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Abstract

The composition of polar stratospheric clouds (PSCs) in the Antarctic is measured by infrared
absorption spectroscopy by the Atmospheric Chemistry Experiment (ACE) satellite and compared
to lidar (CALIPSO) and emission spectroscopy (MIPAS) results. ACE observations are compared
first to CALIPSO for the period 2006-2020, then to MIPAS for the period 2005-2011, and then a
set of triple coincidences is studied. In both CALIPSO-ACE and MIPAS-ACE comparisons, nitric
acid trihydrate (NAT) detections are in excellent agreement (~80% of coincident compositions is
found). Supercooled ternary solution (STS) detections are in good agreement for CALIPSO-ACE
(~60%) but in poor agreement for MIPAS-ACE (39%). This contrasts with ice detections, in poor
agreement for CALIPSO-ACE (~30%) and in better agreement for MIPAS-ACE (45%). Triple
coincidences show that ACE STS detections are more reliable than MIPAS STS detections. ACE
observations compared to homogeneous CALIPSO PSCs show that for 11 observations, CALIPSO
is observing supercooled nitric acid (SNA) clouds rather than STS clouds.
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1. Introduction

Polar stratospheric clouds (PSCs) form in the polar vortex when the temperature drops below about
195 K [1,2]. They occur every winter and are particularly prominent over Antarctica. These clouds
are important because they catalyze chemical reactions leading to the depletion of stratospheric
ozone. Chlorine and bromine atoms released in the stratosphere by photolysis of anthropogenic
CFCs (chlorofluorocarbons) and halons are the main actors in ozone depletion [3]. These atoms
can form reservoir molecules (e.g., HCI, CIONO>) that do not destroy ozone [4]. However,
chemistry on the surface (or in the interior) of PSC particles, and subsequent photolysis release
deleterious chlorine and bromine atoms again, as observed first in the Antarctic [5,6].
Denitrification of the stratosphere also affects ozone. Denitrification is caused by condensation of
nitrate-containing species on PSCs followed by sedimentation of these particles; in this way, NO»
concentrations decrease, delaying the recovery of polar ozone by slowing the reformation of



CIONO:. A decline in the concentration of HNOs3 vapor can be used to infer the presence of PSCs
[7].

PSCs are liquid and solid particles in the stratosphere and gas-phase molecules interact with them
in many ways, including condensation and chemical catalysis. Laboratory experiments have
measured the kinetics of heterogeneous reactions on PSC particles [8]. Models help to explain PSC
chemical composition (e.g., thermodynamics [9]) and provide insight on the chemistry of chlorine-
containing species on PSCs (e.g., chemical model CLaMS [10]). Current models of polar ozone
chemistry need to take PSCs into account to make correct predictions [11].

Characterization of PSCs is important because size, chemical composition, and phase of the
particles influence chemistry. Measurement methods used to detect PSCs include aircraft missions
[12,13], balloon borne instrumentation [14], ground based lidars [15—17], and satellites, allowing
them to be studied in detail [2,18-20]. Based on observations and models, PSC chemical
composition was found to be three main types: supercooled droplets of ternary solutions with
sulfuric acid, nitric acid, and water (STS), solid crystals of nitric acid trihydrate (NAT, in the crystal
form of B-NAT) and ice particles. Spectroscopic signatures of PSCs from absorption spectroscopy
observations of the Atmospheric Chemistry Experiment (ACE) satellite demonstrate that
supercooled nitric acid (SNA) droplets are present in the clouds [21]; this was also measured earlier
by the ILAS-II satellite instrument [22].

Solar occultation satellites such as SAM II [23], the SAGE series [24,25], and the POAM series
[26,27] laid the groundwork for much of our early knowledge on PSCs. The most recent satellite
observations of PSCs were made by MIPAS (Michelson Interferometer for Passive Atmospheric
Sounding) (2002-2012) instrument on ENVISAT, CALIPSO (Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations) (2006-2023) and ACE (2003-present). These three
satellites/instruments use different physical phenomena to detect PSCs: infrared emission of the
limb of the atmosphere, backscattered light and depolarization ratio with lidar, and infrared
transmittance of the limb during sunsets and sunrises. The ACE mission is the only satellite still
operating today and it spans the lifetimes of MIPAS and CALIPSO almost entirely, allowing a
detailed comparison of PSCs observed by the three different methods. In this work, the previous
comparison between CALIPSO and ACE [28] is extended and a comparison between MIPAS and
ACE is added.

2. Methods
2.1. ACE

ACE is a satellite mission onboard the Canadian satellite SCISAT. It was launched by NASA on
August 12, 2003 and has been operational ever since. At launch it orbited at an altitude of 650 km
with 74° inclination to the equator. The primary instrument is a high-resolution (0.02 cm™!) Fourier
Transform Spectrometer (FTS) operating within the spectral range of 750-4400 cm™! (2.2—
13.3 um) [29]. In this paper, we will refer to the ACE-FTS instrument and the satellite as “ACE”.
The FTS captures 30-40 atmospheric transmittance spectra per occultation, during sunrise and
sunset in a limb geometry (solar occultation). These spectra are processed on the ground [30], and
altitude-dependent concentration profiles are obtained [31]. Based on the HITRAN2020 database



[32], molecular signatures are removed, and residual spectra of clouds and aerosols obtained [33].
Spectral simulations identify key features in these spectra to characterize PSCs [21]. ACE has a
circular field of view of 1.25 mrad, corresponding to a spatial resolution of 3-4 km at the limb. The
horizontal resolution along the line of sight is about 400 km and the vertical sampling varies
between 2 and 6 km [Bernath 2017]. The tangent point can move as far as ~300 km during an
occultation between the lowest and highest observed PSC, but it moves less than 50 km in most
cases. For simplicity, a median tangent point of the observations was considered for coincidence
finding.

For the present work, the latest version of ACE-FTS processing (v5.2) is used [34] in order to
create PSC profiles and the PSC composition dataset is the same as used previously [20]. Briefly,
the classification scheme uses five categories: NAT, STS, NAT-STS, ice-mixture, and SNA. One
must keep in mind that these categories are based on the most prominent features and typically the
spectra have a mixed character. Ice for example is almost always found mixed with some NAT and
STS, so no pure ice categories are considered. The NAT-STS category was initially created for
spectra that present features from both NAT and STS. However, upon more careful inspection
some of these spectra might also be the signature of large NAT particles, therefore this category
might evolve in the future. Also, because ACE-FTS measures the atmospheric limb, there can be
more than one cloud along the line-of-sight, resulting in a mixed spectrum. ACE is not able to
distinguish between internal (one particle) and external mixtures (two clouds along the line-of-
sight) unless they interact spectroscopically. It is possible and likely that many of our mixtures are
one PSC near the tangent height and another at higher altitudes in the foreground or background
of the measurement. SNAs are rare and represent less than 0.5% of the total number of PSCs in
this study. They still are important to study because they hint at increased aerosol size and they
control freezing properties, therefore impacting the formation of PSCs and extent of seasonal
ozone depletion. ACE is also able to detect sulfate aerosols, and a substantial number were detected
during the Antarctic winter as explained in reference [20]. We found in this study that sulfate
detection by ACE results in no-cloud detection by MIPAS or CALIPSO in more than 90% of cases.

PSC composition is detected by ACE with unambiguous spectral features in the FTS spectral
range, e.g., nitrate bands at 820 cm™!' and 1350 cm™!, OH stretching bands near 3300 cm ™!, nitric
acid bands at 1420 cm™' and 1720 cm™! and upward ice features at 1000 cm™' and 3550 cm™!
[33,21]. Antarctic PSC composition is analyzed from 2005 to 2023 in reference [20] and was
compared to CALIPSO for a small period [28].

2.2. CALIPSO

CALIPSO is a joint satellite mission between NASA and the French space agency (CNES) within
the Earth Observing System program. It was originally part of the A-train [35], a constellation of
satellites for the observation of the Earth's atmosphere. CALIPSO mission started in 2006 and
ended in 2023. CALIPSO orbited at an altitude of 700 km with 98° inclination to the equator. Its
principal instrument is a lidar called CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization)
[36]. CALIOP uses a polarized laser with a principal wavelength in the green (532 nm) oriented
in the nadir direction. The laser is pulsed and generates a full vertical profile every 50 ms, which
corresponds to 335 m along the ground. This results in high spatial resolution along the satellite



ground track, and with 14-15 orbits per day, CALIPSO gives unique spatial coverage. We will
refer the satellite and the CALIOP lidar simply as “CALIPSO”.

PSCs are observed by CALIPSO as enhancement in the total backscattered light with possible
depolarization at 532 nm as studied by Pitts et al. [19,37—40]. Ice and NAT particles, because of
their irregular shape, depolarize the return signal. On the other hand, liquid particles such as STS
are spherical, and the backscattered light keeps its initial polarization. For this study we used the
latest PSC data product, with observations limited to nighttime, available through NASA Earth
Observation Data website (https://www.earthdata.nasa.gov/), namely the CALIPSO Lidar Level 2
Polar Stratospheric Clouds data product. It uses the PSC detection and composition classification
algorithm described by Pitts et al. [19] that also relies on Aura MLS measurements of PSC
condensable vapors HNO3 and H>O. This data product considers the following PSCs compositions:
ice, wave-ice (ice PSCs typically induced by mountain-waves), NAT, enhanced-NAT (subcategory
of NAT with higher number densities of NAT particles) and STS. Some tropospheric clouds are
also reported. As for ACE, these categories are named based on the main character of the
observation and in general the PSCs are mixtures. NAT composition classification represents
mixtures of NAT and liquid particles (either background sulfate or STS, depending on
temperature). The STS classification also may include NAT particles that are not detected by
CALIPSO.

2.3. MIPAS

MIPAS is a mid-infrared emission spectrometer onboard the satellite ENVISAT, measuring
infrared spectra in the 685 to 2070 cm™! (4.15-14.6 pm) range [41]. It orbited the Earth and took
data from July 2002 to April 2012, at an altitude of about 785 km and with 98.6° inclination to the
equator. Throughout this paper, we will refer to the instrument and the satellite as “MIPAS”.
MIPAS scans the limb and measures thermal emission spectra of the atmosphere. MIPAS field of
view is rectangular with vertical extent of ~3 km and horizontal extend of ~30 km at the limb. As
for ACE, the horizontal resolution along the line of sight is about 400 km [2].

The classification of PSCs was mainly developed by Spang et al. [42—45,18] and the latest work
uses a database of modeled spectra for homogeneous layers with a single PSC composition. Similar
to ACE, most PSCs are found to be mixtures of the basic PSC types. The compositions are defined
as the most dominant PSC type in the modeled radiance of the spectra. The MIPAS PSC
climatology over the full length of the mission was studied by Spang et al. [18], and a study of
gravity wave-induced PSCs was made by Hoffmann [46]. In our work, MIPAS data available
online (https://datapub.fz-juelich.de/slcs/mipas/psc/) were used [47] and were obtained with the
Bayesian-based composition classification algorithm detailed in references [18,45]. The algorithm
assigns a probability for each composition that contributes to the PSC spectra. This data product
includes the following PSC compositions: ice, NAT, STS (pure PSCs are assumed when the
probability is over 50%), NAT-STS (when the probability of NAT and STS are both between 40
and 50%), unknown (when the probability of ice, NAT and STS are all below 40%), ice-NAT, ice-
STS (the last two classifications are not found in our set of coincidences).
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For MIPAS, the most prominent feature in the spectra is the nitrate band at 820 cm™ and is
characteristic of B-NAT PSCs. For other PSCs, the classification relies on spectral shape (gradient
from 830 to 940 cm ! for ice and constant baseline for STS [2]). This contrasts with ACE which
uses several characteristic bands for each PSC and covers the important OH stretching region near
3000 cm !. Absorption spectra are also easier to interpret than emission spectra because absorption
spectral simulations use only the Beer-Lambert law. Solar occultation is potentially more sensitive
to optically thin clouds than MIPAS, as found by earlier comparison of MIPAS with solar
occultation satellites SAGE III and POAM 111 [43].

2.4. Data sets

In this paper, the same ACE data set as in reference [20] is used. As shown in Figure 6 of reference
[29], the sampled latitude of the ACE satellite is a function of the time of the year. We used ACE
observations between 75°S and 83°S which correspond exclusively to sunset observations over the
Antarctic, roughly between the last week of August to the third week of September.

The Fig. 1 (a) shows on a map the ACE observations for 2010 in the Antarctic. The dots represent
1° latitude and 10° longitude regions and are colored according to the number of profiles
containing PSCs in that region. Fig. 1 (b) shows ACE observations of PSCs considered in this
paper for 2010, in the period 8-25-2010 to 9-19-2010. ACE spatial coverage is compared to
CALIPSO spatial coverage in Fig. 1 (c) and MIPAS spatial coverage in Fig. 1 (d) for the same
2010 period. CALIPSO measures many profiles in the nadir direction along its track; the number
of CALIPSO observations near 82°S is particularly large. In contrast to the two other satellites,
MIPAS can measure profiles at very high latitudes. Unlike ACE, MIPAS is independent of light
sources and therefore has more observations.

Before presenting the comparisons, we will highlight the differences in measurement between the
three satellites, as it influences the interpretation of the results. CALIPSO is a nadir viewing
satellite with high vertical and horizontal resolution, which contrasts with limb viewing satellites
ACE and MIPAS. Limb viewing satellites have a large field of view that can cover several
CALIPSO observations, and the line of sight crosses different altitudes. A limb viewing
observation is associated with the tangent altitude but rigorously, the observed cloud could be
situated anywhere in the line of sight. Considering an extreme case: a limb observation at 9 km
tangent altitude could be caused by a cloud at 25 km altitude, 350 km away from the tangent point.
Unfortunately, there is no easy way to determine if the observation corresponds to a cloud near the
tangent altitude or far from it; but clouds at the tangent altitude contribute more to the optical
thickness. Concerning the actual characterization of clouds, it is important to note that although
CALIPSO has a high spatial resolution, the characterization relies only on backscattered light and
depolarization, which is less accurate than the spectroscopic observations made by ACE and
MIPAS. The comparisons of this article will be centered around the observations of ACE, as these
are the most reliable composition measurements.

3. Results
3.1. CALIPSO-ACE coincidences



The ACE data set was compared with CALIPSO between 2006 and 2020. Coincidences were
found using the same criteria as in the previous study [28] (At < 6 hours and Ad < 150 km). It is
important to note that for most coincidences CALIPSO measures at least 1 h after ACE. Table 1
shows the number of coincident profiles for each year. It also shows the number of individual PSCs
detected by ACE and their composition.

The ACE data set contained, on average, 237 ACE occultations per year [20]. On average, 174
were found in coincidence with a CALIPSO profile. The number of ACE detections can vary up
to a factor of two from year to year. The most detected type of PSC is NAT-STS mixtures. The rest
of PSC detections are distributed, in order of importance, between NAT, STS and ice. Over the
whole coincidence data set there were 45 SNA detections, which is more significant than in our
previous study.

The comparison between ACE and CALIPSO is done the same way as the previous comparison
[28]. Briefly, the ACE composition was compared with the closest CALIPSO vertical profile and
CALIPSO observations were integrated in a 4 km vertical window for each ACE data point,
without taking into account CALIPSO no-cloud detections. Considering CALIPSO vertical
resolution of 180 m, this means that up to 23 CALIPSO measurements can be compared to a single
ACE measurement, and these are all added into the comparison histograms. Fig. 2 shows for each
PSC composition detected by ACE, the ratio of each CALIPSO classification as a function of the
year. Similar trends as those found in the previous analysis are reported here, i.e., 77 + 7% of ACE
NAT detections are also detected as NAT by CALIPSO, about 62 + 9% of ACE STS detections are
also detected as STS by CALIPSO and about 27 + 6% of ACE ice-mix detections are detected as
ice by CALIPSO (one standard deviation is reported as uncertainties). These percentages are
roughly constant from 2006 to 2020. These ratios must be considered together with the number of
events used in the statistics for each year (Table 1). Another important result found here, with more
confidence than in the previous study, is the detection of ACE SNA PSCs as STS by CALIPSO.
The identification of SNA clouds as STS by CALIPSO is not surprising since both particles are
liquid, and likely cannot be distinguished with lidar. This study shows that the CALIPSO STS
category contains a small percentage of SNA, i.e. particles with lower sulfuric acid content than
expected. Finally, ACE NAT-STS is detected by CALIPSO either as NAT or as STS. This is a good
agreement considering that CALIPSO NAT classification is defined as a mixture of NAT particles
and liquid droplets and CALIPSO STS classification may also include mixtures of STS and low
number densities of NAT particles.

Coincidences between MIPAS and CALIPSO were analyzed previously, using only CALIPSO’s
homogeneous cloud detection [2]. A similar comparison was carried out in our work between ACE
and CALIPSO. The original study determined homogeneous clouds based on a 200 km horizontal
by 3 km vertical box of CALIPSO observations. With this method, our analysis suffers from too
low statistics, therefore, only a single vertical slice of CALIPSO data was considered (the closest
profile). PSC scenes were considered homogeneous when more than 50% of the observations
within a 4 km vertical window around the ACE observation were PSCs according to CALIPSO
and more than 75% of these PSCs belong to a single CALIPSO composition. Fig. 3 shows for each
CALIPSO homogeneous composition, the associated ACE compositions. The agreement between



the two satellites improves compared to the first analysis, especially for ice (37% agreement) and
STS (69% agreement). However, the agreement for ice is not nearly as good as the almost perfect
agreement found in MIPAS-CALIPSO comparison [2]. It must be noted that [2] used more
stringent coincidence criteria (At < 1 hours and Ad < 100 km) compared to ours (At < 6 hours and
Ad < 150 km). In our case, the use of At < 3 hours Ad < 100 km reduced the total coincidences
from 2619 to 404 and no significant changes in the statistics were found. It is worth noting that all
the 11 SNA detections by ACE correspond to homogeneous STS scenes according to CALIPSO.

3.2. MIPAS-ACE coincidences

ACE PSC composition was compared with MIPAS from 2005 to 2011. The same coincidence
criteria as before were used (At < 6 hours and Ad <150 km). The composition of ACE is compared
with the closest altitude MIPAS detection. Using this method, about 30% of ACE PSCs were
associated with a no-cloud detection for MIPAS, no matter the PSC composition. This number is
similar to the amount of ACE PSCs with no-cloud detection by CALIPSO found previously (23%
[28]). This discrepancy can be due to the spatial variability of the clouds and the fact that the line-
of-sight of the two satellites are not aligned in most cases. These events are disregarded for the
present analysis. Both ACE and MIPAS satellites are moving while scanning the limb of the
atmosphere. This results in the tangent points being different at all altitudes. For simplicity, the
median tangent point of the altitudes is used to determine coincidences. For almost 90% of the
coincidences, MIPAS measures at least 4 hours before ACE, and this bias is worth noting. The

distance between the two satellite observation locations on the other hand is not significantly
biased.

Overall, 209 coincident profiles were found, corresponding to 701 coincident PSC detections. The
composition comparison is shown in Fig. 4. The agreement for ice cloud detections between ACE
and MIPAS (45%) is better than between ACE and CALIPSO (30%, Fig. 2). The agreement for
NAT PSCs is very good (82%), as before with CALIPSO. The satellite detections for STS are in
poor agreement: 39% of ACE STS were classified as STS by MIPAS, while 51% were classified
as NAT. This contrasts with the CALIPSO-MIPAS comparison [2], for which most of CALIPSO
STS homogeneous detections were classified as STS or NAT-STS by MIPAS. However, this
MIPAS-CALIPSO comparison is based on more STS observations (562) than our MIPAS-ACE
comparison (74).

3.3. CALIPSO-MIPAS-ACE coincidences

Lastly, we studied triple coincidences CALIPSO-MIPAS-ACE. Here, triple coincidences mean
coincidences for which observations of CALIPSO and MIPAS happened less than 6 hours and
150 km relative to ACE, not relative to each other. CALIPSO and MIPAS observations can
therefore be up to 12 hours and 300 km apart during a so-called triple coincidence. A total of 162
such coincidences were found between 2006 and 2011. MIPAS measures between 7 and 9 hours
before CALIPSO for 90% of those with a spatial separation of less than 150 km 75% of the time.
The Fig. 5 shows on an Antarctic map the ACE observations for this period (black dots) and the
ACE observations found in triple coincidence (color dots). The triple coincidences are colored
according to the day of the year, triangles represent events in August and circles in September. The



number of triple coincidences is shown next to the year. Our set of triple coincidences is very
localized in latitude as seen in the figure.

An example of a triple coincidence is shown in Fig. 6. This shows the detection of an ice PSC by
CALIPSO that spans several thousand kilometers and was detected in 4 consecutive CALIPSO
orbits (more than 5 hours). Each orbit was coincident with ACE observations (circles) and MIPAS
observations (triangles). Faint grey curves show the line-of-sight of the ACE satellite. Here, both
limb viewing satellites detect ice in these coincidences, in excellent agreement with the lidar. The
ACE measurement is above the cloud altitude reported by CALIPSO. ACE can only measure
spectra if the PSCs are optically thin enough for sunlight to pass through, so in these occultations
we are not able to retrieve below this altitude. MIPAS, on the other hand, reports measurements in
the middle altitude of the cloud. MIPAS is an emission spectrometer and does not have such a
limitation. The tendency of ACE to detect ice at the edge of the cloud (where the optical thickness
is small) could partly explain the CALIPSO-ACE disagreement for ice. Indeed, the Figure shows
that the edge of the cloud is identified as NAT or STS in the CALIPSO dataset and that there is
rarely a sharp separation between ice and no-cloud. Overall, the figure shows that a very large and
persistent ice cloud is clearly identified by the three satellites.

Fig. 7 shows the comparison between the PSC composition of all three satellites for these triple
coincidences. A pie chart of CALIPSO compositions is shown for each ACE-MIPAS pair of
compositions and the number of such pairs is shown in the corner. We find again that ACE and
MIPAS are in good agreement for NAT (120 coincident detection of NAT clouds) but in poor
agreement for STS (19 coincident detection of STS clouds). For the row of ACE STS detections,
the pie charts show that CALIPSO detects mostly STS. On the other hand, looking at the column
of STS for MIPAS, the majority of those are detected as NAT by CALIPSO. Therefore, ACE
detections of STS are more reliable than MIPAS when compared to CALIPSO. The same
observation can be made for ice.

4. Conclusion

This study compared the PSC composition measured using the absorption limb-viewing ACE
instrument with nadir lidar observations (CALIPSO) and limb emission spectra (MIPAS).
Different sets of coincidences between the satellites were considered.

CALIPSO and ACE comparisons were already carried out in a previous study [28] but the present
work extends the comparison to almost the full length of the CALIPSO mission (2006-2020).
Similar trends were found: excellent agreement for NAT, relatively good agreement for STS and
poorer agreement for ice. Constraining the analysis to homogeneous clouds detected by CALIPSO
improved significatively the agreement for STS and ice. This tends to show that the disagreement
is partly due to spatial heterogeneity and the difference in spatial resolution between the satellites.
SNA are consistently detected as STS by CALIPSO, and this is even more pronounced when
considering homogeneous PSC scenes. This tend to show that sometimes CALIPSO is looking at
large SNA clouds rather than STS clouds.

MIPAS and ACE comparisons yielded excellent agreement for NAT. This is not surprising as both
instruments use a characteristic NAT feature at 820 cm™’. For ice, the agreement between MIPAS



and ACE is relatively good, 45% of ACE ice is also detected as ice by MIPAS. The agreement for
STS is not good; only 39% of ACE STS are detected as STS by MIPAS, almost all the rest are
detected as NAT. The use by MIPAS of a single NAT spectroscopic feature could bias MIPAS
toward NAT detection. The 820 cm! feature that MIPAS is using for detecting NAT corresponds
to the v2-band of NOs", however this band is not exclusively characteristic of NAT, in fact ACE
observes this band (with less intensity) in SNA spectra, and STS spectra with high concentration
of nitric acid. Disagreement between the two satellites could also be due to the sampling
differences existing between solar occultation and limb emission. Triple coincidences show that
the detection of STS by ACE is more reliable than that of MIPAS.

Overall, CALIPSO lidar has good spatial coverage; however, the composition is inferred based on
particle shape and optical properties in the visible region. PSCs have no characteristic spectral
features in the visible region. On the other hand, spectrometers like MIPAS and ACE do not have
such good spatial coverage, but they rely on spectral features to identify the chemical composition.
However, the spectral coverage of MIPAS is narrower than ACE and, for example, MIPAS misses
the important OH stretching region near 3000 cm™!. Absorption spectra of PSCs are also easier to
interpret than emission spectra. ACE is shown in this study to give reliable PSC observations that
are valuable in future polar winters, considering that MIPAS and CALIPSO are out of service.
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Fig. 1. (a): All ACE observations for 2010. (b): All ACE observations of PSCs considered in this paper for 2010,
in the period 8-25-2010 to 9-19-2010. (c¢): For the same period, all CALIPSO profiles containing at least one PSC
observation. (d): For the same period, all MIPAS profiles containing at least one PSC observation. Each dot represents
a 10° longitude, 1° latitude region, with its size proportional to the area.



CALIPSO- Total ACE ACE

Year . ACE ACE ¥ce- ﬁg? gg? §§£ NAT-
Coincidences PSCs mixture STS
2006 96 450 83 39 122 0 206
2007 113 566 82 103 140 3 238
2008 116 557 111 85 75 0 286
2009 207 989 104 266 98 2 519
2010 235 953 64 75 157 12 645
2011 192 1004 169 366 105 2 362
2012 159 550 50 46 160 8 286
2013 208 755 90 43 274 4 344
2014 173 918 180 187 258 5 288
2015 233 892 131 25 325 2 409
2016 233 1011 54 111 483 1 362
2017 135 471 40 6 182 0 243
2018 173 1193 121 326 237 2 507
2019 197 331 42 27 66 4 192
2020 149 466 113 131 110 0 112
TOTAL 2619 11106 1434 1836 2792 45 4999

Tab. 1. CALIPSO-ACE coincidences found in the Antarctic for the period 2006-2020 with detailed counts of
ACE PSCs and their composition (At < 6 hours and Ad < 150 km).
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Fig. 2. Comparison between ACE and CALIPSO composition measurements for coincidences between the two
satellites in the Antarctic as a function of the year. Each graph shows for a particular ACE composition the ratio of
CALIPSO compositions when a PSC is detected. See Table 1 for information on the statistics for each year.
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CALIPSO. The graph is made with a set of coincidences in the Antarctic in the period 2006-2020. The x-axis shows
the total number of coincident detections for each CALIPSO composition, the y-axis shows the ACE composition.
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Fig. 4. Comparison of the ACE and MIPAS PSC composition for coincidences between the two satellites in the
Antarctic in the period 2005-2011. The x-axis shows the total number of ACE detections and their composition, the
y-axis shows the MIPAS composition, without considering no-cloud detections.
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Fig. 5. Triple coincidences between 2006 and 2011 shown in maps of the Antarctic. The black markers show ACE
observations, and the colored markers show ACE observations in coincidence with both CALIPSO and MIPAS (At <
6 hours and Ad < 150 km, relative to ACE). The number of these triple coincidences for each year is reported in
parentheses in the titles. The color indicates the day of the year. The considered period in this study is restricted to
observations in August (triangles) and September (circles).
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Fig. 6. Simultaneous detection of an ice cloud by the three satellites in September 2008. ACE detections in
absorption spectroscopy (circles), MIPAS detections in emission spectroscopy (triangles) and CALIPSO lidar
detections (background curtain). The grey curves associated with ACE detections show the line-of-sight of the satellite,
assuming it is in the plane of the CALIPSO curtain. Positions of detections are shown in a map of Antarctica in the
insert with the CALIPSO ground track shown in red.
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Fig. 7. Triple coincidences: comparison between ACE, MIPAS and CALIPSO. The table shows for each ACE-
MIPAS composition pair, the composition measured by CALIPSO in coincidence as a pie chart. The total number of
ACE-MIPAS coincidences is shown in the top right corners. The pie charts consider all the CALIPSO observations
within a 4 km vertical window of ACE.
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