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Abstract: By studying the evolution of the color index (CI) during twilight at high latitudes, polar
stratospheric clouds (PSCs) can be detected and characterized. In this work, this method has been
applied to the measurements obtained by a visible ground-based spectrometer and PSCs have been
studied over the Belgrano II Antarctic station for years 2018 and 2019. The methodology applied
has been validated by full spherical radiative transfer simulations, which confirm that PSCs can
be detected and their altitude estimated with this instrumentation. Moreover, our investigation
shows that this method is useful even in presence of optically thin tropospheric clouds or aerosols.
PSCs observed in this work have been classified by altitude. Our results are in good agreement
with the stratospheric temperature evolution obtained by the global meteorological model ECMWF
(European Centre for Medium Range Weather Forecasts) and with satellite PSCs observations from
CALIPSO (Cloud-Aerosol-Lidar and Infrared Pathfinder Satellite Observations). To investigate the
presence and long-term evolution of PSCs, the methodology used in this work could also be applied
to foreseen and/or historical observations obtained with ground-based spectrometers such e.g. those
dedicated to Differential Optical Absorption Spectroscopy (DOAS) for trace gas observation in Arctic
and Antarctic sites.

Keywords: polar stratospheric clouds; color index; radiative transfer model; visible spectroscopy

1. Introduction

Polar Stratospheric Clouds (PSCs) are often observed in the Arctic and Antarctic skies
mostly during winter and spring. The formation of these clouds, composed by super-cooled
ternary solutions (STS), nitric acid trihydrate (NAT), and/or ice particles [1], is mainly
driven by temperature [2]. Some PSCs have been observed at temperatures up to 208 K.
However most of the PSCs are formed at temperatures below 195 K, with a maximum
close to the ice frost point (~188 K) [3]. These low temperatures are found in winter at
stratospheric altitudes (12-30 km) inside a cold and stable polar vortex [1,4].

PSCs have been detected and studied using different sort of instruments. Detailed PSC
characterization has been performed using in situ balloons and aircraft-borne instrumenta-
tion [5-7]. However, the temporal and spatial coverage of these observations is very limited.
In addition, these campaigns are very scarce and complex, mainly in Antarctica. PSCs detec-
tion and characterization have also been investigated remotely using visible/near-infrared
(NIR) scattered radiation [8], UV /visible star occultation [9] or infrared (IR) limb emission
by different space and balloon-borne instruments [10-16]. From 2006, the Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) [17] onboard the Cloud-Aerosol-Lidar and
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Infrared Pathfinder Satellite Observations (CALIPSO) is operating with high vertical, hori-
zontal, and temporal resolution [3], and thus motivating numerous studies focused on the
PSCs characterization [3,4,18-21]. Regarding ground-based remote sensing studies of PSCs,
on Antarctica a few stations perform long-term PSCs observations, most of them using lidar
instrumentation: Admunsen-Scott [22], McMurdo [4,23-26], Belgrano II [27], and Dumont
d’Urville stations [28-30]. Lidars are able to provide data continuously during day and
night, but they are complex (acquisition and maintenance) and low and thick tropospheric
clouds, frequently observed at Antarctic stations, can mask the possible PSC observa-
tion [31]. As for ground-based studies of PSCs, Sarkissian et al. [32] proposed the use of
the color index (CI), defined as the ratio between intensities at two different wavelengths,
to detect PSCs at twilight (solar zenith angles (SZA) ~86° to 96°) using spectra recorded by
a ground based UV-VIS spectrometer. The method proposed by Sarkissian and co-workers
is based on the sunlight reddened due to Rayleigh opacity through long optical paths
during twilight and the different wavelength dependence of the scattering cross-sections of
particles (Mie theory [33]) and molecules (Rayleigh theory [34]). At high SZAs, the spectra
provide information from the low stratosphere where PSCs are usually observed. In that
work, the CI at a given SZA, Cls;a, was defined as the ratio between the intensity at zenith
at 550 and 350 nm. Using a pseudo-spherical single scattering radiative transfer model
(RTM), they simulated different PSC scenarios based in four parameters: cloud altitude,
geometrical and optical thickness, and scattering wavelength (A) dependence (considering
this dependence through a parameter: A"%; with 0 < « < 3). The CI evolution at twilight in
the presence of PSCs clearly differs from the Rayleigh atmosphere. Depending on the PSC
type and the 4 considered parameters, the CI experiments a reddening or bluing towards
higher SZAs. Tropospheric clouds and aerosols also influence the CI evolution. Trying
to minimize this tropospheric contribution, in the work of Sarkissian et al. [32], the Cl,a
was normalized at its value at SZA = 90° (i.e., Clporm = Clsza/Clgp). Following the same
principle, similar methods have been applied to the detection of PSCs from ground-based
spectroscopic observations in different works [35-37], all of them performed at Arctic
latitudes and using simple single scattering models. However, the single scattering ap-
proximation is not suitable in this case as higher orders of scattering are expected within
the cloud, as well as along the sun line of sight. Moreover, an accurate definition of the
radiative processes present at high latitudes and high SZA requires full spherical RTM.

In this work, we present a method similar to Sarkissian’s based in the CI evolution
at twilight obtained from a visible ground-based spectrometer deployed at the Antarctic
Belgrano II station. The method here presented is supported by a multiple-scattering
Monte-Carlo RTM [38] in spherical geometry, already employed for the detection and
characterization of cirrus and water ice clouds on Mars [39-41]. In Section 2.1, the employed
instrument and measurement site are described. Section 2.2 presents the ancillary data
used to cross-check the validity of our results. A description of the PSC detection method
is given in Section 2.3. Section 2.4 describes the RTM simulations of the CI signals under
different scenarios. The method was then applied to the observations acquired during 2018
and 2019 PSCs season, and results were cross-checked with available CALIPSO data. The
presentation and corresponding discussion of these data are included in Section 3. The
main conclusions of this study will be established in Section 4.

2. Materials and Methods
2.1. Measurements

Spectra used in this work were recorded by a twin (UV/Vis) Multi-Axis Differential
Optical Absorption Spectroscopy (MAX-DOAS, [42]) instrument located at Belgrano II
station (77°52'S, 34°37' W; 256 m a.s.l., see Figure 1). The instrument, called NEVA-II, counts
with an outdoor unit that scans the sky from the horizon to the zenith. The pointing system,
with two coupled telescopes with a field of view of 1° each, collects the scattered sunlight
and directs it into the indoor unit through two fiber bundles. The thermally stabilized
indoor detection unit consists of two spectrometers, one operating in the Vis channel
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(415 to 542 nm) and the other in the UV spectral range (320-415 nm). Each spectrometer
consists of a TRIAX 180 monochromator and a HAMAMATSU S57031-1008 Charge-Coupled
Device (CCD) detector and has a spectral resolution of 0.5 nm. Data discussed in this work
correspond to observations performed with the Vis channel. Observations with the UV

spectrometer will also be addressed but only as a UV-VIS crosscheck exercise (see Section
3.2).
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Figure 1. Spatial distribution of PV (Pressure-Volume) and temperature in the Antarctic and surroundings at the 475 K
isentropic level on 2 October 2018 at 12:00 UTC. The location of Belgrano Il is indicated with a red dot over Antarctica. Edges

of the vortex are usually considered at the highest PV gradients, which in this figure correspond to PV values around —40.

The whole instrument NEVA II, including the detector read-out electronics, was
fully developed by INTA (Spanish National Institute for Aerospace Technology). It was
designed for continuous operation under polar conditions and it is part of the NDACC
(Network for the Detection of Atmospheric Composition Change, http://www.ndacc.org,
accessed on 25 February 2021) since 2016. Thanks to a collaboration between the National
Antarctic Direction of Argentina/Argentinian Antarctic Institute (DNA/IAA) and INTA,
this instrument has been operating at the Antarctic research base of Belgrano II since 2011.
It has been continuously probing the Antarctic stratosphere and troposphere to investigate,
through the DOAS technique [43], trace gases such NO,, O3, OCIO, and BrO (e.g., [44,45]).
Note that the site of Belgrano II, located at the south coast of the Weddell Sea and the
north of the Filchner Ice Helf (see Figure 1) remains well inside the polar vortex during
wintertime [46] (see Figure 1) and thus it is characterized by the frequent presence of
PSCs [47,48].

The spectral calibration of NEVA-II instrument, very stable over the years, is per-
formed with a mercury/cadmium lamp at least twice per year. The temperature of the
CCD and the monochromator is kept to —40 °C =+ 0.05 °C, and all spectra are corrected
by offset and dark current. The automatic measuring routine of the NEVA-II has two
modes depending on the SZA: off-axis mode (i.e., vertical scan of atmosphere as long as
SZA < 86°) and zenith mode (telescope fixed at zenith geometry for SZA 86-96°). Note
that, since the method relies on scattered sunlight, no measurements are performed during
the polar night (May—-mid August). At twilight, the acquisition time of spectra can last
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from several seconds (SZA ~86°) up to 6 minutes for the highest SZAs, thus capturing the
fast changes in sky brightness at this period. In this work, only spectra acquired at zenith
mode are used for the detection and characterization of PSCs at twilight. This configuration
allows us to probe the stratospheric layers where PSCs usually form.

2.2. Ancillary Data
2.2.1. Temperature profiles from the global meteorological model ECMWF (European
Centre for Medium Range Weather Forecasts)

Since, as mentioned above, PSCs are very dependent on atmospheric temperature,
the feasibility of the presence of PSCs over Belgrano II during our measurements was
investigated using the vertical profiles of the atmospheric temperature above the research
site obtained with the ERA5 data reanalysis from the global meteorological model ECMWEF
(European Centre for Medium Range Weather Forecasts) [49]. ERA5 was produced using
4D-Var data assimilation in CY41R2 of ECMWF’s Integrated Forecast System (IFS), with
137 model levels in the vertical. The ERAS5 dataset contains one high resolution realization
(HRES) with a resolution of 0.25 degrees and hourly outputs. The mentioned temperatures
profiles were obtained in 2018 and 2019 using 119 model levels from surface up to ~40 km
and twice a day (00:00 and 12:00 UTC). In addition, the horizontal temperature distribution
shown in the Figure 1 was created using ERAS data at 475 K isentropic level.

2.2.2. CALIPSO Data

The detection and altitude estimation of the PSC observed in this work were also cross-
checked with CALIOP observations. The satellite data used for this exercise are the Lidar
Level 2 operational PSC mask product (L2PSCMask, doi: 10.5067 /CALIOP /CALIPSO/
CAL_LID_L2_PSCMask-Prov-V1-00_L2-001.00). This product enables not only the detec-
tion of PSCs on the CALIPSO orbit track at 5 x 5 km (horizontal) and 0.18 km (vertical)
resolution, but also the PSC classification based on their composition. Following the work
of Pitts et al. [19,20], the CALIOP-PSCs are classified in six types depending on their compo-
sition: supercooled ternary solutions (STS), STS mixed with low, medium and high number
density of nitric acid trihydrate (NAT) particles (STS + lowNAT, STS + medNAT, STS +
highNAT, respectively), water ice PSCs and PSCs due to gravitational waves (Wavelce).

2.3. PSC Detection Method

As indicated in Section 1, the detection and characterization of PSCs is possible by
observing the evolution of the CI with SZA at twilight (SZA between 90° and 95°) [32,35-37].
For a given SZA, the Cl is defined as:

I(A,SZA)

I(As, SZA) ’ @

CI(SZA) =
where I is the measured intensity at wavelengths A; and A,. Taking into account the
spectral range of our instrument, we selected A; = 520 nm (green) and A, = 420 nm (blue) to
maximize the PSC signatures on the color index signals, and to avoid strong gas absorptions
or Ring structures [50]. These wavelengths have been averaged over an interval of 0.5 nm
to reduce noise. To facilitate the PSC detection, CI signals were normalized to the CI
measured during a Rayleigh day, Cl:

CI(SZA
Clnorm (SZA) = CIi(SZg) , @)
Te:

Throughout twilight, PSCs are evidenced as a maximum in the Cl,orm signal, and the
SZA of this maximum depends on the cloud altitude. Due to the Rayleigh scattering, the
shorter is the wavelength of the light, the higher is the probability of scattering along the
line of sight (Rayleigh theory [34]). This effect results in the reddening of the atmosphere,
and it is appreciable for large optical paths as those followed by sunlight during twilights.
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When PSCs are present during twilight, they produce a significant increase in the number
of scatters at an altitude where there are also a large number of photons available, compare
to lower altitudes. Thus, most of the scattering will occur there. This means that, in the
presence of a PSC, we will observe a maximum in the CI, which value will increase with
the altitude of the cloud.

Indeed, the shape of the CI evolution and the SZA of highest CI depend on different
PSC properties such as the opacity or altitude. The method presented in this work is
sensible to the altitude of the PSCs. In the following section, the influence of the PSC
altitude, opacity, and phase function will be studied using a multiple scattering spherical
Radjiative Transfer Model (RTM). Additionally, with that RTM we will also investigate the
influence of tropospheric clouds, of aerosols and of absorption on the CI evolution.

2.4. Model Simulations
2.4.1. Retrieval Procedure

As explained in Section 2.2, the presence of high clouds (such PSCs) produces a
maximum in the CI signal. Therefore, our first goal here is to simulate the CI signals in the
presence of PSCs in order to evaluate which properties could be derived with ground-based
remote sensing observations. The simulations of CI at twilight require a multiple scattering
radiative-transfer code in spherical geometry. In this sense, this is a key difference between
this work and those that made used of the single scattering approximation [32,35-37]. Here,
we use a Monte-Carlo radiative model [38], previously employed for the detection and
characterization of cirrus clouds [39] and water ice clouds on Mars [40,41]. A representative
model for PSC-type cloud is a thin layer at a given altitude with a spatial distribution
of cloud-particle density characterized by a Gaussian height profile, which is scaled to
produce the required cloud optical depth. The scattering properties of cloud particles are
described by the single scattering albedo w and phase function P(6). While the single
scattering albedo at visible wavelengths is set to unity, the calculation of the phase function
represents a major challenge. Indeed, the phase function depends, among other parameters,
on the size and shape of cloud particles. As these parameters are highly variable for PSC-
type clouds, a number of simulations were performed to evaluate the impact that these
parameters may have on our analysis.

Figure 2 shows, as example, the evolution of different CI signals simulated by the
Monte-Carlo RTM for different cloud altitudes (a) and optical depths (b). For these sim-
ulations, the aerosol optical depth was set to zero, and Rayleigh opacity was computed
from standard profiles of pressure and temperature [51]. These simulations indicate that
the SZA of highest CI, SZAnax, depends on the PSC’s altitude. Thus, for a given PSC
detection case, the altitude of the cloud can be estimated by comparing the SZA.x with
the values obtained by the simulations. Although Figure 2b indicates that the shape of the
CI maximum depends on Tpgc, our simulations show that this shape depends also on a
number of different model parameters, such as the cloud particles radius, whose values
are not well constrained. Figure 3 shows phase functions computed using T-Matrix for
different effective radius rg (ranging from 1 to 10 um) and particle shapes (a), along with
ClI signals simulated for these different phase functions (b). The rest of model parameters
were set to hpsc =22 km and tpgc = 0.2. These simulations indicate that, although the shape
of the CI maximum depends on the cloud phase function, the SZA of highest CI does not
significantly change with this parameter. Similar results were obtained for the geometrical
thickness of the cloud or its optical depth. Therefore, we conclude that consistent PSC
altitudes can be estimated by comparing the measured CI signals with the computed curves
that relate the SZAnax and the cloud altitude (referred as hpgc-SZA curve hereafter).
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Figure 2. (a) Simulated color index during twilight for a cloud opacity of Tpsc = 0.4 and cloud altitude hpgc =18, 22, 26, and
26 km, (b) Same as left panel but for hpsc = 22 km and tpgc = 0.05, 0.1, and 0.2.
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Figure 3. (a) Cloud phase functions computed using T-Matrix for different r.¢ values and; (b) Simulated color index during

twilight for the phase functions illustrated in previous panel and for hpgc =22 km and tpgc = 0.2.

2.4.2. Gas Absorption

For the simulations shown in the previous section, we did not include the effect of
gas absorption. Although the wavelengths used to compute CI were selected to minimize
this factor, we must evaluate the impact of gas absorption on the CI simulations. For the
selected wavelengths (420 and 520 nm), gases that may impact CI signals are mainly NO,
and Og3. Figure 4 illustrates NO, and O3 density profiles characteristic of polar latitudes
and for the months of August, September, and October (i.e., PSC season in the southern
hemisphere). Ozone profiles correspond to monthly average values obtained from ozone
soundings performed at Belgrano II from 1999 to 2006 [48]. NO, profiles were obtained
from standard atmosphere scaled to typical total column values of NO, observed at the
stations during the considered months [44]. From these profiles and the absorption cross-
sections [52,53], the scattering and absorption coefficients of these gases were computed.
Figure 5 shows the variation of the SZAmax with the PSC altitude (hpsc-SZA curve) for a
cloud opacity tpsc = 0.2 and using the gas profiles given in Figure 4. Similar hpgc-SZA
curves were computed for different values of Tpsc and analogous results were obtained.
Thus, for a given PSC detection case in the CI signal, the cloud altitude can be estimated by
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comparing the SZA .« with the values given in Figure 5, corresponding to a second order
polynomial fitting of the simulations.

Altitude (km)
N ) N )
o S o o

N
(=)

O3 August NO:
September

| October S0
40
30
20
10 b)

5 0 2 4 6 8 10
Molecules ¢cm 3 x 10" Molecules cm x 10°

Figure 4. Vertical profiles of (a) O3 and (b) NO, concentrations at Belgrano II station during the months of August (blue),
September (red) and October (black).

2.4.3. Low Tropospheric Clouds

For the simulations shown in Figure 5, we assumed that no low-altitude tropospheric
clouds were present at twilight. However, given the extreme meteorology of the polar
regions, PSC may be present under these conditions. Therefore, the impact of these low
clouds on modelled CI signals must be examined. Note that, due to their low altitude,
these lower clouds do not receive direct light for SZA > 90°. Therefore, they only affect
the light scattered by the PSCs at higher altitudes. If the tropospheric cloud is very thick
(i.e., opacities higher than 2), the PSC signature over the CI signal can be masked by the
dispersion of the tropospheric cloud particles. However, if the tropospheric clouds are
not very thick and the CI maximum produced by PSCs is observed, then our simulations
show that the tropospheric clouds do not impact significantly on the SZA of maximum
CI and thus, on the PSC altitude estimation. To study the influence of these clouds in the
Clhorm evolution, we performed similar simulations to those shown in Figure 5 but adding
a tropospheric cloud layer at an altitude of 5 km and with a total opacity of 1. Figure 6
shows a comparison between the hpgc-SZA curve for the month of August (red solid line)
and the results obtained when a tropospheric cloud is added at 5 km (blue error bars). We
observe that the differences between both cases are within the error bars of the model,
which are computed according to the model SZA resolution at the maximum of CI. Figure 7
shows a comparison between the errors of the hpsc computed from the SZA resolution
at the CI maximum simulated and measured by the Monte-Carlo model and the DOAS,
respectively. The errors in hpsc for our study are given by the resolution (sampled SZAs)
of the spectra as these errors are greater than those derived from the model simulations.
Moreover, note that errors increase with hpgc due to the decrease in SZA resolution with
higher SZA. Therefore, our observations allow us to detect the presence of PSCs even if
low-altitude clouds are present. These results also show that, for a given PSC altitude,
the SZAmax does not significantly change with respect to the low-cloud-free conditions
(differences in hpgc within the error bars). This indicates that, although the number of free
model parameters increases when considering the tropospheric cloud, the curves shown in
Figure 5 are still valid for the PSC altitude estimation.



Remote Sens. 2021, 13, 1412 8 of 18

< 24
g 22
@ =20
+~
—= 18
T 16
)
= 14 : .
12}-- § = Simulations
0.8017*SZA%143.2498*SZA+6.4059E3
g
-’
O
o
z
(b) pe
ay
o)
=
2
© 19 . Simulations
. 0.4755%SZA2-82.4672%*SZA+3.5748E3
g
-’
O
o
=
=
-
(@ =
o
=
=
o 1o} = Simulations
1.2156*SZA%-220.1804*SZA +9. 9806E3

92 925 93 935 94
SZA

Figure 5. Polar Stratospheric Clouds (PSC) altitude vs solar zenith angles (SZA) of maximum color
index (CI) from simulations (blue) and its corresponding polynomial fitting (red), for the months
of August (a), September (b) and October (c). The curves were computed for a PSC cloud opacity
Tpsc = 0.2, no tropospheric clouds and the gas profiles illustrated in Figure 4.
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Figure 6. SZAnax values obtained for different PSC altitudes under tropospheric cloud free conditions
(red solid line) and when a tropospheric cloud layer with a total opacity of 1 is added at an altitude
of 5 km (blue error bars). The errors were computed according to the model SZA resolution at the CI

maximum.

MR

Y
[= =]

Cloud altitude (km)
> > S

=t e = Errors from model SZA resolution
12 ...! ................ ' ..... Errors from DOAS SZA stion -
925 93 8935
SZA

Figure 7. Comparison between the errors in cloud altitude of the Monte-Carlo radiative transfer
model (RTM) (red) and the spectrometer (blue). In both cases the errors were computed from the
SZA resolution at the maximum of CI.

3. Results
3.1. PSCs Detection at Belgrano 1I Station through Remote Sensing

To detect and characterize PSCs over Belgrano II, the CI evolution obtained from
observations performed at zenith with the Vis DOAS instrument has been studied from
mid-August to mid-October of 2018 and 2019. This period corresponds to the coldest
period of the Austral winter, when the polar vortex over Antarctica is most stable, and
thus the formation of PSCs is more probable [47,48]. Daily mean distance from the polar
vortex edge to Belgrano II station, obtained from 1999 to 2011, shows that this station is
continuously inside the vortex from beginning of June until the end of November [48].
Note that Vis scattered sunlight DOAS observations for the SZAs considered herein, are
only available from 26 August 2018 and from 15 August 2019.
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As shown with the RTM, the presence of PSC is evidenced as a maximum on the
CI evolution during twilight. In order to emphasize this signature, the CI of each day
is normalized using CI evolution of a considered Rayleigh day (RD, i.e., a day with no
presence of tropospheric clouds or PSCs). Using meteorological observations performed
on-site for the considered periods, we have chosen 24 September 2019 as RD for the
normalization of the data. Among all clear days over Belgrano II for the considered period,
experimental CI evolution observed on this day is the most similar to a modeled RD and
presents one of the most stable behaviors (absence of clouds all along the day). Note
that in previous works [35], the value of the CI at SZA = 90°, Clyg, is used instead of
Clgrp for CI normalization. However, the presence of tropospheric clouds could produce a
large value of Clyy, sometimes as high as the relative maxima produced by PSCs. Thus,
by normalizing with Clgg, PSCs signatures could be masked and so their detection. In
addition, by normalizing by the CI signal measured for a RD, the PSCs signature on the CI
evolution is much more pronounced than by using Clgg, making much easier the detection.

As concluded from the RTM simulations, the altitude of the PSC (hpgc) can be es-
timated from the SZA at which the CI maximum is presented (SZAnax). A relationship
between hpgc and SZApax have been obtained by fitting the model results with a second
order polynomial (see Figure 5). These results indicate that clouds with altitudes below
12 km present Clyorm maxima for SZA lower than 92°. Thus, a PSC detection case is
considered in this work if the Clorm evolution presents a local maximum for SZA higher
than 92°.

Figure 8 shows the temporal variation of atmospheric temperature profiles over
Belgrano II, along with the altitudes of PSCs detected on years (a) 2018 and (b) 2019
(pink stars). As it can be observed, in 2019 the detection of PSCs practically stops on 12
September (Julian day 255), while in 2018 the presence of PSCs extends over the whole
period studied. This is in a good agreement with the temperature data presented in the
same figure. Note that in 2019 a sudden stratospheric warming event took place above
Antarctica on September [54]. In Figure 8, white contour outlines the altitudes and time
of temperatures lower than 195 K (78 °C), where PSCs usually may form. Note that
on 2 October 2018, a PSC has been detected outside this contour, at temperatures around
207.5 K (—65.5 °C), at an estimated altitude of 28.2 km. The formation of PSCs at these
temperatures is very scarce (that must be seen as a singularity) but not impossible [3]. In
addition, the error of the estimation of the PSC altitude increases with altitude (errors up
to 3 km for the highest hpsc, and only 0.2 km for the lowest hpgc observed). The reason
for that is that experimental measurements are more separated in time as higher is the
SZA, since the intensity of the light reaching the instrument is lower as higher is this angle.
Thus, a higher integration time has to be used to record the measurement. If error bars are
estimated thought the SZA resolution at the maximum of CI, this PSC would be actually
located between 28.2 — 1.8 and 28.2 + 2.9 km. Figure 8b shows that common temperature
conditions for PSC formation (white contour) were only present until the first days of
September 2019. In 2018, on the other hand, low temperatures remained present until the
end of October. However, from the beginning of September 2018, altitude of the minimum
temperature experimented a significant decrease. This feature can also be observed in our
data. Figure 8 (pink stars) shows that PSCs are detected all over the considered period,
but the hpsc of 2018 decreases notably from 12 September (except for an isolated case on
2 October), and PSCs detection in 2019 practically stops on that date. From 26 August to
15 October, a total number of 18 PSCs were detected in 2018, while in 2019 only 4 PSCs
were detected during the same period. Thus, our observations confirm that the different
temperature pattern during 2018 vs. 2019 above Belgrano during the polar sunrise resulted
in less PSCs in 2019. Recent works have indeed confirmed 2019 as the year with the smallest
Antarctic ozone hole on records [55,56].



Remote Sens. 2021, 13, 1412 11 of 18

Altitude (km)

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
(a) 2018
37 'Q,\'r\%?ﬁ)ﬁf«!%ﬁ*«?!\"[ka«}?WwM\
30 \
25

Altitude (km)
o

Jul Nov Dec

Month
(b) 2019

Jan Feb Mar Apr May Jun Aug Sep Oct

Figure 8. Temperatures profiles over Belgrano II obtained with ERA5 data reanalysis from the global meteorological model
European Centre for Medium Range Weather Forecasts (ECMWEF) (a) during 2018; and (b) during 2019. White contour
outlines the altitudes and time of temperatures lower than —78 °C (195 K), where Polar Stratospheric Clouds usually may
form. Pink stars correspond to the PSCs detected in this work.

To study the altitude of the PSCs in the considered periods, following the relationship
between hpgc vs. SZAnmax obtained with the model, PSCs detected on each year have
been classified in five groups: hpsc = (12-15) km, hpsc = (15-18) km, hpgc = (18-21) km,
hpsc = (21-25) km, and hpge = (25-30) km. In 2018, most of the detected PSCs had altitudes
below 15 km, with a frequency of occurrence of 7% out of the 102 twilights of the considered
period (Figure 9). This frequency decreases with increasing altitude, being of only 2% for
PSCs between 25 and 30 km. Note that the altitude of minimum temperature shown in
Figure 8, for the considered period, decreases with time. On the contrary, most of the PSCs
detected in 2019 had altitudes ranging from 21 to 25 km, with an occurrence frequency
of 5% out of 114 twilights. The temporal evolution of lowest temperature in this case
remains constant during most of August, and then decrease rapidly from the beginning to
12 September, approximately, which can be also observed in our results.
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Figure 9. Occurrence frequency (out of the studied twilights) of derived altitudes in % (2018 in blue,
2019 in green) out of the number of studied twilights.

3.2. PSC Characterization in UV Spectral Range

As mentioned previously in Section 2.1, in addition to the shown Vis observations,
NEVA 1I also measures spectra in the UV spectral range. In order to validate the CI
approach for PSC detection in the UV range, similar simulations as in Section 2 were
performed for A; = 401 nm and A, = 332.5 nm (wavelengths selected to minimize the
absorption of gases in this range). Figure 10 shows, as example, the variation of SZA nax
with PSC altitude computed for these two wavelengths, a cloud opacity tpsc = 0.2 and
the gas profiles given in Figure 4 for October. Our results indicate that, due to the higher
Rayleigh opacity in the UV wavelength range: (a) there is a change in the hpsc-SZA curve
respect to the Vis case shown in Figure 5; (b) PSC clouds at altitudes lower than ~20 km
cannot be detected in the UV spectral range (the simulations did not show any CI maximum
in these case).

Although our simulations show that UV range is not the most appropriate for the
detection of PSCs, observations in this range allows to cross validate between a PSC
detection case above 20 km and the hpsc-SZA curves shown in Figure 5 (Vis channel) and
Figure 10 (UV). Figure 11 shows, as example, Clorm signals measured on 2 October 2018
at the bands used in Figure 5 (Vis) and Figure 10 (UV). These Clyorm signals, along with
the hpsc-SZA curves, provide PSCs altitudes of 25.7 £ 1.8 km (UV) and 28.2 £ 1.8 km (Vis).
The error bars were estimated thought the SZA resolution at the maximum of CL

October

N
[e2]

N
~

N
[=]

Cloud altitude (km)
N
N

""" Simulations

18
——0.5878*SZA2-104.3625*SZA+4.6432E3
16 i i i I
92.5 93 93.5
SZA

Figure 10. Variation of the SZA of maximum CI with the cloud altitude in the UV spectral range.
This curve was computed for A; = 401 nm and A, = 332.5 nm, a cloud opacity tpsc = 0.2, and the
gas profiles illustrated in Figure 4 for the month of October. Simulations are shown in blue and the
polynomial fit of the observations in red.
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Figure 11. Clyorm evolution obtained from recorded spectra on 2 October 2018 (sunrise) for UV (violet) and visible (green)

measurements. SZA corresponding to the Clyorm maximums are marked by arrows.

Therefore, we conclude that both spectrometers provide consistent PSC altitudes and
that, although Clorm in UV range is not the most suitable parameter for PSC detection and
characterization, it allows to validate the results given in the Vis spectral range (Figure 5).

3.3. Comparison of Ground-Based and Satellite Observations

In this section, selected days are chosen for comparing the results obtained by the
ground-based observations with those performed by CALIOP. As mentioned before, in
the presence of a PSC, most of the scattered light reaching our instrument (pointing at
zenith) comes from the cloud just above the light collector (i.e., zenith direction). Thus, the
CALIOP data considered for this comparison exercise are for satellite overpasses close to
the ground-based site (<50 km). Note that the PSC-CALIOP product relates to nighttime
orbits [19] while the ground-based instrument needs scattered skylight during twilight.
Therefore, most of the times DOAS and CALIOP measurements are not simultaneous.
However, this comparison, used here as a cross-check of the PSC detection method, relies
on the geographical and temporal stability of the PSCs once formed inside a stable polar
vortex (e.g., [4,22]). Based on this assumption, former studies have compared ground-based
and satellite lidar observations within 100 km from the ground-based site (e.g., [4]). Thus,
our distance threshold for ground-based /satellite comparison is indeed quite conservative
since the horizontal extension of PSCs has been reported of up to 200 km in the less stable
Arctic polar vortex [6].

For this cross-check, only PSCs detected by CALIPSO presenting a stable form over
the satellite overpass have been taken into account. CALIPSO PSC detection cases under
the presence of thick tropospheric clouds have been also discarded from this comparison.
Under these conditions, we found a good agreement between the altitudes of the PSCs
observed by CALIPSO and the PSCs detected in this work. In Figure 12, some examples
of PSCs detected by CALIPSO are compared with the evolution of the Clyorm obtained
from our ground-based spectrometer. In these CI plots, the black lines indicate SZAs
corresponding to altitudes of the base and the top of the PSCs as detected by CALIPSO
(following the functions of Figure 5). These results indicate that PSC altitudes derived
by both techniques are in good agreement. Note that only for Figure 12f the CALIPSO
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overpass exceeds the threshold of 50 km (80 km). This day, there are not overpasses within
the 50 km from the station, but the CI shows a clear maximum. Thus, we looked for a
possible overpass of the satellite that could observe this cloud, as it was confirmed. This
supports also that the selected distance threshold between the satellite overpass and our
research site, chosen in this work as 50 km, is a conservative value. This exercise strengthen
the consistency of the results obtained by the CI with the ground-based instrumentation.
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Figure 12. Clyorm evolution vs. SZA obtained from our ground-based Vis spectrometer (left figures: a,c,e) and by Cloud-
Aerosol-Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) (right figures: b,d,f). The upper figures (a,b)
correspond to observations performed on the sunset of 2 October 2018; the figures in the middle to observations performed
on 7 September 2019; and the lower figures (e,f) to those on 1 September 2018. The color code of the CALIPSO figures
correspond to the different types of PSCs as described in Section 2.2.
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4. Conclusions

Based on the work of Sarkissian et al. 1991 [32], we have studied the evolution of
a normalized CI during twilight to detect and characterize PSCs over the Belgrano II
Antarctic station, during 2018 and 2019. In this work, we have shown that using a spectral
range half-shorter than previous works, we are still able to detect PSCs and estimate
their altitude. This means that instruments that are (or were) not meant initially for
investigating PSCs, such as the ground-based UV /Vis spectrometers that belong to the
NDACC network in both polar regions, or the MAX-DOAS instruments on board research
vessels in the polar regions, could perform this sort of research. Concerning NDACC in
polar regions, currently there are 14 stations with UV /VIS spectrometers and only six
with lidars (https://www.ndacc.org/, accessed on 25 February 2021). Therefore, even
though lidars provide more detailed information on the vertical PSC distribution than the
UV /Vis spectrometers as the one used in this work, the method used in this work offers
the possibility for other sort of instruments to contribute to a better understanding of the
PSCs throughout both polar regions.

Regarding the novelty of the method presented in this study, it is worth noting
that previous works using similar CI methods for the PSC detection were based on the
results obtained by a single scattering RTM [32,35-37]. In this work, we have used a full
spherical multiple scattering model which is more suitable for the large optical paths or high
scattering media considered here than single scattering pseudo-spherical models. These
simulations allow us to better characterize the effects of PSC on the CI signals computed
from our instrument observations. Moreover, we have also defined which parameters can
be determined by studying the CI evolution (i.e., altitude) and which ones cannot (i.e.,
optical properties), or which variables play a significant role on the observations. While the
shape of the CI maximum depends, among other parameters, on the PSC particle properties
or the presence of tropospheric clouds, the results shown in Section 2.4.3 indicate that the
SZA of maximum CI mainly depends on the PSC altitude (even under the presence of
tropospheric cloud). As a result, in our analysis only PSC altitude could be inferred.

Our CI approach has been applied to measurements performed at Belgrano II with an
optical spectrometer measuring in the visible spectral range during the coldest days of the
austral winter of 2018 and 2019. Results show that the frequency and altitude of the PSCs
in 2019 were lower than in 2018, consistent also with the sudden stratospheric even of 2019.
The detected PSCs and their estimated altitude inferred in this work are in good agreement
with the temperature profiles of the ECMWEF and with the PSCs observed by CALIPSO. In
addition, a similar CI method at UV range has also been studied. Results show that the UV
range is much more limited than the Vis to study PSCs since in the UV PSCs are detected
only if they are located above an altitude of 20 kms. The UV range has been used herein to
verify the method proposed for the visible spectral range.

Note, also, that zenith-DOAS instruments, like the one used in this study, are tradition-
ally used to measure trace gases concentrations integrated over the optical path (known as
differential Slant Column Densities [43]). Using the CI approach presented in this work,
zenith-DOAS measurements can be used to relate the stratospheric polar chemistry they
are originally targeted to investigate, with the presence of PSCs. In future works, we will
perform such a study. We will also apply the detection and characterization of PSCs to a
larger record of measurements (several years) for different polar stations, which will allow
for a better spatial characterization of PSCs.
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