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Cirrus (Ci) cloud properties can change significantly from place to place over the globe as a result of weather pro-
cesses, reflecting their likely different radiative and climate implications. In this work Cirrus clouds (Ci) features
observed in late autumn/early winter season at both subtropical and polar latitudes are examined and compared
to CALIPSO/CALIOP observations. Lidar measurements were carried out in three stations: Sdo Paulo (MSP, Brazil)
and Tenerife (SCO, Canary Islands, Spain), as subtropical sites, and the polar Belgrano II base (BEL, Argentina) in
the Antarctic continent. The backscattering ratio (BSR) profiles and the top and base heights of the Ci layers to-

Keywords:

CAyL‘;;SO /CALIOP gether to their Cirrus Cloud Optical Depth (CCOD) and Lidar Ratio (LR) for Ci clouds were derived. In addition,
Cirrus Cloud Optical Depth (CCOD) temperatures at the top and base boundaries of the Ci clouds were also obtained from local radiosoundings to
Cirrus clouds verify pure ice Ci clouds occurrence using a given temperature top threshold (<—38 °C). Ci clouds observed

Lidar along the day were assembled in groups based on their predominant CCOD, and classified according to four
Polar regions CCOD-based categories. Ci clouds were found to be vertically-distributed in relation with the temperature,
Subtropical latitudes forming subvisual Ci clouds at lower temperatures and higher altitudes than other Ci categories at both latitudes.
Discrepancies shown on LR values for the three stations, but mainly remarked between subtropical and polar
cases, can be associated to different temperature regimes for Ci formation, influencing the internal ice habits of
the Ci clouds, and hence likely affecting the LR derived for the Ci layer. In comparison with literature values,
daily mean CCOD/LR for SCO (0.4 4 0.4/21 £ 10 sr), MSP (0.5 4 0.5/27 + 5 sr) and BEL (0.2 £ 0.3/28 4 9 s1)
are in good agreement; however, the variability of the Ci optical features along the day present large discrepan-
cies. In comparison with CALIOP data, Ci clouds are observed at similar altitudes (around 10-13 km height); how-
ever, differences are found mostly in CCOD values for subtropical Ci clouds, whereas LR values are in a closer
agreement. These differences are carefully examined in relation with the closest CALIPSO overpass time and dis-
tance from the station (>70 km far), inferring the irregular extension and inhomogeneity of the Ci clouds over
each study area. These considerations can be useful for assimilation of the Ci features into climate models and
evaluation of future space-borne lidar observations of Ci clouds, especially for the future ESA/Copernicus-Sentinel
and ESA/EarthCARE missions.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Both weather and climate are evidently affected by Cirrus (Ci)
clouds. Indeed, their role in the radiation balance of the Earth-atmo-
sphere system can be regionally and globally observed (Liou, 1986;
Stephens, 2005; Yorks et al., 2009; Yang et al., 2012) as cooling or
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heating modulations. What it still a puzzle is the response of Ci clouds
to factors related to anthropogenic climate changes, i.e. greenhouse ef-
fect (Iacono et al.,, 2008), or increasing upper tropospheric contamina-
tion from enhanced aviation circulation (Boucher, 1999). The Ci cloud
radiation transfer properties could alter, either enhancing or negating,
the supposed global warming effect linked to aerosols as reported in
the last Intergovernmental Panel on Climate Change (IPCC, 2013)
(Boucher et al., 2013). In particular, Cirrus aircraft-induced contrails
could increase the albedo of the upper troposphere, modifying the
warming effect associated to greenhouse gases (Burkhardt and
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Karcher, 2011). The balance between the infrared greenhouse warming
and solar albedo cooling depends on both Ci cloud altitude and their mi-
crophysical features (Myhre et al.,, 2013).

In this context cloud height plays a significant role. Tropical Cirrus
located at high altitudes can act as effective greenhouse modulators. In
opposition, low-altitude Cirrus over Polar Regions can be more cooling
efficient due to their albedo effects (Sassen and Campbell, 2001).
Hence, mid-latitude Ci clouds are assumed to reveal radiative implica-
tions varying with season (Sassen and Comstock, 2001; Dupont and
Haeffelin, 2008; Campbell et al., 2016; Kienast-Sjogren et al., 2016). Re-
garding microphysical aspects of the Cirrus clouds, namely ice clouds,
they are composed of ice crystals that can present different crystal
habits, shapes, orientations, sizes, phases, Ice Water content (IWC),
among others, in dependence on their formation mechanism: a) direct-
ly from the gas phase (in situ origin), and b) by freezing of liquid father
below drops, but uplifted into Ci temperature regimes (liquid origin)
(more details, see Kramer et al., 2016). Regardless of the determination
of the microphysical features is out the scope of this work, they are di-
rectly linked to both the optical and macrophysical properties of Cirrus
clouds. Indeed, ‘in situ’ Cirrus are optically thin and present a lower IWC
in comparison with the ‘liquid’ Cirrus, optically thicker and with a
higher IWC. In addition, those Cirrus formation mechanisms depend
also critically on the weather situations (convective processes, high
pressure frontal systems, jet streams, atmospheric waves, ...) (Krdmer
et al.,, 2016). Hence, Ci clouds are a weather product; their properties
and occurrence can differ over diverse regions of the world.

In general, since Ci clouds form at high altitude levels (typically, from
7 km up to the tropopause), active remote sensing instrumentation, as
lidar systems, are widely used for their detection, either deployed in
ground-based stations (Sassen and Campbell, 2001; Giannakaki et al.,
2007; Seifert et al., 2007; Dupont et al., 2010; Kim et al., 2014;
Campbell et al,, 2016; Kienast-Sjogren et al., 2016) or aboard space plat-
forms (Sassen et al., 2008; Josset et al., 2012; Zhang et al., 2014;
Campbell et al., 2015). Lidars appear as the most suitable instrumenta-
tion for high-cloud observations, since they can provide vertical mea-
surements with good vertical and temporal resolutions. The studies
conducted by Platt and Sassen (Platt and Dilley, 1981; Sassen et al.,
1989) pioneered the studies of Ci clouds with lidars and radiometers
and pursued a comprehension on intensive and extensive variables
which much affect Ci cloud optical properties. These quantities and
the geometric properties of such clouds opened a pathway to explore
simulations and models built in order to understand their influence on
radiative processes. Understanding the properties and morphology of
ice crystals in those clouds allowed the understanding of habits, simple
and complex, with geographical variability and under different synoptic
conditions (Baum et al., 2011). Also regionally the cloud optical proper-
ties have been studied such as in Europe (Dupont et al.,, 2010;
Kienast-Sjogren et al., 2016), North America and Pacific Regions (Ha-
waii) (Yorks et al., 2011; Campbell et al., 2016), Asian areas (He et al.,
2013; Kim et al., 2014), the Mediterranean (Giannakaki et al., 2007)
and Indian Sea (Seifert et al., 2007; Das et al., 2009). Therefore, our
study represents a significant part of the globe with its own mesoscale
processes to formation and circulation of Ci clouds. More recently, in
the past ten years, satellites platforms (CERES, CALIPSO, MODIS,
CLOUDSAT) (Vaughan et al., 2009; Vaughan et al., 2010; Josset et al.,
2012; Guo et al., 2016) have provided important insights on the com-
prehension of Ci clouds and their role in radiative transfer. Lidar studies
devoted to cloud identification and optical properties are of great inter-
est and provide together with CLOUDSAT an important cloud database
(Zhang et al., 2014) as the generated results are useful to improve
cloud parameterizations in climate models and their validation. In addi-
tion, a great effort was made towards correcting multiple scattering ef-
fects (Wandinger, 1998), and enhancing the understanding on their
temperature dependence (i.e., Garnier et al., 2015).

Moreover, the depolarization factor is a lidar parameter usually used
to identify ice phases within the clouds, and then providing an estimate

of the internal state of Ci clouds. However, some lidar systems cannot
support depolarizing capabilities, hence a thermal threshold for cloud
top temperature of <— 37 °C (236 K) (Sassen and Campbell, 2001) or
—38 °C (235 K) (Krdmer et al., 2016) (below that value liquid water
is absent) is proposed to clearly distinguish Cirrus (ice) cloud presence
in lidar profiles (i.e., Campbell et al., 2015; Kienast-Sjogren et al., 2016).

This work describes the methodology for retrieving the
macrophysical and optical features of Ci clouds detected by lidar obser-
vations, using that temperature threshold of <— 38 °C combined with a
modified version of recently proposed procedures (Larroza et al., 2013;
Barbosa et al., 2014). Ci clouds features observed in late autumn/early
winter season at both subtropical and polar latitudes are analyzed for
particular case studies. In addition, their potential latitudinal variability
is examined. This study is focused on: (1) classifying the daily cloud fea-
tures into four Ci categories according to their Cloud Optical Depth
(CCOD), as adapted from Sassen et al. (1989) and Sassen and Cho
(1992): subvisual-1 (svCi-1, CCOD < 0.03, as a threshold for the visible
Ci detection in the zenith), subvisual-2 (svCi-2, CCOD: 0.03-0.1, as a
less conservative threshold for visible clouds: Platt et al. (1987) pro-
posed a value of 0.06 instead); semitransparent (stCi, CCOD: 0.1-0.3),
and opaque (opCi, CCOD > 0.3) clouds; and (2) analyzing the tempera-
ture-related Ci formation with respect to altitude. In order to expand
this comparative analysis our ground-based (GB) lidar measurements,
as carried out along the day, were evaluated together with the space-
borne lidar CALIOP aboard CALIPSO (Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation, www.calipso.larc.nasa.gov) observa-
tions (Winker et al., 2009), as performed only once per day. Their simi-
larities and discrepancies are also discussed.

This study strongly encourages the establishment of a long-term Ci
clouds monitoring network, and adding future stations to these existing
ones, including mid-latitude observations.

2. Methodology
2.1. Ground-based (GB) lidar observations

2.1.1. Stations and lidar systems

Cirrus (Ci) clouds observations were performed in an Antarctic polar
station and two subtropical sites. The polar Belgrano Il base (BEL, Argen-
tina, 78°S 35°W), managed by the Instituto Antdrtico Argentino/
Direccién Nacional del Antartico (IAA/DNA), is located in deep Antarcti-
ca. The two subtropical stations were the Santa Cruz de Tenerife obser-
vatory (SCO, Canary Islands-Spain, 28.5°N 16.3°W) and the
Metropolitan city of Sao Paulo station (MSP, Brazil, 23.6°S 46.8°W),
managed by the Agencia Estatal de Meteorologia (AEMET) and the
Instituto de Pesquisas Energéticas e Nucleares (IPEN), respectively. Fig.
1 shows the location of all these stations around the world.

Lidar systems deployed at SCO and BEL sites are two Micro Pulse Li-
dars (MPL) (Campbell et al., 2002), v.3 (MPL-3) and v.4 (MPL-4, includ-
ing depolarization capability), respectively. MPLs are the standard lidars
that are in routine continuous operation (24 h/7 d) within the NASA/
MPLNET (MicroPulse Lidar NETwork, mplnet.gsfc.nasa.gov) (Welton et
al.,, 2001), and belong to the Spanish Institute for Aerospace Technology
(INTA, Instituto Nacional de Técnica Aeroespacial, www.inta.es/
atmosfera), managed in collaboration with the AEMET (Spain) and
IAA (Argentina), respectively. The MSP lidar system (SPL) is managed
by the IPEN/Centro de Lasers e Aplicacoes (IPEN/CLA, gescon.ipen.br/
leal), and operates within LALINET a.k.a. ALINE (Latin America Lldar
NETwork, lalinet.org) (Guerrero-Rascado et al., 2016). Principal features
and acquisition settings of each lidar system are shown in Table 1. Lidar
signals detected at above 7 km height up to the tropopause are referred
to Ci signatures. In the case of the polar Cirrus, in order to avoid Polar
Stratospheric Clouds (PSC) contamination (Cérdoba-Jabonero et al.,
2009, 2013), only PSC-free conditions observed over Belgrano site are
considered. Local radiosounding profiles are also used for Cirrus tem-
perature estimation and tropopause levels determination.


http://mplnet.gsfc.nasa.gov
http://www.inta.es/atmosfera
http://www.inta.es/atmosfera
http://lalinet.org

C. Cérdoba-Jabonero et al. / Atmospheric Research 183 (2017) 151-165

CALIPSO overpasses

153

50

SCO Station
AD =989 km
ToCD = 14:38:18 UTC

=)

Latitude (°N)

-50

MSP Station
AD = 7255 km
ToCD = 17:08;26 UTC

BEL Station
AD = 75.3 km ToCD = 01:34:09 UTC

150 ~100 _50

0 50 100 150

Longitude (°E)

Fig. 1. Map showing the location around the world of the three stations where the lidar measurements were carried out: Santa Cruz de Tenerife/Spain (SCO, 26 November 2009),
Metropolitan city of Sao Paulo/Brazil (MSP, 11 June 2007), and the Antarctic Belgrano Il base/Argentina (BEL, 22 May 2010). Both CALIPSO trajectories (colour lines) and overpass time
(ToCD - Time of Closest Distance) over those stations on the selected Cirrus detection days are also shown. AD denotes the closest distance to each station for these days.

Ci clouds were detected between late autumn and early winter sea-
sons over all the stations. In particular, selected Ci cases were observed
on 26 November 2009, 11 June 2007 and 22 May 2010, respectively,
over SCO, MSP and BEL sites, corresponding to the roughly same season-
al period for both Northern and Southern hemispheres. Their
macrophysical and optical parameters were analyzed for these selected
case studies along the day, and compared to the single CALIPSO/CALIOP
Ci retrievals (the frequency of the CALIPSO overpass over each station is
established once per day).

2.1.2. Retrieval of the Ci macrophysical and optical properties
Macrophysical parameters (top and base heights, thickness) and the
optical features such as the backscattering ratio profile (BSR, total-to-
molecular backscattering coefficient ratio), the Ci Cloud Optical Depth
(CCOD), and their Lidar Ratio (LR, extinction-to-backscatter ratio) are
retrieved from lidar measurements by using a modified version of the
methodology reported in Larroza et al. (2013). Cirrus layer boundaries
(top and base heights of the clouds) are determined using a threshold
technique, and optical depths (and also lidar ratios) are estimated
with an alternative approach of the ‘transmission loss’ method (Platt,
1973; Young, 1995; Chen et al., 2002; Platt et al., 2002; Yorks et al.,

Table 1
Lidar systems: main features and acquisition settings.

2011). Both CCOD and LR values are also corrected by multiple scatter-
ing effects. An overview of the retrieval algorithm is introduced in
Appendix A. In particular, an aerosol-free interval is required for deter-
mining the calibration constant C (Eq. (3) in Appendix A). Hence, only
profiles fulfilling this condition (such an interval is available) were proc-
essed, being the altitude range for that calibration: 6-7 km height for
the MPL-3 (SCO) and SPL (MSP) lidar systems, and 4-5 km height for
the MPL-4 (BEL) lidar (see Table 1). Moreover, uncertainties are esti-
mated for CCOD and LR, being respectively: 16% and 27% for SCO, 6%
and 25% for MSP, and 19% and 46% for BEL cases (see Appendix A).
The largest uncertainties are found for the polar case, especially for
the LR. These BEL estimates are due to a higher occurrence of subvisual
Ci clouds is observed over this station (see Sect. 3.1), since errors asso-
ciated to the retrieved CCOD and LR values for this Ci category are higher
than those obtained for others.

2.2. Space-borne CALIPSO/CALIOP observations
CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) is a two-

wavelength elastic backscatter lidar system aboard CALIPSO satellite
(Winker et al., 2009). Its principal features are shown in Table 1.

Lidar system (station) SPL (MSP) MPL-3 (SCO) MPL-4 (BEL) CALIOP/CALIPSO
Routine operation (daily) 2-3h 24 h 24 h Once
Lidar Networks LALINET/ALINE MPLNET - -
Wavelength (nm) 532 (%) 523 527 532 ()
Energy/pulse (mJ) 150-330 0.007 (max.) 0.010 (max.) 110
Pulse frequency (Hz) 20 (%) 2500 2500 20.25
Eye-safe No Yes Yes Yes
Depolarization No No Yes Yes
Raman capability Yes No No No

Vert. res.:

Acquisition settings

Calibration altitude range (km)

Vert. res.: 15 m
Int. time: 1-2 min

6-7

Vert. res.: 75 m
Int. time: 1 min

6-7

Vert. res.: 75 m
Int. time: 1 min

4-5

30 m (<8.3 km)
60 m (8.3-20.5 km)
Horiz. res.: 333 m

(*) Used in this work.



154 C. Cérdoba-Jabonero et al. / Atmospheric Research 183 (2017) 151-165

CALIPSO Level 1 data (Hostetler et al., 2006) were analyzed in order to
retrieve the total attenuated backscatter product and calculate the BSR
profiles for each station. A total of 300 BSR profiles were selected in
order to obtain a total horizontal range of 100 km (1-profile horizontal
resolution is 333 m). Each 15 consecutive profiles of the total attenuated
backscatter were averaged in order to obtain a BSR with a horizontal
resolution of 5 km. Hence, 20 averaged BSR profiles centered in the co-
ordinates of each lidar station were examined. In particular, CALIPSO
overpasses were performed at around 14:38 UTC (daytime), 17:08
UTC (daytime) and 01:34 UTC (nighttime), respectively, over SCO,
MSP and BEL stations for those selected days; the closest distance be-
tween the CALIPSO ground-track and SCO, MSP and BEL sites was, re-
spectively, 98.9 km, 72.5 km and 75.3 km. Fig. 1 shows CALIPSO
trajectory overpasses (colour lines) over those stations on the selected
Cirrus detection days, together with the time (ToCD) and closest dis-
tance (AD) from the station.

CCOD and LR values were obtained from CALIPSO Level 2 Cloud
Layer products (Vaughan et al., 2009; Young and Vaughan, 2009) with
5-km horizontal resolution, being retrieved the number of cloud layers
detected and their base and top altitudes, as well as their Cloud-Aerosol
Discrimination score (CAD). The CALIOP CAD algorithm is used to dis-
criminate between clouds and aerosols using probability distribution
functions (PDFs) based on the differences in the optical and physical
properties of aerosols and clouds (Liu et al., 2009). The CAD score for
clouds is reported in the 5-km cloud products and provides a numerical
confidence level for their classification. In this study, Ci layers with a
CAD value of 100 (maximal confidence level) were only selected. The
CCOD was also used to classify the Ci clouds. Since the CALIPSO overpass
over the station is performed for a few seconds, CALIPSO BSR profiles
identified in the same Ci-category were averaged. Analysis of Lidar
Ratio 532 Selection Method and Cloud Ice/Water Phase Discrimination
products (Vaughan et al.,, 2009; Young and Vaughan, 2009), both from
the 5 km Cloud Layer data, confirmed that LR values provided by CALIOP
for the three stations studied in this work were obtained by applying the
method based on cloud phase (Hu et al.,, 2009) instead of the ‘two-way
transmittance’ approach (Platt, 1973; Young, 1995; Chen et al., 2002;
Platt et al., 2002). Hence, fixed values of 19 + 10 sr, 25 + 10 sr, and
22 4 11 sr are assumed by the CALIOP discrimination algorithm for
water, ice and ‘unknown’ (unable cloud discrimination) clouds,
respectively.

Unfortunately, two of the three GB lidars are unable to perform de-
polarization measurements, lacking the practical estimation of the
phase. Instead, Cirrus are distinguished as ice clouds by using the tem-
perature threshold of <— 38 °C (close to the also proposed value of
—37 °C) at the top of Ci layers for all the stations (Sassen and
Campbell, 2001; Campbell et al., 2015; Kienast-Sjogren et al., 2016;
Kramer et al., 2016). However, this point will be also analyzed since
the ice phase for Ci clouds is also provided by CALIOP.

3. Results
3.1. Optical and macrophysical features of Cirrus clouds

Cirrus clouds are usually observed over the subtropical SCO and MSP
sites and the polar BEL station. In this work, particular case studies de-
tected on 26 November 2009 (late autumn), 11 June 2007 (early austral
winter) and 22 May 2010 (late austral autumn), respectively, are ana-
lyzed. The 1-min/2-min lidar profiles collected along these days are av-
eraged for 10 min to obtain a relatively good signal-to-noise ratio
without neglecting potential Cirrus variability. The daily evolution of
the Cirrus clouds observed over SCO, MSP and BEL stations is shown in
Fig. 2 (panels a, b and c, respectively) in terms of the vertical lidar
range-corrected signal (RCS). Ci occurrence is clearly found just below
the tropopause height-level for each station (13.5, 12.2 and 10.5 km
a.g.l, respectively, for SCO, MSP and BEL sites), as obtained from local
radiosounding data.

14:38 UTC: CALIPSO overpass (@)

Height (km a.g.l.)

0 4 8 12 16 20 24

UTC (hours)
17:08 UTC: CALIPSO overpass (b)
RCS (a.u.)

o 1E+08
© Tropopause: 12.2 km - *
§, 4E+07
b ||
© 1E+07
£ -

,‘E 5E+06

<

a

o

P4

0 4 8 12 16 20 24
UTC (hours)
01:34 UTC: CALIPSO overpass (c)
16
RCS (a.u.)

-
o 1.0
©
£ 12 06
< Tropopause: 10.5 km 0.4
-_5’ 10 0.3
o)
I

0 4 8 12 16
UTC (hours)

20 24

Fig. 2. Daily evolution of the vertical range-corrected signal (RCS) registered by the GB
lidar systems located at: (a) SCO site (26 November 2009), (b) MSP site (11 June 2007),
and (c) BEL site (22 May 2010). Time of the CALIPSO overpass over each station is also
shown (red line) together with the tropopause height-level (dashed white line) for each
day. No data are denoted by grey bands.

For those selected days, both the macrophysical parameters deter-
mining the extension of Ci layers and their optical properties are re-
trieved by using the proposed methodology (see Sect. 2.1.2 and
Appendix A). Indeed, the vertical backscattering ratio (BSR) R(z) togeth-
er with both the top and base boundaries of the Ci layers (z'°° and z°*€,
respectively), their thickness Az, and their LR and CCOD are determined.
Hence, Ci layers are classified into the four selected categories depend-
ing on their CCOD (see the Introduction sect.). They are then assembled
into groups along the day regarding similar features with prevalence of
a given CCOD-type category. Fig. 3 represents the temporal evolution of
the vertical BSR R(z) (R®BL) for the Ci clouds observed over the three
sites along the day, highlighting the sequential Ci classification found.
A label identifying the predominant CCOD-type category for each simi-
lar Ci group is also included at the top. In the SCO case, seven Ci groups
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Fig. 3. The same as Fig. 2, but for the vertical BSR R(z) (R°BL). The CCOD-type category
(svCi-1, svCi-2, stCi and opCi) identified for each Ci profiling group is also labeled at the
top. Time of the CALIPSO overpass over each station is also shown (red line).

are selected, being sequentially from svCi-1 (actually, subvisual Cirrus)
to opCi clouds (see Fig. 2a), whereas for the MSP case, six are those Ci
groups, alternating between stCi and opCi clouds (note that MSP obser-
vations were only performed for a few hours). In addition, six Ci groups
are analyzed for the BEL case: opCi were observed in the beginning of
the day for 2 h, followed by stCi (with low CCOD values nearly within
the svCi-2 category) and then alternatively svCi-2 and svCi-1 groups.

CCOD and LR values found for the Ci layers detected along the day
over SCO, MSP and BEL stations are shown in Fig. 4 (a, b and c, respec-
tively). In addition, their mean values together with their standard devi-
ation for each selected Ci group are calculated (see Fig. 4, dashed black
lines and error bars).

Correspondingly, z*°P, z°%%¢ and the thickness Az found for the Ci
layers detected along the day over SCO, MSP and BEL stations are
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Fig. 4. The same as Fig. 2, but for the effective CCOD (open circles, top panels) and the
effective LR (open triangles, bottom panels). Mean values (dashed black lines) together
with their standard deviation (error bars) for each Ci group (group number and the
predominant Ci category are marked at the top, see text for details) are also shown.
Corresponding CALIOP values are also included (black stars).

shown in Fig. 5 (a, b and c, respectively, in top panels). Their mean
values together with their standard deviation for each selected Ci
group are also calculated (see Fig. 5, colored dashed lines and error
bars).

Mean values (and their standard deviation) of the optical and
macrophysical parameters found for those Ci cloud groups observed
over the three stations of this study are shown in Table 2 (CCOD and
LR are effective values, see Appendix A). The predominant Ci category
(with occurrences higher than 65%) defining each Ci group is also in-
cluded in Table 2.
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Fig. 5. The same as Fig. 2, but for the Ci layer boundaries, 2 (‘+’ symbols), 2% (‘—’
symbols) and its thickness Az (cross symbols) (top panels), and their corresponding
temperatures, TP (up triangles) and T°*¢ (down triangles), respectively, as obtained
from local radiosounding data (bottom panels). Mean values (colored dashed lines)
together with their standard deviation for each Ci group (group number at the top, see
text for details) are also shown. Corresponding CALIOP values are also included (black
stars).

Daily SCO features, as also observed in Fig. 3a, present a progressive
increase of CCOD values (see Fig. 4a) together to a lowering of the Ci
layers (see Fig. 5a). Mean LR values (hereafter, for simplicity, the corre-
sponding standard errors of all the following variables are not shown in
the text, and they are only reported in Table 2) are found between 17
and 29 sr for svCi-2, stCi and opCi groups, while rather low LRs (less
than 10 sr) are obtained for svCi-1 clouds (see Fig. 4a, and Table 2).

base

z°**¢ is ranging from 8.5 to 10 km height for both stCi and opCi, while
svCi-1 and svCi-2 are observed no lower than around 11 km height. Be-
sides, stCi and opCi reach z*°P altitudes between around 11 and 13 km
height, while the z*°P values for svCi-1 and svCi-2 are found higher
than 13 km, just below the tropopause height-levels. Additionally,
svCi-1 were thinner (1.5 km) than the other Ci groups (2.1-3.1 km, in
average) (see Figs. 4a and 5a, and Table 2). In general, results show
svCi are found at higher altitudes and present a lower thickness than
the two other Ci categories.

In the MSP case, no svCi-1 (actually subvisual Cirrus clouds) were
found; and stCi (including svCi-2, selected Ci type within the typical
stCi category) and opCi clouds were alternatively observed for a few
hours along the day (see Figs. 4b and 5b, and Table 2). Results indicate
LR values are ranging closely between 22 and 32 sr for all the Ci catego-
ries observed over MSP. In addition, fairly constant mean values are de-
rived for 2°P (11.0-11.4 km), and variable for z°**¢ (9.2-8.0 km), hence
the thickness is varying from 1.8 to 3.3 km, in average.

Regarding the polar BEL case, Ci clouds present a CCOD decrease
along the day (unfortunately, no data were available from 14:00 UTC
on, see Fig. 3¢). In overall, Cirrus clouds reached rather similar z*°P alti-
tudes (9.3-9.7 km height) along the day (svCi are found slightly higher
than the other Ci categories), but the thickness was decreasing from 2.0
to 0.7 km (see Fig. 5c, and Table 2). In general, Ci clouds are detected at
lower altitudes, as expected at polar latitudes. Mean LR values of 32 sr
are found for opCi clouds (Ci group 1, see Table 2), while svCi-1 and
svCi-2 present mean LR values of 21 sr and 28-29 sr, respectively. A par-
ticular relatively high LR of 42 sr is derived for stCi.

In general, subtropical Ci clouds present relatively close LR values for
stCi (as detached in principle in two LR ranges: 18-22 sr and 29-32 sr)
and opCi (25-27 sr) categories. In comparison with the subtropical Ci
cases, LR values found for polar Ci clouds are rather higher, except
they are similar to those found for the svCi-2 category in the MSP
case. Large differences (~71%) in LR are found for the svCi-1 category
between SCO and BEL sites. Unfortunately, no svCi-1 clouds were ob-
served over MSP on 11 June 2007, hence no other results could confirm
the conclusions achieved on the optical and macrophysical properties of
the svCi-1 category, likely reflecting their particular ice habits and mi-
crophysical internal structure state.

For comparison, CCOD and LR values together with their mean alti-
tude of Ci clouds reported in diverse regions by other authors are
shown in Table 3 together with those (daily-averaged) obtained in
this work. In average, mean CCOD values are mostly within the opaque
category (CCOD: 0.33-0.45), but SW Asia (0.16 4 0.27) and Indian Sea
(0.28 £ 0.29) regions shows a predominance of stCi with a large stan-
dard deviation; likewise a high stCi occurrence is found at mid-latitudes
in Europe (46-51%) and North America (47/42%, using a fixed LR of 20/
30 sr) (see Table 3, and References herein). Hence, mean CCODs obtain-
ed in this work are ranging within those reported values: 0.4-0.5 (opCi)
and 0.2 (stCi), respectively, for subtropical and polar Ci clouds. Regard-
ing LRs, a higher variability is found in dependence on the region, and
the values are ranging from 22 + 8 sr (North America and Atlantic re-
gions) to 36 £ 20 sr (Mediterranean area), being those retrieved in
this work of 21-27 sr and 28 sr, respectively, at subtropical and polar
sites (see Table 3, and References herein). In addition, Ci clouds are re-
ported to be observed between 7.5 and 14.5 km height, in general,
around the world, likewise our results (9.5-12.5 km) also are found
within that altitude interval. Therefore, though specific for our three sta-
tions, a good agreement is found for daily-averaged CCOD, LR and Ci al-
titudes shown in this work; however, the variability of the Ci optical
features along the day present large discrepancies.

3.2. Temperature-related Ci formation with respect to altitude

Temperatures of the Ci clouds at their top and base boundaries (TP
and TP*¢, respectively) are obtained from local radiosounding profiles.
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Table 2

Mean values (4 standard deviation) for each selected Ci groups of: effective Cirrus Cloud Optical Depth (CCOD), together to their corresponding predominant Ci-type (svCi-1, svCi-2, stCi
and opCi) category (percentage in parenthesis) within each Ci group; effective Lidar Ratio (LR); and both top (z'°?) and base (2°*¢) heights and thickness (Az) of Ci layers. In addition, the
temperatures of the Ci clouds at their top and base boundaries (T and T°**¢, respectively), and the tropopause height-level (Z"°P) and temperature (T""°P) are also included. CALIOP
values have also been introduced below the corresponding Ci group in relation to the closest CALIPSO overpass time. N denotes the number of total BSR profiles used in the analysis.

Ci group CCOD Predominant Ci-type category (%) LR (sr) 2'°P (km) 2z (km) Az (km) TP (°C) Tbase (°C)
SCO (26 November 2009) Z™P = 13.5 + 0.3 km, T"™P = —68.1 + 0.4 °C,N = 75

1 0.017 £ 0.001 svCi-1 (100%) 6+1 13.14+0.2 11.7 £ 0.5 1.5+ 0.6 —6754+£05 —56.8 +3.9
2 0.07 4+ 0.04 svCi-2 (85%) 17 £ 13 13.1+£03 109 £ 03 21+£05 —67.1+£19 —50.8 +2.0
3 0.21 4+ 0.09 stCi (67%) 29+7 13.1+£0.2 10.1 £ 0.8 3.1+08 —67.54+0.6 —442 4+ 6.2
4 0.15 £ 0.08 stCi (67%) 20+9 1294+ 0.3 99+0.2 31+04 —66.6 + 1.1 —4294+1.7
CALIOP 0.6 £0.2 opCi (95%) 25410 12.7 £ 0.2 99+03 28 +03 —6534+04 —43.1 4+ 05
5 0.7+03 opCi (100%) 27+6 124 £ 03 99+ 0.1 25+03 —629 4+ 25 —43.14+ 1.2
6 02401 stCi (68%) 1845 11.6 + 0.5 94+ 0.1 214+£05 —5594+44 —3934+12
7 0.8 £ 04 opCi (92%) 26+ 8 11.1 £ 0.6 85+ 05 25+03 —5194+4.7 —31.6+39
MSP (11 June 2007) Z™P = 12.2 + 0.3 km, T"™P = —59.9 + 0.9 °C, N = 28

1 0.21 4+ 0.08 stCi (83%) 32+4 114 £ 0.0 92+08 22408 —54.14+0.2 —36.3 +6.1
2 0.49 + 0.04 opCi (100%) 2641 113+ 0.0 8.0+ 0.1 334+£0.1 —5334+04 —2644+09
3 0.18 4 0.03 stCi (100%) 30+ 4 11.2 £ 0.1 8.8 £ 0.6 24+ 05 —52.74+04 —33.04+44
4 0.07 4+ 0.01 svCi-2 (100%) 28+7 11.2 £ 0.0 94+ 0.8 1.8+ 0.8 —523+04 —3794+63
5 0.15 £ 0.03 stCi (100%) 2244 112+ 0.0 9.1+04 21+04 —5214+0.1 —348 +33
6 1.0+ 05 opCi (89%) 25+£2 11.0 £ 0.1 8.7+ 04 23+04 —50.6 + 0.8 —31.8+£3.0
CALIOP 0.15 4+ 0.11 stCi (53%) 25+ 10 115+ 0.2 10.1 £ 04 134+ 04 —547 +24 —433 4+ 25
BEL (22 May 2010) Z™P = 10.5 + 0.3 km, T"™P = —67.6 & 0.8 °C, N = 57

1 0.74+03 opCi (100%) 3243 94 £+ 0.1 74 £ 0.6 20+ 06 —6354+04 —52.84+43
CALIOP 09+0.2 opCi (100%) 22+ 11 102 £ 0.3 72 +£02 3.0+£0.2 —67.54+03 —51.24+04
2 0.22 + 0.07 stCi (100%) 4246 93 +£0.1 7.8 £0.1 1.5+02 —63.1+02 —55.4 + 0.6
3 0.06 + 0.02 svCi-2 (94%) 294+ 10 9.3 £ 0.1 79 £0.2 14+£02 —6294+04 —5594+13
4 0.018 £ 0.004 svCi-1 (100%) 21+7 9.7 £ 0.0 8.14 £+ 0.04 1.52 £ 0.03 —64.6 + 0.0 —57440.2
5 0.06 + 0.02 svCi-2 (90%) 2847 9.7 + 0.02 86+ 04 1.1+04 —64.5 4+ 0.1 —60.0 + 2.2
6 0.016 £ 0.009 svCi-1 (92%) 21+9 9.6 £0.2 89403 0.7+ 0.3 —6424+1.0 —61.6+1.2

Data are also shown in Table 2, together with the tropopause height-
level (Z"°P) and temperature (T"°P).

Fig. 6 shows both the BSR R(z) and temperature profiles (left and
right panels, respectively) for the SCO, MSP and BEL cases (panels a, b
and c, respectively), displaying also the temperature threshold for ice
cloud formation (<—38 °C). This value is used for distinguishing the
water/ice phases of the Ci clouds, below which liquid water does not
exist (Campbell et al., 2015; Kramer et al., 2016). In general, z*°P values
indicate that Ci clouds are formed below — 38 °C, hence they are all con-
sidered as ice clouds. However, differences are clearly observed be-
tween subtropical and polar Cirrus clouds. Whereas polar Ci layers are
completely inside the total ice phase temperature band (T < — 38 °C),
the subtropical ones are partially within this ice threshold band, mainly

remarkable for the opCi category. In particular, subtropical svCi-1 and
svCi-2 clouds are formed at higher altitudes and lower temperatures
(in general, <—45 °C) than the other stCi and opCi categories (see Fig.
6a and b, and Table 2). Likewise, all the Ci clouds present for the BEL
case, svCi-1, svCi-2, stCi and opCi, form at lower temperatures
(<—52 °C) than those for both the subtropical cases, as expected, de-
spite they are detected at lower altitudes. Indeed, this is related to the
fact that the polar tropopause is found at lower altitudes (around
10.5 km height in our polar case).

These temperature-related features of the Ci clouds can affect, in-
deed, their internal state, and hence the differences observed in the
LR, especially for the svCi-1, between the subtropical and polar cirrus
clouds can be explained in the basis of different temperature regimes

Table 3
Values reported in the literature for CCOD (or predominant Ci category, in average), LR and mean altitude for Ci clouds. For comparison, daily mean values obtained in this work are also
included.
Location CCOD (predominant Ci category LR (sr) Mean altitude (km) Reference
Pacific area 0.44 4+ 0.27 25+ 10 13+£1 Yorks et al. (2011)
Central Asia 0.33 + 0.29 28+ 15 145 + 1.7 He et al. (2013)
SW Asia 0.16 + 0.27 23+ 16 140+ 2.0 Das et al. (2009)
Seoul (Korea) 042 4+ 0.39 25 (%) 106 £ 1.2 Kim et al. (2014)
Indian Sea 0.28 4+ 0.29 31+10 125+ 15 Seifert et al. (2007)
Australia 27+7 Thorsen and Fu (2015)
North America 10.0 Sassen and Campbell (2001)
North America 0.35 4+ 0.27 31+ 11 13+£2 Yorks et al. (2011)
North America 22+7 Thorsen and Fu (2015)
North America stCi (47/42%) 20/30 (%) 7.5-14.5 Campbell et al. (2016)
Central America 0.33 4023 26 £ 10 1454+ 25 Yorks et al. (2011)
South America 9.0 Lakkis et al. (2009)
Atlantic region 0.45 + 0.26 2248 13+1 Yorks et al. (2011)
Europe 0.12-0.17 stCi (46-51%) 5-40 (**) 10.3-10.7 Kienast-Sjogren et al. (2016)
Mediterranean area 0.33 + 0.25 36 + 20 10+1 Giannakaki et al. (2007)
Global Satellite - Over Sea 33+5 Josset et al. (2012)
North Atlantic - Africa (subtropical SCO) 04+04 21+10 125408 This work
South America - Atlantic coast (subtropical MSP) 05+ 0.5 27+5 112+ 0.1 This work
Antarctica (BEL) 02+03 28+9 9.5+0.2 This work

(*) Assumed fixed values.
(**) LR range used in the retrieval.
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Fig. 6. (Left panels) Cirrus clouds observed over (a) SCO site on 26 November 2009, (b)
MSP site on 11 June 2007, and (c) BEL site on 22 May 2010 in terms of BSR profiles
derived from GB lidar measurements (R°®"), as grouped depending on the predominant
Ci-type category: Ci clouds are detached into svCi-1 (red), svCi-2 (cyan), stCi (green),
and opCi (blue). (Right panels) Temperature profiles obtained from local
radiosoundings over each station. The temperature threshold for ice cloud formation of
—38°C (235 K) is also marked (grey dashed line), delimitating the ‘ice zone’ by dashed
bands. BSR error bars were removed for clarity.

for Ci formation (Kramer et al., 2016). In addition, the multiple scatter-
ing factor (), under those different temperature-related Ci formation
processes, can experience a dependence on the temperature (Garnier
et al.,, 2015), hence affecting the retrieved LR values, and also the
CCOD, of the Ci layers in comparison with the single constant m factor
applied in this work (see Appendix A). Unfortunately, two of the three
lidar systems used in this study were unable to perform depolarization
measurements, hence no estimation on the microphysical features of
the Ci layers can be extrapolated from these kind of results. In the
next section, the cloud phase provided by CALIPSO will be examined.

3.3. Comparison between the GB lidar and CALIPSO/CALIOP retrievals
It should be taken into account that GB lidar measurements are per-

formed along the day, whereas CALIOP observations are conducted for a
few seconds over each station during the CALIPSO overpass.
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Fig. 7. Near real-time observations of Ci clouds observed at the closest time to the CALIPSO
overpass (distance from the station and time are also indicated) over (a) SCO site on 26
November 2009, (b) MSP site on 11 June 2007, and (c) BEL site on 22 May 2010, in
terms of BSR profiles derived from GB lidar (R®®") (left) and CALIOP (RAY) (right)
measurements (see text for details). The corresponding Ci group is detached into: svCi-1
(red lines), svCi-2 (cyan lines), stCi (green lines), and opCi (blue lines) categories,
showing their resultant percentage within the Ci group. Mean values of CCOD and LR for
the Ci group are also included.

Results obtained from GB lidar measurements (10-min averaged
profiles) at both subtropical (SCO/MPL-3 and MSP/SPL) and polar
(BEL/MPL-4) sites are compared against CALIPSO/CALIOP retrievals
(see Sect. 2 for details), based on near real-time measurements for 1 h
around the closest time of CALIPSO overpasses over each station. Fig. 7
shows the GB BSR profiles within the Ci group closer in time to the
CALIPSO overpass (left panels), and CALIOP observations corresponding
to the 5-km horizontal resolution profiles (right panels), as averaged
depending on the assigned Ci-type category (Ci occurrence percentage
is also included). In addition, mean values of the optical parameters
(CCOD, LR) and macrophysical features (z'°P, 2°%%¢, Az) of Ci layers re-
trieved by CALIOP algorithms, and related to the data shown in Fig. 7,
are displayed in Figs. 4 and 5 (black stars), respectively. Table 2 also in-
cludes these CALIPSO/CALIOP mean values (below the corresponding Ci
group in relation to the closest CALIPSO overpass time). Fig. 8 illustrates
the CALIPSO overpass in the proximity of each station in terms of the
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to the station is enclosed by red dashed lines). (Right) The same as in Fig. 8-left, but in terms of the water/ice cloud phase (denoted in the legend) for the corresponding observed Ci clouds.
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532-nm total attenuated backscatter along its trajectory, showing
also its nearest position to the station (red dashed lines), and the
water/ice cloud phase (see the legend) for the corresponding observed
Ci clouds.

Over SCO site, opCi clouds are mostly observed by CALIOP; stCi are
only identified in a 5% of the Ci layers detected, and no svCi-1 and
svCi-2 are found (see Fig. 7a-right). Hence, mean values of CCOD are
rather higher (0.6 + 0.2) than those reported by the GB lidar (MPL-3)
(0.15 + 0.08), observing mainly stCi (67%) at that time (see Fig. 7a-
left). Since CALIOP assumed a LR value of 25 + 10 sr (daytime measure-
ments, and Ci clouds flagged as ‘ice’ using the CALIOP cloud phase meth-
od, see Sect. 2.2 and Fig. 8a), the satellite sensor was unable to
discriminate subvisual Cirrus clouds (i.e., svCi-1). Regarding LR, GB re-
trievals report a mean value of 20 £ 9 sr, slightly lower than that for
CALIOP (25 sr) (see Fig. 4a-bottom). Otherwise, Ci clouds are found at
similar altitudes (between around 10 and 13 km height) (see Fig. 5a-
top). Those discrepancies found in CCOD and LR (though less pro-
nounced) can be likely related to the rather large distance of the
CALIPSO overpass from the station (98.9 km), since the diversity on
the Ci optical features is clearly significant regarding the daily variability
found for the Ci clouds detected over SCO site. In fact, CALIOP values are
in a closer agreement to those obtained for the Ci clouds observed later
over SCO (i.e., mean CCOD of 0.7 & 0.3 and LR of 27 4 6 sr are retrieved
for the following Ci group, see Table 2). This can be related to the irreg-
ular extension and inhomogeneity of the Ci clouds over that study area.

For the MSP case, both stCi and opCi occurrence is observed by the
GB lidar (SPL) and CALIOP, but in a different proportion: mostly opCi
(89%) and stCi (53%) are identified by SPL and CALIOP (also svCi-2,
35%), respectively (see Fig. 7b). This result is reflected in the mean
CCOD calculated from SPL (1.0 4- 0.5) and CALIOP (0.2 4 0.1) retrievals.
Amean LR of 25 + 2 sris reported from the GB measurements, in agree-
ment with that value assumed by CALIOP (25 sr, and Ci clouds were la-
beled as ‘ice’, see Sect. 2.2 and Fig. 8b). In addition, Ci clouds are also
detected at similar top altitudes (around 11.5 km height), but they are
thinner (1.3 km, in average) than those observed from the MSP site
(2.3 km, in average). As stated before for the SCO case, differences
found in CCOD values derived from GB and space-borne observations
can be also associated to the CALIPSO overpass distance from the MSP
station (72.5 km), despite it is closer than from SCO. The Ci-category
variability is also observed over MSP (despite GB observations were
only performed for a few hours), and CALIOP retrievals are closer to
those derived for the Ci clouds observed earlier over MSP (i.e., mean
CCOD of 0.15 4 0.03 and LR of 22 4 4 sr are retrieved for the previous
stCi group, see Table 2).

In the polar case, only opCi clouds are identified by CALIOP, retriev-
ing mean values of 0.9 + 0.2 for CCOD and 22 + 11 sr for LR (see Fig. 7c-
right). In comparison, at the closest time of CALIPSO overpass over BEL
station, GB measurements (MPL-4) indicate only opCi occurrence
(100%) (see Fig. 7c-left), obtaining mean CCOD and LR values of 0.7 +
0.3 and 32 + 3 sr, respectively. No svCi-1, svCi-2 and stCi are found in
both cases. Hence, the CALIOP derived values for CCOD and LR are
close to and lower than, respectively, those retrieved from MPL-4 data.
Despite the LR values for the three cases, SCO, MSP and BEL stations,
were retrieved by the cloud phase method used by CALIOP (see Sect.
2.2) instead of the two-way transmittance approach, as used in this
work (see Appendix A), no large discrepancies are obtained in the LR
values derived from GB and CALIOP retrievals. Regarding the top alti-
tudes found for Ci clouds, whereas base heights are found at similar al-
titudes (7.2-7.4 km height), CALIOP detected Ci clouds slightly higher
(around 10.2 km height) than those observed by the GB lidar system
(around 700 m below) (see Fig. 5¢c-top). Those differences found in op-
tical and macrophysical features between CALIOP and GB observations
(less pronounced for CCOD) are smaller in comparison with the sub-
tropical cases, despite the also large distance of the CALIPSO overpass
from the station (75.3 km). These results can point out the lower atmo-
spheric variability occurred in polar areas than at subtropical latitudes.

As exposed before (see Sect. 3.2), unfortunately, two of the three GB
lidar systems are unable to use depolarization capabilities, hence an es-
timate of the microphysical state of Ci clouds is unavailable. Instead, the
ice/water phase provided by CALIOP is analyzed.

Subtropical Ci clouds present phases identified as a mixture of ice
and oriented ice particles (see Fig. 8a and b); the polar case corresponds
mostly to ice clouds (a few CALIOP profiles were ‘unknown phase’
flagged). Indeed, the differences found in LR between subtropical and
polar Ci clouds, mainly for the svCi-1 category (rather low LR values
were found for subtropical Ci, likely inferring a higher presence of hor-
izontally-oriented crystals in the cloud) (Krdmer et al., 2016), can be re-
lated to the ice phase of the Ci clouds in each case (higher LR values are
obtained for polar clouds showing only pure ice phases and no mix-
tures). However, this point was unable to be addressed within the con-
text of the present study, but it could be examined on a future work.

4. Conclusions

Cirrus (Ci) clouds were detected in late autumn/early winter season
by GB lidar systems deployed in three stations located at both subtrop-
ical and polar latitudes. Their properties (in particular, macrophysical
and optical features) were derived by using lidar measurements in com-
bination with a retrieval algorithm (also described in this work, see
Appendix A). Subtropical and polar Ci clouds features were examined
for particular case studies, and compared to CALIPSO/CALIOP data. The
BSR profiles and the top and base boundaries of the Ci layers together
to their Cirrus Cloud Optical Depth (CCOD) and Lidar Ratio (LR) were
derived. In addition, temperatures at the top and base heights of the Ci
clouds were also obtained from local radiosoundings to confirm pure
ice Ci clouds occurrence using a given temperature top threshold (this
value is lower than — 38 °C in this work) (Kienast-Sjogren et al., 2016;
Krdamer et al., 2016).

Ci clouds observed along the day were assembled in groups based on
their predominant CCOD. Hence, these Ci groups were classified accord-
ing to four CCOD-based categories: svCi-1 (CCOD < 0.03), svCi-2 (CCOD:
0.03-0.1, as a less conservative threshold for visible clouds); stCi (CCOD:
0.1-0.3), and opCi (CCOD > 0.3). Ci layers were studied in terms of their
retrieved LR values and both top and base boundaries for each Ci catego-
ry. Furthermore, the relation with the temperature at their top and base
heights was also analyzed.

In general, polar Ci clouds present LR values (svCi-1: 21 sr, svCi-2:
28-29 sr, stCi: 42 sr, and opCi: 32 sr) higher than those for subtropical
Ci clouds (svCi-1: <10 sr, svCi-2: 17-29 sr, stCi: 18-32 sr, and opCi:
25-27 sr) regarding each Ci category. In addition, LR values derived
for svCi-1 (the actual namely subvisual clouds) are lower than those re-
trieved for stCi and opCi clouds, independently on the latitude. These re-
sults are likely inferring differences in the internal state of Ci clouds, and
hence the plausible diversity in their microphysical properties, depend-
ing on their Ci category and regional detection.

Regarding Ci clouds altitudes, in general, subtropical opCi are ob-
served lower than svCi-1 clouds, with top values ranging, respectively,
from 11 to 13 km height, nearby the tropopause over each station. In
particular, svCi-1 are located closer to the tropopause level (0.5 km
below) than opCi (1.2 km). However, Polar Cirrus are detected, in gen-
eral, at lower altitudes, as expected in Polar Regions, but all the Ci cate-
gories are found at similar heights, likely due a higher stability of the
polar atmosphere.

In general, Ci clouds are observed to be vertically-distributed in rela-
tion with the temperature (the higher altitudes the lower tempera-
tures) in dependence on the Ci category. Indeed, svCi-1 clouds form at
lower temperatures at both latitudes and hence are detected at higher
altitudes than the other Ci categories (decreasingly in altitude, svCi-2,
stCi and opCi are observed), providing to some extent evidence on the
thermodynamic structure of the atmosphere. In particular, the tropo-
pause over MSP is lower than over SCO on the selected days, hence Ci
clouds were detected at lower altitudes and higher Ci top temperatures
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were reported; in fact, svCi-1 were unobserved over MSP site. In addi-
tion, the temperature regimes for Ci formation likely influence the inter-
nal state of the Cirrus clouds, their internal ice habits (Kramer et al.,
2016), and hence affect the LR of the Ci layer. These results are in agree-
ment with the variability observed in LR values retrieved for the Ci cat-
egories detected over the three stations of this study, especially the
differences found in LR for svCi-1 between the subtropical (SCO) and
polar (BEL) Ci cases. Moreover, a higher svCi occurrence is also observed
over the polar station, as expected, since svCi clouds form at lower
temperatures.

In comparison with CALIOP data, Ci clouds are observed at similar al-
titudes over each GB station (around 10-13 km height). However, dif-
ferences are found mostly in CCOD values for subtropical Ci clouds,
whereas LR values are in a closer agreement. Those discrepancies are
likely related to the rather large distance of the CALIPSO overpass
from the station (98.9 and 72.5 km for SCO and MSP site, respectively),
since the diversity on the Ci optical features is clearly significant regard-
ing the daily variability found for the Ci clouds detected over SCO and
MSP. In the polar case, the differences found in optical and
macrophysical features between CALIOP and BEL observations are
smaller, though higher for the LR retrieved values, in comparison with
the subtropical cases, despite the also large distance of the CALIPSO
overpass from the station (75.3 km). These results can point out the
lower atmospheric variability occurred in polar areas than at subtropical
latitudes. However, those discrepancies can also reflect the fact that a
fixed value of 25 sr is assumed in CALIOP inversion retrievals for
CALIPSO daytime observations over the subtropical SCO and MSP sta-
tions, whereas a LR value of 22 4 11 sris used in the polar case (CALIPSO
overpassing over BEL site is at nighttime) (Young and Vaughan, 2009).

Moreover, a good agreement is found for daily-averaged CCOD and
LR values and Ci top heights in comparison with values reported by
other authors in different regions; however, the variability of the Ci op-
tical features along the day present large discrepancies. Indeed, despite
only one case study of Ci clouds detected over the three stations was ex-
amined in this work, results show the relatively high diversity of Ci
clouds properties along the day, with implications for their daily radia-
tive effect estimation (Dupont and Haeffelin, 2008; Das et al., 2009;
Campbell et al., 2016; Kienast-Sjogren et al., 2016). This is relevant in
comparison with the low frequency of the CALIOP/CALIPSO overpassing
over each station, limited to once per day, either at daytime or night-
time, for climatological implications of Ci clouds.

Even though ancillary suitable data, as temperature profiles and pre-
cipitable water content in the clouds, are required to better comprehend
the Ci formation mechanism, this work gives the possibility to further
explore the differences in Ci cloud formation at mid-latitudes in com-
parison with the Ci features found at subtropical and polar regions.
Moreover, the subtropical lidar systems employed in this study were
not perfectly suitable to inspect ‘stratospheric cirrus clouds’ as related
elsewhere in the literature (Iwasaki et al., 2015).

Furthermore, despite these results are specific for those particular Ci
cases analyzed, they also show the importance to encourage the estab-
lishment of a Ci cloud monitoring network in order to evaluate the tem-
poral (daily) and spatial (latitudinal) variability of the optical and
macrophysical properties of the Ci clouds, and hence to determine
their radiative impact and estimate the particular thermodynamic
state of the atmosphere. Indeed, a larger dataset of Ci clouds, detected
over the stations of this study, adding others to the existing ones in
the future, including also mid-latitude observations, must be analyzed
in order to validate to some extent those similarities and discrepancies
found in this work. In addition, in case depolarization measurements
can be performed, an estimate of the microphysical features can be
also achieved. Therefore, this would be an essential task for the near fu-
ture. Moreover, such considerations can be useful for both latitude-de-
pendent Ci properties assimilation into climate models and evaluation
of space-borne lidar observations of Ci clouds, especially for the future
ESA/Copernicus-Sentinel and ESA/EarthCARE missions.
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Appendix A
A.1. General background in lidar terminology

The lidar equation defines the relation between the backscattered
signal P(r) registered by a lidar system and the atmospheric optical
properties associated to both the molecular (Rayleigh) component
and aerosols. This equation is expressed as

_CEBn-T’m)

P(r) A

: (1)

where P(r) is the backscattered signal registered by the lidar system
(once corrected by all the intrinsic and specific instrumental variables of
the system), r is the range, or the height in case the lidar is zenithally
pointing as usual, Cis the calibration constant (dependent on the instru-
ment), E is the laser pulse energy, and 3(r) is the total backscatter coef-
ficient (=RBn(r) + Bq(r), being B,(r) the backscatter coefficient for
molecules (Rayleigh) and B4(r) for aerosols (inm™ ! sr~1). T(r) is the
transmittance of the atmosphere (= T,,(r) x T,(r), being T,,,(r) the trans-
mittance due to molecules (Rayleigh) and T,(r) that due to aerosols, in a
two-component scenario), and is expressed as

T(r)= exp{—/;[am(r/) +0q(rn] - drr|, (2)

where 0,,,(1) is the molecular extinction coefficient (in m™') and 0y(r)
is the extinction coefficient of the aerosols (in m~—1).
The energy- and range-corrected lidar signal (in short, range-

corrected signal, RCS) P;(r) = P(r) % can be expressed as
Pi(r) = C- ™ (r) 3)

where B%%(r) = B(r) - T2(r) is the so-called total ‘attenuated’ backscatter
coefficient. The calibration constant Cin Eq. (3) can be estimated by
using an aerosol-free (only the molecular contribution is considered)
height-interval (r,,:ry...1;, called Rayleigh fitting interval hereafter) in
the lidar RCS, where the assumption of 3,(r) =0 (and also 0,(r) =0)
at r,, altitudes could be fulfilled. Hence, Eq. (3) can be written as

Pr(m) = C - B (1) = C - Bon(Tim) - EXp{_Z . /r’"(;m(r/) : dr/} )
J 0

along the Rayleigh fitting interval r,,,. Both the molecular backscatter
Bm(rm) and extinction 0y,(r,,) coefficients can be easily obtained from
radiosounding data (pressure and temperature profiles) at that selected
Rayleigh fitting interval (1, : 11 ... 1;). Finally, C is calculated by averaging

Pr(ri) ithi _
all those values ( //’)m(r,)-exp[—Z- [ 0m(17) - dr’]) within the selected Ray:

leigh fitting interval (r,:1y...77).
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The backscattering ratio (BSR) R(r) is defined as the ratio between
the total backscattering 3(r) and the molecular 3,,(r) coefficients, i.e.,

Br) _ Bm(r) +Ba(r)

Bl ‘ ©)

k) Bn(®)

From Eq. (5), and by using the “attenuated” backscatter coefficient
B%(r) = B(r) - T*(r), the corresponding so-called “attenuated” backscat-
ter ratio R™(r) can be also be defined as

B
Pn(1)

RY(r) = R(r) - T2(r) = 2072 : 6
(r) =R(r) - T*(r) BT (r) (6)
Hence, R™(r) can be “experimentally” obtained by using Eq. (3), as

follows

att o Pr(r)
0= Gy 7

once C is estimated by using Eq. (4), and the 3,,(r) and 0,,(r) coeffi-
cients are obtained from radiosounding data.

A.2. Calculation of the Ci cloud optical depth (CCOD) and the Lidar Ratio
(LR)

A.2.1. Ci cloud optical depth 7. (CCOD)
By using Eq. (2), Eq. (6) can be written as

Ratt(r) _ R(r) . exp |:(_2) . /A;[(Ta (Z) + ()'m(Z)] . dZ:| . (8)

In the case of i clouds as the unique aerosols present, 0,(z) = 0.(z),
and 0,,(z) can be assumed negligible as compared to 0.(z) for a cloud
layer. Hence, Eq. (8) can be expressed as

R™(@) - k@) exp|(-2)- [ :oc<z> a] (©)

where 0,(z) is the extinction coefficient of the Ci cloud, and z; represents
the range of altitudes with Ci presence, i.e. the cloud layer z; : z; <z;<z,,
being z, and z; the cloud base and top height boundaries, respectively.
Determination of z; and z, will be described in Sect. A4. Hence,
the Ci cloud optical depth (CCOD) 7.(z;) of the Cirrus layer z; is
expressed as

e = [ “ou2) - dz, (10)

being the transmittance TT(z;) of the Cirrus layer
TT(z;) = exp[—Tc(z1)]- (11)

In order to estimate 7(z;) the so-called “Transmittance Method”
(TM) (Platt, 1973; Young, 1995; Chen et al., 2002; Platt et al., 2002) is
used. This method is based on the selection of two cloud-free (Rayleigh)
height-ranges, below (z<z;) and above (z>z,) the cloud layer, where
R¥(z) can be estimated. That is, R*(z) can be expressed by using Egs.
(9)-(11) as follows

R™(z<z;) = R(z<z1) (12)
and
R™(z>z) = R(z>z2) - TT(21), (13)

where z,<z;<z;, as mentioned before. Then, dividing Eq. (13) by Eq.
(12), and in the basis of these two height-ranges (z<z;) and (z>z;)

are Rayleigh (cloud-free) assumed, R(z<z;) =R(z>25), and the expres-
sion for TT(z;) can be written as

R™(z>z,)

TT(z,) = qu)‘

(14)

Hence, from Eq. (11), the CCOD 7(z;) of the Cirrus layer z; can be
“experimentally” determined, that is,

att
Te(z1) = — In[TT(z)] = —%- In {%} (15)

A.2.2. Lidar Ratio LR
One of the most relevant parameters in lidar terminology is the Lidar
Ratio LR(r), defined as the ratio between the extinction and backscatter
coefficients, i.e.,
o(r)

LR(r) = B (16)

This parameter is dependent on the composition, shape and size,
among other properties, of the particles, and then widely used for aero-
sol-type classification from lidar measurements.

In the case of Ci clouds, LR is expressed as follows

Oc(z1)

LR(z;) = Bz’ (17)

where 0(z;) and 3.(z;) are, respectively, the extinction and backscatter
coefficients for the Ci cloud, where z; represents the cloud layer:
71<2;<z,. For simplicity, Ci clouds can be considered as a homogeneous
layer, and hence LR(z;) =LR, i.e., LR is assumed to be a height-indepen-
dent parameter within each cloud layer.

Replacing 3,4(r) by Bc(z;) in Eq. (5), 0c(z;) can be expressed by using
Eq. (17) as

Oc(z1) = LR Be(z1) = IR - Brn(21) - [R(21) —1]. (18)

Hence, Eq. (10) can be expressed as
Z Z
Te(z) = / Oc(2)-dz=IR- / Bn(2) - [R@)—1] - dz. (19)
J 7 z

Finally, LR can be directly calculated from Eq. (19):
Tc (ZL>

IR=—
/z Bu(@) - [R@)—1] - dz

(20)

where 3,,(z) can be estimated from radiosounding data, and 7.(z;) by
using Eq. (15). Just the BSR R(z) must be also known to determine the
LR. An ‘a priori’ LR can be calculated by using the ‘optically-weighted’
BSR R,,(z) instead of R(z) in Eq. (20). R,,(z;) profiles can be obtained
from Eq. (9) by using Eqgs. (10)-(11), that is,

Rt ) B Rt )

Rw(z) = exp[—2-T(z1)]  TT(z,)

(1)

where z; : z, <z;<z,. Therefore, R,,(z;) for the Ci cloud can be determined
from Eq. (21), once the “attenuated” backscattering ratio R*(z;) is cal-
culated from the Eq. (7), and the CCOD 7(z;) is estimated from Eq. (15).

By using R,,(z) instead of R(z) in Eq (20), the first ‘approximate’ LR
obtained from Eq. (20) is consider as an initial value, which is intro-
duced in a iterative procedure to obtain a more consistent and reliable
LR (no linear approach). The final iteration is focused on the no-fluctu-
ation ‘stable’ tendency of this LR value. Once this final LR is obtained,
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this value is regarded as the ‘true’ LR for the Ci cloud layer. Next, this
procedure is described in more detail.

A.3. Iterative approach to calculate the ‘true’ Lidar Ratio (LR) for Ci clouds

The method is based on the following iterative (no linear) approach,
as detailed step-by-step next:

1) The first ‘a priori’ LR value calculated in Sect. A2.2 is used as an ini-
tial value, which is introduced in Eq. (19) to obtain the initial extinction
coefficients 0.(z) for the Ci cloud:

0c(2) = IR - Bn(2) - Ru(@)—1]. (22)

2) Once 0.(z) is calculated (Eq. (22)), an initial set of ‘discrete’ opti-
cal depths 7.(z;)are estimated by Eq. (10), where the integral is per-
formed from z; up to each height-level z; within the cloud layer:

ez = [ Oe(2) - dz (23)

Hence, an optical depth of the Ci layer is obtained when z;=2z, (top
Ci boundary) in Eq. (23), the same 7(z;) value as that calculated from
Eq. (15).

3) Anew profile of R(z;) is determined by using Eq. (21), where the
CCOD T7(z;) is replaced by those previously calculated ‘discrete’ 7.(z;)
(Eq. (23)) at each height-level z;, and R%!(z) is the profile obtained
from Eq. (7).

4) This ‘new’ profile for R,(z) is then introduced in Eq. (20), instead
of R(z), performing the integral along the overall cloud layer z;. Hence, a
‘new’ LR value is obtained by using 7.(z;) previously calculated (Eq.
(15)).

5) This ‘new’ LR is compared to the initial value. In case the difference
between these two LR values is higher than a given convergence factor,
this process is iteratively repeated from step 1, but using the ‘new’ LR in-
stead of the previous value. Another ‘new’ profiles of 0.(z) (step 2) and
Ry(z) (step 3) are also generated.

6) Consecutive iterations are performed until that difference is lower
than the selected convergence factor (i.e., 10~3). In this case for the Ci
cloud layer, the final LR value calculated is considered the ‘true’ LR for
the Ci cloud layer, and, likewise, the R,,(z) profile derived in the last
iteration is the corresponding BSR profile R(z) of the Ci cloud.

A4. Determination of the height boundaries for both the base and top of the
Ci cloud layer

A threshold function thR(z) is used to determine the higher and
lower limits of the Ci cloud layer, z°°P and z°*¢, respectively. The sharp
distinction of the R*(z) with respect to Rayleigh backgrounds in both
the cloud boundaries is one of the factors to define this function. The ex-
pression of thR(z) used in this work is a modified version of that used in
Larroza et al. (2013), i.e.,

thR(z) = 1 +a-R™(z) (24)

where R (z) is the “attenuated” backscattering ratio (Eq. (7)),and ais a
particular parameter used to obtain a significant cloud detection. The
value of a is ‘experimentally’ determined so that z'°P and z"*° are
found under the condition that the difference between R*‘(z) and
thR(z) is higher than a given value b at both base and top cloud
boundaries.

The definition of this threshold function thR(z) and, in particular, the
designation of a given value to the parameter a and the difference factor
b, depend on the lidar system used and the measurement settings ap-
plied. In this work, a = 0.1 and b = 0.1 were applied.

A.5. Multiple scattering effect correction

In the case of Ci clouds, the multiple scattering affects lidar systems,
causing an underestimation of the particle extinction, and hence of the
CCOD (Wandinger, 1998). In order to obtain the single-scattering
CCOD (and LR) values, the measured, multiple-scattering affected
(also named ‘apparent’), extinction must be corrected by a given factor:
the multiple scattering factor, 7). The expression of this factor for Ci
clouds (Chen et al., 2002) used in this work is adopted from Chen et
al. (2002):

Tc(Z1)

—exp[re(@)) -1 )

Ui

Hence, both the retrieved CCOD 7(z;) and the lidar ratio LR values
(see Appendix A.2) are corrected by this factor (Eq. (25)) by using the
terms (Josset et al., 2012; Garnier et al., 2015; Kienast-Sjogren et al.,
2016)

rss(zy) = <) (26)
n
and
LR
LR¢ = — 27
=2 27)

where Tss(z;) and LRss are, respectively, the ‘single-scattering’ CCOD and
LR values once corrected by multiple scattering effects. For simplicity,
the ‘SS’ subscript is removed in both terms, and they correspond to
the corrected CCOD and LR values shown in this work; otherwise, it is
indicated.

A.6. Uncertainty analysis

The uncertainty analysis performed in this work is based on error
propagation techniques. Hence, the expressions used for calculating
the uncertainty of, in particular, the CCOD (A7.) and LR (ALR), among
other variables, are exposed next.

The error corresponding to the CCOD is expressed as

ATT

Arczﬁ7

(28)

where ATT is the error of the transmittance TT, as calculated from the
expression:

AR™(z<z;)
Ratt (Z<Z] )

ATT = =.TT- (29)

i
2

AR™(z>75)
Rﬂft‘ (Z>22 )

being, in its turn, AR (z<z;) and AR (z>z,) the errors associated
to R? in the intervals below and above, respectively, the Ci layer (see
Sect. A.2, Egs. (13) and (14)). The error for R is expressed as

att _ patt AP, A
AR™ — R '[P_TJFT’ (30)

where AP, and AC are the errors corresponding, respectively, to the lidar
RCS P. and the calibration constant C. All other terms are defined before.
Regarding the error for the LR, it can be expressed as

1)

AT @
Tc B’

ALR = IR- |:—+

where A7, is calculated from Eq. (28), and B = jﬁfﬁm(z) -R(z)—1]-dz
(see Sect. A.2, Eq. (20)); the error AB can be calculated from the
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expression:
2y

AB:/ Bm(2) - AR(2) - dz, (32)
Z

being the error for R estimated as
ARG[[ A
AR = R-{RT+2-#] (33)

The errors ATT and AR™* are obtained from Egs. (29) and (30),
respectively.

Finally, the errors associated to the single-scattering CCOD (7ss) and
LR (LRss) from Egs. (26) and (27), respectively, are calculated from the
expressions:

1 |ATe AN
ATss = Tss { ™ + n :| (34)
and
B ALR  An
alks = s [+ ) (35)
where An can be expressed as
_ . [ATe | ATc- exp[r]
an=mn [ Tc exp[tc]—1 |’ (36)
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