RAMSES on 26 May 2023 ( solid lines).

The measurements from MARTHA and RAMSES were published by Gast et al. (2025) and Reichardt et al. (2025).

although variability should not be overlooked. At wavelengths greater than 450 nm, the spectra of RAMSES also demonstrate

a gradual increase of spectral fluorescence capacities versus BBA layer height, except in the layer at 4600 m. Although spectra385

of the fluorescence capacities measured by GPI lidar and RAMSES show some extent of variability from layer to layer, the

values are generally comparable and show consistent features, particularly in terms of the shape of the spectra and the central

wavelengths in the troposphere and UTLS, which are both consistent. For instance, the two BBA layers detected by RAMSES

at 5700 and 10500 m over DWD, have almost the same central wavelengths and color ratios CR560/472 , compared with the

layers at 5500 m and 9000 m over GPI station (Case 3). A quantitative comparison of BBA fluorescence measurements is390

presented in Table C1 in the Appendix.

Figure 13 (a) and Figure 13(b) show the time series of spectral fluorescence capacities in BBA layers detected by lidar systems

at ATOLL observatory and at GPI, respectively, in the period from May to September 2023. The average of the spectral flu-

orescence capacity in the tropospheric BBA layers was 3.3±1.3×10−6nm−1 at ATOLL and 3.9±2.3×10−6nm−1 GPI, while

in the UTLS layers, the values were 4.8±1.8×10−6nm−1 at ATOLL and 5.4±2.6×10−6nm−1 at GPI. Despite differences in395

spectral coverage and calibration methods between the two fluorescence channels, the spectral fluorescence capacities at both
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Figure 13. The time series of spectral fluorescence capacity at 460 and 472 nm, and the color ratios CR560/472 measured by lidar systems at

ATOLL observatory (Lille, France) and GPI (Moscow, Russia) during the period from May to September 2023. (a) The spectral fluorescence

capacities at 466 nm from ATOLL. (b) The spectral fluorescence capacities at 466 nm and the color ratio of fluorescence capacity/backscatter

between the 560 nm and 472 nm channels, measured by the multi-channel fluorescence lidar at GPI.

sites are generally comparable in both the troposphere and the UTLS. This consistency validates the comparability of fluores-

cence measurements between the two different lidar stations and confirms that the properties of BBA particles arriving at these

two lidar stations do not exhibit significant geographical variations. The values of spectral fluorescence capacity detected by

lidar at GPI at 472 nm are generally greater than those at ATOLL observatory at 460 nm, it is probably because the 472 nm is400

closer to the peak of BBA fluorescence spectrum, as have been shown in Figure 12.

In Figure 13, we can see that enhanced spectral fluorescence capacities of BBA layers in the UTLS were observed at both sta-

tions. Although the spectral fluorescence capacity exhibits a substantial variability of approximately 40-60% in both the UTLS

and the free troposphere, the highest values were consistently observed in the UTLS, with no comparable peaks detected in the

free troposphere. The values of spectral fluorescence capacity of BBAs may depend on multiple factors, such as the geographic405

location of wildfires, the vegetation, the burning condition, the aging process and so on. However, it is difficult to assess their

influences on the fluorescent properties of BBAs, due to the limited information derived from remote sensing observations and

uncertainties in the back trajectories of the plumes. The series of CR560/472, which is the color ratio of fluorescence capacity or

backscatter coefficient between 560 nm and 472 nm channels, is generally higher in the UTLS, averaging 1.3±0.2, compared

to 0.9±0.2 in the troposphere. Higher color ratio in the UTLS than in the troposphere is a rather recurring feature of BBAs and410

has been detected consistently by both GPI and RAMSES during the fire season in 2023.

Figure 14 summarizes the spectra of fluorescence capacity, as well as their normalized forms, in aerosol layers in three ver-
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Figure 14. (a) The spectrum of aerosol fluorescence capacity in three vertical ranges: PBL(blue line,below 3000 m), FT (cyan line between

3000 and 8000 m) and UTLS (red line, between 8000 and 12000 m), measured by the five-channel fluorescence lidar at GPI, Moscow from

May to September 2023. This figure is adapted from Figure 8 in Veselovskii et al. (2024b).

tical ranges–below 3000m, from 3000 to 8000 m , and 8000 to 12000 m, measured by the lidar system at GPI from May to

September in 2023. Urban aerosols, which dominated below 3000 m, showed fluorescence capacities generally lower than

2×10−6nm−1, with a spectrum monotonically decreasing versus wavelengths. Long-range transported BBAs were the major415

aerosol type at above 3000 m, while their fluorescence spectra show distinctive characteristics. In the free troposphere at 3000

to 8000 m, the fluorescence capacities varied between 1.5 ×10−6nm−1 and 5× 10−6nm−1. In the UTLS at above 8000 m,

the mean spectral fluorescence capacities are generally higher than their counterparts in the free troposphere. Additionally, the

normalized fluorescence spectra in the UTLS showed a clearly shift of the spectrum peak toward longer wavelengths.

420

4.4 Vertical variation of BBA properties

Although the 2023 Canadian wildfire season was exceptional in terms of burnt area, fire emissions and the generated detected

PyroCb count, the emitted BBA plumes were mostly limited to the upper troposphere and the lowermost stratosphere. The

upper most of BBA layer heights in this study is at 12-14 km, in agreement with SAGE III (Stratospheric Aerosol and Gas

Experiment) observation presented in (Khaykin et al., 2025). In this analysis, we collect three extensive parameters of BBAs425

– the EAE355−532 and particle depolarization ratio at 532 nm from the observations at ATOLL and the color ratio CR560/472

from the observations at GPI station, to investigate the vertical variation of BBA properties. Figure 15 presents the variations

of the three parameters with respect to the altitude of the BBA layer base, along with the corresponding linear regressions.
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The EAE decreases gradually with the increasing layer altitude, yielding r2 ≈ 0.61 , while the depolarization ratio exhibits

an increasing trend with r2 ≈0.68. The color ratio CR560/472 also shows a positive trend with altitude, with r2 ≈ 0.69. These430

values of r2 suggest moderate correlations; however, the data sets do not provide sufficient evidence to establish a genuine

altitude dependence.

Most data points collected at ATOLL were from the free troposphere, as the calculation of EAE and depolarization ratio requires

relatively higher optical thickness and signal-to-noise ratio in BBA layers, which are challenging conditions for UTLS layers.

Consequently, the number of measurements in UTLS layers is lower than in the free troposphere, which limits the analysis of435

the vertical dependence. For the depolarization ratio in the troposphere, most data points are clustered near 0.05, with little

variation across the altitude range and no clear trend versus altitude. The apparent positive correlation with altitude emerges

only when the UTLS data points were included, as they are at higher altitude and exhibit distinctly higher depolarization

ratios. The pattern may be an indication that the statistical correlation is driven primarily by the separation between the two

regimes–tropospheric and UTLS, rather than by a continuous, altitude-driven relationship. A similar two-cluster distribution is440

also evident in the color ratio plot. These features are more consistent with discrete differences in BBA properties than with a

vertical dependence. These observations indicate a possibility that altitude itself may not be the ultimate controlling factor of the

BBA properties, but rather an intermediate variable linked to other factors, which could be the temperature and/or the injection

height of the BBA layers in their source region, and so on. Reichardt et al. (2025) investigated the correlation between BBA

properties and factors such as the origin, transport time, in-layer temperature and humidity, using RAMSES lidar data. They445

reported that the fluorescence spectra of the BBAs from different wildfire sources at different geographical locations showed,

to some extent, correlation with the vegetation type (or climate zone) and in-layer temperature, while weak correlation with

the transport time. Relative humidity also appeared to influence the fluorescence spectra, although its effect likely depends on

the origin of BBA plumes. At present, further investigation of the dependence of BBA properties is constrained by the limited

variability in the available BBA measurements and the lack of collocated and high-quality humidity and temperature data in450

the BBA layers.

4.5 Relative humidity in BBA layers

RHs within approximately 50 BBA layers observed at each lidar station were determined using a combination of lidar and

radiosonde measurements. The RH data at GPI site were obtained from radiosonde measurements at Moskva site, while at

ATOLL site, priority was given to RH derived from the lidar water vapor channel. When lidar water vapor measurements were455

unavailable (∼10 BBA layers), radiosonde data from Beauvechain (Belgium) station, 100 km from ATOLL, were used.

Figure 16(a) shows the frequency distribution of detected BBA layers as a function of their mean RH. All the analyzed layers

exhibited RH values below 80%, with the majority (90% at Moscow and 85% at ATOLL) showing mean RH below 50%.

At both sites, observations showed that RHs generally decreased at the altitudes where BBA layers occurred, even in the free

troposphere where water vapor is more abundant than in the UTLS. The peak occurrence of RH within the detected BBA layers460

was in the range of 10-20%.

Figure 16(b) presents the distribution of the spectral fluorescence capacity as a function of the mean RH within the BBA layers.
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Figure 15. (a) The variation of BBA optical properties versus the height of the layer base observed by lidar systems at ATOLL and GPI

from May to September in 2023. (a) The extinction-related Angström exponent at 355 and 532 nm, and (b) the particle depolarization ratio

at 532 nm detected by LILAS at ATOLL observatory. (c) The color ratio of the spectral fluorescence backscatter coefficients at 560 to 472

nm, detected by the lidar system at GPI,Moscow, Russian. The error bars in the plot represent the standard deviation within the selected BBA

layers. The red dot-dashed lines represent the linear regression line of the data points.

The fluorescence capacities at 472 nm (GPI lidar) and at 466 nm (ATOLL lidar) are comparable and distribute mainly in the

range of 2.0×10−6nm−1 to 4.0×10−6nm−1. Layers with pronounced fluorescence capacity, greater than 6.0×10−6nm−1, are

mainly UTLS layers, with RH approximately at 20% or lower. According to the vertically averaged data across 5 months, plot-465

ted in Figure 16(b), the spectral fluorescence capacities do not show noticeable correlation with RH when air mass is relatively

dry, i.e. RH≤60%. For RH >60%, the fluorescence capacity seemingly decreases with RH, however, the number of data points

is not sufficient to draw a firm conclusion.

Veselovskii et al. (2025) and Reichardt et al. (2025) investigated the relationship between aerosol (not limited to BBA) flu-

orescence properties and RH using vertically resolved profiles from selected cases, rather than multi-month layer-averaged470

means. Reichardt et al. (2025) reported no clear correlation between RH and the central wavelength of the fluorescence spectra

for the BBA layers likely originating from Western Canada on 26-27 May. While for BBA plumes from Eastern Canada, the

results showed a weak to moderate correlation. These findings are in line with our observation in Case 1 where the fluorescence

capacity stayed almost unchanged in the BBA layer with high humidity below the cloud base. While this cannot be considered

direct, mutually corroborating evidence, it provides indirect support for limited hygroscopicity of aged BBAs. Most BBA lay-475

ers analyzed in this study are dry and do not exhibit significant RH gradient, affecting the robustness of the correlation analysis.

However, this generally low humidity in BBA layers suggests that aged BBAs have limited ability of absorbing water from

the environment, implying low hygroscopicity. Fluorescence measurements have potential as a proxy for assessing aerosol

hygroscopicity, but current studies are sparse and scattered, highlighting the need for more systematic investigation.

In previous publications, the atomic oxygen-to-carbon ratio (O:C) of the organic compounds are often used to assess the hy-480
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groscopicity organic particles, based on semi-empirical relationships between the hygroscopicity and the oxidation level of

the organic aggregates (Jimenez et al., 2009; Massoli et al., 2010; Lambe et al., 2011). These researches, based on laboratory

and field measurements, overall derived a generally positive correlation between the hygroscopicity and O:C ratio of organic

aerosols. As a result, BBA are typically expected to become increasingly hygroscopic after being emitted into the atmosphere.

However, the measured hygroscopicity of aerosols originated from biomass burning is still very variable, with κ—the hygro-485

scopic parameter, varying from below 0.1 (weakly hygroscopic) to 0.4 (moderately hygroscopic) and showing dependence

on multiple factors, such as fuel type and aging time (Petters et al., 2009; Carrico et al., 2010; Engelhart et al., 2012; Zheng

et al., 2020; Cao et al., 2021; Pöhlker et al., 2023). Recent research reported other factors, such as carbon chain length, organic

functionality and water solubility have significant impact on the hygroscopicity of organic aerosols, which explains the widely

varying hygroscopicity of organic aerosols. It also points out the oxidation level of organic aerosols is not sufficient for param-490

eterizing their hygroscopicity and the determination of the hygroscopicity of BBAs is a challenging task due to their complex

organic composition and aging conditions in the atmosphere (Wang et al., 2019; Kuang et al., 2020; Han et al., 2022).

Figure 16. (a) The count of BBA layers and (b) their spectral fluorescence capacity as a function of mean RH within the layers observed by

lidars at Moscow (blue color) at ATOLL site (gray color) from May to September 2023. The open circles and solid circles represent BBA

layers in the free troposphere and UTLS, respectively. Values of spectral fluorescence capacity measured by lidar at Moscow and ATOLL are

respectively at 472 and 466 nm.

5 Conclusions

In this study, we analyzed the long-range transported BBA plumes from the exceptional 2023 Canadian wildfire season, using

lidar observations from ATOLL observatory in France and GPI in Russia between May and September. The complementary495

detecting capabilities of the two systems, one equipped with multiple elastic and Raman channels and the other with multiple
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fluorescence channels, enabled a detailed characterization of BBA properties. Four representative cases and statistical results

from five-month observation were presented.

Measurements from ATOLL showed that UTLS BBAs had higher depolarization ratios (355 and 523 nm), lower Ångström

exponents, and slightly lower lidar ratios than free-tropospheric BBAs, consistent with earlier studies. GPI lidar detected a500

redshift in the fluorescence peak from 513 nm (troposphere) to 560 nm (UTLS), confirmed by high-resolution spectra from

the RAMSES lidar.

Fluorescence capacities at 466 nm (ATOLL) and 472 nm (GPI) were consistent in both tropospheric and UTLS BBA layers.

We further compared the fluorescence capacities of BBA plumes measured by four lidars at different locations, including the

MARTHA at Leipzig and RAMSES at Lindenberg. The results showed a general agreement in magnitude, as well as consistent505

spectral shape between multi-channel broadband and spectrometer-based fluorescence measurements. These results highlight

the potential for coordinated multi-lidar fluorescence measurements, though further systematic comparisons are needed to fully

reconcile the two detection approaches.

In-layer humidity analysis for around 100 BBA layers revealed that most BBA layers were relatively dry (RH < 50%) and that

fluorescence capacity remained stable under such conditions, suggesting limited hygroscopicity for aged BBAs. This conclu-510

sion is supported by the observation in Case 1, where a tropospheric BBA at a humid cloud base showed no clear hygroscopic

growth. Although BBA hygroscopicity may depend on multiple factors (fire origin, cloud processing.. etc), this result demon-

strated that aged BBAs should not be simply considered as hygroscopic as some previous studies reported.

Correlations between BBA optical properties (EAE, particle depolarization ratio and CR560/472 and layer altitude were mod-

erate (r2 ≈0.61–0.68), however, this can be largely driven by the separation of properties between the tropospheric and UTLS515

regimes rather than by an altitude dependence. The results suggest that altitude is more likely an intermediate variable linked to

other controlling factors, such as injection height, transport history, and atmospheric conditions, rather than the primary driver

of observed differences.
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Appendix A: Calibration of single-wavelength fluorescence channel

The calibration of a single-wavelength fluorescence channel integrated to a Raman lidar system is essentially to determine the

ratio of optical and electronic efficiency between the fluorescence channel and the Raman channel. The spectrally integrated

backscatter coefficient in the fluorescence channel can be expressed by Equation 1:535

βF,λ(z) =
CR
CF,λ

PF,λ(z)
PR(z)

TR(z)
TF,λ(z)

NR(z)σR,

where PF (z) and PR(z) are the lidar signals of fluorescence (F) and Raman channel (R), respectively. CR

CF
is the ratio of

the instrumental constant between the Raman channel and the fluorescence channel, depending on the optical and electronic

efficiency of the two channels. This ratio is to be determined by the calibration procedure. Figure A1 shows the optical layout

of the fluorescence channel and N2 Raman channel, where the transmission of the interferences filter (IF) and the efficiencies540

of photomultipliers are denoted as αF/R and gF/R, respectively. The transmission of dichroic mirror (DM) splitting the two

channels is denoted as tF/R.

Step 1: Keep the PMTs at their original position.

SF and SR, representing the lidar signals received by the fluorescence channel at 466 nm and the Raman channel at 387

nm can be written as:545

SF = S0 ∗ tF ∗αF ∗ gF
SR = S0 ∗ (1− tR) ∗αR ∗ gR

(A1)

where S0 represents the incoming light intensity at the DM.

Step 2: Exchange the two PMTs, without changing the IF.

Now the signals can be expressed as:

S′F = S0 ∗ tF ∗αF ∗ gR
S′R = S0 ∗ (1− tR) ∗αR ∗ gF .

(A2)550

The ratio of signals in Step 1 and 2 in the Raman channel at 387 nm is determined by the ratio of the gains of the two PMTs—

SR
S′R

=
gR
gF

(A3)

Note that, in Equation A1-A3, we assume the transmission in the optics before the DM is invariant between the spectral range

of the Raman and fluorescence channel. Therefore, the ratio of instrument constant between the fluorescence channel and the

Raman channel, CR

CF
, is determined by the transmission of the DM and IFs, and by the grain of the PMTs. Since the two555

channels are well separated in spectrum, the DM is able to split them with high clearance, i.e. tR =0 and tF = 1. Therefore, the

following relationship can be derived:

CR
CF

=
αR
αF

gR
gF
. (A4)
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The ratio αR

αF
can be calculated from the transmission curves of the IFs provided by the manufacturer of optics.In the system

of LILAS, the mean transmission is about 65% in the Raman channel and 90% in the fluorescence channel, therefore, αR

αF
560

equals approximately to 0.72. The ratio gR

gF
is derived in Equation A3, following the calibration procedures in Step 1 and 2.

It is also important to mention that the calibration of gR

gF
specific to analog signal and photon-counting signal are performed

simultaneously. The choice of gR

gF
, analog ( gR

gF
|AN ) or photon-counting ( gR

gF
|PC), should correspond to the choice of channels

used for the calculation of βF . Additionally, if the calibration is performed correctly and the gluing coefficients, converting

analog signal to photon-counting signal, are accurate, gR

gF
|AN and gR

gF
|PC should be exchangeable. For example, according to565

the calibration performed on LILAS system, 20 December 2023:

gR
gF
|AN= 2.5 and

gR
gF
|PC= 1.5.

The gluing coefficients for 387 and 466 nm channels are approximately 65 and 105, respectively. The values of gR

gF
|PC can be

approximated using the gluing coefficients—

gR
gF
|AN ∗

rR
rF

= 2.5 ∗ 65
105

= 1.547≈ 1.5.570

Figure A1. The optical layout of the fluorescence channel at 466 nm and the N2 Raman channel at 387 nm in LILAS system at ATOLL

observatory, Lille, France. The two channels are split by a dichroic mirror and neither of them is attenuated by neutral density filter. The

calibration of the fluorescence channel requires to swopping the two PMTs without changing the interference filters with transmission denoted

as α.
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Appendix B: Back trajectory of air mass observed at ATOLL and GPI

Figure B1 and B2 plot the back trajectories of air mass arriving at ATOLL observatory and GPI stations, respectively.

Figure B1. The back trajectories of air mass for observations in Case 1 and 2 at ATOLL observatory, Lille, France. (a) 168-hour backward

trajectory for air mass at 4000, 8000, and 12000 m height at 21:00 UTC, 27 May 2023. The base map is the true color image of MODIS on

20 May 2025. (b) 168-hour backward trajectory for air mass at 5000 and 6000 height at 22:00 UTC, 14 May 2023, overlaid on MODIS True

Color surface image on 08 May 2023. The area circled by dotted orange lines were covered by intense BBA plumes (marked by yellowish

or gray color), when the airmass pass through.

Appendix C: Comparison of fluorescence measurements
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Figure B2. The back trajectories of air mass for observations in Case 3 and 4 measured at GPI, Moscow, Russia. (a) 120-hour backward

trajectory for air mass at 6000 and 9000 m height at 23:00 UTC, 31 May 2023. The base map is the true color image of MODIS on 28 May

2025. (b) 192-hour backward trajectory for air mass at 7500 and 10500 m height at 23:00 UTC, 20 June 2023. The transport pathways are

overlaid on MODIS True color surface image on 14 June 2023. The area circled by dotted orange lines represent the area covered by intense

BBA plumes, marked by yellowish or gray color.
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Table C1. Comparison of spectral fluorescence capacities in BBA layers from the 2023 Alberta wildfires (Canada), measured by four fluo-

rescence lidars at different stations. The instruments include LILAS at ATOLL (Lille, France), MARTHA at TROPOS (Leipzig, Germany),

RAMSES at DWD (Lindenberg, Germany), and the GPI lidar (Moscow, Russia). LILAS, MARTHA, and the GPI lidar measure fluorescence

signals using broadband interference filters. LILAS and MARTHA each operate with a single fluorescence channel (44 nm bandwidth cen-

tered at 466 nm), while the GPI lidar has five discrete fluorescence channels; for this comparison, measurements at 472 nm and 560 nm were

selected. RAMSES captures the full fluorescence spectrum using a spectrometer, with a spectral resolution about 12 nm (Reichardt et al.,

2023). To enable comparison with broadband measurements, RAMSES fluorescence capacity was averaged over two bands centered at 495

nm and 585 nm (80 nm bandwidth), corresponding to the “cyan” and “green” channels as defined by Reichardt et al. (2025).

Abbreviations: LCH – layer central height; SPC – spectral fluorescence capacity; PWL – peak wavelength.

The color ratio is calculated as SPC_2 to SPC_1.

Lidar&Location Observation LCH SFC_1 SFC_2 PWL Color ratio

&Refence Date [m] [10−6 nm−1] [10−6 nm−1] [nm] no unit

LILAS 466 nm –

Lille, France 27-28 May 4000 2.9 – – –

This study 12000 4.4 – – –

MARTHA 466 nm –

Leipzig, Germany 29-30 May 3000 2.5 – – –

Gast et al. (2025) 5000 4.9 – – –

12000 6.7 – – –

GPI lidar 472 nm 560 nm

Moscow, Russia 31 May, night 5500 6.9 6.4 513 0.93

This study 9000 5.3 7.1 560 1.34

01 June, morning 5500 7.9 6.8 513 0.86

9000 8.0 10.8 560 1.35

RAMSES 472 nm 560 nm

Lindenberg, Germany 26-27 May 3600 4.3 3.1 499 0.72

Reichardt et al. (2025) 4600 5.6 6.8 532 1.21

5700 4.8 4.7 514 0.97

10500 6.0 8.7 541 1.44
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