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Abstract: Polar stratospheric clouds (PSCs) play a crucial role in ozone depletion in the polar stratosphere.
In this study, the space-based PSCs record from CALISPO and an offline three-dimensional chemical
transport model (SLIMCAT) are used to analyze the PSCs in the Arctic and the Antarctic for the period
2006—2021. Observations indicate that the seasonal evolution of the Antarctic PSC area is similar from
year to year. In contrast, the Arctic PSCs show large differences in seasonal variations of coverage and
duration in different years. The SLIMCAT simulations effectively capture the seasonal and interannual
variations of PSCs. However, the simulated PSC areas are larger than CALIPSO observations, which can
be attributed to the relatively high instrumental detection threshold of CALIPSO. SLIMCAT can capture
the zonal asymmetry of PSCs in both the Antarctic and Arctic, and it can reproduce a more accurate spatial
distribution of PSCs when the PSC coverage area is larger. In addition, accurate simulation of HNO; is
important for PSC simulation. Because the simulation of denitrification processes is poor in SLIMCAT,
which uses the thermodynamic equilibrium PSC scheme, the PSCs modeled by SLIMCAT are located
at higher altitudes compared to the observation in the Antarctic, where the denitrification processes are
strong. In contrast, for ice PSCs of which HNOj is not required in calculations and the Arctic where
denitrification is weak, the simulated PSC at different altitudes closely matches the observations.

Keywords: polar stratospheric clouds; CALIPSO; SLIMCAT

1. Introduction

Polar Stratospheric clouds (PSCs) play an important role in polar stratospheric ozone
depletion [1]. Heterogeneous chemical reactions on PSC particles can transfer the chlorine,
bromine, etc., from reservoir species (HCl, CIONO,, etc.) to the active species (Cl, CIO, etc.),
which can destroy ozone directly with sunlight. Furthermore, the denitrification and dehydra-
tion occurring on large PSC particles can prolong the lifetime of active chlorine and bromine.
Airborne radar observations and laboratory studies [2—6] show that there are three main types
of PSC particles: nitric acid trihydrate (NAT), supercooled ternary solution (STS), and ice PSCs.
In polar winter, stratospheric sulfuric acid aerosols (SSA) start to grow by uptake of H,O and
HNO:3, and a rapid formation of STS occurs below 192 K. The NAT particles are the dominant
PSC composition [7], which can efficiently form not only on pre-existing ice PSCs [8,9] but
also on SSA particles containing meteoritic dust and wildfire smoke [10,11]. Homogeneous
nucleation of ice PSCs takes place when the temperature is lower than the frost point, about
3-4 K [8,12]. Subsequent observations revealed that the ice PSCs can also nucleate on meteoric
debris [13] and pre-existing NAT particles [14] at a higher temperature.

The above-mentioned three types of particles all play important roles in polar chemical
ozone depletion. STS provides the surface for heterogeneous chemical reactions, while NAT
and ice particles redistribute the HNO3 and H,O in the stratosphere through sedimentation
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processes. The decreased HNO3 will impede chlorine deactivation [15], while the formation
of ice PSCs can irreversibly reduce the amount of H,O in the polar vortex and lead to lower
ozone depletion by reducing OH radicals [16,17]. Therefore, it is important to analyze the
spatial and temporal distribution of PSCs and optimize the parameterization of PSCs in
the Chemistry Transport Models (CTMs) and the Chemistry-Climate Models (CCMs) to
accurately simulate stratospheric ozone chemical depletion in polar regions.

PSCs can be observed by infrared spectrometers, such as the Michelson Interferometer
for Passive Atmospheric Sounding (MIPAS) [18,19] and Fourier transform spectrometer on
Atmospheric Chemistry Experiment (ACE) [20,21], as well as by lidar detections [22,23].
Ground-based lidar has been observing the PSCs for almost 40 years, and it can provide
observations with high temporal and vertical resolution. However, ground-based lidar is
susceptible to tropospheric clouds, and it is only able to observe at specific locations, which
restricts it from providing a comprehensive view of the PSCs across the polar regions [24].
In contrast, space-borne lidars, such as Cloud-Aerosol Lidar with Orthogonal Polariza-
tion (CALIOP) on Cloud Aerosol Lidar and Infrared Pathfinder Satellite Observations
(CALIPSO), overcome this limitation. The depolarization rate obtained from CALIOP
can effectively distinguish between spherical and non-spherical particles, which is the
key factor in identifying different PSC classes [25]. Observation of PSCs from CALIPSO
can help us understand the formation process of PSCs and optimize the parameterization
scheme of PSCs [13,26-29].

There are two methods to simulate PSCs in numerical models. One method adopts a
detailed microphysics of PSC parameterizations. For instance, Zhu et al. [26,27,30] devel-
oped a microphysical scheme for PSCs in CESM-WACCM/CARMA, including nucleation
and growth processes of NAT and ice PSCs. Compared with CALIPSO observations, PSCs
simulated by Zhu et al. [26,27,30] still lack a large density of small-size NAT particles
induced by gravity waves. Tritscher et al. [28] included the formation and dehydration
processes of ice PSCs in the Chemical Lagrangian Model of the Stratosphere (CLaMS),
which makes the model can simulate the evolution of PSC particles, encompassing nucle-
ation, growth, deposition, and evaporation. However, the model run with microphysical
parameterization is computationally expensive. An alternative method is using a thermal
equilibrium scheme, which assumes thermodynamic equilibrium between the particle
and the gas phase [31]. The thermodynamic equilibrium schemes, which are faster than
the microphysical parameterization, are used in most CTMs/CCMs and provide a good
approximation of the fundamental properties of PSCs [29,32].

The SLIMCAT uses the thermodynamic equilibrium scheme to simulate heterogeneous
chemistry and denitrification, which has been widely used to study chemical processes
in the stratosphere [33-35] and can reproduce stratospheric chemicals as well as polar
stratospheric ozone depletion well [36,37]. However, many studies using the SLIMCAT
model, as well as other models, focus on the influence of PSCs on chemical species, such as
O3, HO, HNO3, and HC1 [32,35,38—43], while paying less attention to the characteristics
of PSCs themselves. Given the importance of PSCs in ozone depletion, it is necessary to
assess the SLIMCAT model’s ability to simulate PSCs’ features, such as area, volume, and
spatial and temporal variations.

Some research evaluated the abilities of CTMs or CCMs in simulating PSCs by com-
paring modeled PSCs with observation only for a few days or a single year [26-29]. Few
studies have paid attention to the long-term simulation of PSCs. This study focuses on the
long-term simulation of PSCs in the Arctic and Antarctic from 2006 to 2021 using SLIMCAT.
We conduct a thorough comparison with the observations from CALIPSO, assessing the
performance of SLIMCAT in PSC simulation, and discuss the potential sources of the
errors. Section 2 presents the data, model, and methods used in this paper, and Section 3
presents the results of the comparative analysis. Discussion and conclusions are presented
in Sections 4 and 5, respectively.
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2. Materials and Methods
2.1. CALIPSO PSC Observations

CALIOP is a dual-wavelength polarization-sensitive lidar aboard the CALIPSO polar-
orbiting satellite [44], which is a joint U.S. (National Aeronautics and Space Administration,
NASA) and French (Center National d’Etudes Spatiales, CNES) satellite mission launched
on 28 April 2006. The lidar has three receiver channels: the 1064 nm backscatter intensity
channel and the orthogonal polarization backscatter coefficients (B and B, ) at 532 nm.
Pitts et al. [23,45-47] detected and classified the PSCs based on the backscatter coefficients
and the scattering ratio Rs3p at 532 nm, which is defined as

By +RL
Bm

where 3., is the molecular backscattering coefficient, calculated from the Modern-Era
Retrospective analysis for Research and Applications, version 2 (MERRA-2) [48] molecular
number density. There are differences between different types of PSCs in terms of shape,
particle size, and physical phase state. Since non-spherical particles can cause depolar-
ization, the 3| can be used to distinguish between spherical and non-spherical particles.
NAT and ice PSC are non-spherical solid particles, which can cause a large (3, while
STS is a spherical droplet that has a small 3, close to 0. In addition, ice PSC particles
are larger than NAT, which can produce a larger scattering ratio. Therefore, Rs3, can be
utilized to distinguish NAT and ice PSC [23,46]. In the latest CALIPSO Lidar Level 2
Polar Stratospheric Cloud Mask V2.00 Product, PSCs are classified as STS, NAT-mix, Ice,
NAT-enhanced, and Wave ice [23]. The vertical coverage of this PSC product ranges from
8.4 to 30 km, and the latitude coverage is 50-82°. Its vertical and along-track horizontal
resolution is 180 m and 5 km, respectively. As a polar-orbiting satellite, CALIPSO passes
over the polar region about 14-15 times per day, which makes CALIPSO’s observations of
the polar region dense enough to characterize the actual distribution of PSCs well. In addi-
tion, the CALIPSO dataset provides profiles of temperature from MERRA-2 and profiles
of HNOj3; and H,O from Microwave Limb Sounder (MLS). The dataset used in this paper
is derived from the NASA Langley Research Center Atmospheric Sciences Data Center
(ASDC; https:/ /asdc.larc.nasa.gov/, accessed on 26 April 2024).

(1)

Rs3o =

2.2. TOMCAT/SLIMCAT 3D CTM

TOMCAT /SLIMCAT (hereafter SLIMCAT) is an offline three-dimensional chemical trans-
port model (CTM) [49] developed by the University of Leeds, United Kingdom. It contains a
detailed description of stratospheric and tropospheric chemistry and is now widely used in the
study of atmospheric chemical processes [34,41,50-52]. The current version of the SLIMCAT
model uses a simplified PSC scheme for the simulation of heterogeneous chemistry, which
assumes thermodynamic equilibrium between the particle and the gas phase [31]. Note that
size distribution is important to denitrification and dehydration as the sedimentation velocity
depends on particle size [53]. In the PSC scheme of SLIMCAT, the radius of NAT particles
is assumed 0.5 um, and the SAD of NAT particles is calculated based on the condensation
of HNOj. For ice PSC particles, a number density of Njc = 10 cm 2 is assumed to calculate
the SAD. Recent studies show that the model can capture well PSC processing and chlorine
activation [41,43]. Here, we perform a control simulation from 2006 to 2021, including the
heterogeneous chemistry processes. The temporal resolution of the SLIMCAT output data
is 6 h, and daily averages are calculated. The model was forced by the European Centre
for Medium-Range Weather Forecasts (ECMWF) ERA5 [54] winds and temperatures with a
horizontal resolution of 2.8° x 2.8° and a total of 32 levels from the surface to ~60 km. Note
that different reanalysis products, such as ERA40, ERA-Interim have been utilized to force the
SLIMCAT model [49,50,55,56]. Both SLIMCAT forced by ERA-Interim and ERA5 can reproduce
the spatial and temporal distribution of stratospheric ozone [56]. In comparison to ERA-Interim,
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the high-resolution ERA5 shows improved ability to resolve mountain waves [28]. Therefore,
the ERA5 data is better for the parameterization of PSCs in the SLIMCAT.

2.3. PSC Area Calculation

In this study, the daily SLIMCAT PSCs are present when the daily ambient temper-
ature falls below the NAT equilibrium temperature (TnaT), which is calculated by the
stratospheric HNO3; and H,O [2]. Similarly, ice PSCs are present when the temperature
is below the frost point (Tjc), which is calculated by H,O [2]. The SLIMCAT PSC and ice
PSC area is obtained by summing the area of the model grids where PSCs are present,
hereafter referred to as the “Grid method”. CALIPSO PSC data are orbital data and can-
not be used to directly calculate PSC coverage area like SLIMCAT. Therefore, a statistical
method introduced by Pitts et al. [23] (hereafter, the P18 method) was used to calculate the
CALIPSO PSC area in this study. Firstly, the latitude range of 50—90°S or N is grouped
into 10 latitude bands. Within each band, the frequency of PSC occurrence is defined as the
ratio of the number of PSC observations to the total number of observations. Subsequently,
this frequency is multiplied by the area of each latitude band. Finally, the areas calculated
for the 10 latitude bands are summed to obtain the daily coverage area of CALIPSO PSCs.
The calculation formula can be expressed as follows:

L0 Npsc,i
Apsc = Z ~ A, 2)
i—1 Dobs,i

where i is different latitude bands, nps,; is the number of PSC observations within the
i-th latitude band, ngps ; is the total number of observations within the i-th latitude band,
and A; is the area of the i-th latitude band. As a statistical method, the sample size of
observations determines the reliability of the PSC area calculated by the P18 method. There
are approximately 14~15 CALIPSO orbits per day, and the satellite orbit coverage is dense
in polar regions, which makes the P18 method reliable. Note that orbits are missing on
some days. To avoid the area anomalies from missing orbits, only per day with orbits
greater than 7 is used to calculate the PSC area in this study. In addition, CALIPSO PSC
data is interpolated to 320—700 K isentropic levels at 10 K intervals before calculating the
area. We will show the comparison between the P18 and the Grid method in Section 3.

2.4. Relative Standard Deviation

The relative standard deviation (RSD) is obtained by the standard deviation divided
by the mean value and can be used to characterize the dispersion of a data set relative to its
mean value. In this study, we used the RSD to characterize the seasonal and interannual
variability in PSC volume, calculated using the following formula:

2
Y (%)

RSD; = < x 100%, (©)]
]

For the calculation of seasonal variation, j is the year, n is the total number of days (December
to March for the Arctic and May to October for the Antarctic), i is the day
(i=1 2, 3,..,n), xj is the daily PSC volume, X; is the annual average PSC volume, and the
seasonal variability is obtained by calculating the mean value of RSD;.

For the calculation of interannual variability, j is the day, n is the total number of years,
iistheyear (i=1,2,3,..,n), Xij 18 the daily PSC volume, Xj is the average PSC volume on
a given day over the years, and the interannual variability is obtained by calculating the
mean value of RSD;.
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3. Results

Figures 1 and 2 show the seasonal evolution of the Antarctic and Arctic PSC areas
observed by CALIPSO, respectively. The seasonal evolution of the Antarctic PSC area is
similar from year to year. It forms near the 500 K isentropic level in middle or late May and
gradually expands vertically, with cloud thickness and coverage area increasing afterward.
The maximum PSC coverage area and cloud thickness typically occur during middle to
late July. As the temperature increases around the 500 K isentropic level in August, the
PSC coverage area gradually decreases. This decrease is accompanied by a reduction in
the altitude of the maximum PSC coverage area existing, which is consistent with the
downward shift in the coldest center within the polar vortex [57,58]. Although the seasonal
variation of PSC coverage in the Antarctic is generally similar every year, the PSCs in each
month have sizeable interannual variability, and so does the PSC duration. In most cases,
PSC disappears before October, while in some years, it can persist to mid-October, which
is closely related to the intensity and breakup time of the stratospheric polar vortex. In
addition, the long-lasting PSC areas in 2015 and 2020 may be associated with the increasing
injection of aerosols from Calbuco volcanic eruptions [59] and Australian wildfires [11].
Note that a rapid decrease in PSCs was observed in mid-September 2019, which is caused
by the sudden stratospheric warming (SSW) in the Antarctic [60].

Theta (K) Theta (K) Theta (K) Theta (K) Theta (K) Theta (K) Theta (K) Theta (K)

05 1.0 1.5
CALIPSO PSC area (10™3 m?)

Figure 1. Seasonal evolution of the Antarctic PSC areas observed by CALIPSO during 2006 —2020.
The gray-filled areas indicate missing data or less than eight orbits.

The Arctic PSC coverage area (Figure 2) is much smaller than the Antarctic. This
difference can be attributed to the enhanced wave propagation into the stratosphere, which
is much stronger in the Northern Hemisphere due to forced waves by topography and
ocean-land thermal contrast. The dissipation of planetary waves warms the polar regions
and consequently leads to a smaller occurrence of PSCs. Furthermore, note that the PSC
coverage area over the Arctic exhibits a much greater interannual variability in timing and
duration than that over the Antarctic. This feature is closely related to the behavior of the
polar vortex. For example, the PSC coverage and thickness observed during December
and January 2015/2016 (Figure 2j) are the largest over the past decade due to a strong and
stable Arctic stratospheric polar vortex [14], corresponding to a significant potential for
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stratospheric ozone depletion. However, due to the PSC disruption caused by a major
SSW occurring in late winter and major stratospheric final warming in March [61-64], no
significant ozone depletion was observed in the spring of 2016. By contrast, large Arctic
PSCs at 500 K persist into March in 2010/2011 (Figure 2e) and 2019/2020 (Figure 2n), which
leads to severe Arctic ozone depletion in 2011 and 2020 spring [41,65]. In addition, the
warmer temperature prevented the formation of PSCs in 2014 /2015 and 2018/2019, so the
frequency of PSC occurrence is much less in these years (Figure 2i,m).
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Figure 2. Same as Figure 1, but for the Arctic during 2006—2021.

Figure 3 shows the seasonal evolution of the Antarctic PSC areas simulated by the
SLIMCAT model. The modeled PSC compares well with the CALIPSO observations at
both seasonal and interannual time scales, e.g., the rapid decrease in mid-September
2019. However, on a daily time scale, the variability of PSC area observed by CALIPSO is
relatively larger than that simulated by SLIMCAT in all years. In addition, we found that the
modeled PSC maximum areas are ~5 million km? (~25%) larger than CALIPSO observation,
and it forms earlier and persists for a longer period compared with CALIPSO observation.
The discrepancies between the observation and model simulation will be discussed in the
following text. In the Arctic, the SLIMCAT effectively captures the large seasonal and
interannual variability of PSCs (Figure 4). Note that the modeled PSCs reproduce the
extensive PSC formation observed in early winter during 2015/2016 and the long-lasting
existence of PSCs in 2010/2011. However, SLIMCAT also overestimates the PSC area and
its duration in the Arctic. Figure S1 shows the seasonal variation of the Antarctic and
Arctic PSC area climatology from CALIPSO observations (a, b) and SLIMCAT simulations
(c, d). Although the simulated PSC areas are larger than the CALIPSO observations,
the SLIMCAT simulations effectively capture the seasonal variations of PSCs in both the
Antarctic and Arctic.

There are two possible explanations for the larger PSC coverage in SLIMCAT than
CALIPSO. The main reason is the higher instrument detection threshold of CALIPSO. In the
SLIMCAT, the PSC parameterization is based on thermodynamic equilibrium theory, which
assumes the existence of PSCs when the environmental temperature is lower than TnaT.
Considering the number density of PSC particles increases as the temperature decreases,
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SLIMCAT simulates the occurrence of PSCs in certain regions when the temperature is
slightly below Tyat. However, the lower number density and backscatter of the thinner
PSCs may prevent the PSCs from being detected by CALIPSO [30,45], which results in a
larger PSC coverage area in SLIMCAT than in CALIPSO. To verify this, we recalculated
PSCs along the orbital profile (Figures S2 and S3) based on the thermodynamic equilibrium
method using MERRAZ2 temperature, HyO, and HNO; provided by MLS data. Similar to the
simulation of PSCs by SLIMCAT, the range of PSCs obtained through the thermodynamic
equilibrium method using observed temperature, HO, and HNOj data is larger than
direct CALIPSO observations. MIPAS is more sensitive and able to detect the presence of
PSCs earlier compared to CALPSO [7]. Figure 54 shows the climatology of the PSC area
derived by MIPAS during 2002—-2012. Although the seasonal variability of the MIPAS
PSC is significantly different from that of the CALIPSO and SLIMCAT PSCs, its maximum
coverage area is larger than that of CALIPSO and closer to that of SLIMCAT. Tritscher
et al. [7] also showed that the volume of the MIPAS PSC is larger than that of the CALPSO
PSC by a factor of 1.38 in the Antarctic and 1.63 in the Arctic. The comparison with
MIPAS indicates that CALIPSO, which has a high instrumental detection threshold, may
underestimate PSCs. Besides, in the CALIPSO PSC detection algorithm, the PSCs are
detected by statistical anomalies of stratospheric background aerosols [47]. However,
some PSCs may be misclassified as background aerosols or as “sub-visible” PSCs [10,23],
resulting in an underestimation in CALIPSO. Even so, we still use the direct observation by
CALIPSO as the standard for PSCs in the following analysis since there is no alternative
long-term PSC observation. Another reason could be the relatively low resolution of SLIMCAT
(2.8° x 2.8°). Once T < TyaT, the PSCs are considered to fill the entire grid, and the nucleation and
growth times of the particles are ignored, which can lead to an overestimation of the simulated
PSC area.

Theta (K) Theta (K) Theta (K) Theta (K) Theta (K) Theta (K) Theta (K) Theta (K)

Sept. Oct.

0.0 0.5 1.0 15 2.0 25
SLIMCAT PSC area (103 m?)

Figure 3. Seasonal evolution of the Antarctic PSC areas calculated by SLIMCAT model simulation
during 2006—2021.
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Figure 4. Same as Figure 3, but for the Arctic during 2006—2021.

In addition, the method of calculating the PSC area may also cause errors. Steiner et al. [29]
interpolated the CALIPSO observation data into the model grid and found that the PSC coverage
area calculated by the Grid method is larger than that calculated by the P18 method. The
CALIPSO daily orbits do not cover all the model grids in the polar regions, and the CALIPSO
missing grids may be PSC-existing. To address this issue, Steiner et al. [29] utilized grids with
orbit coverage at the same latitude to fill in the missing grids. This method is suitable for the
Antarctic region as the spatial distribution of PSCs exhibits a weaker zonal asymmetry. However,
in the Arctic region, there is a notable zonal asymmetry in the spatial distribution of PSCs, which
makes the P18 method unsuitable. In this study, we interpolate the SLIMCAT PSCs to the
CALIPSO orbits and recalculated the SLIMCAT PSC coverage using the P18 method (Figures S5
and 56). Note that the values of the modeled PSC area using P18 method are almost the same as
those using the Grid method. To compare the difference between the two calculation methods
more clearly, Figure S7 shows a contrast between the SLIMCAT PSC areas calculated by the
P18 method and the Grid method. Overall. The points at both the North and South Poles
are distributed near the diagonal, indicating that the difference in PSC area calculated by the
two methods is small. In this case, the use of the P18 method resulted in a decrease in the
Antarctic PSC area of 0.71 million km? (relative error: —6.10%) and an increase in the Arctic
area of 0.15 million km? (relative error: 3.14%) compared to the Grid method, indicating that the
PSC area calculated by the P18 method is reasonable. This result is not consistent with that of
Steiner et al. [29], which may be related to the interpolation process. Steiner et al. [29] interpolated
PSCs from high-resolution orbital points to low-resolution grids, where a single PSC may occupy
an entire grid, resulting in an increase in PSC coverage area. In contrast, in this study, interpolation
from low-resolution grid points to high-resolution orbital points avoids this issue. However, after
applying the P18 method, the daily variation in the SLIMCAT PSC area increases, which may be
related to the daily variation in CALIPSO orbits. To avoid this problem, all SLIMCAT PSC areas
still use the Grid method in this paper, while the CALIPSO PSC areas are calculated using the
P18 method.
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The polar-averaged volume of PSCs is obtained by vertically integrating the PSC
area in the altitude coordinate. It is an indicator of the total area coverage of PSCs at all
heights in the lower stratosphere. Figure 5 shows the seasonal evolution of PSC volume
in the Antarctic and Arctic. The climatological PSC volume in the Antarctic reaches its
maximum value around mid-July in both CALIPSO observation and SLIMCAT simulation,
consistent with the maximum time in PSC area and thickness (Figures 1 and 3). However,
the modeled climatological maximum PSC volume is approximately 60% larger than that
observed by CALIPSO, primarily due to the larger PSC area in SLIMCAT. Furthermore,
in the Antarctic late winter and spring, SLIMCAT can reproduce the years when the
daily minimum and maximum PSC volume occur (Figure 5a,b). In the Arctic, years
with the maximum PSC volume are nearly consistent between CALIPSO and SLIMCAT.
The climatological maximum PSC volume is approximately 20 million km®, which is
significantly smaller than the 150 million km? in Antarctica. The climatological Arctic PSC
volume and interannual standard deviation reach their maximum values during January
in both model and observation. Particularly note that the maximum daily volume of the
Arctic PSCs in January often occurred in 2015 and 2016. The PSCs in these two years are
significantly larger than the multi-year average volume. Besides, the model simulation
and CALIPSO are in close agreement for seasonal variation of PSC volume. However, the
modeled climatological maximum PSC volume is about 200% larger than that observed by
CALIPSO, and it shows larger fluctuations in February and March.
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Figure 5. Time series of PSC volume in the Antarctic during 2006—2020 (a,b) and the Arctic during
2006—2021 (c,d) derived from CALIPSO observation (a,c) and SLIMCAT simulation (b,d). The thick
red line indicates the climatological mean PSC volume, the black vertical lines indicate the standard
deviation of the 14-year PSC volume, and the dashed lines and colored markers indicate the record
maximum and minimum values for the period.

Table 1 summarizes the mean value, seasonal variability, interannual variability, and
long-term trends in PSC volumes from CALIPSO observations and SLIMCAT simulations.
The volume of both Antarctic and Arctic PSCs simulated by SLIMCAT is larger than that
observed by CALIPSO. Note that the seasonal variability and the interannual variability
of the modeled PSC volume are smaller than that of the observed, indicating a smaller
variability in SLIMCAT PSCs than that in CALIPSO PSC. In addition, both observations and
simulations show that the seasonal variability and interannual variability of PSC volume
in the Arctic is much larger than that in the Antarctic, which is consistent with that of the
PSC area. The long-term trend is calculated from the annual average volume (average
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of December to March in the Arctic and May to October in the Antarctic), and there is
a large difference between the long-term trends of the observed and modeled Antarctic
PSC volumes in the table. The CALIPSO observed Antarctic PSC volume shows a slight
decline, whereas the SLIMCAT simulated PSC volume has a trend close to zero. It should
be noted that none of the linear trends in the table are statistically significant, indicating no
significant trend in the annual average PSC volume.

Table 1. Summary of PSC volumes for the Antarctic during 2006—2020 and the Arctic during
2006—2021 from CALIPSO observations and SLIMCAT simulations.

Antarctic Arctic
Items
CALIPSO SLIMCAT CALIPSO SLIMCAT
Mean value (10° km?3) 71.72 135.49 9.82 46.84
Seasonal variation (%) 86.39 67.49 148.23 75.08
Interannual variation (%) 41.12 36.02 128.92 74.95
Linear trend (10 km3/year) —1.21 +£1.40 0.07 £ 0.89 0.05 £ 0.58 0.39 £ 1.96

Figure 6 shows the Antarctic PSCs observed by CALIPSO and the spatial distribution
of T—Tnat on 470 K isentropic level derived from the SLIMCAT. We note that the SLIMCAT
model reproduces the key features of the PSCs distribution. In particular, the modeled
PSCs are in good agreement with the observation when the PSC areas are large, such as in
2008 and 2011. However, in the years with fewer PSCs, such as 2017, the modeled PSCs are
significantly larger than the CALIPSO observation. In the Arctic (Figure 7), TnaT isolines
(green lines) also cover a larger area than CALIPSO observation (yellow dots) in most
cases. If we take the Tyar—3 K as the threshold of PSC formation, the region enclosed
by the orange contour line is in better agreement with the observed PSC distribution. It
should be noted that we do not consider the use of Tyar—3 K as the threshold for PSC
formation in the model to be a better choice. In some cases, although the boundaries of
PSCs coincide closely with the orange contour line, there are still a significant number
of PSC occurrences between the green and orange contours. Due to the good agreement
between the modeled PSCs with Tyar—3 K as a threshold and the observations, we will
later utilize this to compare with the observations.

2006 0.46 1.42 20070.61 1.32 20081.131.71 20091.20 1.50 20100.54 1.44
| / > \ /

2014 0.331.00 20150.621.31

Figure 6. The spatial distribution of T—TnaT calculated by SLIMCAT simulation (shadings) and
PSCs observed by CALIPSO directly (yellow dots) on September 1 from 2006 to 2020. The black
lines indicate the orbit of CALIPSO during a day on 470 K isentropic level. The green and orange
lines indicate T = Tyar and T —Tnat = —3 K, respectively. PSC areas calculated by SLIMCAT and
CALIPSO are shown at the top of each panel, where the red numbers indicate the CALIPSO area and
the blue numbers indicate the SLIMCAT area in units of 107 km?2.
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2007 0.03 0.60 20081.001.40 20090.000.06 20100.98 1.25 20110.00 0.46

Figure 7. Same as Figure 6, but for the Arctic on January 18 from 2006 to 2021.

Figure 8 shows the PSC area on different isentropic levels derived from CALIPSO and
SLIMCAT. To eliminate the impact of zero values on the regression line, the data with zero PSC
area for both CALIPSO and SLIMCAT are removed. The modeled PSC coverage areas over
the Antarctic and Arctic regions are both larger than the CALIPSO observation, and thus, the
SLIMCAT values are located at the left upper corner of the diagonal. Note that the slope of
the linear fit line is 1.14 and 1.45 in the Antarctic and Arctic, respectively, suggesting that the
simulated PSCs in the Antarctic have a better correlation with observed values. According to the
regression coefficient, the modeled PSC coverage area is about 5.43 million km? (relative error:
113%) larger than the CALIPSO observation in the Antarctic, while it is about 3.44 million km?
(relative error: 269%) larger in the Arctic.
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Figure 8. Modeled daily PSC area plotted against CALIPSO observation in the Antarctic (a,c) and
Arctic (b,d). The thresholds for PSC formation in SLIMCAT are Tnjat (a,b) and Tyyat—3 K (c,d), respectively.
Different colors indicate PSCs on different isentropic levels. The dashed line is the diagonal. The linear fits
are shown as red solid lines. The linear fit equations and correlation coefficients are shown at the bottom
right on each panel.
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In the Antarctic, the modeled PSC coverage area in the middle stratosphere is much
larger than the observation, while it is gradually closer to the observation as altitude de-
creases. Figure 8c shows that the adjusted modeled PSC area using Tyar—3 K is larger
on the high isentropic levels and smaller on the low isentropic levels, suggesting that the
occurrence altitude of the modeled PSCs is higher than that in observation. This discrep-
ancy between the simulation and observation may be caused by poor simulation of PSC
sedimentation processes of the simplified PSC scheme in SLIMCAT. Feng et al. [66] found
that the simplified PSC scheme in SLIMCAT could potentially result in an overestimation of
denitrification, which may be the main reason for this disparity between the model and ob-
servation. In the Arctic, points at different levels are more uniformly concentrated around
the linear fit lines compared to the Antarctic, indicating that the discrepancy between model
and observation is less dependent on levels (Figure 8d).

Figure 9 shows the PSC occurrence frequency on 500 K isentropic level at which the
maximum PSC is located. The CALIPSO observation indicates that the PSC occurrence
frequency in the Antarctic reaches its peak value in July and subsequently decreases
gradually. Due to the steady descent of air masses over the Antarctic stratosphere during
spring [57,58], there are no PSCs at 500 K in October, and most of the PSCs are located below
the 400 K isentropic level (Figure 1). Furthermore, the maximum PSC frequency occurs near
the Antarctic Peninsula. The high-frequency mountain wave activity near the Antarctic
Peninsula results in local temperature fluctuations, which rapidly decreases the ambient
temperature below Tj. and leads to ice nucleation. These ice particles further induce NAT
nucleation [19,23,67]. Compared to the CALIPSO observation, the SLIMCAT simulation
shows a higher PSC occurrence frequency, and the relative bias can reach 100% over the
entire Antarctic region. Additionally, the SLIMCAT simulations can reproduce the zonal
asymmetry in PSC occurrence frequency, with higher PSC occurrence frequency in May
and September near the Antarctic Peninsula, which is not significant in July. However, the
PSC frequency with Tyar—3 K as the threshold of PSC formation (Figure 9c) is significantly
smaller, and there is a significant zonal asymmetry in July. Therefore, the possible reason for
the insignificant asymmetry of SLIMCAT PSC frequency in July is that the PSC frequency
reached nearly 100% over the Antarctic continent, which overshadows and masks this
underlying asymmetry.

June July August September  October
. 100

80
[
()
>
(o
[0)

60 =
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o
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0

Figure 9. The PSC occurrence frequency from May to October for the period 2006—2020 at 500 K
isentropic levels in the Antarctic derived from (a) CALIPSO observation, (b) SLIMCAT simulation,
and (¢) SLIMCAT simulation with Tyar—3 K as the threshold of PSC formation.

Figure 10 shows the PSC occurrence frequency in the Arctic region on 460 K isentropic
level from December to March based on CALIPSO observation and SLIMCAT simulation.
Due to the higher temperature in the Arctic, the PSC occurrence frequency is notably
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(@)

December

lower than that in the Antarctic. The PSC occurrence frequency shows a noticeable zonally
asymmetric structure, with the maximum frequency between the Svalbard Archipelago
and Novaya Zemlya, which is related to the location of the climatological polar vortex
center [68]. The CALIPSO observed PSC occurrence frequency reaches its maximum in
January, while the modeled maximum PSC occurrence frequency is also in January but
significantly higher than the CALIPSO observation.

January February March

PSC occurrence frequency

Figure 10. Same as Figure 9, but from December to March for the period 2006—2021 at 460 K
isentropic levels in the Arctic derived from (a) CALIPSO observation, (b) SLIMCAT simulation, and
(c) SLIMCAT simulation with TyaTr—3 K as the threshold of PSC formation.

Figure 11 shows the seasonal evolution of Antarctic ice PSC areas observed by
CALIPSO. Since ice PSCs rarely occur in the Arctic, only the Antarctic PSCs are shown.
Influenced by the temperature inside the polar vortex, the interannual variability of ice PSC
area over the Antarctic is large, and its seasonal evolution differs from that of total PSCs
(Figure 1). The seasonal variation of ice PSCs in the Antarctic is characterized by periodic
extreme values occurring every few days. This phenomenon can be attributed to the re-
quirement of very low temperatures for ice PSC formation. The synoptic-scale variations in
the polar vortex significantly influence the occurrence of ice PSCs. Ice PSCs usually appear
in June and disappear before October. Figure 12 shows the seasonal evolution of Antarctic
ice PSC areas derived from SLIMCAT simulation. Although the modeled ice PSC areas are
larger than those observed by CALIPSO, the modeled ice PSCs can capture its interannual
variability, as well as several large ice PSC events (e.g., 2013, 2016, 2018, and 2020).
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Figure 11. Seasonal evolution of the Antarctic ice PSC areas observed by CALIPSO during 2006 —2020.
The gray-filled areas indicate missing data or less than eight orbits.
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Figure 12. Same as Figure 11, but derived from SLIMCAT simulation during 2006—2021.

Figure 13 shows the ice PSC area on different isentropic levels derived from CALIPSO
and SLIMCAT. Although the modeled ice PSCs are larger than the observation, the correlation
coefficient between SLIMCAT and CALIPSO is 0.86, and the absolute error (0.35 million km?)
and relative error (35%) are smaller than that of total PSCs (Figure 8), indicating that the modeled
ice PSC areas are in better agreement with the observation. The large ice PSC areas are located
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around 450 K, which is lower than the level at the maximum coverage of total PSC locates. In
addition, the points of ice PSC area at different levels are uniformly concentrated around the
linear fit lines, indicating that the altitude of the modeled ice PSCs agrees well with the observed
one. Since Tjc. depends only on H,O, while Tyat depends not only on H,O but also on HNO3,
the altitude discrepancy in Figure 8a,c between simulations and observations can be attributed to
the HNOj simulation bias and insufficient simulation of the NAT sedimentation. It also indicates
that the role of HNOj3 (as well as H,O) in PSC calculations cannot be ignored. Thus, it is not
accurate to employ fixed HNO; and H,O for PSC threshold temperatures or even use 195 K as
the threshold temperature for PSC formation, which may have considerable discrepancies. We
experimented with using 195 K as the threshold temperature for PSC formation (Figure S8), and
the discrepancy between simulations and observations is much larger than that in Figure 8a,b,
which suggest that the simulation of PSCs can be effectively improved after considering realistic
HN03 and HzO.
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Figure 13. Modeled daily ice PSC area plotted against CALIPSO observation in the Antarctic.
Different colors indicate ice PSCs on different isentropic levels. The dashed line is the diagonal. The
linear fit is shown as the red solid line. The linear fit equation and correlation coefficient are shown in
the bottom right of the panel.

4. Discussion

There is a better agreement between the simulated and observed spatial distribution of
PSCs when the Tnar—3 K is used as the threshold temperature for PSC formation. A sensitivity
experiment conducted by Steiner et al. [29] involved offsetting a cold temperature bias in the
polar lower stratosphere by +3 K, resulting in a significantly improved agreement between
the simulated PSC coverage area and observed from CALIPSO. Furthermore, Pitts et al. [45]
found that the agreement between the observed CALIPSO PSC area and the area of T < Tsrg
(assuming Tsts is 4 K colder than Tnar) is better than that with the area of T < Tyar. Observation
indicates that when the temperature is slightly below Tnat, the number of NAT is relatively
small, which cannot be detected. As the temperature decreases, the number of NAT peaks
at approximately 3—4 K below Tyar, primarily due to different exposure times of air parcels
below Tnar [23,32,46,69]. In contrast, for STS and ice PSCs, the peak occurs rapidly once
the temperature is below the respective formation threshold temperatures, Tsts and Tje. In
thermodynamic equilibrium models, PSCs take place once the temperature falls below the
threshold temperature. As a result, using Tnat as the threshold of PSC formation leads to a
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larger simulated PSC area than the observation, while using Tijc for ice yields better agreement
with observations of ice PSCs. Although the use of Tyar—3 K as a threshold for PSC formation
has significantly improved the simulation, it is not a good decision to adjust the PSC formation
threshold in the model to cater to the CALIPSO observations.

In addition, our results indicate that accurate simulation of HNOj (as well as H,O)
is crucial for PSC simulation. The simplified PSC scheme in SLIMCAT still exhibits defi-
ciencies in simulating HNOj3 [66]. Considering the critical role of HNOj3 in the PSCs and
the conversion of active chlorine to chlorine reservoir species in spring [15], it is necessary
to improve the simulation of denitrification. In future model development, denitrifica-
tion schemes with detailed microphysical schemes where the air parcel is moving along
the trajectory in Lagrangian can be included to improve the simulation of PSCs as well
as ozone.

5. Conclusions

Using a CTM (SLIMCAT), we simulate the PSCs in the North and South Polar stratosphere
and compare the features of PSCs, including their area, volume, and distribution, to the observed
PSCs from the CALIPSO satellite. We use two different methods to calculate the SLIMCAT
(Grid method) and CALIPSO (P18 method) PSC areas. Although Steiner et al. [29] suggested
that the two methods lead to relatively large differences in PSC area, our results show that the
modeled PSC areas calculated by the two methods are close.

The seasonal evolution of the Antarctic PSC area is similar from year to year. It
forms near the 500 K isentropic level in middle and late May, and then its area gradually
increases. After reaching a maximum in middle and late July, the PSC area begins gradually
to decrease until it disappears in October. In contrast, the year-to-year variability in PSC
coverage area, timing, and duration in the Arctic is much larger. There is a zonal asymmetry
in the spatial distribution of PSCs, especially in the Arctic. The maximum occurrence
frequency of the Antarctic PSCs is near the Antarctic Peninsula, which is influenced by
topographic gravity waves. In the Arctic, the maximum occurrence frequency is between
the Svalbard and Novaya Zemlya, which is related to the location of the climatological
polar vortex center.

The SLIMCAT agrees well with the observation of seasonal variation and spatial
distribution of PSCs. However, the SLIMCAT simulations overestimate the PSC coverage,
with the simulated PSCs appearing earlier and persisting for a longer duration. There
are several factors contributing to the discrepancy between simulated and observed PSCs.
One is the high detection threshold of CALIPSO, which leads to the thin PSC layer not
being monitored. Additionally, the discrepancy may also stem from the coarse resolution
of SLIMCAT. Comparing the spatial distribution of PSCs from SLIMCAT simulation with
CALIPSO observation, we found that the simulated spatial distribution of PSCs is consistent
with the observation when the PSC coverage area is larger. However, when the PSC
coverage area is smaller, the observed PSC coverage area is significantly larger than the
simulated results. Finally, our results indicate that accurate simulation of HNOj3 (as well as
H,0) is crucial for PSC simulation.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs16173285/s1, Figure S1. Seasonal variations in the climatology
of the PSC area derived by (a,b) CALIPSO during 2006—2020, (c,d) SLIMCAT during 2006—2020 in
the Antarctic (left) and Arctic (right). The range of the color bar is 0 to 1.4 for the Arctic and 0 to
2.1 for the Antarctic; Figure S2. The difference in T and Tnar (color shading) along the 10th orbital
profile on June 14, 2006. Regions where T—Tnar < 0 indicate the presence of PSCs. PSCs directly
observed by CALIPSO are shown in black-dotted regions; Figure S3. Same as Figure S2, but for PSCs
on 15 June 2006; Figure S4. Seasonal variation in the climatology of the PSC area derived by MIPAS
during 2002—-2012 in the Antarctic (a) and Arctic (b). The range of the color bar is 0 to 1.4 for the
Arctic and 0 to 2.1 for the Antarctic; Figure S5. Seasonal evolution of the Antarctic SLIMCAT PSC
areas calculated by P18 method during 2006—2020. The gray-filled areas indicate missing data or
less than eight orbits; Figure S6. Same as Figure S5, but for the Arctic; Figure S7. The SLIMCAT PSC
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area was calculated using the Grid method and plotted against the SLIMCAT PSC area, which was
calculated using the P18 method in the Antarctic (a) and the Arctic (b). Different colors indicate PSCs
on different isentropic levels. The linear fits are shown as solid red lines. The linear fit equations and
correlation coefficients are shown at the bottom right of each panel. The gray area indicates that 95%
of the points fall into this region; Figure S8. The PSC area using 195 K as the formation threshold
is plotted against CALIPSO observation in the Antarctic (a) and Arctic (b). Different colors indicate
PSCs on different isentropic levels. The linear fits are shown as solid red lines. The linear fit equations
and correlation coefficients are shown at the bottom right of each panel.
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