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Abstract. Polar stratospheric clouds (PSCs) play an impor-between both lidar profile data sets in order to test the degree
tant role in polar ozone depletion, since they are involved inof agreement: the correlation coefficient (CC), as a measure
diverse ozone destruction processes (chlorine activation, deref the relationship between both PSC vertical structures; the
itrification). The degree of that ozone reduction is dependingmean differences together with their root mean square (RMS)
on the type of PSCs, and hence on their occurrence. Theresalues found between data sets; and the percentage differ-
fore PSC characterization, mainly focused on PSC-type disences (BIAS), parameter also used in profiling comparisons
crimination, is widely demanded. The backscatteriRg#nd between CALIOP and other ground-based lidar systems. All
volume linear depolarizatiorsY) ratios are the parameters of them are examined as a function of the CALIPSO ground-
usually used in lidar measurements for PSC detection andrack distance from the Belgrano Il station. Results repre-
identification. In this work, an improved version of the stan- sent a relatively good agreement between both ground-based
dard NASA/Micro Pulse Lidar (MPL-4), which includes a MPL-4 and space-borne CALIOP profiles of the volume lin-
built-in depolarization detection module, has been used forear depolarization ratié¥ for PSC events, once the MPL-4
PSC observations above the coastal Antarctic Belgrano Idepolarization calibration parameters are applied. Discrep-
station (Argentina, 77°95 34.6 W, 256 ma.s.l.) since 2009. ancies between CALIOP and MPL-4 profiles in vertical lay-
Examination of the MPL-4V feature as a suitable index for ering structure are enhanced from 20km up, likely due to
PSC-type discrimination is based on the analysis of the two-a decrease of the signal-to-noise ratio (SNR) for both lidar
channel data, i.e., the parallel (p-) and perpendicular (s-) posystems at those altitudes. Regarding the results obtained
larized MPL signals. This study focuses on the comparison ofrom the mean and the percentage differences found between
coincidentsV -profiles as obtained from ground-based MPL- MPL-4 and CALIOPsY profiles, a predominance of nega-

4 measurements during three Antarctic winters with those retive values is also observed, indicating a generalized under-
ported from the space-borne lidar CALIOP (Cloud-Aerosol estimation of the MPL-4 depolarization as compared to that
Lidar with Orthogonal Polarization) aboard the CALIPSO reported by CALIOP. However, absolute differences between
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob- thoses" -profile data sets are no higher than al1d % in av-
servation) satellite in the same period (83 simultaneous casesrage. Moreover, the degree of agreement between both lidar
are analysed for 2009-2011 austral winter times). Three difsV data sets is slightly dependent on the CALIPSO ground-
ferent approaches are considered for the comparison analysisack overpass distance from the Belgrano Il station. That
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is, small discrepancies are found when CALIPSO ground-both PSC-I (subtype la corresponding to solid particle NAT
track distance is as close as far from the ground-based stalouds and subtype Ib to liquid STS clouds) and PSC-II (ice
tion. These results would indicate that MPL-4 depolariza-clouds), as well as their mixtures, can be detected and identi-
tion observations would reflect relatively well the PSC field fied by using lidar systems with depolarization measurement
that CALIOP can detect at relatively large distances from thecapabilities. LargeR ands" values are found when PSC-lIs
ground-based station. As a consequence, PSC properties caccur, whereas PSC-la and -Ib, and their mixtures, present
be statistically similar, on average, over large volumes, andsmallerR ands¥ values (e.g., Adriani et al., 2004; Maturilli
hence the present weak disagreement found between both thet al., 2005; Pitts et al., 2009). PSC-Is and PSC-lIs have been
lidar 8V data sets can be likely dominated by small spatialdetected in both hemispheres; however, the presence of ice
PSC inhomogeneities along the CALIPSO separation fromclouds over the Southern Hemisphere is more frequent due to
the station. This statement is based on the fact that Belgranthe fact that Antarctic temperatures usually can reach rather
Il is a station located well inside the stable Antarctic polar lower values than those in the Arctic, as result of a stronger
vortex, allowing determined thermodynamic conditions lead-and more stable Antarctic vortex during wintertime (Waugh
ing to a very low variability in the PSC field, and in their and Polvani, 2010). However, although ice clouds can pro-
properties. vide aerosol surface areas 100 times greater than those of
liquid STS (PSC-Ib) or NAT (PSC-la) clouds for chlorine
activation (e.g., Carslaw et al., 1998; Lowe and MacKenzie,
1 Introduction 2008), thus favouring an enhancement of the ozone reduc-
tion as compared to that PSC-I clouds would present, their
The polar stratosphere in both hemispheres is characterizeoccurrence is rather lower than that for PSC-I (e.g., Adriani
by very low temperatures during winter leading to the for- et al., 2004; Maturilli et al., 2005; Pitts et al., 2009). There-
mation of polar stratospheric clouds (PSC). Heterogeneou$ore a more relevant role on ozone depletion is actually linked
chemical reactions occur on the surface of the PSCs, actito liquid STS and NAT PSCs, which are the most important
vating destructive compounds of ozone. Ozone destructiolPSCs for chlorine activation and denitrification processes, re-
processes, through direct chlorine activation or indirectly spectively, involved in ozone destruction. Indeed, long-term
through denitrification, are straight linked to the presencePSC field monitoring together with PSC-type identification
of a given type of PSC, and hence influencing the degreeare critical in polar ozone depletion research, and hence di-
of ozone depletion (Solomon, 1999). In Polar regions PSCgectly linked to stratospheric temperature variability.
start to form during winter at stratospheric temperatures be- The Instituto Nacional de 8cnica Aeroespacial (INTA,
low the condensation threshold of the nitric acid trihydrate Spain) in collaboration with the Diredm Nacional del
(NAT), depending on the water vapor and nitric acid partial Antartico/Instituto Anértico Argentino (DNAJ/IAA, Ar-
pressure (Hanson and Mauersberger, 1988). PSCs are clagentina) have been performing an extensive program for
sified in three main groups depending on their composition,stratospheric 0zone monitoring and research in Antarctica.
and then on their temperature formation threshold (i.e., se®ne of the objectives was the climatology of high clouds
the review on PSC microphysics and chemistry by Lowe andin coastal Antarctica to link two highly correlated fields:
MacKenzie, 2008, and references therein): type la (PSC-laPSC formation and ozone depletion (Solomon, 1999). In the
are nitric acid trihydrate (NAT) clouds formed above the frost frame of the International Polar Year (IPY), an improved
point (Tnat = 194K at 30 hPa), type Ib (PSC-Ib) are super- version of the standard NASA/Micro Pulse Lidar (MPL-4,
cooled ternary (HSOQ4, HNOs, H>0) solution (STS, liquid  Sigma Space Corp.), which includes a built-in depolariza-
particles) clouds, and type Il (PSC-II) are water ice cloudstion measurement module, is currently used for PSC observa-
(Tice = 185K at 30 hPa). tions in the Antarctic Belgrano Il station (Argentina, 779
Arctic temperatures are close to the threshold of PSC for-34.6 W, 256 ma.s.l.) since 2009. The column of air above
mation, hence both spatial and temporal PSC distributionghis station remains well inside the polar vortex during win-
present a high variability at daily and yearly scales. In con-tertime (Parrondo et al., 2007), as shown in Fig. 1 in relation
trast, PSC presence in the Antarctica is almost ubiquitougo the Antarctic polar vortex on 24 June 2010 as an exam-
from the beginning of wintertime to early springtime, since ple, providing thus an excellent location for PSC observa-
Antarctic temperatures can reach rather lower values thamions. Older versions than the MPL-4 have already been de-
those present in the Arctic (Parrondo et al., 2007), leadingployed in two other Antarctic stations (see Fig. 1): Syowa
to higher occurrence of PSCs over the Antarctic Continent. (Japan, 69.0S 39.5 E), where a PSC type-Il single event
Lidar measurements have been widely used for PSC claswas reported and attributed to low temperature fluctuations
sification on the basis of two lidar variables: the backscat-related to inertia gravity waves (Shibata et al., 2003) and re-
tering ratio (total backscatter-to-molecular coefficient ratio, maining usually outside the polar vortex (see Fig. 1); and
R) and the volume linear depolarization rati®Y {. Indeed,  South Pole/Amundsen-Scott (USA, 8°8824.8 E) on the
due to the fact that nonspherical particles change the polarAntarctic Plateau (2835ma.s.l.), where a 5-yr data record
ization state of the incident light, unlike spherical particles, was obtained by using the noisier MPL-3 (Micro Pulse Lidar
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V .
_ Potential Vortiity PYU to bqth8 data sets, where. three dn‘ferent gpproaches are
. Level: 475 K considered for that comparison analysis. Finally, the main
M. 24-06-2010 conclusions are summarized in Sect. 4.

PV Units
5.0
2 Instrumentation and methods

™

-15.0 2.1 Lidar systems
2.1.1 Ground-based lidar: MPL-4

L | 450 The Micro Pulse Lidar version 4 (MPL-4, Sigma Space
550 Corp.) is an improved version of the standard Micro Pulse Li-
dar version 3 (MPL-3, SES Inc.) in routine operation within
the NASA/MPLNET (Micro-Pulse Lidar Networkhttp:/
-75.0 mplnet.gsfc.nasa.gdyCampbell et al., 2002). The MPL-
4 system is small, easy-to-handle with high autonomy and

Fig. 1. Stable polar vortex over Antarctica represented by the po-operational in full-time continuous mode. MPL-4 is config-
tential vorticity (PV) at 475K-level on 24 June 2010. The white yred in a zenith, monostatic, coaxial alignment and is based
line indicates the edge of the polar vortex. Also shown are the lo-on an eye-safe pulsed Nd: YLF (neodymium-doped yttrium
cation of Belgrano Il station (Argentina, 77.8 34.6 W) together ithjum fluoride) laser emitting at 527 nm with a high repeti-
with Syowa (Japan, 69 39.5 E), which is outside the polar vor- tion rate (2500 Hz) and low energy (10 uJ, max.). Its receiver
;etztfodngse’ and South Pole/Amundsen-Scott (USA, 83%24.8 E) system consists of a Maksutov—Cassegrain 18-cm diameter

' telescope, a birefringent polarizer cell, and an avalanche pho-
todiode detector. Backscattered signals are registered with a

1-min integration time and 75-m vertical resolution, com-

version 3) with careful smoothing procedures (Campbell andyting at each time the polarization module from parallel- to
Sassen, 2008). However, none of them includes polarizatioherpendicular-polarized detection (p- and s-channels, respec-
measuring capabilities similar to those of the MPL-4. tively). These 1-min signals registered in alternative mode for
A good performance of the MPL-4 system for PSC de- gach p- and s-channel are hourly averaged, providing 30-min
tection was previously achieved in the Arctici@oba-  ayeraged p- and s-signal profiles in one hour. These hourly
Jabonero et al., 2009), where depolarization data confirmedyeraged profiles are usually analyzed to study the spatial
that all the PSC cases detected during the 20062007 WiNgnq temporal variability of the PSC distribution. This MPL-4
ter were related only to PSC-I events, and no PSC-Il occur¢onfigyration allows for probing the atmosphere up to 30 km
rences with larges¥ values were found. In particular, the \yith a sufficient signal-to-noise ratio (SNR). A full overlap
MPL-4 performance for discriminating Type | (Ia and Ib) and s achieved at altitudes around 4 km up; however, the impact
Type Il PSCs in relation with the" parameter is still to be ot he incomplete overlap effect on our retrievals is irrelevant
evqluat_ed. This evaluation is focused on: (1) a more detailegygcqse of: (1) its cancellation in the definitionsdf (see
estimation ofsV from MPL-4 measurements, based on the Eq.1in Sect. 2.2), and (2) PSCs frequently appear at higher

analysis of the two-channel data, i.e., both parallel (p-) andytitudes where a full overlap is achieved.
perpendicular (s-) polarization MPL signals, and (2) the in-

tercomparison with a reliable lidar located not far from the 2.1.2  Space-borne lidar: CALIOP
Belgrano Il station.

The space-borne lidar CALIOP (Cloud-Aerosol Lidar The CALIPSO satellite carries the space-borne lidar in-
with Orthogonal Polarization) on board the CALIPSO strument CALIOP, which provides horizontally (along the
(Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Ob- CALIPSO ground-track) and vertically resolved measure-
servation, http://www-calipso.larc.nasa.gpvhas provided ments for aerosol and clouds distributions at a global
valuable PSC information since 2006 at regional scales ovescale. CALIOP is based on a diode-pumped Nd:YAG
both poles (Pitts et al., 2007, 2009, 2011). Therefore, MPL-4(neodymium-doped yttrium aluminum garnet) laser emitting
depolarization retrievals of Antarctic PSCs are analyzed inlinearly polarized pulses with a repetition rate of 20.16 Hz
comparison with the PSC volume linear depolarization ratioand a pulse length of 20 ns, energy per pulse of 220mJ
8V reported from the space-borne lidar CALIOP to test theat 1064nm and~110mJ at 532 nm. Its receiver system
degree of agreement between both data sets. consists of a 1-m diameter, telescope which feeds a three-

Both of the lidar systems and the depolarization data pro-channel receiver measuring the backscattered intensity at
cessing are described in Sect. 2. Section 3 presents result®64 nm and the two orthogonal polarization components at
and discussion together with the analysis procedures applieB32 nm, parallel (p) and perpendicular (s). A full description
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of the CALIOP system can be found in Winker et al. (2007) Table 1.Meany values together with their SD (%SD) and the num-
and Hunt et al. (2009). CALIOP provides data at 532 nm (theber of profiles used.
closest wavelength to that of the MPL-4 system) with a dif-

ferent vertical resolution as a function of altitude: 30 m at Number of

heights lower than 8.2km, 60m at 8.2-20.2km, 180 m at Year x  SD(%SD) profiles
20.2-30.1km, and 300 m at 30.1-40.0 km. In order to im- 2009 —0.053 0.005 (10.4) 271
prove the SNR, a horizontal averaging over 5-km CALIPSO 2010 ~0.059 0.006 (10.8) 275
ground-track and a vertical 7-point adjacent averaging are ap- 2011 —0.053 0.008 (15.4) 232

plied. The latter data smoothing is achieved by using a sliding
window of 7 points for averaging through the entire profile.
As a result, the final vertical resolution of the CALIOP data
remains unchanged.

Mean/Total —0.055 0.003 (5.2) 778

o _ of the polarization components (see the review of existing
2.2 Depolarization data processing techniques for estimating gain ratio Alvarez et al., 2006).
o o ) Fortunately, the impact of non-simultaneity on our retrievals
The first I|d_ar measurements of polarization properties weregg negligible due to the rather small PSC variability dur-
performed in the early 1970s (Schotland et al., 1971; Pal an%g the integration time (1 min) of each measurement. Thus,
Carswell, 1973). It is well known that spherical particles do g is considered to be 1. The remaining correction term
not change the polarization state of the incident light, while .5, pe estimated by probing th& values at middle and
a partial depolarization component is introduced in the’180 \,her troposphere altitudes under both aerosol- and cloud-
backscattered signal after interacting with nonspherical partit.ae conditions (calibration window). Optimal values are
cles. Several definitions are available in the lidar Communityobtained by using fitting procedures with molecular back-
to describe the depolarization phenomena caused by atmagqynds, considering a molecular volume linear depolariza-
spheric constituents. A review of the most common paramesjgn ratio Smol = 0.0144. Mean values of found for each
ters used in the lidar literature is giyen by (;giro gt al. (1999)'year are presented in Table 1, showing a data dispersion of
In our study! one of the mosf[ basic defln_ltlons is used, .€.5 04 among these three years (a total of 778 hourly averaged
the volume linear depolarization ra#d defined as follows profiles were selected for that purpose). Thgsealues are
BLe) then used for calibration of the MPL-4 depolarization mea-
=0 i , (1) surements following Eq2j.
B Regarding time averaging procedures applied to the MPL-

V, i -

where g1(z) and Bll(z) are the backscatter (particles 4 _megsfuremints, hourly averageddMPﬁ 4profllgs, as Obl

lus molecules) coefficients for perpendicular- and parallel-talne rom those 30-min averaged p*{(z)) an s-sigha
P (P1(z)) profiles in one hour (see Sect. 2.1.1 for details),

polarization p!f':mes_, res”pectlvely, ands the height. In gen- are those used in the comparison with CALIOP data instead
eral, the term “particles” refers to both cloud and aerosol par-_, - . Y’ X

ticles of instantaneous 1-min profilesy(,,,,). As aforementioned

' (see Sect. 2.1.1), this improves the SNR of the lidar mea-
surements at Belgrano Il station. Indeed, the level of noise

decreases as the time averaging increases, as shown in Fig. 2
From the practical point of view, the most general expressior{for instance, data on 1 July 2008}’ variations depending

8V (2)

2.2.1 Ground-based depolarization measurements

to calculate the volume linear depolarization ratfois on the time averaging (5-, 10-, 15- and 30-min averaged pro-
files are shown in Fig. 2) reveal that the vertié¥Istructure
v PL(2) presents a clearly enhanced SNR when the time averaging is
§7(2) = KPT(Z) X (2) higher than 15 min. In particular, an additional PSC feature

at around 25 km height can be identified with enough SNR
where P (z) and P!l(z) are the s- and p-components of the only for 15-min and 30-min averaging of the MPL-4 data
measured MPL signals, respectively, once corrected for in{see Fig. 2).
trinsic instrumental factors (Campbell et al., 200%); is Moreover, MPL-4sV fluctuations along that hour are also
a calibration constant that accounts for the differences ofstudied by examining the differences between instantaneous
the receiver channel gains; agdis a correction to account 1-min (af_min) and hourly averagedsY) profiles within
for any slight mismatch in the transmitter and detector po-the same hour. Mean differences and their RMS values are
larization planes and any impurity of the laser polarization shown in Fig. 3 (for instance, data on 1 July 2009). A height-
state (Sassen and Benson, 2001; Sassen, 2005). Because oalieraged value 6£0.005+0.013 is obtained for these mean
a single detector is used in the MPL-4, the gain ratio isdifferences, and their RMS values show that tempétal
unity by definition and calibration requirements are vanished fluctuations are lower than 0.05, 0.1 and 0.25 up to altitudes

however, at the expense of honsimultaneous measurement$ 18 km, 23 km and 30 km height, respectively.
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Fig. 2. MPL-4§ profiles (white-lined open circles, in black bacl_(- their RMS values (for instance, data on 1 July 2009).
ground of their SD values) on 1 July 2009 depending on the time

averaging (see legend inside each panel, from up to down and right

to left): 5-, 10-, 15- and 30-min averaged profiles. combination ofk andsV values is typical for PSC-Il events,

as reported for several studies (e.g., Adriani et al., 2004;
Maturilli et al., 2005; Pitts et al., 2009). This PSC-II feature is
also confirmed by radiosonde data (see Fig. 4, right), report-
ing temperatures at those altitudes between 19.5 and 26.5 km
height lower than the threshold for PSC-II formation, i.e.,
where T < TPSCl (see Fig. 4, right, gray-shaded bands).
These threshold temperatures for PS@H¥C thin dashed

line in Fig. 4) formation have been calculated according to
the parameterizations of Hanson and Mauersbherger (1988)
assuming 5-ppmv O and 10-ppbv HN@; and for PSC-II

In summary, a high SNR is achieved for a time averag-
ing of 30 min applied to MPL-4 p- and s-signal profiles (i.e.,
hourly averaged" profiles) in our comparison analysis, and
temporals" fluctuations per hour are lower than 0.1 up to
altitudes where PSC features more frequently appear.

An example of this calibration procedure performed on
1 July 2009 is illustrated in Fig. 4, where the volume
linear depolarization ratissV (left panel) together with

PSC-ll tpi i line in Ei ;
the backscattering rati® (centre panel) and the closest K/IT . cghl\l/ln SOI'de'ne n Fllg. 4) thehy \r/lvere estimated from
temperature profile provided from the local radiosounding arti and Mauersberger (1993) with the samgd-amount.

(29 June 2009 at 11:00 UTC, right panel) are also repre_These proportions were obtained from Maturilli et al. (2005),
sented R, the total backscatter-to-molecular coefficient ratio "/Nere these vPaSI(u:f?s Werepg%‘_’,?”ed as typical for this month.
(or the normalise®, Rnorm=1— %) usually used for PSC I—:owever,T ¢ and Td Caﬂ va;y deng(.j!ng Olln the
detection, is obtained by using a lidar ratio (extinction-to- rea amounts_ 0 HNQan HO. There ore, ac '“Or?a Y. as
backscatter coefficient ratio) of 30 sr in the Klett-Fernald in- the local radiosounding water vapor profile is available, the

version algorithm for backscatter coefficient retrieval (Klett, same calculatiops have_been performe_d by using the in situ
1981; Fernald, 1984). A reference height is fixed when theHZo concentration (radiosonde data) instead of a constant

condition ofR = 1 (Rnorm = 0, the strict case for an aerosol- value. These new threshold temperatures for PSC-1 and PSC-

and cloud-free molecular atmosphere) is found in the calibra—II formation are also shown in Fig. 4 (thick dashed and solid

tion window range considered. On this particular day, a mearlines’ respectively), and differences are clearly found with
value ofy = —0.055 0.009 is computed from the 24 daily respect to those previously obtained. In particular, no PSC-II

profiles by using a calibration window from 5 to 7kma.g.l. regioln (fT = gpsc?u)dwom?j Ee Sbsherp\;ed, (;jitf/ering the lidar
(gray band in Fig. 4). This value is similar to that reported results found as indicated by both tReands” parameters.

for 2009 (see Table 1), which was applied to the 2009 Winter-rhes‘,e discrepancies can b_e likely due to the nonsimulta_ne—
data set. ous lidar measurements with local available radiosounding

A similar procedure is applied to all other uncalibrated data, at least for this _day. Hence, a further study must be ad-

dressed on the relation between the PSC-type features and
the stratospheric temperature variability, regarding the tem-
perature thresholds for PSC formation. Nevertheless, this is
out of the scope of this work.

MPL-4 sV profiles. In particular, PSC depolarization features
observed on 1 July 2009, once thé profile is calibrated,
presentsV values larger than 0.2 at altitudes from 18.5 to
22km and from 24 km height upwards, where a maximum
8V =0.5 at 21-22 km height is identified (see Fig. 4, left),
andR =10 (Rhorm = 0.9) is found (see Fig. 4, centre). This

www.atmos-meas-tech.net/6/703/2013/ Atmos. Meas. Tech., 6, 70B% 2013
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“particles” refers to both cloud and aerosol particles. For con-
venience, Eq.3) can be multiplied by the terri2, allow-

ing for expressing the total linear depolarization ratigy in
terms of attenuated-backscatter coefficients:

25

)
8
1

E}
© |
£ 154 |
< f bo(e) = LoD _ BL@-T2_ Pai@) @
€ ! R=5.0 total(2) = plotal(;) — glotal(zy. 72 ~ pglotal )’
S04/ 0 R 20,3 2 2 Batt ™ (2)
o] §"=0. om0
T ! '
g A radiosonde | |
5 - ' — \
ancartes : S (Y where gl = gL+ gl and pL(:) and glu(z) are the
— ; ——— o attenuated-backscatter coefficient for s- and p-polarized
00 02 04 060 5 10 180 195 210 components, respectivelg; and %2 are provided by the
Volume Ime:vr depol. ratio BackscanRenng ratio Temperature (K) CALIPSO Level 1 products. Finally, thbotal values are con-

verted intos" values using the following relationship (Cairo
Fig. 4. An example of calibration of the volume linear depolariza- et al., 1999)
tion ratio V. From left to right: 1 h-averaged (01:00-02:00 UTC)
sV profile on 1 July 2009, once calibrated (black line) and be-
fore calibration (gray line); the corresponding backscattering ratio sV 7) = Stotal(2) . (5)
R profile; and the closest available temperature radiosounding on 1— Stotal(z)
29 June 2009 at 11:00 UTC (gray line). The threshold temperatures

for PSC-1 ¢PSCY and PSC-11 {PSCY formation are also shown ) o ¥
assuming: 10-ppbv HN§and 5-ppmv HO (thin dashed and solid 1 herefore, the volume linear depolarization ratiocan be

lines, respectively) as typical values for June (Maturilli et al., 2005), compared between both MPL-4 and CALIOP data sets.

and the in situ water vapor concentration profile (radiosonde data) However, despite smoothing and averaging procedures ap-
(thick dashed and solid lines, respectively). Calculations have beeplied (see Sect. 2.1.2), high negati#é values inside the
performed using the parameterizations of Hanson and MauersCALIOP data set were observed, mainly at higher altitudes.
berger (1988) for PSC-I, and Marti and Mauersberger (1993) forTherefore, in order to avoid the data contamination with such
PSC-II. CALIPSO ground-track distance was 3.6 km from the Bel- “ynrealistic” values, an a priori filtering of data is proposed.
grano |l station on this day. Restriction conditions to thos&’ values are based on the
CALIPSO observations reported by Pitts et al. (2009), where
most of aerosol depolarization ratiéy) data were shown
between—0.1 and 0.8, about 14 % of overall CALIOP data

CALIPSO provides Level 1, Level 2 and Level 3 products. falling outside these limits. Note that volume linear depolar-
Level 1 products include lidar calibrated and geo-locatediZation ratios* data are presented here instead of thiyse
profiles of attenuated-backscatter coefficient at 1064 nm, andate- There\f/ore, the corresponding restriction limits are cal-
total and perpendicular-polarized attenuated backscatter cgulated fors™ by using the formulation reported by Cairo et
efficient at 532nm. Level 2 products include cloud layer, &l- (1999), linking both these magnitudes. Heriéran be

aerosol layer and aerosol profiles at different horizontal reso€xPressed as a function of the molecular depolarization ratio
lutions. Level 3 products are monthly averaged profiles ofémol, the backscattering rati® andda, as follows

aerosol optical properties on a uniform grid in the tropo-

spher_ic _region for altitudes below 12 km height. A d(_atailed v _ 8a X (R X 8mol+ R —1) 4 8mol ®)
description of products Levels 1 and 2 can be seen in Pow® = "5 T (R—1) x dmol+ R

ell et al. (2010). The Level 1 V3-01 (version 3.01, validated

1 n -back r profile pr 2nm .
stage 1) attenuated-backscatter profile products at 53 where R values are varied between 1 and 3Q,between

(total and perpendicular-polarized) are used in this study. .

The attenuated-backscatter coefficient profile is defined agv %%/ a?l;]:sodsoo(g gés( g;bzlﬁ’ngggzgttz:ﬁm)l atﬁge; Otlhjj(?total
the volume baclfscatter c_oefficizeﬂtmultiplied by the two- Rayleigh) .Ar.nong all the possible combi%ations .the mini-
way atmospheric transmissidh= (Hostetler et al., 2006). mal (0 1') and maximal (0.8) values are comput,ed Hence

The total linear depolarization ratia is defined as these limits will act as a conservative restriction range for
BL(z) the overall ofsV values in both lidar data sets, which are
W’ 3) the same presented féy in Pitts et al. (2009). In fact, about
14+ 11 % and 5t 3% of overall CALIOP and MPL-4 data,
whereg®@ — gL 4 gl gL (z) andp!l(z) are the backscatter respectively, falling outside of these limits, have been disre-
(particles and molecules) coefficients for s- and p-polarizedgarded for the comparison analysis performed between both
components, respectively, ands the range. Again, the term lidar data sets.

2.2.2 Space-borne depolarization measurements

diotal(z) =
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3 Results and discussion 3.2 Comparison analysis

Three different approaches are considered for the comparison
between both lidasV data sets in order to test the degree
of agreement as a function of the CALIPSO ground-track

PSC observations have been performed at the Belgrano I stéeparation from Belgrano I station:
tion since 2009 to the present. MPL-4 measurements for the 1 ihe correlation coefficient (CC), as a measure of the
2009-2011 Antarctic winters, from May to September, are
used for this study. Lidar data sets are compared under the
following conditions: coincident profiles in time, with simul-
taneous measurements carried out at timescales lower than2. the mean differencesi (z) = $MPL(z) — 6€AL(z), be-
two hours around the CALIPSO overpass, and in space, with ~ tween both MPL-4 and CALIORY profiles, together
CALIPSO ground-track separations from the station closer  with their root mean square (RMS) values; and
than 55km distance. During those winter times, a total of
189 CALIPSO overpasses near the Belgrano Il station were
carried out within less than a 55 km distance. Among them,
104 overpasses are coincident events with MPL-4 measure-
ments reporting PSC detection and 48 of them are simulta-
neously available for comparison. Moreover, 35 more lidar MPL AL
profiles are analyzed in order to examine the influence OBIAS(2) — 100x [8MPL(z) —6“A(2) ] e
spatial scales when data from rather large CALIPSO over- 8CAL(2)
pass distances are included in that lidar comparison. ThosgOr all these three approacha¥PL(z) andsCAL (z) are the
additional 35 profiles correspond to.separqtlons between 76.5-km averaged volume linear depolarization ratfopro-
and 100 km. In general, four predominant distance ranges arfios for MPL-4 and CALIOP, respectively.
observed: 0—10 km, 20—30 km, 45-55 km and 70-90 km. All
these PSC cases, listed by the CALIPSO ground-track dis3.2.1 Comparison analysis I: linear regression and
tance from the Belgrano Il station, are shown in Table 2. correlation coefficient (CC)

A height interval from 5 to 30km is selected for the
comparison between lidar profiles. A delineating altitude The correlation coefficient (CC) between the 0.5-km aver-
of 10km has been conservatively established as the loweaged MPL-4 and CALIOP profiles was calculated for 83
limit for the unambiguous presence of PSCs, distinguishingcases over the total altitude range (see Table 2). Among these
them from other upper tropospheric clouds (mainly cirruscases, 12, 24, 12 and 35 of them, respectively, correspond to
clouds). The lower limit of 10 km, chosen in this work for the four predominant CALIPSO distance rangestOkm,
PSC detection, is based on the fact that the tropopause is n@0—-30 km, 45-55 km and 70-90 km, denoted as D1, D2, D3
clearly delineated by the temperature profile during winter-and D4, respectively. This analysis is also performed as a
time in deep Antarctica (Rubin, 1953). Indeed, a traditionalfunction of different altitude intervals in order to examine
tropopause height, denoted by rapidly increasing static stasimilarities and/or discrepancies between different PSC lay-
bility above it, can be approximated from December throughers as observed by both MPL-4 and CALIOP in each case.
March in Belgrano Il station sounding data at around 9 km.This procedure can reveal the degree of agreement between
During winter months, however, temperatures decrease witlboth vertical layering structures as the height increases. Five
height to nearly 23 km. Dynamic coupling between the tro- height intervals for correlation fitting are selected: 5-10 km,
posphere and stratosphere is more likely in such conditions5—15 km, 5-20km, 5-25km and 5-30km. Table 2 sum-
The region from 8 to 10 km is considered a transitional zonemarizes the results. They are based on the significance of
where cloud type cannot be established with any certaintythese correlation coefficients obtained. Therefore, a value of
Although our study is restricted to PSC formation altitudes, CC=0.5 is considered statistically significant depending on
the 5-10 km height interval is also considered for contrast agthe number of data points deemed into the calculation, where
a PSC-free region. Heights above 30 km are disregarded dua p-value less than the chosen significance levef 0.05
to a decreasing of the MPL-4 SNR. Finally, along the over-must be reported. In particular, for the case of a height inter-
all height interval selected, every 0.5-km layer is averagedval of 5-15 km with a smaller number of data points than that
for comparing the MPL-4 and CALIOP data sets. Note thatfor other height intervals considered in this study, a test statis-
negativesV values are not disregarded during the smooth-tic 1 =2.09 and CC=0.46 are obtained reporting p-values
ing process of CALIOP data profiles (see Sects. 2.1 and 2.2)ower than 0.05. Consequently, for other height intervals with
Only 8V values falling outside the<0.1, 0.8) interval are ig-  larger number of data points, p-values must be also lower
nored when this 0.5-km vertical averaging is applied to boththanc«, and therefore those obtained CC can be regarded as
lidar profiles. statistically significant in this study.

3.1 Lidar data sets

relationship between both PSC vertical layering struc-
tures;

3. the percentage difference, BIAS, since this pa-
rameter is also used in profiing comparisons be-
tween CALIOP and other ground-based lidar systems
(Mamouri et al., 2009; Mona et al., 2009), and defined
as
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Table 2. Coincident PSC events between MPL-4 and CALIOP measurements at four predominant CALIPSO ground-track distance ranges
from Belgrano |l station: Correlation coefficient (CC) for three selected height intervals, and the calculated height-averaged BIAS, BIAS
and their SD together with the number of data poiN&$'(*S in %, with respect to the total data points) fulfilling the constraint condition
(—50%< BIAS < +50 %). Particularly analysed cases are marked by asterisks.

Distance cc cc cc BIAS NBIAS
(km) Date 5-20km 5-25km 5-30 km (%) SD (%) (%)
Distance range (D1x 10 km (12 cases)
3.28 15/06/2009 0.34 0.19 0.06 -10 23 12
*3.55 01/07/2009 0.85 0.91 054 +2 31 38
4.72  02/08/2009 0.77 0.66 052 -8 27 22
*0.34  25/09/2009 0.25 0.12 0.18 -24 20 22
1.58 08/06/2010 0.71 0.56 0.27 -22 19 8
1.98 24/06/2010 0.89 0.83 0.78 +3 23 44
3.75 04/07/2010 -0.23 -0.21 0.00 -11 30 10
1.02 27/08/2010 0.58 0.23 0.04 +1 29 22
3.05 07/07/2011 0.90 0.74 021 -14 22 24
2.48 29/07/2011 0.70 0.57 0.32 -16 26 36
2.66 14/08/2011 0.59 0.12 -0.06 -7 18 46
2.73 24/08/2011 0.70 0.61 0.62 -11 26 22
Distance range (D2): 20-30 km (24 cases)
26.9 28/06/2009 0.46 0.22 -0.07 0 33 16
25.5 30/06/2009 0.73 0.95 051 +5 25 28
25.6 30/07/2009 0.71 0.79 0.72 -12 26 40
27.0 01/08/2009 0.51 0.34 035 -21 30 26
22.2  25/08/2009 0.72 0.68 0.51 -16 24 42
30.1 27/08/2009 0.52 0.13 0.06 -17 29 30
23.3  26/09/2009 0.13 -0.11 0.23 -11 25 24
29.0 28/09/2009 0.88 0.62 043 -6 6 6
22.4 09/06/2010 0.73 0.69 063 -8 31 4
29.8 11/06/2010 0.51 0.44 041 +5 26 24
22.2 25/06/2010 0.76 0.63 069 -6 28 32
29.9 27/06/2010 0.49 0.48 048 +4 29 34
24.4 01/07/2010 0.39 0.39 0.18 +9 30 12
*28.0 03/07/2010 0.10 0.20 016 +1 17 6
29.0 13/07/2010 0.54 0.00 028 +5 27 40
241 28/08/2010 0.66 0.03 032 -1 24 18
23.5 19/09/2010 —0.03 —0.16 —0.19 —6 34 10
29.5 29/05/2011 0.43 -0.04 0.16 —15 22 8
29.3 06/07/2011 0.48 0.49 0.17 -7 31 20
28.9 16/07/2011 0.65 0.50 034 -8 26 30
23.9 30/07/2011 0.28 0.61 045 -4 31 34
23.9 15/08/2011 0.20 -0.18 -0.24 -9 29 20
23.1 21/08/2011 0.85 0.85 085 -2 23 52
*29.4  23/08/2011 0.76 0.75 0.53 -12 23 60
Distance range (D3): 45-55km (12 cases)
50.1 29/06/2009 0.05 0.81 055 -2 32 18
48.9 31/07/2009 0.55 0.53 0.43 -14 28 28
54.0 27/09/2009 0.05 -0.07 —0.10 —18 30 8
55.5 10/06/2010 0.06 0.12 -0.10 —18 26 8
55.7 26/06/2010 0.51 0.60 0.64 +2 23 32
49.7  02/07/2010 0.53 0.60 0.62 -14 23 32
*54.9 12/07/2010 0.25 0.31 015 -5 31 42
50.2 20/09/2010 0.55 0.55 0.55 -14 27 26
56.8 28/05/2011 —-0.29 —0.16 0.49 —-10 26 12
50.3 03/06/2011 —0.05 —0.18 —0.03 +11 26 12
56.7 15/07/2011 0.54 0.41 0.19 -10 24 30
*50.8 22/08/2011 0.84 0.60 0.60 -17 22 42
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Table 2. Continued.

Distance cc cc cc BIAS NBIAS
(km) Date 5-20km 5-25km 5-30 km (%) SD (%) (%)
Distance range (D4): 70—-90 km (35 cases)

80.1 16/06/2009 0.53 0.28 037 -7 30 26
78.8 26/06/2009 0.61 0.03 065 +5 24 20
80.5 02/07/2009 —0.07 -0.17 —0.06 +1 35 6
77.6 06/07/2009 0.17 0.56 0.48 -8 27 18
79.3 12/07/2009 -0.10 0.38 059 -16 29 30
81.2 18/07/2009 0.07 0.65 038 +7 24 22
77.1 22/07/2009 —-0.31 —0.13 -0.12 -10 40 10
75.6 28/07/2009 —0.16 0.49 0.13 -23 16 8
80.4 13/08/2009 0.89 0.59 061 +3 27 42
82.4 19/08/2009 0.19 -0.10 -0.10 -5 28 28
77.5 08/09/2009 0.65 0.56 050 +3 25 20
78.0 24/09/2009 0.85 0.75 0.68 -10 30 18
82.8 05/07/2010 0.63 0.69 0.76 +3 28 44
77.7 09/07/2010 0.73 0.69 0.48 -14 28 36
78.5 25/07/2010 0.68 0.24 0.10 -16 30 12
*75.2  31/07/2010 0.87 0.86 056 +4 25 46
78.9 10/08/2010 —0.33 -0.27 -0.12 -15 15 8
75.2 16/08/2010 0.71 0.47 0.26 -17 23 28
74.7 01/09/2010 0.51 0.33 0.17 -42 5 8
83.0 07/09/2010 0.20 0.03 0.04 -6 30 26
78.9 31/05/2011 0.67 0.67 043 +1 24 6
73.0 31/05/2011  -0.07 —0.46 0.35 +1 32 18
78.2 16/06/2011 0.31 0.04 -0.16 +14 21 10
*83.9 22/06/2011 0.13 0.27 0.10 -14 27 32
78.3 26/06/2011 0.48 0.42 0.12 -11 20 34
73.2 02/07/2011 0.42 0.77 0.55 -13 21 28
84.3 08/07/2011 0.74 0.57 0.32 -17 26 60
84.0 24/07/2011 0.26 0.37 0.07 -25 20 10
73.4 03/08/2011 0.17 0.13 0.08 -12 26 28
78.7 13/08/2011 0.35 0.04 0.04 -18 25 32
78.0 19/08/2011 0.81 0.74 072 +1 21 40
73.0 19/08/2011 0.32 0.31 0.10 -4 29 18
84.3 25/08/2011  —-0.28 —0.07 —0.12 -8 29 22
79.0 29/08/2011 0.64 0.26 0.06 -19 32 18
78.9 30/09/2011 0.51 0.42 034 -8 28 18

A few dissimilarities can be observed between each yearformation occurs indeed more frequently at altitudes lower
but in general the correlation is better with a higher numberthan those heights. Therefore, these results represent a rela-
of cases presenting CC values higher than 0.5 (referred as thesely good agreement for the PSC volume linear depolariza-
frequency in %) for the fitting height interval of 5-20 km, be- tion ratiosV between MPL-4 and CALIOP profiles.
ing slightly lower for those four others. In particular, among Regarding the dependence of the correlation between [i-
those 83 MPL-4/CALIOP profile coincidences examined in dar data sets on the distance of the CALIPSO overpass from
total during the 2009-2011 winter periods, 49 of them (59 %)Belgrano Il station, that frequency (cases with £€0.5) for
present CC> 0.5, at least in that fitting 520 km height in- all three 2009-2011 winters, and individually for 2009, 2010
terval (see Table 2). In fact, the lowest value (35 %) of thatand 2011 wintertime periods is shown in Fig. 5 as a func-
frequency (cases with C£0.5) is found when the over- tion of the four predominant distance ranges. Results con-
all height interval of 5-30km is considered for correla- firm a weak dependence on that distance for all the years,
tion fitting. This result indicates that discrepancies betweenn general. Indeed, no large differences are unexpectedly ob-
CALIOP and MPL-4 in vertical layering structure are en- served in the correlation between both vertical structures of
hanced from 20 km up, likely due to a decrease of the SNRdepolarization when the CALIPSO ground-track is just at a
for both lidars systems at those altitudes. However, PSCiew kilometers from the station (at 0-10 km, D1), showing a
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Fig. 5. Frequency (%) of correlation coefficients (CC) higher than Fi9- 6. Mean differences4 = ‘SMPL - 3°AL) (open symbols, left)

0.5 for four fitting height intervals (see legend) for the four predom- @nd their RMS values (solid line, right) for the four predominant
inant CALIPSO ground-track distances from Belgrano II station CALIPSO ground-track distance ranges (from left to right, and from
(DL: <10km, D2: 20-30km, D3: 45-55km, and D4: 70-90km) (0P to bottom, respectively)= 10km (D1), 20-30km (D2), 45—
examined in this work during all three years (2009—2011), and in-2° KM (D3) and 70-90km (D4). 5-km averaged mean differences
dividually for 2009, 2010 and 2011 wintertime periods. (black stars, with their SD errors) are also shown.

frequency of 75 % with CG- 0.5, and with respect to rather behaviour of these mean differencag in relation with the
large separations (at 70-90 km, D4) with a lower frequencyCALIPSO ground-track distances (data also shown in Fig. 6
of 49% (see Fig. 5). Actually, these results indicate thatas black stars). As previously, slight discrepancies are ob-
MPL-4 depolarization observations would reflect relatively served at all the distance ranges, and a predominance of neg-
well the PSC field that CALIOP can detect at large distancesative values is found among all the 5-km averaged layers.
from the ground-based station. Similar height-averaged values are obtained at altitudes up
to 20 km, being their mean value0.011+ 0.006 within all
3.2.2 Comparison analysis II: mean differencesA) and the distance ranges. In addition, absou\@km values are no
their root mean square (RMS) values higher than 0.1, but with a larger data dispersion at altitudes
higher than 20 km. However\q (in absolute value) unex-
In order to complement that previous comparison analy-pectedly seems to slightly decrease as distance increases up
sis, the differencesh = sMPL — §CAL phetween MPL-4 and  to 70-90 km.
CALIOP 0.5-km averaged profile8MPL andsCAL, respec-
tively, are calculated for the four predominant CALIPSO dis- 3.2.3 Comparison analysis lll: percentage differences
tance rangesx 10 km (D1), 20—-30 km (D2), 45-55km (D3) (BIAS)
and 70-90 km (D4). Mean differences between those profiles
fulfilling that their corresponding CALIPSO separation is This procedure has previously been used for ground-based
within a given distance rang&q(z), together with their root  lidar profiles in comparison with CALIOP data in the case
mean square (RMS) values are shown in Fig. 6. In generalof the tropospheric attenuated backscatter coefficients at
slight discrepancies are observed for the mean differencemiddle-latitude regions (Mamouri et al., 2009; Mona et al.,
and RMS values depending on the CALIPSO separation (se2009). Hence, it is applied for the PSC volume linear depo-
Fig. 6). Results indicate thatq(z) are mostly negatives with  larization ratios" for the first time in this work. Both 0.5-km
a tendency to values close to zero or even positives at thaveraged MPL-4 and CALIOP data sets are used to calculate
20-25km height interval, reaching larger negatives valueghe BIAS (see Eq7) as an altitude-dependent parameter ob-
with higher data dispersion at altitudes from 25km up. In tained for comparison analysis between both lidar data sets.
addition, RMS values are no larger than 0.3 in overall, being Due to the large BIAS data dispersion obtained, in
lower than 0.15 at altitudes up to 20km, in general, for all general, a determined constraint condition is applied to the
the distance ranges. This result shows that only a slight dat8IAS profiles: only BIAS values within a given interval
dispersion is found at high altitudes. Variations of the RMS (—50 %< BIAS < + 50 %) are regarded. This constrained se-
values are rather small depending on the distance range. lection is done to evaluate BIAS values with a given realis-
Moreover, these\qy profiles have been averaged, for sim- tic significance, ignoring values rather higher thais0 %.
plicity, in 5-km thick Iayers,Ag'km, in order to examine the From a statistical point of view, a height-averaged BIAS,
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BIAS,, is calculated from the “constrained” profiles, also o 2009

considering the number of data points in each profile fulfill- 30 A 2010

ing that condition. “Constrained” BIASvalues for all the D1 D2 D3 D4 o 2011

cases are shown in Table 2 together with their standard devi- 20 - *- BIAS,

ation (SD), including the percentage of number of data points =

fulfilling that condition (VB'AS, in %) for each case. 10+ A o
Results show thatVPL is in general underestimated with & 2 O

respect to CALIORCAL values with a clear predominance of QN 04

negative BIAS values: 74 % out of those 83 cases available @ ?} -

)

for comparison (see Table 2). In addition, the number of data i
points fulfilling the constraint £50 %< BIAS < +50 %)
condition in average<NBAS ~ is 254+ 13 %, thus show- I
ing a large data dispersion with BIAS values higher than B
+50%. Despite this result, mean absolute differences be- 0 10 20 30 40 50 60 70 80 90 100
tweensMPL andsCAL are no higher than 18 7 % with re- CALIPSO ground-track distance (km)

spect to CALIOP values with a median value of 9%. It is

worth mentioning that the calculated percentage differencestig. 7. Height-averaged BIAS, BIAS in dependence on the

BIAS, are rather large at PSC-free altitudes, mostly in theCALIPSO ground-track distance from Belgrano Il station for 2009
5-10km height interval, due to relatively l08FAL values (circles), 2010 (triangles) and 2011 (squares) wintertime periods.

close to the molecular one in that region, and as a Conse'_rhose averaged values BIA$SD is marked by error bars) on each

quence BIAS considerably increases following Eq. (7). Ad- glé\all_cllfzgrg)r-edommant separation (from D1 to D4) are also shown
ditional calculations have been performed and BIAS values
have been averaged within an smaller height range, from
10 to 20km, in order to avoid that particular PSC-free re-
gion and also altitudes higher than 20km with a largerBelgrano Il station (within the four predominant distance
data dispersion (as shown in the previous Sect. 3.2.2). Imanges).
this case, 71% of the cases present negatives Bl Figures 8-11 represent simultaneous 0.5-km averaged pro-
< NBIAS 5 =344 23 %, being the mean absolute differences files of the volume linear depolarization ratiy for MPL-4
betweersMPL andsCAL no higher than a 14 11 % with re-  (8MPL, full circles) and CALIOP §CAL, open triangles), to-
spect to CALIOP values with a median value of 11 %. Thesegether with the corresponding differencas= sMPL — §CAL
results are in agreement with those values obtained for théas shown by black stars), found between both lilr
mean differences, as expected. profiles depending on the four predominant (D1 to D4)
Moreover, likewise the two previous approaches (seeCALIPSO distance ranges, respectively. PSC events corre-
Sects. 3.2.1 and 3.2.2), the BIAS dependence on thepond to those cases with high/moderate and low CC val-
CALIPSO ground-track distance from Belgrano Il station ues (left and right panels in each figure, respectively) (see
is also evaluated. BIAS values obtained for each year as &ect. 3.2.1 and Table 2).
function of the four main distance ranges (34110 km, D2: In particular, the PSC event observed on 1 July 2009, when
20-30km, D3: 45-55km, and D4: 70-90 km) are shown inthe CALIPSO ground-track overpass is at 3.6 km distance
Fig. 7. A predominance of negative values is observed, showfrom Belgrano Il station (see Fig. 8, left), presents a high
ing the previously commentedPL underestimation with  correlation coefficient (0.91) between both liddrdata sets
respect tosCAL. In particular, averaged BIAS on the four for a fitting height range of 5-25 km, decreasing as height in-
distance ranges, BlASare obtained-10+48 %, —6 1 8 %, creases (see Table 3). values higher than 0.2 are obtained
—94+9% and—84+ 11 %, respectively (see Fig. 7). These from around 18.5 up to 22.5 km height; this result is also in
similar values indicate that the BIAS is independent onagreement with those stratospheric temperatures lower than
CALIPSO separation, with practically no increase in those7PSC!! present in the same height range (see Fig. 4 and
differences between both lidar data sets as the CALIPSGsect. 2.2.1 for more detail). However, PSC depolarization
overpass is far from the station. However, a slightly increas-features observed on 25 September 2009 (see Fig. 8, right) by
ing dispersion of those BIAS values can be observed as théoth lidar systems present highly uncorrelated vertical layer-

B o
ANF O
O

(m]

distance increases. ing structures as indicated by a low CC value (0.12), despite
that the CALIPSO separation is within the same distance
3.2.4 Comparison analysis of particular cases range as the former case (see Table 2). In addition, absolute

differences are mostly lower than 0.15 on 1 July 2009 (case
A few cases of particular PSC events are described in morevith high CC) as compared to those found on 25 Septem-
detail below. They depict different comparison features asber 2009 (low CC) with a higher dispersion of those dif-
a function of the CALIPSO ground-track distance from the ferences. Height-averaged values of those MPL-4/CALIOP
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Fig. 8. Simultaneous 0.5-km averaged profiles of the volume linearFig. 9. The same as for Fig. 8, but for the CALIPSO D2 dis-
depolarization ratieV for MPL-4 (full circles) and CALIOP (open  tance range (20-30 km). PSC events correspond to those cases with
triangles), and the differences= sMPL —sCAL (plack stars) found  a high/moderate and low CC values as observed, respectively, on
between both lidasV profiles for CALIPSO ground-track distances 23 August 2011 (left) and 3 July 2010 (right).
<10km (D1 distance range) from Belgrano Il station. PSC events
correspond to those cases with a high/moderate and low CC values
as observed, respectively, on 1 July 2009 (left) and 25 Septem-
ber 2009 (right). A height-averagesi value (< A > £ SD) is also Particular cases when the CALIPSO ground-track
shown in each case. separation is fairly far from the Belgrano Il station
(within the D3 distance range: 45-55km) are selected,
corresponding to PSC events observed on 22 August 2011
differences< A > were also calculated-0.02+0.12 and  and 12 July 2010. These two cases present moderate (0.60)
—0.16+0.21 are found on 1 July 2009 and 25 Septem- and low (0.31) correlation coefficients, respectively, within a
ber 2009, respectively. As previously stated, these negativéitting height range of 5-25 km (see Table 2) between MPL-
differences indicate an underestimation of the MPL-4 depo-4 and CALIPSGsY -profiles (see Fig. 10, left and right, re-
larization with respect to that for CALIOP, being this under- spectively). A decreasing of the degree of correlation is also
estimation more severe for the case with a low correlationobserved, as in those previous cases, when a larger height
between both lidar data sets, i.e., on 25 September 2009 (séeterval is examined. In particular, verticg& structures are
Fig. 8). well correlated up to altitudes lower than 25 km in both cases,
The PSC events observed on 23 August 2011 ancbut a more severe disagreement is observed for the low CC
3 July 2010 are the cases presenting a high (CC=0.75¢ase (12 July 2010, see Fig. 10, right), as expected. In addi-
and low (CC=0.20) correlation, respectively, within a fit- tion, 8V > 0.2 values are mainly found from 11 up to 23km
ting height range of 5-25 km between MPL-4 and CALIPSO height on 22 August 2011 (see Fig. 10, left), being mostly
sV -profiles (see Fig. 9, left and right, respectively) when theclose to 0.2 on 12 July 2010 (see Fig. 10, right), except for
CALIPSO ground-track overpass is within the D2 distanceseveral spike-like PSC features centered at 19.5, 22.5 and
range (20-30km) from the ground-based station. As previ-27 km heights as observed by CALIOP. In both cases, ab-
ously, the correlation decreases as height increases (see Tsslute differences are mostly lower than 0.15 up to 20km
ble 2), with a more severe decrease on 3 July 2010 (low CC)height. Height-averaged values A > =-0.024+0.16 and
In particular,sV > 0.2 values are mainly found from 9 up to —0.06-0.23 are found on 22 August 2011 and 12 July 2010,
16.5 km height (a cirrus/PSC overlapping at 9—10 km heightrespectively. As aforementioned, a MPLs¥ underestima-
range is present) and also at altitudes from 19 up to 24 kmrtion is also obtained for both cases, but presenting a higher
height on 23 August 2011 (see Fig. 9, left), in contrast with dispersion for the lower correlated case (see Fig. 10).
those found on 3 July 2010 (see Fig. 9, right) with the overall Figure 11 shows those PSC features observed on
8V < 0.2, except for two spike-like PSC features at 15.5km31 July 2010 (left) and 22 June 2011 (right) presenting
and 18 km height reported by CALIOP data. In both caseshigh (0.86) and low (0.27) correlation coefficients, respec-
absolute differences are mostly lower than 0.15 up to 25 kntively, within a fitting height range of 5-25 km (see Table 2).
height. Height-averaged valuesA >=-0.06+£0.16 and  These cases correspond to rather far CALIPSO ground-track
—0.03£0.16 are found on 23 August 2011 and 3 July 2010, separations from the Belgrano Il station (D4 distance range:
respectively. That previously observed MPI5¥ underesti- ~ 70-90km). In general, the degree of correlation is also re-
mation is also found, but with similar values for both casesduced at altitude ranges higher than 25 km, as previously ob-
(see Fig. 9). served, being more notably observed for the low CC case

Atmos. Meas. Tech., 6, 703A17, 2013 www.atmos-meas-tech.net/6/703/2013/



C. Cordoba-Jabonero et al.: PSC depolarization ratio in Antarctica: MPL vs. CALIOP comparison 715

=02 22 August 2011 12 July 2010 =02 31 July 2010 =02 22 June 2011
30 - 30 =P 30 — -
#‘{:r | 1% N
25 e | * 25 i 254
d 1 b

o | D20 g 204
© \ © , **;;#
IS ) I %
z | =z 3

15 =15 15
< : 2”‘ = : ?’r
2 = | *]
T i < ' b

4 10 1
0¥ ce=060 1E 07 _ LeACC=0.86 0 CC=0.27
— 7 (= ——
| s | F
5 | 5 T 5 | 5 b
0.0 074 018 -0‘.3 0.0 013 0.0 0!4 0.8 -0‘.3 0!0 0!3 0.0 0?4 058 -0‘.3 0.0 013 0.0 0!4 0{8 -0‘,3 0{0 0!3
Vv A= 8MF’L _ 8CAL 6\/ A= 8MF'L _ 6C?AL Vv A= 5MF'L _ 5CAL 6\/ A= 6MPL - 6CAL
<A>=-0.02+/-0.16 <A>=-0.06+/-0.23 <A>=-0.03+/-0.21 <A>=-0.08+/-0.18

Fig. 10. The same as for Fig. 8, but for the CALIPSO D3 dis- Fig. 11. The same as for Fig. 8, but for the CALIPSO D4 dis-
tance range (45-55 km). PSC events correspond to those cases withnce range (70-90 km). PSC events correspond to those cases with
a high/moderate and low CC values as observed, respectively, oa high/moderate and low CC values as observed, respectively, on
22 August 2011 (left) and 12 July 2010 (right). 31 July 2010 (left) and 22 June 2011 (right).

(22 June 2011, see Fig. 11, right), where the correlation dropg Summary and conclusions
from 20km up. In particularsV > 0.2 values are mainly
found from around 9 up to 20 km height on 31 July 2010 This study appears as a first application of the lidar depolar-
(see Fig. 11, left), where a cirrus/PSC overlapping at 8-ization technique to Antarctic PSC detection and identifica-
10km height range is present. Besides, a spike-like PSQion by using an improved version (MPL-4) of the standard
feature centered at around 26 km height can be only obNASA/Micro Pulse Lidar. In particular, this work represents
served by CALIOP data witldV values rather higher than a significant advance on PSC-type discrimination studies by
0.2.8Y values are mostly around 0.2 on 22 June 2011 (seaising MPL-4sV data.
Fig. 11, right), presenting also two spike-like PSC features Calibration parameters for suitable MPLS¥ retrievals
with 8§V > 0.2 centered at around 15 and 17.5km heightshave been calculated from MPL-4 measurements. These
by CALIOP data, and one more at around 25 km height de<alibrateds" profiles have been compared with coincident
tected by both lidars. Absolute differences are mainly lower CALIPSO data as a reference during 2009—2011 austral win-
than 0.15 up to 25km height on the high CC case, but notters, from May to September periods, over Belgrano Il sta-
for the low CC case with a higher number of points outsidetion (Argentina, 77.9S 34.6 W, 256 ma.s.l.). Coincident
this £0.15 range< A > values are similar to those obtained observations are referred to simultaneous measurements be-
for the previous cases corresponding to CALIPSO smallertween both lidar systems within two hours around the closest
separations. In particular,0.03+0.21 and—0.084+-0.18 are ~ CALIPSO overpass to the Belgrano Il station. That is, four
found on 31 July 2010 and 22 June 2011, respectively. As fopredominant distance ranges between the CALIPSO ground-
the other cases, a MPL& underestimation is also obtained track and the station have been selected in order to examine
for both of these cases (see Fig. 11). the dependence of the degree of agreement between both li-
These results indicate that particular PSC features are obdar sV -profile data sets on the distance from the Belgrano Il
served when individual simultaneous cases are examinedstation. Three analysis procedures feprofile comparison
However, in general, a high degree of correlation betweerbetween both lidar data sets have been presented.
the verticalsV structures from MPL-4 and CALIOP datasets  Correlation analysis shows that 59 % out of all the compar-
is found for those cases presenting la8fevalues. In addi- ison cases present CC values higher than 0.5, at least in the
tion, the correlation decreases at altitudes higher than 25 kmaltitude range from 5 to 20 km. This frequency (number of
Moreover, absolute differences between both lidar data setsases with CG- 0.5) decreases down to 35 % when the over-
are lower than 0.15 at altitudes up to 20 km, in general, forall height interval of 5-30km is considered for correlation
the high CC cases; higher data dispersion with values outsidétting. This indicates that discrepancies between CALIOP
this range is found for those other low CC cases. In particularand MPL-4 in vertical layering structure are enhanced from
height-averaged\ values are similar independently on the 20 km up, likely due to a decrease of the SNR for both lidar
CALIPSO ground-track distance from the station. A gener-systems at those altitudes. However, PSC formation occurs
alized underestimation of the MPL-4 depolarization with re- indeed more frequently at altitudes lower than those heights.
spect to that for CALIOP is obtained, as expected (see previHence, a relatively good agreement is found between both
ous Sects. 3.2.1-3.2.3). ground-based MPL-4 and space-borne CALIOP profiles of
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the volume linear depolarization rat&y for PSC events, sets would be likely related to be dominated by small spatial
once the MPL-4 depolarization calibration parameters arePSC inhomogeneities along the CALIPSO separation from
applied. Moreover, no large differences are unexpectedly obthe station. This statement is based on the fact that Belgrano
served in the correlation analysis between both vertical depoll is a station located well inside the polar vortex during al-
larization structures when the CALIPSO ground-track is justmost all the wintertime period. Indeed, the Antarctic polar
at a few kilometers from the station, showing a frequency ofvortex is quite stable to allow determined thermodynamic
75 % with CC> 0.5, and with respect to rather large separa-conditions leading to a very low variability of the PSC field,
tions with a lower frequency (49 %). and in their properties.

Regarding the differences between both lid¥rprofile Therefore, a further study, out of the scope of this work, on
data sets, two related variables are analysed: the mean diffethe correlation between the PSC features and the variability
ences,A, within a given CALIPSO distance range; and the of both the polar potential vorticity and the stratospheric tem-
percentage differences, BIAS (see HJ. since, despite its perature fields would provide an understanding on what the
relation with the former\, BIAS is a parameter also used in observed discrepancies are really based on. In addition, a
profiling comparisons between CALIOP and other ground-detailed ongoing 3-yr statistical analysis of PSC occurrence
based lidar systems. over Belgrano Il station in terms of both the backscattering,

Slight discrepancies are observed for the mean difference®, and volume linear depolarizatios , ratios from MPL-4
between thosé" profiles depending on the CALIPSO sepa- measurements would complete these studies. This will in-
ration. Mean differencea are mostly negatives in the over- clude a PSC-type discrimination assessment over Belgrano
all height interval, with higher data dispersion at altitudes Il station, a station well inside the Antarctic polar vortex.
from 25 km up. In addition, absolut& values are no higher Finally, it is worth mentioning these results are useful for
than 0.1 in average, being lower than 0.05 at altitudes u@PSC detection and classification in both polar regions by us-
to 25km, with RMS values no larger than 0.3, in general, ing this kind of micro pulse lidar that operates in full-time
for all the distance ranges. The other comparison parameeontinuous mode, providing a more complete evolution of
ter, BIAS, seems to be a less robust indicator of the degre¢he PSC field on a daily basis.
of agreement for lidasV data sets, since rather less than
a half of the cases fulfill the selected constraint condition
(=50 %< BIAS < +50 %), showing a large data dispersion A(_:k_nowledgeme_ntsThis work has be_en supported by the Spanish
with absolute percentage differences higher than 50 %. Thié(\:ﬂgfzt(r)ylofozro 385??;?0] :(';‘td \/Ircr)llc_)lvl\?)tlort]he(MIS(;:)la’\rllli\ls)h “':‘A?r‘?i;tr“;’/ragft
:?)vl;/e(;%tf'-d\/tglltjieszr(g ;T:;Srﬁvsviltzi;aglgirvfrqgg X_ngga Eté\;ﬁley Education (MEC) fellowship EX2009-0700 and the Andalu-

sian Regional Government project P10-RNM-6299. CALIPSO

(as, for instance, those at PSC-free altitudes), and as a COlata were obtained from the NASA Langley Research Center

sequence, BIAS considerably increases (se€7E@xceed-  atmospheric Science Data Center. Authors specially thank
ing the percentage values of that supposed constraint condine DNA/IAA teams at Belgrano Il station for their valuable
tion. In addition, that previously observed predominance ofassistance and support in the lidar and radiosounding measure-
negative values is also found indicating a generaliZéd- ments. Authors also gratefully acknowledge the valuable and useful
underestimation with respect to CALIOP data. However, ab-comments and suggestions provided by three anonymous reviewers.
solute differences betwesfP- ands“A are no higher than

10+ 11 % in average as compared to CALIOP values. As ex-Edited by: D. Baumgardner

pected, these results are in agreement with those obtained for

the mean differences.

Moreover, the degree of agreement between both §tar
data sets is moderately dependent on the CALIPSO groundAdriani’ A., Massoli, P., Di Donfrancesco, G., Cairo, F., Mori-
track overpass distance from the Belgrano Il station, as coni, M. L., and Snels, M.: Climatology of polar stratospheric
shown by the results obtained in each one of the compari- clouds based on lidar observations from 1993 to 2001 over
son analyses carried out: the vertical correlation (CC), and McMurdo station, Antarctica, J. Geophys. Res., 109, D24211,
both the mean/4) and percentage (BIAS) differences. That A d0i:10.1029/2004JD004802004.
is, no large discrepancies are found when CALIPSO groundAlvarez, J. M., Vaughan, M. A., Hostetler, C. A., Hunt, W. H., and
track distance is as close asl0km as well as rather far (at Winker, D. M.: Calibration technique for polarization-sensitive
70-90 km) from the Belgrano Il station. lidars, J. Atmos. Ocean. Tech., 23, 683-699, 2006.

.. ._ .. Cairo, F., Di Donfrancesco, G., Adriani, A., Pulvirenti, L., and
Actual!y, these results |nd|catfa that MPL-4 depola_mzatmn Fierli, F.: Comparison of various depolarization parameters mea-
observations would reflect re_Iatlver well the PSC field that ;o4 by lidar, Appl. Optics, 38, 44254432, 1990.
CALIOP can detect at large distances from the ground-basegamppell, J. R. and Sassen, K.: Polar Stratospheric Clouds at the
station. As a consequence, PSC properties would be statis- south Pole from Five Years of Continuous Lidar Data: Macro-
tically similar in average over large volumes, and hence the physical, Optical and Thermodynamic Properties, J. Geophys.

present disagreement found between both the dadata Res., 113, D20204J0i:10.1029/2007JD009682008.
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