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A B S T R A C T   

The depletion of stratospheric ozone is catalyzed by polar stratospheric clouds (PSCs) that form in the cold polar 
winter. The space-based lidar onboard CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser
vations) has been the reference instrument for measuring PSCs. Recently, the infrared transmission spectra 
recorded by the Fourier transform instrument on the ACE (Atmospheric Chemistry Experiment) satellite has 
provided measurements of PSC composition. We report on coincident observations made by the CALIPSO and the 
ACE satellites for three late winter periods (2016, 2018 and 2019) and evaluate CALIPSO’s determination of PSC 
composition relative to ACE’s findings. We found that CALIPSO and ACE generally agree well for the detection of 
nitric acid trihydrate (NAT) clouds. However, CALIPSO detects some NAT clouds where ACE detects supercooled 
ternary solutions of nitric and sulfuric acid (STS). Similarly, CALIPSO only partially detects ice in ACE’s ice 
clouds. Overall, these results seem to show that CALIPSO’s NAT classification might be too inclusive. We also 
found that supercooled nitric acid (SNA) clouds, a new classification, are labelled as STS by CALIPSO.   

1. Introduction 

The Montreal Protocol on Substances that Deplete the Ozone Layer 
(1989) [1] is a remarkable example of a successful policy, as it signifi
cantly contributed to mitigating the stratospheric ozone depletion [2]. 
The role of chlorofluorocarbons (CFCs) was established in 1974 by 
Molina and Rowland [3]: under stratospheric conditions and in the 
presence of UV light, chlorine atoms released from CFCs lead to ozone 
depletion. Fortunately, most of the chlorine is stored in reservoir mol
ecules that do not react with ozone [4]. 

As it turns out, reservoir molecules such as hydrogen chloride (HCl) 
and chlorine nitrate (ClONO2) can react on particles of Polar Strato
spheric Clouds (PSCs) to produce chlorine gas (Cl2) and lead to ozone 
depletion in springtime [5]. Ozone depletion resulting from this mech
anism was first observed in the Halley Bay, Antarctica [6]. PSCs form 
during polar winter and require very cold temperatures in the strato
sphere. As climate models predict stratospheric cooling, the frequency of 
these clouds could be affected [7], thus, they hold significant scientific 
interest. 

The accepted basic types of PSCs are solid nitric acid trihydrate 
(NAT), supercooled ternary solutions of nitric acid and sulfuric acid in 

water (STS), and ice or mixtures of these three types [8]. STS clouds are 
believed to form at the beginning of polar winter when the temperature 
starts to drop, and nitric acid condenses on sulfate aerosols from the 
Junge Layer [9,10]. Nitric acid can crystallize at temperatures lower 
than 195 K and the cloud is then a mixture of STS and NAT [11]. At even 
lower temperatures (188 K) ice starts to form. Mixtures of PSC types are 
common, both internal (together in a particle) and external (particles 
mixed together) are possible [8]. The evidence for this picture is based 
on extensive laboratory, in situ and remote measurements as well as 
numerical models and simulations [8,10–14]. Measurement methods 
include aircraft missions [15], balloon borne instrumentation [16], 
ground based lidar [17] and satellites (for example MIPAS - Michelson 
Interferometer for Passive Atmospheric Sounding [18–22] and CRISTA - 
Cryogenic Infrared Spectrometers and Telescopes for the Atmosphere 
[23]). A new type of PSC is supercooled nitric acid (SNA), composed of a 
binary mixture of nitric acid and water. Thermodynamic calculations of 
Carslaw et al. [24] predicted its existence. SNA PSCs were observed by 
the ILAS-II satellite instrument [25] and most recently by the Atmo
spheric Chemistry Experiment, ACE [26]. 

PSCs have been classified for many years based on lidar measure
ments of the backscatter ratio and depolarization ratio of the returned 
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signal [27]. Recently, the chemical composition of PSCs by the lidar on 
the CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite 
Observations) satellite has been improved [28–30] by using temperature 
and volume mixing ratios measured with the MLS (Microwave Limb 
Sounder) on the Aura satellite [31]. The ACE Fourier transform spec
trometer has also characterized PSCs with broad band (752–4233 cm− 1) 
infrared transmittance spectra of NAT, STS, SNA and ice [26]. The goal 
of this article is to compare the composition of PSCs as measured by 
CALIPSO and ACE for a series of coincident measurements. Profiles and 
classifications of CALIPSO will be compared with ACE for August 28, 
2016, and the 2018 and 2019 Antarctic winters. 

2. Methods 

The ACE satellite was launched by NASA on August 12, 2003 and has 

been operational ever since. It orbits at 650 km and at high inclination 
(74◦), giving good coverage of polar regions. The primary instrument 
aboard the ACE satellite is a high-resolution (0.02 cm− 1) Fourier 
transform spectrometer (FTS) operating within the spectral range of 
750–4400 cm− 1 (2.2–13.3 μm) [32]. The FTS captures sequences of 
atmospheric transmittance spectra during sunrise and sunset in a limb 
geometry (solar occultation). These spectra are then processed on the 
ground [33], enabling the derivation of altitude-dependent concentra
tion profiles [34]. ACE residual spectra are derived by dividing ACE-FTS 
measurements by a calculated gas-phase spectrum based primarily on 
the spectroscopic data from the HITRAN2020 database [35] and volume 
mixing ratio profiles taken from ACE-FTS processing version 5.2 results 
[36]. The residual spectra are averaged into 2 cm− 1 wide bins typically 
providing more than 1000 data points per spectrum. After dividing out 
all known gas-phase contributions the resulting spectrum is the 

Fig. 1. Example of a coincident observation made by CALIPSO and ACE satellites. (a): Depolarization ratio measured by CALIPSO [43]. The closest point with ACE is 
shown by a vertical black line and the coincidence zone is shown by a red box. (b): Total attenuated backscatter coefficient at 532 nm. Lines show pressure, potential 
temperature, temperature, and tropopause height (MET data) (c): CALIPSO determination of PSC composition [30]. The ACE determinations are shown by arrows. 
(d),(e): ACE residual spectra at 18.5 km and 11.9 km, respectively. The principal features that characterize NAT or STS are shown in color. 
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spectrum of any underlying cloud or aerosol. 
The capabilities of ACE aerosol detection have been reported previ

ously where example spectra were modeled using appropriate optical 
constants [26,37]. Residual spectra are individually classified by iden
tifying key spectral features that are unique to the aerosol’s composi
tion. Identifying the existence or lack of diagnostic features in spectra is 
a reliable method for accurately classifying aerosol type. The PSC types 
that ACE is capable of detecting are NAT, STS, ice, SNA and mixtures of 
these four types. The current classification scheme uses seven categories. 
First the nearly “pure” PSC spectra (i) NAT, (ii) STS, (iii) ice and (iv) 
SNA. Pure PSC spectra refer in this paper to spectra overwhelmingly 
dominated by a single type of PSC. Then three mixed PSC categories: (v) 
“ice-mix” in which the ice features are clearly distinguishable but other 
PSC types are present, (vi) NAT-STS mixture where there are no signif
icant ice features, but NAT and STS features are observed and (vii) the 
“mix” category containing spectra that clearly have aerosols, but it is not 
clear if they are PSCs. When no cloud is detected, the spectrum is clas
sified as “noise”. Note that ACE observations occur exclusively at twi
light when the Sun rises or sets through the clouds. The ACE-FTS can 
measure up to one sunrise and one sunset occultation for each 97 min 
orbit. Because it is measuring the atmospheric limb, there can be more 
than one cloud along its line of sight, which is approximately 300 km 
long with a vertical extent of 2 to 6 km. 

The CALIPSO satellite [38] was launched in April 2006 into the 
A-train satellite constellation, 705 km in altitude, and joined CLOUDSAT 
in the C-train, 16.5 km below, in September 2018. On board is a lidar 
called CALIOP (Cloud-Aerosol Lidar with Orthogonal Polarization) that 
emits a green (532 nm) pulse of polarized light in the nadir direction and 
detects orthogonally polarized return signals. The latest CALIPSO lidar 
Level 2 PSC data product [30] was used and it consists of four main 
classifications: liquid STS, NAT-mixtures, liquid-ice mixtures, and 
enhanced-NAT mixture (e-NAT). The latter is a sub-class of NAT mix
tures representing PSCs with higher number densities of NAT particles. 
Tropospheric ice clouds are also reported at low altitudes. CALIPSO has 
also a classification called wave-ice but too few events of this type are 
coincident with ACE, and therefore it will not be discussed. 

PSC classification by CALIPSO is based on coincident CALIOP and 
MLS observations [28–30]. First, the PSC signal is separated from the 
aerosol backscatter signal and then the boundaries between the four 
main classes are computed on a backscatter ratio/depolarization ratio 
diagram with the help of theoretical calculations [39–41,29]. Addi
tionally, the distinction between NAT mixture or enhanced-NAT mixture 
and ice is based on theoretical calculations involving temperature, 
pressure, and HNO3 and H2O mixing ratios. The separation between STS 
and NAT is done with a depolarization threshold and considers the de
polarization uncertainty. It is claimed that 10 to 15 % of data points in 
either class could be misclassified [30]. CALIPSO measures PSC 
composition with a spatial resolution of 180 m in the vertical direction 
and 5 km horizontally as a curtain over several thousand kilometers. 
Observations are limited to nighttime because day light reduces the 
detection sensitivity. CALIPSO level 1 polar stratospheric cloud 
composition has been compared to the infrared emission limb sounder 
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) 
during the 2006 Antarctic and 2006/2007 and 2007/2008 Arctic win
ters [42]. A high correlation of NAT detection between the two in
struments was found. More recently, Tritcher et al. [8] compared 
CALIPSO level 2 PSC composition with MIPAS for spatially homoge
neous coincident scenes between 2006 and 2011 and found in addition 
very good agreement between ice clouds. 

In the present study, ACE and CALIPSO measurements are consid
ered coincident when they are less than 150 km apart and occur within a 
6 h time window. These criteria were chosen to provide enough coin
cident events, given the spatial and temporal variability of PSCs. It was 
observed that the CALIPSO satellite measurement happens systemati
cally at least 1 h after ACE. This is because CALIPSO measures at night 
while ACE measures at twilight. For high latitude occultations, up to five 

CALIPSO orbits can meet the criteria for one ACE profile. We chose to 
compare the ACE vertical profile with the closest CALIPSO profile from 
all profiles that meet the constraints. CALIPSO’s lidar data have high 
resolution in the vertical direction while the field of view of ACE varies 
from 2 to 6 km. Therefore, CALIPSO PSC compositions within 4 km of 
the ACE altitude were used in our analysis. About 23 % of coincidences 
correspond to a detection of a PSC by ACE and no detection by CALIPSO 
within the 4 km vertical window. More precisely, about 46 % of the 
mixture category detected by ACE corresponds to no detection by 
CALIPSO, 24 % of the NAT-STS detections, 20 % of the ice-mixture 
detections, 16 % of the STS detections, 15 % of the NAT detections 
and 11 % of the ice detections. Because we want to focus on the PSC 
composition detected by both instruments, we restricted our analysis to 
coincidences with at least one CALIPSO PSC detection within the 4 km 
vertical window. 

3. Results 

3.1. Profile comparison 

Coincidences were sought for all Antarctic PSC detections made with 
ACE for three data sets: the day of August 28, 2016, the 2018 winter 
(from June 1 to October 4) and the 2019 winter (July 11 to September 
6). Coincidences were found only late during the season. 

Fig. 1 shows an example of a coincident observation made by CAL
IPSO and ACE. The raw data for the depolarization ratio and total 
attenuated backscatter coefficients at 532 nm as measured by CALIPSO 
is shown on panels (a) and (b) respectively (Data version 4.10 presented 
in [43]). Meteorological data are taken from the Modern-Era Retro
spective analysis for Research and Applications, Version 2 (MERRA-2) 
model [44,45], interpolated to the CALIPSO measurement locations in 
version 4.10. Note that the lidar data shown is attenuated by aerosol 
signal and the PSC detection algorithm removes this attenuation. CAL
IPSO determination of PSC composition in the coincidence zone (in red) 
is shown and compared to ACE on panel (c). ACE residual infrared 
transmittance spectra of PSCs at 18.5 km and 11.9 km are shown on 
panels (d) and (e). Similar figures for other coincidences can be found in 
the supplementary materials (Figs. S1–S5). 

In Fig. 1 (a) and (b), the strong signals between 0 and 10 km corre
spond to ground and tropospheric clouds. Stratospheric clouds are 
detected above the tropopause and in a “cold pool” of about 193 K 
(-80◦C). A zone of higher depolarization ratio around 18 km is associ
ated with NAT, STS and some enhance-NAT detections (see Fig. 1 (c)). 
Note that there is a change in resolution at 20.2 km in the CALIPSO data. 
These data are smoothed before the PSC detection algorithm, as 
explained in [39]. Backscatter enhancements are measured between 10 
and 15 km and are associated with STS detection. On Fig. 1 (c) is shown 
the coincident CALIPSO PSC classification and the ACE classification 
(colored arrows). The CALIPSO and ACE PSC compositions agree. In 
Fig. 1 (d), the spectrum at 18.5 km has distinct beta-NAT features: a 
sharp nitrate band due to the ν2 out-of-plane bending mode [46] at 821 
cm− 1, a broad feature at 1384 cm− 1 (nitrate ν3 antisymmetric N-O 
stretching mode [46]), and a characteristic OH stretching doublet at 
3209 and 3354 cm− 1. Normally there is also a weak NAT feature around 
and 1840 cm− 1 which is suppressed in this mixture (nearly pure NAT 
spectra are presented on Fig. S3). This spectrum has also some STS 
features, a weak SO2 feature around 900 cm− 1 and a broad feature 
forming around 1120 cm− 1 and is therefore classified as NAT-STS. The 
spectrum at 11.9 km however is typical of a nearly pure STS detection. It 
has a sulfate band at 1120 cm− 1, characteristic nitric acid bands at 1420 
cm− 1 (part of a doublet) and 1720 cm− 1, and a strong broad OH 
stretching band at 3300 cm− 1. It is not shown in the figure, but above 21 
km the ACE residual spectra are mostly noise; this altitude agrees with 
the top of the clouds detected by CALIPSO. Some ice cloud detections 
can be seen on Figs. S3–S5 in supplementary materials and corroborate 
the detection of ice by CALIPSO lidar at this altitude (Fig. 1c). Ice clouds 
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have two characteristic upward features at 1000 cm− 1 and 3550 cm− 1 

[26]. 
Fig. 2 shows three consecutive sunset measurements made by ACE 

that coincided with CALIPSO measurements on August 28, 2016. ACE 
data points are superimposed on the closest CALIPSO horizontal profile. 
The x-axis origin is fixed to be the first profile in time that meets the 

coincidence constraints. All the CALIPSO curtains shown meet the 
coincidence constraints. 

For all three coincidences, CALIPSO measured about 4 h after ACE 
and the measured profiles are 100-130 km apart. In the first coincidence 
Fig. 2 (a), ACE detects a pure STS cloud below 15 km and a pure NAT 
cloud above 17 km with a mixture of NAT and STS in the middle. This 

Fig. 2. Comparison of the ACE PSC composition (dots) and the CALIPSO PSC composition (color curtains) for coincidences of three consecutive profiles on August 
28, 2016. ACE data points are shown at the position of the closest CALIPSO profile. The origin of the x-axis is the first coincidence in time and all the CALIPSO 
curtains shown here meet the coincidence constraints (Δd<150 km, Δt<6 h). Each figure includes the ACE sunset identifier (ssXXXXX), UTC time, ACE and CALIPSO 
profile distance (Δd), CALIPSO’s coincidence time relative to ACE (Δt) and ACE profile coordinates. “trop-ice-cloud” stands for tropospheric ice clouds. 

Fig. 3. Comparison of ACE and CALIPSO PSC composition for coincidences during August 28, 2016. For each ACE PSC classification (shown with different colors) the 
graphs show the proportion of each CALIPSO classification detected in coincidence (x-axis). The number of ACE detections is shown in parenthesis in the legend. 
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agrees with CALIPSO that detects more STS at low altitude and NAT at 
high altitude. This two-layer cloud with lower altitude STS is typical at 
the end of the winter [8]. CALIPSO also detects a layer of ice PSCs at low 
altitude, not detected with ACE. The next coincidence is 1200 km away 
in Fig. 2 (b). ACE measured 3 layers from top to bottom: NAT, ice 
mixture and STS. CALIPSO measured mainly NAT and STS but some ice 
and enhanced-NAT were also present. Fig. 2 (c) shows the third coin
cidence where mostly ice was detected by CALIPSO. ACE measured ice 
mixture at low altitude, in agreement with CALIPSO, NAT-STS mixture 
at 17 km and pure NAT at higher altitudes. CALIPSO also measured a 
homogenous layer of NAT at high altitude and more STS at middle 
altitude. The cloud thickness of these coincidences is in agreement. 
Overall, the CALIPSO data are more heterogenous, with better spatial 
resolution, while ACE captures a global picture. 

3.2. Statistical comparison 

For August 28, 2016, 5 coincident profiles were found between the 
two satellites. This corresponds to 56 ACE PSC detections measured 
between UTC 10:23 and 20:08 at latitudes from 79.7◦ S to 80.1◦ S. In 
Fig. 3, PSC composition measured by ACE (NAT in yellow, STS in green, 
ice-mix in dark blue and NAT-STS in orange) is compared with the in
tegrated PSC compositions measured by CALIPSO in the closest profile 
and within a 4 km vertical window. Error bars represent statistical un
certainty calculated using the number of ACE detections (two times the 
standard deviation). 

For the NAT PSCs (16 detections) detected by ACE (Fig. 3 (a)), the 
majority of CALIPSO detections within 4 km of ACE’s altitude are also 
NAT (76 %). For STS PSCs (29 detections), a smaller proportion of 
CALIPSO detections are also STS (54 %), while the other events are NAT 
(40 %) and ice (6 %). On this day, ACE detected a substantial number of 
mixtures containing ice (5 detections). They were classified by CALIPSO 
mainly as ice (37 %) but also as NAT (29 %) and STS (34 %). The NAT- 
STS mixture detection by ACE was found to correspond in CALIPSO to a 

similar amount of NAT (41 %) and STS (40 %) and also some ice (18 %). 
No enhanced-NAT CALIPSO detections were coincident with ACE de
tections for this day. 

A similar analysis was carried for the 2018 and 2019 Antarctic 
winters. For these winters, coincident profiles were found from August 
25, 2018, to September 12, 2018 (180 profiles) and from August 27, 
2019 to September 6, 2019 (37 profiles). The coincidence periods are in 
late winter, despite the larger period probed by ACE. This is because 
coincidences between the two satellites are more probable when ACE 
sunsets are observed at higher latitude locations, where CALIPSO scans 
are more frequent. Coincidence latitudes range from 76.5◦ S to 82.5◦ S 
for 2018 and from 78.3◦ S to 82.3◦ S for 2019. 

Fig. 4 shows the comparison of ACE and CALIPSO PSC composition 
for coincidences during the 2018 winter. The same patterns as the single 
day in 2016 can be observed. Among the NAT PSCs detected by ACE, a 
large proportion of CALIPSO clouds are also classified as NAT (76 %). 
STS clouds of ACE are also classified as STS clouds by CALIPSO (57 %). 
Surprisingly, the pure ice PSCs detected by ACE are mainly classified as 
NAT (76 %) rather than ice (19 %) by CALIPSO. These numbers must be 
considered with care considering the low statistics (6 detections), but 
both NAT and ice are solid particles that could be difficult to tell apart 
with CALIPSO. Ice-mixture PSCs detected by ACE (107 detections) are 
classified by CALIPSO as NAT (39 %), STS (41 %) and less frequently as 
ice (19 %) and enhanced-NAT (1 %). Interestingly, for the mixture 
classes a lower agreement between ACE and CALIPSO is observed 
compared to the nearly pure classes. The proportion of agreement goes 
from 76 % to 68 % for NAT and from 19 % to 18.5 % for ice when 
changing from ACE’s nearly pure PSC detections to mixture PSC de
tections. Some of the disagreement observed between ACE and CALIPSO 
is likely due to inhomogeneity within the ACE field-of-view. 

Fig. 5 shows the comparison of ACE and CALIPSO PSC composition 
for coincidences during the 2019 winter. Similar patterns than for the 
2018 and 2016 winters are observed. The majority of NAT PSCs are well 
classified by CALIPSO. For STS clouds, CALIPSO detects large number of 

Fig. 4. Comparison of ACE and CALIPSO PSC composition for coincidences during the 2018 winter. See Fig. 3 for detailed description.  

Fig. 5. Comparison of ACE and CALIPSO PSC composition for coincidences during the 2019 winter. See Fig. 3 for detailed description.  
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STS, less NAT and less ice. For ice clouds, CALIPSO detections contain a 
majority of STS, then ice and NAT. 

Enhanced-NAT is relatively uncommon in the CALIPSO data, and its 
detection is rare. In the 2018 dataset, we found that 60 % of the 
enhanced-NAT events in coincidence are associated to mix-ice and NAT- 
STS ACE detections. Ice could be mistaken for NAT by CALIPSO since 
both of these PSCs contain solid particles with high depolarization 
ratios. 

Some PSCs of the 2018 and 2019 seasons were also recorded as SNA 
by ACE. In Fig. 6 (a), the red histogram shows the proportion of CALIPSO 
classifications coincident with SNA detection in ACE. The majority of 
CALIPSO classifications are STS for this type of cloud (83 %). SNA and 
STS clouds consist of liquid particles, which are hard to tell apart with 
lidar alone. 

Some ACE’s PSC detections are hard to categorize and are therefore 
labeled as “mixture” PSCs. Fig. 6 (b) shows in pink the comparison for 
the mixture PSCs with the CALIPSO classification. The mixture PSCs are 
classified by CALIPSO mainly as NAT (51 %) and STS (41 %). 

4. Conclusion 

Coincidences between CALIPSO and ACE measurements were found 
in three time periods which allowed their PSC classifications to be 
compared. We found general agreement between ACE and CALIPSO 
even though the measurements are based on completely different optical 
phenomena. Some disagreements must nevertheless be highlighted. For 
NAT clouds, the CALIPSO data agrees very well with ACE, with the 
percentage of misclassification close to the 10-15 % estimated in the 
classification method. ACE’s STS clouds, however, are often coincident 
with NAT and ice CALIPSO detections. For ACE’s ice clouds, approxi
mately one third of the CALIPSO detections are ice, while the rest are 
NAT and STS. CALIPSO’s NAT classification might be too inclusive 
considering all these results. However, some of the disagreement we 
found is likely due to inhomogeneity within the ACE field of view. SNA 
clouds for the 2018 and 2019 winters were detected by CALIPSO as STS. 
Qualitatively, the proportion of CALIPSO detections is consistent with 
the different mixture clouds detected in ACE, showing that both CALI
PSO and ACE are sensitive to changes in mixture composition. This 
initial comparison of the ACE PSCs composition classification with 
CALIPSO shows ACE’s potential in characterizing PSCs. ACE has been 
measuring since February 2004 and its PSC composition analysis has 
great potential to constrain and to improve current atmospheric models. 

CRediT authorship contribution statement 
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