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Abstract. Aerosols that are efficient ice-nucleating particles
(INPs) are crucial for the formation of cloud ice via heteroge-
neous nucleation in the atmosphere. The distribution of INPs
on a large spatial scale and as a function of height determines
their impact on clouds and climate. However, in situ mea-
surements of INPs provide sparse coverage over space and
time. A promising approach to address this gap is to retrieve
INP concentration profiles by combining particle concentra-
tion profiles derived by lidar measurements with INP effi-
ciency parameterizations for different freezing mechanisms
(immersion freezing, deposition nucleation). Here, we as-
sess the feasibility of this new method for both ground-based
and spaceborne lidar measurements, using in situ observa-
tions collected with unmanned aerial vehicles (UAVs) and
subsequently analyzed with the FRIDGE (FRankfurt Ice nu-
cleation Deposition freezinG Experiment) INP counter from
an experimental campaign at Cyprus in April 2016. Analyz-
ing five case studies we calculated the cloud-relevant particle
number concentrations using lidar measurements (72250, dry

with an uncertainty of 20 % to 40 % and Sgry with an uncer-
tainty of 30 % to 50 %), and we assessed the suitability of the
different INP parameterizations with respect to the tempera-
ture range and the type of particles considered. Specifically,
our analysis suggests that our calculations using the parame-
terization of Ullrich et al. (2017) (applicable for the tempera-
ture range —50 to —33 °C) agree within 1 order of magnitude
with the in situ observations of ninp; thus, the parameteriza-
tion of Ullrich et al. (2017) can efficiently address the depo-
sition nucleation pathway in dust-dominated environments.
Additionally, our calculations using the combination of the
parameterizations of DeMott et al. (2015, 2010) (applicable
for the temperature range —35 to —9 °C) agree within 2 or-
ders of magnitude with the in situ observations of INP con-
centrations (nnp) and can thus efficiently address the im-
mersion/condensation pathway of dust and nondust particles.
The same conclusion is derived from the compilation of the
parameterizations of DeMott et al. (2015) for dust and Ull-
rich et al. (2017) for soot.
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Furthermore, we applied this methodology to estimate the
INP concentration profiles before and after a cloud forma-
tion, indicating the seeding role of the particles and their
subsequent impact on cloud formation and characteristics.
More synergistic datasets are expected to become available
in the future from EARLINET (European Aerosol Research
Lidar Network) and in the frame of the European ACTRIS-
RI (Aerosols, Clouds, and Trace gases Research Infrastruc-
ture).

Our analysis shows that the developed techniques, when
applied on CALIPSO (Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations) spaceborne lidar observa-
tions, are in agreement with the in situ measurements. This
study gives us confidence for the production of global 3-
D products of cloud-relevant particle number concentrations
(n250,dry» Sdry and nnp) using the CALIPSO 13-year dataset.
This could provide valuable insight into the global height-
resolved distribution of INP concentrations related to mineral
dust, as well as possibly other aerosol types.

1 Introduction

The interaction of aerosol particles with clouds and the re-
lated climatic effects have been in the focus of atmospheric
research for several decades. Aerosols can act as cloud con-
densation nuclei (CCN) in liquid water clouds and as ice-
nucleating particles (INPs) in mixed-phase and ice clouds.
Changes in their concentration affect cloud extent, lifetime,
particle size and radiative properties (Lohmann and Feichter,
2005; Tao et al., 2012; Altaratz et al., 2014; Rosenfeld et
al., 2014). As important these interactions are, they are the
source of the highest uncertainty in assessing the anthro-
pogenic climate change (IPCC Fifth Assessment Report, Se-
infeld et al., 2016).

All clouds producing ice require, for temperatures above
~ —35°C, the presence of INPs. Compared to CCN, INPs
are rare (about one particle in a million acts as an INP; Nenes
et al., 2014) and become increasingly sparse with increasing
temperature (Pruppacher and Klett, 1997; Kanji et al., 2017).

Aerosol species which are identified in the past as po-
tentially important INPs are mineral dust, biological species
(pollen, bacteria, fungal spores and plankton), carbonaceous
combustion products, soot, volcanic ash and sea spray (Mur-
ray et al., 2012; DeMott et al., 2015b). From these aerosol
types, mineral dust and soot are efficient INPs at tempera-
tures below —15 to —20°C (dust) and —40°C (soot), and
they have been studied extensively for their INP properties in
field experiments and laboratory studies (Twohy et al., 2009,
2017; Kamphus et al., 2010; Hoose and Mohler, 2012; Mur-
ray et al., 2012; Sullivan et al., 2016; Ullrich et al., 2017).
Biological particles are one of the most active INP species;
however, their abundance is likely low on a global scale,
particularly when compared to other aerosol types such as
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mineral dust (Morris et al., 2014). It has been suggested
that soil and clay particles may act as carriers of biologi-
cal nanoscale INPs (e.g., proteins), which could potentially
contribute to a global/local source of INPs (Schnell and Vali,
1976; O’Sullivan et al., 2014, 2015, 2016). Finally, marine
aerosols (with possible influence of a biological microlayer
close to the surface) are also important INPs in areas where
the influence of mineral dust is less pronounced (e.g., South-
ern Ocean; Wilson et al., 2015; Vergara-Temprado et al.,
2017).

There is a variety of pathways for heterogeneous ice nu-
cleation: contact freezing, immersion freezing, condensation
freezing and deposition nucleation (Vali et al., 2015). In-
dividual ice nucleation pathways dominate at characteristic
temperatures and supersaturation ranges. Observational stud-
ies have shown that immersion freezing dominates at tem-
peratures higher than —30°C, while deposition nucleation
dominates below —35 °C (Ansmann et al., 2008, 2009; West-
brook et al., 2011; de Boer et al., 2011). The factors that
regulate the efficiency of heterogeneous ice nucleation are
qualitatively understood, but no general theory of heteroge-
neous ice nucleation exists yet. It has been shown that, in re-
gions not influenced by sea salt aerosol, INP concentrations
are strongly correlated with the number of aerosol particles
with dry radius greater than 250 nm (1250,dry) Which form
the reservoir of favorable INPs (DeMott et al., 2010, 2015).
However, we have limited knowledge on how the ice nu-
clei activity of these particles together with their spatial and
vertical distributions depend on cloud nucleation conditions
(i.e., temperature (7') and supersaturation over water (sSy)
and ice (ss;)). Furthermore, field measurements of INP con-
centrations are very localized in space and time, whilst there
are large regions without any data at all (Murray et al., 2012).
The lack of data inhibits our quantitative understanding of
aerosol—cloud interactions and requires new strategies for ob-
taining datasets (Seinfeld et al., 2016; Biihl et al., 2016).

Active remote sensing with aerosol lidar and cloud radar
provides valuable data for studying aerosol—cloud interaction
since it enables observations with high vertical and tempo-
ral resolution over long time periods (Ansmann et al., 2005;
Illingworth et al., 2007; Seifert et al., 2010; de Boer et al.,
2011; Kanitz et al., 2011; Biihl et al., 2016). Lidar measure-
ments can provide profiles of 1250, dry (the number of aerosol
particles with dry radius greater than 250 nm) and Sgry (the
aerosol particle dry surface area concentration) related to
mineral dust, continental pollution and marine aerosol, as
described in Mamouri and Ansmann (2015, 2016). Their
methodology uses lidar-derived optical parameters (i.e., the
particle backscatter coefficient, lidar ratio and particle depo-
larization ratio) to separate the contribution of mineral dust
in the lidar profiles (Tesche et al., 2009) and subsequently ap-
plies sun-photometer-based parameterizations to transform
the optical property profiles into profiles of aerosol mass,
number and surface area concentration (Ansmann et al.,
2012; Mamouri and Ansmann, 2015, 2016). The latter can
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then be used as input to INP parameterizations that have been
obtained from laboratory and field measurements (e.g., De-
Mott et al., 2010, 2015; Niemand et al., 2012; Steinke et al.,
2015; Ullrich et al., 2017) to derive profiles of INP concen-
trations (nyNp).

The INP retrieval calculated from the lidar measurements
provides a promising insight into atmospheric INP con-
centrations. To date, there has been no other evaluation
of the lidar-derived profiles of n250 dry, Sary and nnp by
means of independent in situ observations apart from one
dust case in Schrod et al. (2017). The study presented here
compares 71250,dry and ninp as inferred from spaceborne
and ground-based lidar observations to findings from air-
borne in situ measurements using data from the joint ex-
periment INUIT-BACCHUS-ACTRIS (Ice Nuclei Research
Unit — Impact of Biogenic versus Anthropogenic emissions
on Clouds and Climate: towards a Holistic UnderStanding —
Aerosols, Clouds, and Trace gases Research Infrastructure)
held in April 2016 in Cyprus (Schrod et al., 2017; Mamali
et al., 2018). The paper starts with a review of the different
INP parameterizations for mineral dust, soot and continental
aerosols in Sect. 2. Section 3 describes the instruments used
in this study and the methodology to retrieve INP concen-
trations from lidar measurements. The results of the inter-
comparison between the lidar-derived and unmanned aerial
vehicle (UAV)-measured 7n50,dry and ninp profiles are pre-
sented and discussed in Sect. 4 before the paper closes with
a summary in Sect. 5.

2 INP parameterizations

A variety of parameterizations has been proposed to obtain
niNp from aerosol concentration measurements. In particu-
lar, a global aerosol type-independent ninp parameterization
was introduced by DeMott et al. (2010), dust-specific ninp
parameterizations were introduced by Niemand et al. (2012);
DeMott et al. (2015); Steinke et al. (2015); Ullrich et al.
(2017), and soot-specific ninp parameterizations were pro-
posed by Murray et al. (2012) and Ullrich et al. (2017). The
aforementioned parameterizations address immersion freez-
ing at or above water saturation and deposition nucleation
for ice saturation ratios ranging from unity up to the homo-
geneous freezing threshold and water saturation. Table 1 pro-
vides an overview of the temperature ranges and the freezing
mechanisms for which these parameterizations are applica-
ble.

Regarding immersion freezing, the aerosols that are ac-
tivated to droplets can contribute to ice formation. In turn,
the ability of a particle to be activated as a cloud droplet
mainly depends on the cloud supersaturation, its diameter,
the water adsorption characteristics and the composition of
soluble coatings (Levin et al., 2005; Kumar et al., 2011a,
b; Garimella et al., 2014; Begue et al., 2015). Kumar et al.
(2011b) showed that all dry-generated dust samples with ra-
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dius > 50nm are activated to CCN at a water supersatu-
ration (ssy) of 0.5 %, while the activation radius increases
to > 250 nm when water supersaturation decreases to sSy X
0.1 %. This is the minimum level of ssy, required to activate
INP for immersion freezing.

For immersion freezing of dust particles, the parameteri-
zation of Ullrich et al. (2017) (U17-imm) (Table 1; Eq. 1)
is based on heterogeneous ice nucleation experiments at the
cloud chamber AIDA (Aerosol Interaction and Dynamics in
the Atmosphere) of the Karlsruhe Institute of Technology.
The desert dust ground samples used in this study originated
from different desert dust locations around the world (Sa-
haran, Taklamakan Desert, Canary Islands, Israel). The pa-
rameterization quantifies the desert dust ice nucleation effi-
ciency as a function of ice-nucleation-active surface-site den-
sity ns(7T) and dust dry surface area concentration S dry. If
the CCN activated fraction is less than 50 %, Eq. (1) for U17-
imm needs to be scaled to be representative for the CCN ac-
tivated Sqry (Ullrich et al., 2017). In this work, we apply the
Ul7-imm parameterization taking into consideration the to-
tal Sdry-

Additionally, the parameterization of DeMott et al. (2015)
(D15) (Table 1; Eq. 2) addresses the immersion and con-
densation freezing activity of natural mineral dust particles
based on laboratory studies using the continuous flow dif-
fusion chamber (CFDC) of the Colorado State University
(CSU) and field data from atmospheric measurements in Sa-
haran dust layers. D15 quantifies ninp as a function of tem-
perature and the total number concentration of dust particles
with dry radii larger than 250 nm (1250,4,dry). We note here
that the ambient values of measured ninp(p, T) need to be
transferred in standard (std) pressure and temperature condi-
tions (1250,d,dry (Po, To, T')) before the use of (Eq. 2).

For the deposition nucleation of dust particles, the param-
eterizations of Steinke et al. (2015) and Ullrich et al. (2017)
(S15 and U17-dep, respectively) quantify the ice nucleation
efficiency as a function of Sq.qry and ns(T, Sice) With Sice
the ice saturation ratio. Both were based on AIDA labora-
tory studies, but they used different dust samples. U17-dep
(Table 1; Eq. 3) was based on ground desert dust samples
from the Sahara, Taklamakan Desert, Canary Islands and Is-
rael, while S15 (Table 1; Eq. 4) was based on dust samples
from Arizona, which were treated (washed, milled, treated
with acid) and are much more ice active than natural desert
dust particles on average. Although S15 parameterization
was based on treated dust samples which usually show an en-
hanced freezing efficiency, it is used in the NMME-DREAM
model (Nonhydrostatic Mesoscale Model on E grid, Janjic
et al., 2001; Dust REgional Atmospheric Model, Nickovic et
al., 2001; Pérez et al., 2006) for INP concentration estima-
tions (Nickovic et al., 2016). For this reason, it is included in
this work.

For the ice activation of soot particles, Ullrich et al. (2017)
introduced two parameterizations, one for immersion freez-
ing (Table 1; Eq. 5) and a second one for deposition nucle-
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Table 1. Overview of INP parameterizations used in this study together with the freezing mode and the temperature range for which they have been developed. The parameterizations
of D15 and U17-imm have been extrapolated to the temperature range from —36 to —1 °C. In the equations, n250, dry is in particles per cubic centimeters (cm™3), nnp in particles per

liter QLlJu T (z) in Kelvin (K) and P in hectopascals (hPa). po and T stand for standard pressure and temperature.

Parameterization  Reference Mode T (°C) Parameterization, nynp = Eq.

name

Dust

Ul7-imm Ullrich et al. (2017)  immersion —30to —14  Sq aryns(T) (€))]
with ng(T) = exp[150.577 — 0.517T]

D15 DeMott et al. (2015)  immersion —35t0 —21  [1250,d,dry(Po. Tp)!1 @7316= ) +b1l exp[ ey (273.16 — T) +di [I(To p) /(T po) 2

condensation witha; =0.0, b1 =1.25,¢1 =0.46,d; = —11.6

Ul7-dep Ullrich et al. (2017)  deposition —6710 =33 Sq dryns(T, Sice) 3)
with 1y (T Sice) = exp[ax(Sice = D) coslba (T = y)I? arccotlix (T = 22))/x |
and ap =285.692, by =0.017, yp =256.692, ko = 0.080, A = 200.745

S15 Steinke et al. (2015)  deposition =53t =20  Sq dryns(T) (@)
with ng(T) = 1.88 x 10° exp(0.2659 x (T, Sice))
and x (T, Sice) = —(T —273.2) + (Sice — 1) x 100

Soot

Ul7-imm Ullrich et al. (2017)  immersion —34t0 —18  Sc dryns(T) )
with ng(T) = 7.463 exp ﬁlo.o_o:ﬂ — qupmvw —0.8525(T —273.15) + o.qoo@

Ul17-dep Ullrich et al. (2017)  deposition =78t =38  Sc dryns(T, Sice) (6)

1

with 15 (T, i) = exp a3 (Sice — 1) cos[b (T — y3)1 arceotlics(T — 33)]/x |
and a3 =46.021, b3 =0.011, y3 =248.560, k3 = 0.148, A3 = 237.570

Nondust

D10 DeMott et al. (2010)  immersion —35t0 -9  [a4(273.16 — T)P4nas0, ¢ dry (po. To) 473 16=D+dal ) (T p) /(T pyy) @)

condensation with aq = 0.0000594, by = 3.33, ¢4 = 0.0265, d4 = 0.0033
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Figure 1. Fraction of ice-activated particles for the deposition nucleation (a) and immersion freezing (b) parameterizations used in this study.
The particle concentrations used are derived assuming an extinction coefficient of 50 Mm~! for each of the different aerosol types (dust,
continental, soot). The shaded areas take into account a range of the extinction coefficient from 10 Mm™! (lower limit) to 200 Mm™~! (upper
limit). The error bars mark the error of the respective parameterizations from error propagation using the uncertainties provided in Table 2.
Negative error bars that exceed the scale are not shown. In the deposition mode (a), the bold lines correspond to ice supersaturation of 1.15
and the dashed lines to ice supersaturation of 1.05, 1.1, 1.2, 1.3 and 1.4. The black and orange dots indicate the maximum temperatures for
which the parameterizations have been developed. In the immersion mode (b), the parameterizations are extrapolated over the immersion

freezing temperature range (dashed lines).

ation (Table 1; Eq. 6). Both were based on experiments at the
AIDA chamber with soot samples generated from four differ-
ent devices and quantify the soot ice nucleation efficiency as
a function of Sqry and ns(7) (for immersion) and ns(T, Sice)
(for deposition).

Finally, the global type-independent ninp parameteriza-
tion of DeMott et al. (2010) (Table 1; Eq. 7) was based on
field data collected during nine field campaigns (in Colorado,
eastern Canada, the Amazon, Alaska, and the Pacific basin)
and analyzed with the CFDC instrument of the CSU. As the
majority of the samples used for D10 were nondesert conti-
nental aerosols, this INP parameterization has been consid-
ered to be suitable for addressing the immersion and conden-
sation freezing activity of mixtures of anthropogenic haze,
biomass burning smoke, biological particles, soil and road
dust (Mamouri and Ansmann, 2016). From here on these
mixtures are addressed as continental aerosols.

The 1250,dry and Sqry used in all the aforementioned pa-
rameterizations are calculated from the lidar extinction pro-
files as described in Sect. 3.2 and shown in Figs. Al and A2
in the Appendix.

Figure 1 provides an indication of the relative differences
of the observed nnp in nature for immersion (right) and de-
position (left) modes and in relation to the different aerosol
compositions by showing a summary of the different nynp
parameterizations. Specifically, the plot shows the fraction
of the ice-activated particles (f; =ninp/ns0,dry) for desert
dust (dark blue, orange, red, light blue), continental (green)
and soot (black). The particle concentrations used here are
derived assuming an extinction coefficient of SOMm™! for

www.atmos-chem-phys.net/19/11315/2019/

each of the different aerosol types (dust, continental, soot).
The shaded areas take into account a range of the extinc-
tion coefficient from 10Mm~! (lower limit) to 200 Mm ™!
(upper limit). The error bars mark the cumulative error in f;
that results from the uncertainty in the lidar observations and
their conversion to mass concentration as well as from the er-
rors in the respective parameterizations. An overview of the
typical values and the uncertainties used for the error esti-
mation in this study is provided in Table 2. The deposition
nucleation estimations in the left panel of Fig. 1 are provided
for ss; = 1.15 (solid lines) and ss; = (1.05,1.1,1.2,1.3,1.4)
(dashed lines) to give a perspective on the range of possible
values. Note here that although the immersion parameteriza-
tions were obtained using measurements at the temperature
ranges of [—30, —14]°C (U17-imm, dust), [-35, —21]°C
(D15, dust), [—34, —18]°C (Ul7-imm, soot) and [—35,
—9]°C (D10, continental), they are extrapolated herein to ex-
tend over the immersion freezing temperature range (dashed
part of the lines in the immersion mode chart).

Figure la shows that, for deposition mode, the dust ice-
activated fractions from S15 are several orders of magnitude
higher than those of U17-imm (e.g., 4 orders of magnitude at
—40°C and ss; = 1.15 %). Furthermore, the deposition ice-
activation fractions of dust and soot (from U17-dep) differ
significantly, with soot being more active than dust for 7 <-
38 °C (up to 2 orders of magnitude) and dust being more ac-
tive than soot for T > —38 °C (up to 4 orders of magnitude).

Figure la shows that, for immersion mode, the dust ice-
activated fractions obtained from D15 are 1 order of magni-
tude lower than those calculated with U17-imm.

Atmos. Chem. Phys., 19, 11315-11342, 2019
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Laboratory ice nucleation measurements and correspond-
ing instrument intercomparisons have shown that at a sin-
gle temperature differences between 2 and 4 orders of mag-
nitude are observed as a result of the natural variability of
the INP active fraction (DeMott et al., 2010, 2017) or the
use of different INP counters (Burkert-Kohn et al., 2017).
Hereon, we consider D15 and U17-imm as the lower and up-
per bounds of the immersed ninp estimations for dust INP
populations. Figure 1b illustrates the dust activation increase
of up to 6 orders of magnitude within the mixed-phase tem-
perature regime (—15 to —35 °C). For a 5 °C decrease, nq inp
increases by about 1 order of magnitude. Moreover, we see
thatat T < —18 °C the immersion freezing desert dust ice ac-
tivation (D15) is higher than the continental one (D10), while
this changes at 7 > —18°C. On the contrary, soot (U17-
imm) always has a lower f; than dust (from either D15 or
U17-imm). The ice-activated fractions of continental (D10)
and soot (U17-imm) aerosols have a relative difference that
is always less than 60 % at T < —18 °C. At higher tempera-
tures they diverge with continental f; to exceed the soot one
by 1 order of magnitude at 7 > —11°C.

Additionally, Fig. 1 provides an indication of the error in-
duced at the lidar-estimated nynp due to errors in the selected
values of T and ss;. The right panel shows that, for immer-
sion mode, a 5°C error in the assumed 7T can introduce an
error of 1 order of magnitude in the dust-related ninp esti-
mations (U17-imm and D15) and 1/2 order of magnitude in
the nondust-related estimations of D10. The same error (1/2
order of magnitude) is induced in the Ul7-imm(soot) (for
T < —18°C). For deposition mode, a 5°C error in the as-
sumed 7 can introduce an error of 1/2 order of magnitude in
the dust-related nnp estimations (U17-dep(dust) and S15).
For the U17-dep(soot) estimates, and at T > —45 °C, the er-
ror in the assumed 7 has a significant impact in the nnp
product (e.g., 1 order of magnitude between T = —45 and
—40°C). On the contrary, at T < —45 °C, the error in the as-
sumed 7' has less impact in the final nynp product (between
100 % and 200 % for 5°C T error).

Regarding the deposition nucleation, a large variability of
the onset saturation ratio is observed in laboratory experi-
ments of different studies, with ss; varying for example at
—40°C between 1 and 1.5 (Hoose and Moéhler, 2012). In
Fig. 1a, we see the effect of the ss; on the estimated nyp.
In S15, ninp values increase by 1 order of magnitude for
a 0.1 increase in the ss;j. In Ul7-dep(dust), a 3-orders-of-
magnitude nynp range is observed at —30 °C for ss; between
1.05 and 1.4. The range is wider at lower temperatures (4 or-
ders at —50°C). In U17-dep(soot) a 4-orders-of-magnitude
niNp range is observed at T < —40°C for ss; between 1.05
and 1.3. This variability provides an indication of the error
induced in the lidar-estimated ninp product due to the error
in the selected ss;. In the nnp profiles presented in Fig. 11,
ss; = 1.15 is assumed (bold line here).

Atmos. Chem. Phys., 19, 11315-11342, 2019
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3 Instruments and methodology

The INUIT-BACCHUS-ACTRIS campaign in April 2016
was organized within the framework of the projects Ice
Nuclei Research Unit (INUIT; https://www.ice-nuclei.de/
the-inuit-project/, last access: 8 August 2019); Impact of
Biogenic versus Anthropogenic emissions on Clouds and
Climate: towards a Holistic UnderStanding (BACCHUS;
http://www.bacchus-env.eu/, last access: 8 August 2019);
and Aerosols, Clouds, and Trace gases Research Infras-
tructure (ACTRIS; https://www.actris.eu/, last access: 8§ Au-
gust 2019) and focused on aerosols, clouds and ice nucleation
within dust-laden air over the Eastern Mediterranean. Al-
though dust was the main component observed, other aerosol
types were present as well such as soot and continental
aerosols.

The atmospheric measurements conducted during the
campaign included remote sensing with aerosol lidar and
sun photometers as well as in situ particle sampling with
two UAVs. The UAV provided observations of the INP
abundance in the lower troposphere and they were oper-
ated from the airfield of the Cyprus Institute at Orounda
(35°05’42" N, 33°04'53"” E; 327 ma.s.l.; about 21 km west
of Nicosia) (Schrod et al., 2017). An Aerosol Robotic Net-
work (AERONET, Holben et al., 1998) sun photometer was
located at the Cyprus Atmospheric Observatory of Agia Ma-
rina Xyliatou (35°02'19” N, 33°03/28” E; 532 ma.s.l.; 7km
west of the UAV airfield). Continuous ground-based li-
dar observations were performed at Nicosia (35°08'26” N,
33°22/52” E; 181 ma.s.l.) with the EARLINET (European
Aerosol Research Lidar Network) PollyXT multiwavelength
Raman lidar of the National Observatory of Athens (NOA).
For the second half of the campaign the lidar observations
were complemented at Nicosia by a sun/lunar photometer
which was used to check the homogeneity of the aerosol
loading between the different sites of Nicosia and Agia Ma-
rina.

3.1 Lidar measurements

The EARLINET PollyXT-NOA lidar measurements at
532nm are used in this study for the derivation of particle
optical properties and mass concentration profiles. Quick-
looks of all PollyXT measurements can be found on the
web page of PollyNet (Raman and polarization lidar net-
work, http://polly.tropos.de, last access: 8 August 2019). Pol-
lyXT operates using a Nd:YAG laser that emits light at 355,
532 and 1064 nm. The receiver features 12 channels that en-
able measurements of elastically (three channels) and Ra-
man scattered light (387 and 607 channels for aerosols, 407
for water vapor) as well the depolarization of the incoming
light at 355 and 532nm. It also performs near-range mea-
surements of two elastic and two Raman channels. More de-
tails about the instrument and its measurements are provided
in Engelmann et al. (2016) and Baars et al. (2016). In brief,

www.atmos-chem-phys.net/19/11315/2019/


https://www.ice-nuclei.de/the-inuit-project/
https://www.ice-nuclei.de/the-inuit-project/
http://www.bacchus-env.eu/
https://www.actris.eu/
http://polly.tropos.de

E. Marinou et al.: Evaluation of lidar-derived INP concentrations

the nighttime backscatter (8,) and extinction («;,) coefficient
profiles at 532 nm are derived using the Raman method pro-
posed by Ansmann et al. (1992). The volume and particle
depolarization ratio profiles are derived using the method-
ologies described in Freudenthaler et al. (2009) and Freuden-
thaler (2016). The daytime backscatter and extinction coef-
ficient profiles are derived using the Klett—Fernald method
(Klett, 1981; Fernald , 1984), assuming a constant value for
the lidar ratio (LR). The daytime Klett profiles in Sect. 4.1
were derived using a lidar ratio of 50 sr on 15 April and of
40sron 5,9, 21 and 22 April as well as a vertical smoothing
length using a sliding average of 232.5 m. The integrated ex-
tinction coefficient profiles calculated with these LRs agree
well with the collocated AERONET aerosol optical depth
(AOD) observations. The LR values also are in agreement
with the nighttime Raman measurements indicating mixtures
of dust and anthropogenic/continental particles at heights be-
tween 1 and 3 km. The 2-D backscatter coefficient curtain for
Fig. 4 is calculated with the methodology described by Baars
et al. (2017).

In this work we also use spaceborne observations
from the Cloud-Aerosol Lidar with Orthogonal Polariza-
tion (CALIOP) on board the Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO) satellite
(Winker et al., 2009). During the campaign period CALIPSO
passed over Nicosia at a distance of Skm on 5 and 21 April
2016. Here, we use the CALIPSO L2 version 4 (V4) aerosol
profile products of 21 April 2016 and consider only quality-
assured retrievals (Marinou et al., 2017; Tackett et al., 2018).

3.2 INP retrieval from lidar measurements

We calculated the ninp profiles from the lidar measurements
by first separating the lidar backscatter profile into its dust
and nondust components using the aerosol-type separation
technique introduced by Shimizu et al. (2004) and Tesche et
al. (2009). For this method we consider a dust particle lin-
ear depolarization ratio of §g = 0.31 £0.04 (Freudenthaler et
al., 2009; Ansmann et al., 2011a) and a nondust particle lin-
ear depolarization ratio of d,q = 0.05 £0.03 (Miiller et al.,
2007; Grof8 et al., 2013; Baars et al., 2016; Haarig et al.,
2017). The observed particle linear depolarization ratio in be-
tween these marginal values is therefore attributed to a mix-
ture of the two aerosol types. The dust extinction coefficient
(atg) is calculated using the mean LR of 45 &£ 11 sr for dust
transported to Cyprus (Nisantzi et al., 2015). For the nondust
component, the extinction coefficient (c.) is calculated us-
ing a LR of 50 & 25 sr which is representative for nondesert
continental mixtures (Mamouri and Ansmann, 2014; Baars et
al., 2016; Kim et al., 2018). The profiles of n250,d,dry, Sd,drys
1250,c,dry and S¢ gry are calculated from the extinction coeffi-
cient profiles using the POLIPHON algorithm (POlarization-
LIdar PHOtometer Networking) and AERONET-based pa-
rameterizations proposed by Mamouri and Ansmann (2015,
2016). Table 3 provides an overview of the corresponding
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formulas used for the calculations. Weinzierl et al. (2009)
showed that for dust environments the AERONET-derived
values of Sgry are about 95 % of the total particle surface
area concentration (including particles with radius < 50 nm).
This assumption has been validated against airborne in situ
observations of the particle size distribution during the Sa-
haran Mineral Dust Experiment (SAMUM; Ansmann et al.,
2011b) in Morocco. The correlation drops to ~ 0.85 £0.10
for urban environments based on ground-based in situ mea-
surements of particle size distributions at the urban site of
Leipzig (Mamouri and Ansmann, 2016).

The uncertainty in the products (considering the initial
errors provided in Table 2) are as follows: the estimated
n250,d,dry uncertainty is 30 % in well-detected dessert dust
layers (64 =0.3), 37 % in less pronounced aerosol layers
(64 = 0.2) and exceeds 94 % in aerosol layers with low dust
contribution (84 < 0.1). The uncertainty of the estimated
Sd,ary values is 38 % in well-detected dessert dust layers,
44 % in less pronounced aerosol layers and exceeds 97 % in
aerosol layers with low dust contribution. The overall uncer-
tainties of the combined (dust and continental) 1350, dry and
Sary values are between 20 % and 40 % and between 30 %
and 50 % respectively. The steps of the procedure for ob-
taining the profile of n250,ary and S gy, as described here,
are illustrated in an example in Fig. 2. In this example, we
use the PollyXT measurements at Nicosia between 01:00 and
02:00 UTC on 21 April 2016.

In the final step, the ninp profiles are estimated using the
ice nuclei parameterizations presented in Sect. 2 (Egs. 1-
7). For these calculations we are using collocated modeled
profiles of the pressure, temperature and humidity fields.
Specifically, for the PollyXT-based ninp calculations we use
hourly outputs from the Weather Research and Forecasting
atmospheric model (WRF; Skamarock et al., 2008) which
is operational at the National Observatory of Athens at a
mesoscale resolution of 12km x 12km and 31 vertical lev-
els (Solomos et al., 2015, 2018). Initial and boundary con-
ditions for the atmospheric fields and the sea surface tem-
perature are taken from the National Centers for Environ-
mental Prediction (NCEP) global reanalysis at 1° x 1° reso-
lution. For the CALIPSO-based nnp calculations we use the
track-collocated meteorological profiles from the MERRA-2
model (Modern-Era Retrospective analysis for Research and
Applications, version 2) which are included in the CALIPSO
V4 product (Kar et al., 2018).

3.3 UAV in situ measurements

Two fixed-wing UAVs, the Cruiser and the Skywalker, per-
formed aerosol measurements up to altitudes of 2.5kma.g.1.
(2.85kma.s.l.). Both UAVs were used to collect INP sam-
ples onto silicon wafers using electrostatic precipitation. The
Cruiser can carry a payload of up to 10kg, and it was
equipped with the multi-INP sampler PEAC (programmable
electrostatic aerosol collector) (Schrod et al., 2016). Sky-
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Figure 2. PollyXT profiles of the total particle backscatter coefficient (purple) and particle linear depolarization ratio (green) measured
between 01:00 and 02:00 UTC on 21 April 2016. The extinction coefficient as well as the number and surface concentration of particles
with a dry radius larger than 250 nm related to mineral dust (orange) and nondust aerosol (black) was obtained following the methodology

described in Sect. 3.2.

Table 2. Values and typical uncertainties used for the estimation of fj, aq, e, Sq,dry> Sc,dry> 1250,d,dry> 71250,c,dry and nINp-

Parameter  Value Reference

Bp 0.158p

ap 0.20p (only for f; estimations)

dp 0.158p

8d 0.31+0.04 Freudenthaler et al. (2009); Ansmann et al. (2011a)

Ond 0.054+0.03 Miiller et al. (2007); Gro8 et al. (2013); Baars et al. (2016); Haarig et al. (2017)
S4q 45+ 11sr Nisantzi et al. (2015)

Se 504 25sr Baars et al. (2016)

€250.d 0.20+0.03 Mmcem ™3 Mamouri and Ansmann (2016) (Cape Verde, Barbados, Germany)
Cs.d (1.94£0.68) 10— 12 Mmm?em™3  Mamouri and Ansmann (2016) (Cape Verde, Barbados)

€290,¢ 0.10 £ 0.04 Mmcm 3 Mamouri and Ansmann (2016) (Germany)

Cs.c (2.804£0.89) 10712 MmmZcm™3  Mamouri and Ansmann (2016) (Germany)

St 2K DeMott et al. (2017)

Sice 1.15 £ 0.05Sjce DeMott et al. (2017)

walker X8 (a light UAV that can carry a payload of 2kg)
was equipped with a custom-built, lightweight version of a
single-sampler PEAC (Schrod et al., 2017). In total, 42 UAV
INP flights were performed to collect 52 samples during 19
measurement days: 7 Cruiser flights with a total of 17 sam-
ples during 6d and 35 Skywalker flights with a total of 35
samples during 16d.

The INP samples were subsequently analyzed with the
FRIDGE (FRankfurt Ice nucleation Deposition freezinG Ex-
periment) INP counter (Schrod et al., 2016, 2017). FRIDGE
is an isostatic diffusion chamber. The typical operation of
FRIDGE allows for measurements at temperatures down to
—30°C and relative humidity with respect to water (RHy)
up to water supersaturation. FRIDGE was originally de-
signed to address the condensation and deposition freezing
ice nucleation modes at water saturation and below. How-
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ever, because condensation already begins at subsaturation,
its measurements at a RHy, between 95 % and 100 % encom-
pass ice nucleation by deposition nucleation plus condensa-
tion/immersion freezing, which cannot be distinguished by
this measurement technique. Recent measurements during a
large-scale intercomparison experiment with controlled lab-
oratory settings showed that the method compares well to
other INP counters for various aerosol types (DeMott et al.,
2018). However, sometimes FRIDGE measurements are on
the lower end of observations when compared to instruments
that encompass pure immersion freezing. The INP samples
collected on 5, 15 and 21 April 2016 were used for com-
parison with the lidar-derived ninp. The samples were ana-
lyzed at —20, —25 and —30°C and at a RHy, of 95 %, 97 %,
99 % and 101 % with respect to water, or equivalently 115 %
to 135 % with respect to ice (RHjce) (Schrod et al., 2017).
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Figure 3. (a) The number size distribution used for the estimation
of the corrected nys0, ary (number concentration of particles with
radius larger than 250 nm) and (b) the corresponding surface size
distribution used for the estimation of the corrected Sgry (surface
concentration of all particles). In situ measurements are denoted by
red circles while the blue lines give the bimodal lognormal fit on the
measurements. The example refers to the UAV-OPC data acquired
at 1.2km at 10:45 UTC on 5 April 2016 (see Fig. 7).

Hereon, the samples analyzed at a RHy, < 100 % are used
as a reference for the deposition mode parameterizations,
and the samples analyzed at a RH,, of 101 % are used as a
reference for the immersion/condensation parameterizations.
The errors of the INP measurements were estimated to be
~ 20 % considering the statistical reproducibility of an indi-
vidual sample, for the samples analyzed for the experiment.

Cruiser was additionally equipped with an optical parti-
cle counter (OPC, Met One Instruments, Model 212 Profiler)
that measures the aerosol particle number concentration with
1 Hz resolution in eight channels ranging from 0.15 to 5 um
in radius (Mamali et al., 2018). The inlet of the OPC was pre-
heated to keep the relative humidity below 50 % to minimize
the influence of water absorption. The Cruiser-OPC measure-
ments on 5, 9, 15 and 22 April 2016 were used to calculate
the n250,4ry profiles discussed in Sect. 4.1.

The measurements from the OPC on board the Cruiser
UAV were validated at the ground, using a similar OPC and
a differential mobility analyzer (DMA). The first compari-
son showed underestimation for the bin with radius 1.5 pm
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to 2.5 um and for the last bin with radius more than 5 um.
The second comparison showed that the OPC underestimates
by less than 10 % the number concentration of particles with
radius between 0.15um and 0.5 ym (Burkart et al., 2010).
Moreover, there are no data provided for particles with radius
less than 0.15 um. In order to correct for this undersampling
we fit a bimodal number size distribution on the in situ data
and derive a corrected n250,dry and Sqry. An example of this
correction is shown in Fig. 3 for the number and surface size
distributions measured at 1.2km on 5 April 2016. For the
cases discussed herein we found that the corrected n250,dry in
situ values were ~ 20 % higher than the raw measurements.

3.4 Spaceborne cloud observations

A-Train spaceborne cloud observations are complementar-
ily used to provide us the 3-D distribution and character-
istics of the clouds formed in the presence of the calcu-
lated ninp. For the spatial distribution of the clouds formed
during 21 April 2016, the true color observations from the
MODIS instrument (Moderate Resolution Imaging Spec-
troradiometer) on board Aqua satellite are used (available
from NASA at https://worldview.earthdata.nasa.gov/, last ac-
cess: 8 August 2019). To get a better insight into the ver-
tical cloud structure, we use outputs from the synergistic
radar-lidar retrieval DARDAR (raDAR/IiDAR; Delanoé and
Hogan , 2008). The DARDAR retrieval (initiated by LAT-
MOS and the University of Reading) uses collocated Cloud-
Sat, CALIPSO, and MODIS measurements and provides a
cloud classification product (DARDAR-MASK; Ceccaldi et
al., 2013) and ice cloud retrieval products (DARDAR-Cloud,;
Delanoé et al., 2014) on a 60 m vertical and 1.1 km hor-
izontal resolution (available at http://www.icare.univ-lillel.
fr/projects/dardar, last access: 8 August 2019). In this work,
we use the DARDAR-MASK product for cloud classifica-
tion, and we utilize the DARDAR-Cloud product to derive
an estimation of the ice crystal number concentration (7jce)
of the scene. With increasing maximum diameter (D), the
ice crystals become more complex and their effective den-
sity decreases (Heymsfield et al., 2010). The DARDAR al-
gorithm describes this relationship using a combination of in
situ measurements by Brown and Francis (1995) for low-
density aggregates (Dmax > 300 pm) and by Mitchell (1996)
for hexagonal columns (Dpax < 300 um). We derive the njce
(DARDAR-Nice) following the approach presented by Sour-
deval et al. (2018) on the DARDAR-Cloud parameters of the
ice water content (IWC) and the normalization factor of the
modified gamma size distribution (N). The direct propaga-
tion of uncertainties for INC and N provided by DARDAR-
Cloud gives an estimate for the relative uncertainty in njce
from about 25 % in lidar—radar conditions to 50 % in lidar-
only or radar-only conditions (Sourdeval et al., 2018). This
estimation accounts for instrumental errors and uncertain-
ties associated with the a priori profiles used in DARDAR-
Cloud. In cases with high homogeneous nucleation rates or
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dominant aggregation processes, NV; can be underestimated
(respective overestimated) by an additional 50 % due to de-
viations from the assumed particle size distribution. Due to
further assumptions within DARDAR-Cloud (e.g., a fixed
mass-dimensional relationship), additional uncertainties can
increase the error of the retrieved njc.. In Sect. 4.3, the re-
trieved njc. is only used as a hint to estimate the order of
magnitude of the true njce.

4 Results and discussion

We present here the comparison between the UAV-OPC ob-
servations and the lidar-derived ny50 profiles (Sect. 4.1). The
measurements used for this comparison corresponds to one
intense dust event, where the UAV measurements were con-
ducted under cloudy conditions (9 April), and three moder-
ate events with dust and continental mixtures, where the UAV
flights were conducted under cloud-free conditions (5, 15 and
22 April). Subsequently, we present the comparison between
the UAV-INP measurements and the lidar-derived ninp dur-
ing 3 d with moderate dust load conditions (Sect. 4.2). From
a total of six INP samples, one sample is collected during 21
April in the presence of a pure-dust event under cloudy con-
ditions, and the remaining five samples are collected during
5 and 15 April inside dust and continental aerosol layers un-
der cloud-free conditions. A brief description of the aerosol
conditions of the measurements used is provided herein.

On 5 April 2016, a homogeneous elevated dust layer was
observed above the lidar station at 1.0-1.8 km from 00:00
to 08:00 UTC, which was later on mixed into the develop-
ing planetary boundary layer (PBL). In the next hours (until
12:00 UTC), only moderate variability was observed above
the station (in the lidar backscatter coefficient and §, cur-
tains — not shown). The UAV samples were collected be-
tween 11:37 and 11:57 UTC at 30 km west of the lidar site
with westerly winds prevailing. Constant 8, of around 0.15
between 0.5 and 2.5 km supports the qualitative homogeneity
between the two observation sites during this time period.

On 9 April 2016, a thick pure-dust layer (with §, ~ 0.3)
was observed above the lidar station, as part of a major dust
event above Cyprus between 8 and 11 April 2016. The mean
AOQOD at Nicosia was 0.83 (at 500 nm) with a corresponding
mean Angstrom exponent of 0.17 (at 440-870 nm). During
the event, ice and water clouds were frequently formed at
the top of the dust layer (mainly between 3 and 6 km). The
DREAM model and backward trajectory analysis revealed
that this event originated from the central Sahara, with the
dust particles being advected by a southwesterly flow directly
towards Cyprus, reaching the island after 1d (Schrod et al.,
2017). The UAV samples were collected between 08:12 and
08:23 UTC inside the dust layer, and these observations were
compared with the lidar-derived profiles at 06:50-06:59 UTC
(a closer-in-time collocation between the lidar observations
and the UAV measurements is not possible due to clouds with
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a cloud base at 4 km later on). The OPC concentrations col-
lected that day were the highest observed during the period
of the INUIT-BACCHUS-ACTRIS experiment.

On 15 April 2016 a persistent elevated dust layer was
observed above Nicosia. Backward trajectory analysis (not
shown) revealed that this dust event originated from Alge-
ria and that the dust plume was transported over Greece and
Turkey before reaching Cyprus. Cruiser UAVs collected sam-
ples between 06:54 and 08:45UTC (during the boundary
layer development). At that time, a pure-dust layer (6, ~ 0.3)
was present between 2.5 and 3.8 km height. Below 2.0 km the
dust was mixed with continental spherical particles from the
residual layer with &, decreasing with height (reaching ~ 0.1
at 0.6 km). During the 2 h flight, the scene above the station
changed considerably, with a 31 % increase in the aerosol
optical thickness (from 0.33 to 0.48) and 16 % decrease in
the Angstrém exponent (from 0.31 to 0.26). The UAV mea-
surements that day reached heights of up to 2.2 km, thus cap-
turing only the mixed bottom layer and the lower part of the
elevated dust layer. For the comparison with the lidar-derived
concentrations, only the UAV measurements inside the lower
part of the elevated dust layer (1.7-2.2 km) are used.

The pure-dust event on 20 to 21 April 2016 is considered
the golden case of our dataset, as it has been observed si-
multaneously with the PollyXT lidar, the UAVs and the A-
Train satellites. Additionally, it is the only pure-dust event
of our dataset where we have simultaneously good lidar
observations and in situ INP measurements. Figure 4 pro-
vides an overview of the times and heights of the PollyXT
measurements, along with the CALIPSO overpass and UAV
measurement times, between 20 and 22 April 2016. Dur-
ing that period atmospheric conditions supported the trans-
port of dust from the Saharan desert and the Arabian Penin-
sula to the Eastern Mediterranean (8, = 0.284-0.03) (Floutsi,
2018). The elevated dust plume arrived over the lidar site
at 4-5 km height (~ 15:00 UTC on 20 April 2016), quickly
widened to stretch from 2 to 8 km height with the top of the
main plume at 5km height, and disappeared at 18:00 UTC
on 21 April. On that day, ice clouds were formed within the
dust plume and were present between 02:00 and 10:45 UTC
above Nicosia. As shown in the figure, UAV flights were per-
formed inside the dust layer on 21 April 2016 (OPC measure-
ments and INP sampling). The event was captured from the
A-Train satellites at 11:01 UTC (CALIPSO overpass time).
Figure 5 provides an overview of the aerosol and clouds
above the area, with the MODIS true color image (upper
panel) and the combined DARDAR and CALIPSO L2 fea-
ture mask (lower panel). Dust is observed above the broader
region at altitudes up to 6 km, and ice clouds are formed in-
side the dust layer south of Cyprus at altitudes greater than
4km (T < 0°C). The ice clouds are detected and character-
ized at 1 km horizontal resolution (DARDAR-MASK prod-
uct), while the dust plume is detected at 20 and 80 km hori-
zontal resolution (CALIPSO L2 product).

www.atmos-chem-phys.net/19/11315/2019/



E. Marinou et al.: Evaluation of lidar-derived INP concentrations

(a) Backscatter coefficient

11325

B, (Mm'sr")

Height a.g.l. (km)
(=] - nN [} -4 (%] (=] -~ [=-]

18:00  00:00

06:00  12:00

18:00  00:00  06:00

N

N W kR O N @

Height a.g.l. (km)

_(b) Volume depolarization ratio

0.40
0.35
0.30
0.25
020 5
0.15
0.10
0.05
0.00

Cloud

Aerosol

Bad
retrieval

Clear
air

18:00 00:00 06:00 12:00 18:00 00:00 06:00
5 (c) Feature mask
7 b
€ 6f
< 5
r e
1]
% 3
1 =
o Y PR | P PR

20/04 21/04 21/04 21/04

18:00 00:00

06:00
21/04 22/04 22/04/2016

Time - UTC (hh:mm, dd/mm)

Figure 4. Time-height PollyXT observations between 12:00 UTC on 20 April 2016 and 12:00 UTC on 22 April 2016 of the backscatter
coefficient at 1064 nm (a), the volume linear depolarization ratio at 532 nm (b) and the feature mask (c¢). The magenta markers refer to the
analyzed periods of PollyXT (left box: 01:00-02:00 UTC on 21 April 2016), CALIOP (dashed line: 11:01 UTC on 21 April 2016) and UAV
(horizontal bar: INP sampling between 08:30 and 09:40 UTC on 21 April 2016; right box: OPC measurements between 05:00 and 05:30 UTC
on 22 April 2016) that are being referred to in this study. The bad retrievals in the feature mask refer to observations affected by (i) total
attenuation due to clouds, (ii) low signal-to-noise ratio and (iii) incomplete overlap.

On 22 April 2016 a transported plume was detected be-
tween 03:00 and 10:00 UTC, at altitudes of 1 to 2 km above
Cyprus. The layer consisted of a mixture of dust with pollu-
tion aerosol and is characterized by a homogeneous particle
linear depolarization ratio of §, =0.17 0.03. UAV flights
(OPC and INP sampling) were performed in the mixed layer
during that day between 04:32 and 05:13 UTC (Fig. 4).
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All in situ samples were collected at a location about
28 km to the west of the lidar site; thus the atmospheric ho-
mogeneity of the two areas had to be considered to select
suitable measurement times for the comparisons. For this
analysis we used the sun-photometer measurements at Agia
Marina and Nicosia, backward trajectories, model fields and
MODIS measurements. This was especially necessary for the
case on 21 April when clouds were formed at the top of the
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Figure 5. A-Train observations on 21 April 2016 at 11:00 UTC of
MODIS-Aqua true color from NASA Worldview Snapshots (a) and
DARDAR and CALIPSO feature classification (b).

dust layer. During that day, the CALIPSO-derived ninp at
11:01 UTC were compared to UAV-measured ones acquired
approximately 1.5 h earlier (between 08:30 and 09:40 UTC).
The space and time homogeneity of the CALIPSO-derived
sdary and ns50,4ry profiles (acquired shortly after the end of
the cloudy period) is confirmed by the respective estimates
from the PollyXT measurements during 01:00 to 02:00 UTC
(before the beginning of the cloud formation) as shown in
Fig. 6. The different measurement times of the ground-based
and spaceborne lidars are marked in Fig. 4. For the CALIPSO
profiles, along-track observations +80 km away from the li-
dar station are used. During that time, the dust plume de-
clined by approximately 300 m. Nevertheless, CALIPSO-
and PollyXT-retrieved profiles are in agreement within their
error bars within the dense dust plume. Aerosol conditions
were less homogeneous above and below this layer (see
Fig. 4), causing stronger differences between the profiles of
the four parameters from the two instruments. The compari-
son between the CALIPSO-derived nynp and the UAV mea-
surements from this case is discussed in Sect. 4.2 (see Fig. 9).
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Table 3. Overview of the AERONET-based parameterizations used
in this study for the conversion of the measured optical aerosol prop-
erties (g, ac) into the microphysical properties (n250,d,dry> Sd,dry>
n250,c,dry and Sc dry)- The parameterizations were introduced in
Mamouri and Ansmann (2016). In the equations, « is in per mega-
meter (Mm™1), ¢250 in Mm em™3, ¢y in Mmm?2 cm 3, n250,dry in
cm™3 and Sdry in m? cm~3. For the values of the conversion pa-
rameters (¢250,4» Cs,d» €250,¢ and ¢ ¢) see Table 2.

Parameterization Eq.

Dust

n250,d,dry = €250,d%  (8)
Sd,dry = Cs,d% 9

Nondust, continental

n250,c,dry = €250,c%  (10)
Sc,dry = Cs,clc (11

4.1 Evaluation of the n2s¢, qry retrieval

For the assessment of the lidar-based nysg retrieval we used
the OPC measurements on 5, 9, 15 and 22 April. The pro-
files of n2s0,qry retrieved from PollyXT observations and in
situ measurements are shown in Fig. 7a. The lidar dust-only
profiles (orange lines) are calculated from the dust extinc-
tion profiles and Eq. (8) (Table 3). The remaining nondust
component is considered continental with n250, ¢ ary provided
by Eq. (10) (Table 3). The total nzsg qry profiles (Fig. 7a,
black lines) are the summation of 7250,d,dry and 7n250,c,dry-
The red dots correspond to the uncorrected UAV n250 dry
measurements. The blue dots correspond to the corrected
UAV n250,dry measurements (as described in Sect. 3.3). We
use only the respective height ranges at which homogeneous
aerosol conditions allow for a comparison of the UAV- and
lidar-derived estimates. These measurements correspond to
heights above 0.5km on 5 April, above the PBL on 9 and
15 April (> 1 and > 2 km respectively), and above the noc-
turnal boundary layer on 22 April (> 0.7km). It seems that
the distance has little impact on the lidar-derived and the
in situ-measured 7n50,dry presented in Fig. 7, with most of
the in situ-derived n250,4ry being well within the error bars
of the lidar retrieval when considering the contributions of
both mineral dust and continental pollution. On 9 April we
observed the highest differences between the lidar-derived
and in situ-measured 1250, dry, Which may be attributed to the
~ 1 h time difference between the in situ sampling and the li-
dar retrieval (limitation due to mid-level clouds as discussed
already). Nevertheless, the case is included here, as it repre-
sent the strongest dust event observed during the campaign.
Overall, the values of 1350 4y varied between 1 and 50 cem~ L

Figure 8 provides a quantitative comparison of the obser-
vations presented in Fig. 7 for lidar retrievals of n2s0,dry con-
sidering both mineral dust and continental pollution and the
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radius larger than 250 nm derived from measurements with PollyXT between 01:00 and 02:00 UTC on 21 April 2016 (red) and retrieved
from averaging 160 km of CALIOP measurements centered around an overpass at a distance of 5 km from Nicosia at 11:01 UTC on 21 April

2016 (blue).

corresponding in situ measurements at the same height lev-
els. Again, we see that the results agree well within the er-
ror bars of the lidar retrieval with R? = 0.98. The uncertain-
ties of the UAV-derived naso,qry values presented in Figs. 7
and 8 correspond to the standard deviation of the 30s av-
erage (OPC initial resolution of 1s). The error in the OPC
data due to the assumption of the refractive index and the
shape of the particles used for the derivation of the particle
size distribution from the OPC measurements were not taken
into account in this study. Nevertheless, it is not expected
to be high because the refractive index used is characteris-
tic for dust particles (n = 1.59). We have to keep in mind
the effect of a possible inhomogeneity between the two sta-
tions. In view of all uncertainty sources, the lidar- and UAV-
derived n250,dry are in good agreement. In terms of absolute
values, the lidar-derived n250,4ry are slightly lower than the
UAV-derived ones. We conclude that lidar measurements are
capable of providing reliable spatiotemporal distributions of
n250,dry in cases with dust and continental aerosol presence
with an uncertainty of 20 to 40 %.

The profiles of Sgry retrieved from PollyXT observations
and in situ measurements are shown in Fig. 7b. The dust-only
profiles (orange lines) are calculated from the dust extinc-
tion profiles and Eq. (9) (Table 3). The remaining nondust
component is considered continental with 7250 ¢, dry provided
by Eq. (11) (Table 3). The total Sgry profiles (Fig. 7b, black
lines) are the summation of Sq dry and S ary. These profiles
are compared to the total Sgry derived from the corrected in
situ number size distribution (e.g., Fig. 3b). We see that the
latter agree well within the uncertainty of the lidar-derived
Sd,dry (orange line) but do not agree well when both mineral
dust and continental pollution are considered (black line).
This is mainly due to the sampling cutoff of the OPC instru-
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ment for particles with radius smaller than 150 nm, which
are mainly composed of polluted continental particles. The
effect is not seen in the corrected ny50, since the size ranges
considered there are larger than 250 nm.

4.2 Evaluation of the nnp retrieval

For the assessment of the lidar-based nnp retrieval, the UAV
measurements on 5, 15 and 21 April 2016 are used. The sam-
ples of 5 and 15 April were collected under the moderately
mixed dust and continental conditions shown in Fig. 7. On
5 April, the sample was collected at an altitude of 1.823 km
(6p =0.1440.02). On 15 April two samples were collected
from a 0.998 km and 1.281 km altitude (8, = 0.1520.03). On
21 April, the pure-dust sample was collected from a 2.55 km
altitude (8, =0.28 £0.03) (Fig. 4). Analysis performed in
FRIDGE chamber provided the INP concentrations for these
cases. The in situ samples were analyzed at —20, —25 and
—30°C. For the deposition nucleation (Figs. 9a and 10a),
the samples were analyzed at a RH,, of 95%, 97 % and
99 %, leading to three values of Sj. for each temperature
(1.16, 1.18 and 1.23 for —20°C; 1.21, 1.24 and 1.26 for
—25°C; and 1.27, 1.30 and 1.33 for —30°C). For the im-
mersion freezing (Fig. 9b), the samples were analyzed at a
RHy, of 101 %, leading to Sjce of 1.23, 1.29 and 1.35 for
the temperatures of —20, —25 and —30 °C, respectively. For
T =—-20°C, RHy = 101 % and S;ce = 1.23, we refer to the
freezing process as condensation freezing.

The sample of 21 April was analyzed by single-particle
analysis using a scanning electron microscope, which
showed that 99 % of the particles were dust and 1% was
Ca sulfates and carbonaceous particles (Schrod et al., 2017).
This sample is used in order to evaluate the performance of
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the ninp lidar estimates in a pure-dust case, where (i) the er-
rors originating from the first step of our methodology (sep-
aration in dust and nondust aerosol components) are small
(~ 30 %) and (ii) the uncertainties induced from the D10 and
U17(soot) parameterizations are minimal. Figure 9 shows the
ninp on 21 April as they were calculated from the CALIPSO
lidar measurements (colored symbols) and measured from
the UAV-FRIDGE samples (black triangles), (panel a) for
deposition nucleation (as a function of saturation over ice)
and (panel b) for condensation and immersion freezing (as a
function of temperature).

Likewise, we are using all the aforementioned cases in or-
der to evaluate the performance of the ninp lidar estimates
in cases with dust and continental aerosols. Figure 10 shows
scatter plots of all the lidar-estimated ninp (from PollyXT

Atmos. Chem. Phys., 19, 11315-11342, 2019

and CALIPSO) against the in situ measurements for (panel a)
deposition nucleation and (panel b) condensation and immer-
sion freezing. In Fig. 10b the ratio between the lidar-derived
and the in situ nynp is provided as a function of temperature.
Similar results are observed for both the pure-dust (Fig. 9)
and the dust and continental cases (Fig. 10), with the lidar-
estimated ninp during the pure-dust event to show the best
agreement with the in situ measurements.

For the niNp retrievals in the deposition mode we see that
using the Ul7-dep in a dust case the lidar-derived concen-
trations are in excellent agreement with the in situ observa-
tions (well within their uncertainties), with nnp values to
span over 2.5 orders of magnitude (for different ice super-
saturation conditions) and the retrievals to capture the whole
extent of this range (Fig. 9a). The lidar-retrieved U17-dep
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values in this case are dominated by the dust-related nynp (es-
timated from Eq. 3; Table 1), with the nondust-related ninp
(estimated from Eq. 6; Table 1) being 5 orders of magnitude
lower. In dust and continental cases (Fig. 10a), 97 % of all
the Ul7-dep lidar-derived ninp are within the error bars of
the in situ measurements and within a factor of 10 around
the 1:1 line (r =0.75). The ninp sampled with the UAVs
ranged between 0.02 and 20L~!. Using S15 parameteriza-
tion, the predicted nynp values are 3 to 5 orders of magnitude
larger than the in situ measurements in both dust and dust—
continental cases (r = 0.42). An overestimation was already
expected as discussed in Sect. 2 and Steinke et al. (2015), but
for completeness we include these results.

Figures 9b and 10b show the lidar-derived immer-
sion/condensation INPs. U17-imm dust-related nynp values
are calculated using the INP parameterization of Eq. (1) (Ta-
ble 1) with the Sg 4ry from Eq. (9) (Table 3). The D15 dust-
related nvp are calculated using Eq. (2) (Table 1) with the
1250,d,dry from Eq. (8) (Table 3). The D10 continental-related
ninp are calculated using Eq. (7) (Table 1) with the 7250 ¢, dry
from Eq. (10) (Table 3). The D15+ D10 values for the to-
tal (dust+ continental) aerosol in the scene are the sum-
mation of the aforementioned D15 (dust-related) and D10
(continental-related) nnp calculations (See Figs. Al and A2
in Appendix). We did not include the Ul7-imm soot esti-
mates in the plot since these are quite similar to the esti-
mated values from D10 at temperatures < —18 °C (Sect. 2;
Fig. 1). Consequently, for the total INP load in the scene,
the estimations provided from D154 D10 are similar to the
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ones provided from D15 + U17-imm(soot). In the rest of this
paper, we will discuss only the joint D15+ D10 estimates,
keeping in mind that the same conclusions apply for the joint
D15 4 Ul7-imm(soot) estimates.

In Figs. 9b and 10b we see that the lidar-derived nnp us-
ing D15 for dust and D10 for continental particles are in
good agreement with the in situ observations, within the re-
spective uncertainties for the samples analyzed at —20 and
—25°C. The best ninp agreement is observed for the pure-
dust sample analyzed under condensation freezing condi-
tions (at —20 °C): with in situ measurements of 3.64+0.1 L~}
and lidar-derived D15+ D10 estimates of 3.8L~!. From
them, 2.4 L~! originated from the D15 dust contribution and
1.4L~! from the D10 nondust contribution (although the
contribution from the nondust INP at lower temperatures was
insignificant with nondust concentrations 1 order of magni-
tude lower than the dust ones). Using all the dust and con-
tinental cases we see that, for the samples analyzed under
condensation freezing conditions, the D15 + D10 estimated
niNp are no more than 2.5 times higher than the in situ mea-
surements (Fig. 10b). Larger differences are observed at the
temperatures where immersion freezing dominates over con-
densation as the main INP pathway, with 1.5-7 times larger
values at —25°C and 4-13 times larger values at —30°C.
Indicatively, for the pure-dust case, at T = —25°C the in
situ nynp were 12+3 L1 and the D15 + D10 lidar-derived
ninp were 26 L1 (with a negative error of 14 L™H AtT =
—30°C, the in situ nynyp were 62 & 14 L~! while D15+ D10
niNp estimates were 1 order of magnitude higher (242 L.
Overall, in 85 % of the analyzed cases, the D15+ D10 li-
dar retrievals are less than an order of magnitude higher
than the UAV measurements. Regarding the U17-imm lidar-
derived ninp values, they are overall 1 to 3 orders of mag-
nitude higher than the in situ ones. In particular they are 3—
11, 2-80 and 2—-1000 times larger than the samples analyzed
at FRIDGE chamber at —20, —25 and —30 °C, respectively.
Nevertheless, the in situ observations are within the uncer-
tainty of the parameterization for all the cases. Indicatively,
for the pure-dust case, the Ul7-imm lidar-derived ninp val-
ues are SOL~! at 7 = —20°C. Recent comparisons of nynp
derived from samples analyzed in the FRIDGE chamber usu-
ally present good linear correlations but somewhat lower val-
ues with observations derived from pure immersion paths
(e.g., D15) (DeMott et al., 2018). Possible reasons for these
discrepancies may be (a) deficits and inadequacies in instru-
mentation and measurement techniques, (b) the lacking over-
lap of the freezing modes, (c) inconsistencies between the in-
let systems of the parameterization measurement (using cut-
offs) and the in situ measurements (using no cutoff), and (d)
a variation in RHy, (D15: 105 %; FRIDGE: 101 %) (Schrod
etal., 2017).

The error bars of the lidar-based nynp estimations in Figs. 9
and 10 are calculated using Gaussian error propagation to-
gether with the typical uncertainties provided in Table 2. In
DeMott et al. (2015), a standard deviation of 2 orders of mag-

Atmos. Chem. Phys., 19, 11315-11342, 2019



11330

E. Marinou et al.: Evaluation of lidar-derived INP concentrations

108 T T T T T 10% T T T 3
(a) Deposition mode (b) Condensation and immersion modes E
10° E
% 10¢ J, E
10¢ £ 1. .
<@ % ¥ U17-imm 1
10° | & 815 10° <'D10-cont” 3
-l 3 - O U17-dep | — [> D15+D10 ]
=t . A UAV o % AUAV 3
o E 4 T 10° - .
:E =% F - i ;
10" 4 [ ]
T 10' oo
RHw RHw " E
0 & x 99 1 q 101 &
a7
10k a 8 95 | 100 ISR
- R - S V1 30 ) 20

-25
Temperature (°C)

Figure 9. INP concentrations (nynp) estimated from the CALIPSO lidar measurements on 21 April 2016 presented in Fig. 6 (colored
symbols) and the UAV-FRIDGE measurements (black triangles) for (a) deposition freezing (as a function of saturation over ice) and (b) con-
densation and immersion freezing (as a function of temperature). Data in (a) are obtained for values of relative humidity over water of 95 %,
97 % and 99 %, leading to three values of Sjc. for each analyzed temperature. A relative humidity over water of 101 % is used to obtain the

values presented in (b).

T T YT T T T
i (a) Deposition mode *
10 + -
; 10% L -‘— * U17-imm _
— 0L | % < D10-cont
o 10 L1 ' >D15+D10 _
g1 Ze0l Dok e | oo
c :EE - e i AL B 4
T 102 o > % TETZ —
.g 3 5o T T3 I *g th; %
= 40 2 Z4qpe 41 2 = .
- E c | | 3
10° 1
b=l
4 10 J] E
107
(b) Candensation and immersion mod
102 E ] ef

107 “ioe KT
UAV-measured n , (L)

10°

L 25 20
Temperature (°C)

1
-30

Figure 10. Comparison of INP concentrations derived from the CALIPSO and PollyXT lidar observations and UAV-FRIDGE measurements
for (a) deposition freezing and (b) condensation and immersion freezing for cases with dust and continental presence. Colors and symbols
refer to the used parameterization. Lines in (a) and (b) mark the 1 : 1 line. Numbers in (a) give the Pearson r of the linear fits.

nitude is reported as the uncertainty of the D15 parameteri-
zation. In the same plots, the uncertainty of the nynp from in
situ data is very low. Under most experimental conditions,
the repeatability of the ice nucleation in the FRIDGE cham-
ber dominates other uncertainties. An uncertainty of 20 %
has been suggested as a useful guideline for the uncertainty
of the intrinsic measurements, corresponding to the statistical
reproducibility of an individual sample. However, it has also
been reported that natural variability by far outweighs the
intrinsic uncertainty (Schrod et al., 2016). We need to con-
sider the full uncertainty including precision and accuracy.
The DeMott et al. (2018) intercomparison of INP methods
saw that at all temperatures and for various test aerosols the
niNp uncertainty for immersion freezing is 1 order of mag-
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nitude, while for deposition condensation the uncertainty is
expected to be even larger.

Our analysis suggests that the D15+ D10 (and
D15 4 Ul7-imm(soot)) immersion/condensation pa-
rameterization (applicable for the temperature range —35
to —9°C) and the Ul7-dep parameterization (applicable
for the temperature range —50 to —33 °C) agree well with
in situ observations of nnp and can provide good ninp
estimates in pure-dust and dust—continental environments.
The Ul7-imm pure immersion parameterization provides
values 1-2 orders of magnitude larger; we therefore consider
the ninp estimates according to D154 D10 as the lower
boundary of possible values, with the actual values being up
to 1 order of magnitude larger in the temperature regime of
immersion freezing.
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4.3 nnp profiles from PollyXT and CALIOP during
the evolution of mixed-phase clouds in a Saharan
dust event

The case study of 21 April 2016 demonstrates the feasi-
bility of the proposed methodology to provide profiles of
cloud-relevant aerosol parameters up to the cloud levels, us-
ing (ground-based and spaceborne) lidar measurements. In
particular for this case, the temporarily averaged PollyXT li-
dar observations at 01:00-02:00 UTC and the spatially av-
eraged CALIPSO observations at 11:01 UTC provide us the
information of the n250,dry, Sary and nnp right before and
after the cloud event which was formed inside the dust
layer that day between 02:00 and 10:45 UTC. The profiles
of n250,dry and Sgry before (PollyXT) and after (CALIPSO)
the cloud event are the ones already presented in Fig. 6.
As discussed above, the dust plume declined by approxi-
mately 300 m during that period while its nynp stayed rel-
atively constant inside its dense part. Above the main dust
layer the aerosol conditions were variable, with multiple thin
layers present up to 8 km altitude only before the appear-
ance of the clouds. Specifically, a contribution of nondust
continental particles is observed between 5.6 and 8 kma.g.l.
(n250,ary =0.4£0.2 cm™3; Fig. 6d), and three thin dust lay-
ers are visible at 6.4, 6.8 and 7.8 km with dust n259 dry of
2.9, 1.5 and 2.0 cm_3, respectively, and a local minimum
at 7.55km (0.01 cm—3) (Fig. 6¢). Figure 11 shows the ninp
concentrations derived from the different parameterizations
at altitudes between 3 and 8kma.g.l. From the WRF and
MERRA-2 assimilations we see that 7 < —35 °C in heights
up to 7.8 kma.g.1., which indicates that the immersion freez-
ing mechanism is dominant in this case and that the deposi-
tion nucleation mechanism is not significant.

Figure 11a shows that before the cloud formation the non-
dust aerosols contribute to a gradual increase in nynp per
height from ~ 0.04L~! (4.5km; —10°C) up to ~ 0.4L!
(5.8km; —20°C) and 4L~! (7.8km; —34°C) (based on
D10). Using Ul7-imm for soot we derived the ninp for the
relevant nondust particles of 1074L~! (=10°0C), 0.04L!
(—=20°C) and 8L~! (=34°0Q). Figure 11a shows here again
the relatively good agreement between the lidar-derived non-
dust nnp using D10 and U17-imm parameterizations at 7 <
—20°C and their significant discrepancies at lower tempera-
tures. The dust aerosols in the scene contribute to a gradual
increase in nynp inside the main dust layer from 0.05 L}
(4.5km; —10°C) to ~0.4L~! (5.3km; —14°C). Then a
decrease of 1 order of magnitude is observed up to 6 km
(0.06L~!; —20°C) at the top end of the main dust layer.
Above this altitude, a wavy ninp profile is observed with lo-
cal maxima at 6.5, 7.0 and 7.9km of 2L~! (=22°C), 4L~}
(=25°C) and 200L~! (=33°C). The aforementioned val-
ues correspond to D15 estimates. The Ul7-imm dust esti-
mates are 60 L~ (=22°C), 200L~! (=25°C) and 1000 L~}
(—33°C). Overall, 91 % of the total nyNp is attributed to dust
aerosols (D15) and 9 % to nondust continental acrosols (D10)
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Figure 11. INP concentration profiles estimated from the measure-
ments with (a) PollyXT between 01:00 and 02:00 UTC on 21 April
2016 and (b) CALIOP at 11:01 UTC on 21 April 2016. Temperature
levels are derived from the WRF and MERRA-2 models. Colors re-
fer to different INP parameterizations. Solid lines mark the temper-
ature range for which the corresponding parameterization has been
developed. Dashed lines refer to the extrapolated temperature range
(see Table 1).

at altitudes between 6.3 and 8 km (temperatures < —21 °C).
These abundances are reversed inside the main dust layer (al-
titudes between 4 and 5.5 km; temperatures: [—20,—6] °C)
where 34 % of the total nynp is attributed to dust aerosols
(0.06L~!) and 66 % to nondust aerosols (0.12L~"). Shortly
after the period analyzed here, mixed-phase clouds are ob-
served above Nicosia at first at altitudes between 5 and 7 km
and during the rest of the cloudy period mainly above 4 km
(Fig. 4).

Figure 11b show the lidar-derived ninp above the station
shortly after the end of the cloudy conditions. At that time,
the main dust layer is observed at altitudes up to 5.5km
without additional layers above it. These observations are
close to the local noon, with the air temperature above the
station being increased by 2.7°, leading to temperatures of
0°C at 3.6km and —15°C at 54kma.g.l. At these alti-
tudes, a relatively constant contribution of nondust particles
is present (n250,dry = 0.4 0.2 cm™3; Fig. 6d), which leads
to a gradual increase in the nondust ninp per height from
2x107*L~! 4km; —2°C) to 107 2L~ (4.4km; —5°C)
to 0.2L~! (5.3km; —12°C) (D10 estimates). Additionally,
the dust concentration per altitude is constant inside the
dust layer and is decreased gradually above 4.6 km (1250,dry
= 16cm™3; 4-4.6km; Fig. 6¢). The dust-related ninp per
heightare 8x 1073 L~! (4km; —2°C),3x 103 L~! (4.4 km;
—5°C)and 0.1 L~! (5.3km; —12°C) (D10 estimates). Over-
all, 25 % of the total nynp is attributed to dust aerosols (D15)
and 75 % to nondust aerosols (D10) at altitudes between 3.8
and 5.6 km.
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Figure 12. Spatial distribution of the DARDAR ice particle number
concentrations at 11:01 UTC on 21 April 2016.

Taking into consideration all the aerosols, the ninp before
and after the cloud development is ~ 0.6 L~! and ~ 0.1L~!
respectively at 5.3 km altitude (D154 D10 in Fig. 6). This
difference is due to the increase in the air temperature dur-
ing the day and the decrease in 1250 dry and Sgry. Before the
cloud formation, the nynp values at [6, 7.5] km are 1 order of
magnitude larger than at 5.3 km (~ 3L~!), and they are 2 or-
ders of magnitude higher at 7.8 km than at 6km (200L~1).
These results indicate that the particles in the main dust layer
and the thin layers above it acted as seeding INPs for the
cloud that formed in that layer, affecting also its characteris-
tics. However, further measurements are necessary to reach
a more concrete conclusion, for example, measurements of
the atmosphere dynamics (e.g., from a wind lidar) and ob-
servations of the cloud evolution (e.g., from a cloud radar as
in the recent study of Ansmann et al., 2019). Although these
measurements are absent from our ground-based instrumen-
tation, we utilize the DARDAR-Nice product (based on the
CLOUDSAT and CALIPSO observations on 21 April 2016
—Fig. 5) as a hint for the true nynp of the scene, and we com-
pare them with the neighboring CALIPSO nnp estimates.

Figure 12 shows the DARDAR njce estimations along the
A-Train track (presented in Fig. 5), and Fig. 13 shows the
ninp calculations on the same curtain using the D15+ D10
(upper panel) and U17-imm (lower panel) parametrizations.
Clouds are formed on top of the dust layer at latitudes of 32,
32.8 and 34° N. The clouds observed at 32 and 32.8° N are
coupled with an aerosol layer at their cloud top, at altitudes of
6.3 and 7.3 km and temperatures of —18 and —25 °C respec-
tively. Figure 14 shows the njc. profiles derived in these two
clouds, along with the ninp profiles estimates in their vicin-
ity. Due to the strong INP number increase with deceasing
temperature, the highest ninyp concentrations are observed at
the top of the upper aerosol—cloud layers. We assume that the
ice crystals in these two clouds nucleate close to the cloud top
(where the coldest temperatures are observed) and that after-
wards the crystals grow and fall through the lower heights
of the clouds formed. Moreover, we consider that no sec-
ondary ice production (SIP) processes are present in these
clouds, or at least their contribution to the njc. is insignifi-
cant, as the cloud top temperatures are much lower than the
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Figure 13. Spatial distribution of the INP concentrations during
the event of 21 April 2016 at 11:01 UTC, as derived with the
D15+ D10 (a) and U17-imm (b) parameterizations. The location of
the clouds observed is depicted with gray contours. The dotted lines
correspond to 7 = 0, —10, —20 and —30 °C, based on the MERRA-
2 model.

temperatures where SIP has been observed (between —3 and
—8°C) (Hallett and Mossop, 1974; Field et al., 2017; Sul-
livan et al., 2017, 2018). We compare the nynp at cloud top
height with the n;c. inside the cloud, having in mind that,
with our hypotheses, the nj. values can be up to the ninp
values if all the INPs are activated to ice crystals. For the
smaller cloud, at ~ 32°N, njc. between 0.8 and 8L~! are
retrieved, and nynp between 0.3 to 2 and 4 to 20L~! are es-
timated with the D15+ D10 and the Ul7-imm respectively.
For the cloud at ~ 32.8 ° N, njce between 0.4 and 60 L~ are
retrieved, and nyp between 3 to 201! and 100 to 400 L~!
are estimated with the D15+ D10 and the U17-imm respec-
tively. Overall, in these two clouds the nynp estimates in the
top of the clouds have an uncertainty of 1-2 orders of mag-
nitude in their estimates and differences of 1 order of mag-
nitude in the retrievals between each other. Additionally the
retrieved DARDAR profiles provide us only with a hint of the
order of magnitude of the true njc.. Nevertheless the njce es-
timates are between the estimated nnp values and within the
errors of the two parameterizations. These results strengthen
our conclusion that we can use the lidar-derived nnyp from
D15+ D10 and U17-imm to estimate a minimum and maxi-
mum boundary of the njce in a cloud formed in their presence,
when immersion is the dominant mechanism.
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Figure 14. Concentration profiles of nynp and njce from the A-Train
measurements presented in Figs. 12 and 13 for the areas of (a) 31.9
t0 32.4° N and (b) 32.7 to 33.3 ° N. The nynp dotted lines denote the
uncertainties of the estimations. The nj.. dotted lines correspond to
the 25 % and 75 % percentiles of the concentrations retrieved in the
cloud. The overall uncertainty of the retrievals is discussed in the
main text. The indicative temperature lines are from the MERRA-2
model.

5 Summary and conclusions

We present a methodology for deriving ninp profiles from
lidar measurements and a comparison with in situ UAV mea-
surements of ninp. More specifically, seven INP parameter-
izations are tested to obtain lidar (ground-based and space-
borne) ninp estimates representative of mineral dust and con-
tinental, pollution or soot aerosol. We prove that a com-
pilation of the parameterizations of DeMott et al. (2015)
(D15) and DeMott et al. (2010) (D10), for dust and non dust
particles respectively, is in agreement with airborne in situ
measurements (Schrod et al., 2017) for addressing immer-
sion/condensation freezing (at T > —35 °C). A similar con-
clusion is derived from the compilation of the parameteriza-
tions of DeMott et al. (2015) (D15) for dust and Ullrich et
al. (2017) (U17) for soot. Specifically, lidar-derived niNp us-
ing D15+ D10 (and D15+ Ul7-imm(soot)) agree with the
in situ measurements within the reported uncertainty range
of the D15 parameterization (i.e., 2 orders of magnitude; De-
Mott et al., 2015). The best assessment for the deposition-
related INPs is derived with the Ullrich et al. (2017) de-
position nucleation parameterization for dust and soot (for
T < —33°C), with results agreeing with the UAV-FRIDGE
measurements within 1 order of magnitude for different val-
ues of ice supersaturation.

The cloud-relevant aerosol parameters necessary for INP
estimations (1250,dry and Sqry) are derived from lidar mea-
surements as shown by Mamouri and Ansmann (2015, 2016).
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The comparison between the lidar-derived concentrations of
dry particles with radii larger than 250 nm with coincident
UAV-OPC in situ measurements showed a good agreement
with slightly lower values (32 %) for the n50,ary derived by
the lidar. This effect is less pronounced at low concentrations
with a squared correlation coefficient of 0.98. For the major-
ity of the cases, we find that in situ observations and remote-
sensing estimates are in agreement within their uncertainty
ranges.

A further step for improving the lidar-derived INP re-
trievals and investigating the different parametrizations used
is by conducting dedicated studies with collocated lidar mea-
surements and additional temperature and humidity profiling
in order to calculate the INP concentrations at real condi-
tions, as well as the combination of the retrieved ninp with
airborne in situ ice concentration measurements.

Our methodology is validated for cases with dust pres-
ence. Additional measurements are required in order to de-
fine the optimum INP parameterizations for nondust atmo-
spheric conditions (e.g., continental, marine, smoke). Future
experimental INP campaigns with airborne in situ obser-
vations from aircrafts (including UAVs) collocated with li-
dar measurements at pure marine conditions and at mixed
aerosol conditions could provide an ideal setup for an in-
depth investigation of the potential of the lidar-based INP
profiles in complex and nondust atmospheric conditions.

The results presented in this study give us confidence to
proceed to the next step, which is to combine cloud-relevant
lidar aerosol and wind parameters and cloud radar height-
resolved observations to monitor the evolution of clouds em-
bedded in aerosol layers. This will provide a unique oppor-
tunity to better understand aerosol—cloud interactions in the
field of heterogeneous ice formation.

Moreover, the study enhances the confidence for the pro-
duction of global 3-D products of 71250 dry, Sary and ninp
from the CALIPSO dataset. The application of our method-
ology to CALIPSO measurements of more than a decade
long could provide valuable insight into the global height-
resolved distribution of 7250,d4ry and ninp related to mineral
dust, as well as possibly other aerosol types. This will enable
worldwide studies of aerosol-cloud interactions to combine
the new product with satellite radar observations (CloudSat)
and the upcoming EarthCARE (Earth Cloud Aerosol and Ra-
diation Explorer) mission.

A challenge of a new global INP climatology will be the
assessment of its underestimation at high altitudes where it
is known that CALIPSO observations can miss thin layers
with small concentrations. A way to investigate the effect of
the satellite-undetected layers in the n250,dry, Sary and niNp
CALIPSO products is the utilization of ground-based lidar
network observations such as EARLINET and PollyNet.

Atmos. Chem. Phys., 19, 11315-11342, 2019
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Data availability. The satellite products used in this study are the
CALIPSO 5 km aerosol profile product (Vaughan et al., 2019) pub-
licly available at the NASA Atmospheric Science Data Center
(Nasa Atmospheric Science data center, 2019); the DARDAR-Mask
v1.1.4 product (Ceccaldi et al., 2013) as well as the DARDAR-
Cloud v2.1.1 retrieval product (Delanog, et al., 2014), both publicly
available on the AERIS/ICARE database (ICARE data and services
center, 2019); and The MODIS Corrected Reflectance (True Color)
images (Gumley et al., 2010) publicly available on the NASA
Worldview center (NASA Worldview snapshots application cen-
ter, 2019). The in situ INP data used in this study can be accessed
through the BACCHUS database of INP observations (BACCHUS
Ice Nucleation DataBase, 2019). The database is accessible to mem-
bers only, but membership is free. The PollyXT observations (level
0 data of measured signals and level 2 data of backscatter coefficient
and depolarization profiles), the in situ OPC measurement and the
WRF modeled profiles used in this study can be accessed through
the REACT database (Marinou et al., 2019). All datasets created
during the calculation of the lidar-based number concentrations and
the correction of the in situ OPC number concentrations will be pro-
vided upon request.
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Appendix A: Lidar retrievals of ninp

Al Methodological diagram for the analysis of the
ground-based lidar measurements

The Fig. Al illustrates the general idea of the methodology
followed for the INP estimations from the PollyXT measure-
ments. The equations for the conversions of the measured
optical properties into the microphysical properties are pro-
vided in Table 3. The equations for the conversions of the
microphysical properties to INPs are provided in Table 1.

Calculation of the Calculation of the
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Figure A1l. Overview of the data analysis scheme followed for the PollyXT measurements in this work. In the first step, we separate desert
and nondesert backscatter coefficients (84 and B,4) by means of the particle linear depolarization ratio (8p). The backscatter coefﬁsients for
the nondesert aerosol are estimated to be continental aerosol mixtures Sc by means of, e.g., backward (BW) trajectory analysis and Angstrom
exponent information. The two backscatter coefficients are then converted to aerosol type-dependent particle extinction coefficients (¢;). In
the next step, the extinction coefficients are converted to aerosol type-dependent profiles of particle number concentrations (n250,i,dry) and
particle surface area concentration (Sj gry)- In the next step, ice-nucleating particle number concentrations (n1Np,j) are estimated by applying
INP parameterizations from the literature indicated by D10, D15, S15 and U17 for DeMott et al. (2010, 2015), Steinke et al. (2015) and
Ullrich et al. (2017), respectively. Finally, the INP concentrations estimated for the different aerosol types are summed in order to estimate
the total ninp.
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A2 Methodological diagram for the analysis of the

spaceborne lidar measurements

The Fig. A2 illustrates the general idea of the methodology
followed for the INP estimations from the CALIPSO mea-
surements. The equations for the conversions of the mea-
sured optical properties into the microphysical properties are
provided in Table 3. The equations for the conversions of the
microphysical properties to INPs are provided in Table 1.
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Figure A2. Overview of the data analysis scheme applied to CALIPSO measurements. In the CALIPSO case considered in this work only

dust and polluted dust aerosol types have been observed. For that reason, only these combinations are considered here.
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