Pre prints.org

Article Not peer-reviewed version

Revisiting CCN Retrievals from
Spaceborne Lidar Observations During
ACEMED: The Important Role of Smoke

Aristeidis K. Georgoulias i , Elina Giannakaki , Archontoula Karageorgopoulou , George Tatos,
Emmanouil Proestakis , Vassilis Amiridis

Posted Date: 31 December 2025
doi: 10.20944/preprints202512.2746 .71

Keywords: CCN; ACI; CALIPSO; improved algorithm; airborne measurements; ACEMED; MODIS

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/138478
https://sciprofiles.com/profile/1500194
https://sciprofiles.com/profile/3633440
https://sciprofiles.com/profile/5001952
https://sciprofiles.com/profile/368756
https://sciprofiles.com/profile/457759
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 31 December 2025 d0i:10.20944/preprints202512.2746.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article
Revisiting CCN Retrievals from Spaceborne Lidar

Observations During ACEMED: The Important Role
of Smoke

Aristeidis K. Georgoulias 12*, Elina Giannakaki !, Archontoula Karageorgopoulou !,
George Tatos !, Emmanouil Proestakis  and Vassilis Amiridis 3

1 Department of Environmental Physics and Meteorology, Faculty of Physics, University of Athens,
15784 Athens, Greece

2 Department of Meteorology and Climatology, School of Geology, Aristotle University of Thessaloniki,
54124 Thessaloniki, Greece

3 Institute for Astronomy, Astrophysics, Space Applications and Remote Sensing, National Observatory of
Athens, 15236 Athens, Greece

* Correspondence: ageor@auth.gr

Abstract

We present an improved algorithm based on the POlarization Lldar PHOtometer Networking
(POLIPHON) method to retrieve cloud condensation nuclei (CCN) concentration profiles from
spaceborne lidar observations. Our previous paper, which was the first study to demonstrate the
feasibility of using measurements from Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSO) to retrieve CCN, is revisited. Our results focus on the Evaluation of
CALIPSO’s Aerosol Classification scheme over Eastern Mediterranean (ACEMED) research
campaign that took place over Thessaloniki, Greece, in September 2011. We compare our results with
our earlier retrievals, discussing the critical changes that have been made and the importance of using
the proper conversions factors. We also demonstrate the use of conversion factors acquired based on
CALIPSO aerosol typing for CCN retrievals. The analysis highlights the strong influence of smoke
on CCN concentrations and shows that the assumed aging state of the smoke can significantly alter
the retrieval outcome.

Keywords: CCN; ACI; CALIPSO; improved algorithm; airborne measurements; ACEMED; MODIS

1. Introduction

Today, aerosol-cloud interactions (ACI) are considered the largest source of uncertainty in
climate change research. Aerosols can act as cloud condensation nuclei (CCN) for cloud droplets and
as ice-nucleating particles (INPs) for ice crystals [1-5], thereby modifying the radiative and
microphysical properties of clouds. Global efforts to tackle these uncertainties are underway through
international scientific collaborations focused on aerosol-cloud interactions (e.g., AeroCom, ACTRIS,
BACCHUS, CERTAINTY) and through broader climate-model intercomparison frameworks such as
CMIP6 [6]. For this scope, a combination of in situ measurements, satellite observations, and
numerical model simulations is employed to better constrain the processes governing ACL

Over the years, progress in ACI research has shifted from relying on bulk satellite proxies such
as aerosol optical depth (AOD) and aerosol index (Al), now known to be unreliable indicators of CCN
[7,8], to adopting more physically based observations. Ground-based polarization lidars and satellite
polarimeters have since emerged as more effective tools for constraining CCN/INP concentrations
and aerosol-cloud effects [9-13]. Building on this evolution, our previous work provided the first
CALIPSO-based CCN estimates and validated them against coincident airborne in situ
measurements. This demonstrated the potential of using satellite lidar observations for CCN
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retrievals based on the POLIPHON methodology [14]. Since then, the concept has been adopted,
improved, and extended, leading to the development of two separate algorithms, the Optical
Modelling of the CALIPSO Aerosol Microphysics (OMCAM) and POLIPHON [15-17], while
machine-learning approaches have also been proposed [18]. Recently, [19] developed the first global,
satellite-based monthly CCN dataset for the period 2006-2021, based on OMCAM. Such data is
highly valuable, as they offer new insight into ACI processes that are still poorly understood or often
overlooked. The use of this global OMCAM dataset, [20] showed that dust-influenced and pristine
maritime environments particularly limit our current understanding of CCN-cloud droplet
relationships.

In this work, we present the progress achieved within the Space-derived aerosol-dependent
ClOud PropertiEs (SCOPE) project by applying the POLIPHON algorithm and recent methodological
developments. We compare our latest results with our previous retrievals and with in situ aircraft
measurements from the Aerosol Classification scheme over Eastern Mediterranean (ACEMED)
research campaign. In addition, we apply newly derived SCOPE conversion factors based on
CALIPSO aerosol typing and discuss the strong sensitivity of CCN retrievals to the chosen conversion
factors, particularly under smoke-rich conditions.

2. Materials and Methods

2.1. Data

CALIPSO, part of the A-Train constellation, operated in a 705-km sun-synchronous orbit from
2006 until its decommissioning in August 2023, crossing the equator near 13:30 LT on a 16-day repeat
cycle. Its main instrument, the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP),
measures backscattered intensity and polarization to retrieve cloud and aerosol profiles in the upper
~30 km of the atmosphere [21,22]. The CALIPSO processing algorithms detect atmospheric layers and
assign cloud and aerosol subtypes [23-26]. Each aerosol subtype is associated with a lidar ratio used
to derive extinction. This study uses CALIPSO Version 4.51 (v4.51) Level-2 data, including 532-nm
aerosol and cloud backscatter profiles, the Vertical Feature Mask (VFM), the aerosol subtype mask
(i.e., marine, dust, polluted continental/smoke, clean continental, polluted dust, elevated smoke,
dusty marine for tropospheric aerosols), and auxiliary quality and meteorological parameters (e.g.,
CAD score, relative humidity). These data serve as input for the CCN calculations.

Within the ACEMED framework, a flight coincident with a CALIPSO overpass over the land—
sea area around Thessaloniki, Greece (40.6° N, 22.9° E), was conducted using the FAAM BAe-146
research aircraft on 9 September 2011. Airborne in situ and lidar measurements collected between
00:00 and 02:00 UTC were used to derive dry particle number concentrations (cm=) at different
altitude levels [27]. These aircraft measurements are used here for validation.

Finally, to examine the origin of air masses during the measurement period, MODIS/Terra and
Aqua day/night C6.1 active-fire data from NASA’s Fire Information for Resource Management
System (FIRMS) [28] are combined with 96-h backward trajectories ending over the land and sea area
of Thessaloniki, where ACEMED took place. The back-trajectories are computed using the Hybrid
Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model [29].

2.2. CCN Algorithm and Updates

For the scope of this study, the algorithm was applied to a CALIPSO overpass from 9 September
2011, starting at 00:31 UTC. The first distinction relative to our earlier work is the use of Version 4.51
Level-2 data instead of Version 4.1.. A conservative quality-filtering approach was adopted prior to
applying the algorithm. Specifically, we followed the methodology described in Proestakis et al. [30]
(see their Table 1 and corresponding discussion). Profiles containing cloud features at any height
level were excluded. It should be noted that the use of the newer data version and the stricter filtering
criteria limits the availability of valid retrievals to the Eastern Mediterranean and part of the Sahara,
in contrast to our earlier analysis, which covered the whole Sahara and Sahel areas (See Figure Al).
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After quality filtering, we separate dust (d) from non-dust (nd) backscatter coefficients when the
CALIPSO aerosol typing identifies dust, polluted dust, or dusty marine aerosols, using the one-step
POLIPHON method described in Proestakis et al. [30]. This approach relies on the calculated particle
linear depolarization ratio dp(z), the theoretical depolarization ratios of pure dust (d4(z)) and non-
dust components (0nd(z)), and the total backscatter B«(z) at 532 nm. We adopt 04=0.31+0.04 and
0na=0.05+0.02.

Pure-dust backscatter coefficients are converted to pure-dust extinction coefficients by
multiplying with geographically dependent LRs (see Table 3 and Fig. 3 in Proestakis et al. [30]) unlike
Georgoulias et al. [14] where we adopted a single LR value of 55+11 sr following Marinou et al. [31].

The remaining non-dust fraction is attributed to marine aerosols when the CALIPSO algorithm
classifies the layer as dusty marine, and to polluted continental aerosols when polluted dust is
identified. For marine, polluted continental/smoke (hereafter referred to as polluted continental),
clean continental, and elevated smoke (hereafter referred to as smoke), we adopt the standard
CALIPSO aerosol typing. Aerosol-type-specific LRs from Kim et al. [23] are then applied to convert
backscatter to extinction coefficients.

In this work, CCN concentrations are calculated following the well-established methodology of
Mamouri and Ansmann [13], in which dry particle concentrations are obtained (Equation 1) using
appropriate conversion factors (cfs):

Nijary = ¢ X 0;7(2), (1)

where nijdry is the concentration of dry particles with radius > i nm for aerosol type j representing the
reservoir of favorable CCN-active particles. The parameters ¢j and xj are the respective cfs and o is
the dry extinction coefficient at height level z. For dust (d) we use i=100 nm, while for marine (m),
continental (c), and smoke (s) aerosols we use i=50 nm. The cfs are derived from Aerosol Robotic
Network (AERONET) aerosol optical thickness measurements and column-integrated particle size
distributions, and since they are obtained under specific aerosol conditions, they differ by aerosol
type. In contrast to Georgoulias et al. [14], we do not group polluted continental, clean continental,
and smoke aerosols under a single "continental” category. Instead, following more recent studies, we
apply separate cfs for each aerosol subtype. Specifically, dust cfs (ciwod, and xad) are taken from
Ansmann et al. [9], marine (c100,m and xm) and continental (ceo.c and xc) cfs from Mamouri and Ansmann
[13], and smoke cfs (cs0s and xs) from Ansmann et al. [32]. For smoke, we test both aged-smoke and
fresh-smoke cfs factors depending on the assumed state of the plume. In addition to the "standard"
calculations with the cfs described above, for dust, polluted continental aerosols and smoke we also
use cfs very recently retrieved within the framework of SCOPE from Karageorgopoulou et al. [33]
based on the CALIPSO aerosol typing rather than using Angstrom Exponent like previous studies
[9,13]. The full list of cfs used in this work is given in Table 1.

As mentioned above, the POLIPHON parameterizations refer to dry aerosol concentrations;
therefore, the ambient extinction coefficients cannot be used directly. In Georgoulias et al. [14], dry-
to-ambient extinction ratios for different relative humidities (RH) were derived from aerosol
microphysical properties retrieved during ACEMED [27]. Here, we adopt a more general approach
by using the aerosol-type-specific hygroscopic growth factors from Choudhury et al. [15] (see their
Fig. 1). These factors allow us to dry the particles to the RH levels assumed during the derivation of
the POLIPHON conversion factors [13]. We assume a typical RH of 80% for marine aerosols and 60%
for continental aerosols and smoke. The correction is applied only when the ambient RH exceeds
these thresholds. Dust is treated as hydrophobic, and thus no RH correction is applied.

Finally, we derive the CCN number concentrations (nccn;j) for the different aerosol types j from
the calculated dry particle concentrations (nijdry) under various supersaturation levels (ss), following
Equation 2.

Neenj = fss X Nijarys (2)
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where fss equals 1.0, 1.35, and 1.7 for supersaturations of 0.15%, 0.25%, and 0.40%, respectively [13].
In this study, we report CCN values for a supersaturation level of 0.15%. A schematic overview of
the algorithmic workflow is presented in Figure 1.
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Figure 1. SCOPE CALIPSO CCN retrieval scheme.

Table 1. Conversion factors for the different aerosol types j used in the CCN calculations, along with their

associated uncertainties (+10). The source study and the region from which each factor was derived are also

provided.
Aerosol type Study Area retrieved ¢ (Mm cm-%)* Xj
Ansmann et al. [9] Global mean 8.9+2.8 0.75+0.06
Dust Thessaloniki, Greece
Karageorgopoulou et al. [33] i 13.649.2 0.86+0.13
& Leipzig, Germany
Marine Mamouri and Ansmann [13] Barbados 7.2+3.7 0.85+0.03
Mamouri and Ansmann [13] Leipzig, Germany 25.3+3.3 0.94+0.03
Polluted Continental Thessaloniki, G
ofited -ontinenta Karageorgopoulou et al. [33] es.sa (.)ru b oreece 43.4+28.6 0.78+0.13
& Leipzig, Germany
Clean Continental Mamouri and Ansmann [13] Leipzig, Germany 25.3+3.3 0.94+0.03
Smoke (aged) Ansmann et al. [32] Recommended from 17.0+£5.0 0.79+0.08
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global measurements
Smoke (fresh+aged) Recommended from
Ansmann et al. [32] 100.0+50.0 0.75+0.08
global measurements
Smoke Thessaloniki, G
Karageorgopoulou et al. [33] cosaTonii, BIEECE 0804087 0.90:0.19
& Leipzig, Germany

* ¢j corresponds to ciood for dust, cioom for marine aerosols, ceoc for continental aerosols, and csos for smoke.
3. Results

3.1. CALIPSO Vertical Feature Mask and Aerosol Typing During ACEMED

Figure 2 presents the backscatter coefficients at 532 nm, the corresponding vertical feature mask,
and the aerosol subtypes in the greater area around Thessaloniki (42.5° N - 37.5° N). Moving from
north to south, CALIPSO crossed the land (41.2° N - 40.6° N) and sea (40.6° N - 40.0° N) area of
Thessaloniki, where the ACEMED flights took place, at around 00:41 UTC. VEM confirms the
existence of tropospheric aerosol layers over the area. The CALIPSO typing algorithm identifies
polluted continental/smoke, polluted dust and elevated smoke over the land area and marine, dusty
marine and elevated smoke over the sea area. VFM and aerosol types are almost identical with the
ones identified with an older version of the CALIPSO data (v4.1) shown in Georgoulias et al. [14].
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Figure 2. Vertical cross sections of the 532-nm total backscatter, the vertical feature mask, and the aerosol subtype
classification over the Thessaloniki region during ACEMED, produced using the CALIPSO v4.51 dataset. The

limits of the area of interest (land and sea) are indicated.

3.2. CALIPSO CCN Retrievals Using the SCOPE Algorithm During ACEMED

Following Proestakis et al. [30], we separate pure dust from aerosol mixtures and obtain dust,
polluted continental, and smoke aerosols over land, and dust, marine, and smoke aerosols over the
sea. In Figure 3 we present the CCN concentration (ncen) cross sections for each individual aerosol
type, as well as for all aerosol types combined (total), in cm™=. These values are retrieved under a
supersaturation of 0.15%, in which case all particles are considered potential CCN; therefore, nce is
equivalent to the particle number concentration. It is obvious that smoke particles dominate the area.
It must be noted that the calculations shown in this figure are based on the "default" SCOPE algorithm
conversion factors, i.e., dust cfs from Ansmann et al. [9], marine and polluted/clean continental cfs
from Mamouri and Ansmann [13], and smoke cfs from Ansmann et al. [32] assuming aged smoke.
The same combination of (denoted as Combination 1 hereafter) cfs was also adopted by Choudhury

etal. [15].
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Figure 3. Vertical transects of CCN concentrations for different aerosol types retrieved from CALIPSO with the
SCOPE algorithm for a supersaturation of 0.15%. Note that continental and smoke CCN concentrations reach
values up to an order of magnitude higher than those of dust and marine aerosols and therefore are displayed

using a separate color scale.

The corresponding uncertainties calculated by propagating the error inserted from the use of the
CALIPSO optical products, the pure dust separation method, the application of LRs and cfs appear
in Figure 4. Specifically for Thessaloniki the average uncertainty across the different atmospheric
layers is ~+55% over land and ~+51% over the sea with the overall uncertainty being of the order of a
factor of 2 [14,15,17].
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Figure 4. Same as Figure 3 but showing the associated uncertainties obtained by propagating errors from the
CALIPSO optical products, the pure-dust separation procedure, and the applied lidar ratios and conversion

factors.
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3.3. Retrievals with Different Conversion Factors and Comparison with Aircraft Measurements

In addition to Combination 1 (default cfs), we repeat the calculations using our algorithm with
four alternative sets of conversion factors. Combination 2 is identical to Combination 1, except that
smoke is treated as a mixture of fresh and aged smoke rather than solely aged. Combination 3 uses
the same marine and clean-continental cfs as Combination 1 but applies the dust, polluted-
continental, and smoke cfs from Karageorgopoulou et al. [33]. These cfs are based on a new approach
in which AERONET-derived microphysical properties are combined with CALIPSO aerosol
classification. It should be noted, however, that the smoke cfs proposed by Karageorgopoulou et al.
[33] were derived from a limited number of smoke cases (13 in total), and therefore may not yet be
statistically robust. Because the smoke cfs proposed in the literature differ substantially and the
results are highly sensitive to smoke aging, Combinations 4 and 5 retain the dust, marine, and
continental cfs from Combination 3 but use aged-smoke and fresh+aged-smoke cfs from Ansmann et
al. [32], respectively. The sources of the cfs for all combinations are listed in Table 2.

Table 2. Sources of the conversion factors used for each aerosol type in the five combinations tested in this study.

For each combination, the corresponding reference from which the cfs were adopted is provided.

Aerosol type ~ Combination1 Combination2 Combination3 Combination4 Combination5
Karageorgoupoul Karageorgoupoul Karageorgoupoul
Dust A tal. [9] A tal. [9
s nsmann et al. [9] Ansmann et al. [9] ou et al. [33] ou et al. [33] ou et al. [33]
Marine Mamouri and Mamouri and Mamouri and Mamouri and Mamouri and

Ansmann [13]

Ansmann [13]

Ansmann [13] Ansmann [13] Ansmann [13]

Poll. Continental

Mamouri and
Ansmann [13]

Mamouri and
Ansmann [13]

Karageorgoupoul Karageorgoupoul Karageorgoupoul
ou et al. [33] ou et al. [33] ou et al. [33]

Clean Continental

Mamouri and
Ansmann [13]

Mamouri and
Ansmann [13]

Mamouri and Mamouri and Mamouri and

Ansmann [13] Ansmann [13] Ansmann [13]

Smoke

Ansmann et al.

Ansmann et al.

Karageorgoupoul Ansmannetal. Ansmann etal.

[32] (aged) [32] (fresh+aged)  ou et al. [33] [32] (aged) [32] (fresh+aged)

The resulting CCN profiles for the different aerosol types at a supersaturation of 0.15%, as well
as the total CCN profiles, for the land and sea areas around Thessaloniki for all combinations are
shown in Figure 5. These profiles are compared with aircraft in situ measurements from ACEMED
[27]. The in situ data are available at three altitude levels over land and four over the sea. A detailed
comparison is provided in Table 3, where the CALIPSO-derived CCN values are evaluated against
the in situ measurements and compared with earlier CALIPSO-based CCN retrievals using the
POLIPHON [14] and OMCAM [17] algorithms. The CALIPSO values at the ACEMED flight altitudes
were obtained through linear interpolation of the original vertical profiles.

Over land, our retrievals using the default set of conversion factors (Combination 1)
overestimate CCN concentrations by an average of 47%, yielding much closer agreement with the
aircraft measurements compared to Georgoulias et al. [14] and [17], who overestimated CCN by 128%
and 145%, respectively. The use of dust and polluted continental cfs from Karageorgopoulou et al.
[33] together with aged-smoke cfs from Ansmann et al. [32] (Combination 4) further improves the
agreement with an overestimation of 43%. In the combinations where smoke is assumed to consist of
fresh+aged particles (Combinations 2 and 5), CCN concentrations are on average six times higher
than the in situ measurements. Combination 3, which uses smoke cfs from Karageorgopoulou et al.
(2025), yields CCN values approximately four times higher than the in situ data. Therefore, for land
retrievals, Combination 4 provides the best performance. It is also important to note that the 43%
overestimation is within the +61% uncertainty obtained from error propagation and falls within the
factor-of-two uncertainty generally expected for these retrievals.
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Figure 5. Profiles of CCN concentrations at a supersaturation of 0.15% over the land and sea areas of
Thessaloniki, Greece during ACEMED, for different aerosol types retrieved from CALIPSO using the SCOPE

algorithm with different conversion factor combinations (see Table 2 for description of the combinations).
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Different x-axis limits are used to improve the clarity of the presentation, as some combinations produce

substantially higher CCN values.

Over the sea area, the default conversion factors (Combination 1) and Combination 4 result in
underestimations of =79% and -78%, respectively which are larger discrepancies than the -56% and
—44% reported by Georgoulias et al. [14] and Choudhury and Tesche [17]. By contrast, Combinations
2 and 5 yield CCN concentrations that are much closer to the in situ measurements, underestimating
by only -17% and -16%, respectively. This behavior is clearly linked to the fresh+taged smoke
assumption adopted in these combinations, where the conversion factor cs is 100+50, compared to
17+5 for aged smoke. Overall, over the sea, Combination 5, which combines conversion factors from
Karageorgopoulou et al. (2025) with the fresh+aged smoke cfs from Ansmann et al. [32], shows
excellent agreement with the in situ measurements, with discrepancies well below the +64%
uncertainty estimated from error propagation and well within the commonly assumed factor-of-two
uncertainty for such retrievals.

Table 3. CCN number concentrations (cm=) at a supersaturation of 0.15% retrieved from CALIPSO using
different conversion factor combinations (see Table 2 for details) at the ACEMED f{light levels. Our results are
compared against aircraft in situ measurements and earlier results from Georgoulias et al., [14] (G2020) with

the POLIPHON algorithm and Choudhury and Tesche [17] with the OMCAM algorithm.

CALIPSO CALIPSO CALIPSO CALIPSO CALIPSO CALIPSO CALIPSO

Area  Alt. G2020 OMCAM Comb.1 Comb.2 Comb.3 Comb.4 Comb.5 In situ
Land 1.8km 1504 1590 813 3931 2320 813 3931 727
Land 2.7 km 2851 3171 1780 7533 5436 1763 7516 1318
Land 3.2km 2086 2160 1565 6005 4045 1475 5914 779
Sea 1.3km 508 826 202 670 452 238 706 1427
Sea 2.1km 1405 1476 510 2069 1305 537 2096 1834
Sea 2.7km 912 1065 460 1896 1172 481 1916 1501
Sea 3.2km 459 841 388 1669 974 396 1677 2814

4. Discussion

As shown above, our new CCN retrieval algorithm indicates that over land the aged-smoke
assumption yields results that closely match the observations, whereas over the sea the optimal
assumption is fresh+aged smoke. It is also shown that, under specific conversion-factor combinations,
our retrievals agree much more closely with the in situ measurements than previous POLIPHON-
and OMCAM-based estimates. In particular, the choice between aged-smoke and fresh+aged-smoke
assumptions is critical and can lead to differences of up to a factor of four, substantially affecting the
accuracy of the retrievals.

A natural question that arises is why the aged-smoke assumption performs well over land, while
the fresh+taged-smoke assumption is more appropriate over the nearby sea area of Thessaloniki,
given that the two regions are separated by only a few tens of kilometers. Could smoke behave
differently over sea surfaces? Previous analysis by Georgoulias et al. [14], based on 96-h HYSPLIT
backward trajectories and FIRMS fire observations, indicated that smoke from fires burning
northwest of Greece during the four days preceding the CALIPSO overpass was transported into the
region. Here we repeat that analysis, computing separate back-trajectories ending over the center of
the land (40.9° N, 23.0° E) and sea (40.3° N, 22.81° E) areas (Figure 6). Although the two locations are
very close, the simulations reveal some differences. In particular, for air masses arriving at 500 m
altitude, there appears to be transport (possibly carrying fresh smoke from a fire southwest of
Thessaloniki) over the sea area only during the day prior to the CALIPSO overpass. At higher
altitudes (>1500 m), where the validation against aircraft data takes place, differences are also present,
although the general origin of the air masses is similar. Thus, while we cannot exclude the possibility
that fresher smoke reached the sea area, even under identical source conditions smoke may evolve
differently over land and sea.
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Figure 6. HYSPLIT 4-day back-trajectories arriving over the land (upper panel) and sea (lower panel) areas of
Thessaloniki, Greece, at 00:00 UTC on 09 September 2011. Fire locations detected by the MODIS/Terra and Aqua
sensors during the preceding four days are also shown. Orange diamond, triangle, square, and cross symbols

denote fires occurring 0, 1, 2, and 3 days prior to the analysis day, respectively.

Following the definition of fresh and aged smoke from Ansmann et al. [32], smoke transported
for 1-3 days may be considered fresh. However, over land the smoke mixes with a polluted
continental boundary layer enriched in pre-existing aerosol and condensable vapors. This promotes
chemical aging, condensation of secondary material, and coagulation, producing a size distribution
with larger effective particle diameters and therefore lower dry nso per unit extinction, consistent with
the aged smoke extinction-to-number conversion factors of Ansmann et al. [32].

Over the sea, by contrast, the same plume is transported into a much cleaner, less chemically
active environment with low background aerosol concentrations. As a result, smoke particles may
undergo weaker microphysical processing, retain smaller modal diameters, and maintain a higher
dry particle number per unit extinction. In this regime, the fresh-smoke conversion factors reproduce
the aircraft-derived dry nso (and therefore CCN at 0.15% supersaturation) far more accurately.

In addition, the marine boundary layer over the sea is typically very shallow (around 100 m
according to ERA5 during the ACEMED flight), producing a stable inversion that inhibits vertical
mixing. Smoke transported offshore therefore remains largely confined to an elevated layer, with
limited interaction with the clean and chemically less active surface layer. This vertical decoupling
further suppresses microphysical aging and helps explain why fresh+aged smoke conversion factors
perform better over the sea. This behavior is also evident in the profiles of Figure 5, where the smoke
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layer over land is deeper and extends down toward the surface, whereas over the sea it appears
mostly between ~1 and 3.5 km a.s.l.

Future work should focus on refining smoke-type-specific conversion factors through dedicated
observational campaigns and regional analyses. In addition, targeted satellite-based CCN retrievals
in regions with persistent smoke outflow and existing aircraft measurements, such as the African
biomass-burning corridor sampled during the ORACLES campaign, could help constrain how
conversion factors vary with plume age, transport pathway, and boundary-layer structure.
Continued development of conversion factors based on CALIPSO aerosol typing, such as the
approach introduced by Karageorgopoulou et al. [33], would also be valuable for ensuring
consistency across aerosol regimes and improving global applicability. Such efforts would enable a
more robust selection of appropriate conversion factors based on where the smoke is observed and
its microphysical history.

5. Conclusions

In this study, we revisited CCN retrievals from CALIPSO during the ACEMED campaign using
an improved POLIPHON-based algorithm and updated CALIPSO v4.51 optical products. By testing
multiple sets of aerosol-type-specific conversion factors, including newly developed SCOPE factors
derived from CALIPSO aerosol typing, we demonstrated that the choice of smoke parameterization
is the dominant source of variability in CCN retrievals. Over land, assuming aged smoke yields
excellent agreement with aircraft in situ data, with CCN overestimations reduced from 128-145% in
earlier studies to 43—47% in this work. Over the sea, however, a fresh+aged smoke assumption
provides the best performance, reducing biases from -56% to as low as -16% and remaining well
within the expected factor-of-two uncertainty. This strong land—sea contrast is linked to differences
in boundary-layer structure and microphysical aging processes, as shown using HYSPLIT
trajectories, active fire data, and CALIPSO aerosol typing. Our results highlight the critical role of
smoke aging state in spaceborne CCN retrievals and underscore the need for regionally constrained
conversion factors. Future advances will depend on targeted field campaigns and coordinated
satellite—aircraft studies to better characterize smoke evolution and to refine CCN parameterizations
for global applications. Continued development of conversion factors based on CALIPSO aerosol
typing could provide substantial improvements in the regional and global applicability of CCN
retrievals.
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Abbreviations

The following abbreviations are used in this manuscript:

ACI Aerosol-Cloud Interactions
ACEMED Aerosol Classification scheme over Eastern Mediterranean
ACTRIS Aerosols, Clouds and Trace gases Research InfraStructure

AeroCom Aerosol Comparisons between Observations and Models
AERONET  Aerosol Robotic Network

AOD Aerosol Optical Depth

Al Aerosol Index

ARL Air Resources Laboratory

BACCHUS Impact of B1.C)genlc versus Anthropogenic emissions on Clouds and Climate: towards a Holistic
Understanding

CALIOP Cloud-Aerosol Lidar with Orthogonal Polarization
CALIPSO Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations

CCN Cloud Condensation Nuclei

CERTAINTY [Project full name to be added]

CMIP6 Coupled Model Intercomparison Project Phase 6
ERA5 ECMWEF Reanalysis v5

FAAM Facility for Airborne Atmospheric Measurements
FIRMS Fire Information for Resource Management System
HYSPLIT Hybrid Single-Particle Lagrangian Integrated Trajectory
INP Ice-Nucleating Particle

LR Lidar Ratio

MODIS Moderate Resolution Imaging Spectroradiometer
NASA National Aeronautics and Space Administration
NOAA National Oceanic and Atmospheric Administration

OMCAM Optical Modelling of the CALIPSO Aerosol Microphysics
ORACLES  ObseRvations of Aerosols above CLouds and their intEractionS
POLIPHON POlarization LIdar PHOtometer Networking

RH Relative Humidity

SCOPE Space-derived aerosol-dependent Cloud Properties
UTC Coordinated Universal Time

VEM Vertical Feature Mask
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Figure Al. Same as Figure 3 but for the whole CALIPSO track appearing in Georgoulias et al. [14]. The
combination of the newer data release and stricter quality filtering restricts the set of valid retrievals to the

Eastern Mediterranean and part of the Sahara.
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