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Based on a recently developed all-sky forward model (c-IASI/F2N) for the computation of spectral radiances in
the range 100 to 2760 cm’, the paper addresses the spring onset of the Antarctica ozone hole with infrared
observations from the IASI (Infrared Atmospheric Sounder Interferometer) satellite sounder. The Antarctica

Isr?ft:;ll_lets ozone hole is a cyclic event that grows in normal conditions in late August and collapses in late November/early
Ozone hole December. Because of climate change (cooling of the stratosphere), the O3 hole is expected to become deeper.

Indeed, 2021 and 2023 have been characterized by very spatially extensive and deep ozone hole. To demonstrate
that we can gain further insights into these phenomena with the help of infrared nadir viewing observations, we
have developed an all-sky retrieval tool, which inverts the whole IASI infrared spectrum to simultaneously es-
timate thermodynamic and geophysical parameters, including ozone and nitric acid, which are key parameters in
analyzing the Antarctic ozone hole. Infrared sounders acquire data day and night, unlike visible and ultraviolet
sounders, which are only operational during daytime. This enables us to acquire data also during the polar night,
which is a critical time for O3 hole formation. Ice polar stratospheric clouds have been identified and fitted with
our scheme. Maps of atmospheric ozone, complemented with those of nitric acid, temperature, and lower
stratosphere height, have been retrieved for July, September, and October 2021 and 2023. Results are compared
to those derived from TROPOMI (TROPOspheric Monitoring Instrument) and OMI (Ozone Monitoring Instru-
ment), showing a very good agreement. The comparison of simultaneously retrieved O3 and HNO3 shows that the
onset of the ozone hole is associated with relevant denitrification in the Antarctica Stratosphere. For 2023, our
findings also show that O3 depletion episodes began as early as July. Although demonstrative, our analysis
evidences the importance of Numerical Weather Prediction centers to assimilating all-sky infrared radiances
(day, night, clear, or with ice or water clouds) to get insights into providing a more comprehensive picture of the
Southern Spring ozone depletion over Antarctica.

Stratospheric ice clouds

1. Introduction

According to the Copernicus Atmosphere Monitoring Service (CAMS,
see e.g., https://atmosphere.copernicus.eu/twists-and-turns-2023-
Southern-hemisphere-ozone-hole) the last three years (2021-2023)
saw large, longer lasting than average Southern Hemisphere ozone hole
seasons. The Antarctica ozone hole is governed by the photochemical

* Corresponding author.
E-mail address: carmine.serio@unibas.it (C. Serio).

https://doi.org/10.1016/j.jqsrt.2024.109211

destruction of the ozone molecule through a chemical reaction with
chlorine, e.g., see Krummel et al. [1]. Various mechanisms have been
proposed to explain ozone depletion. Polar stratospheric clouds (PSCs)
formation is the fundamental catalytic mechanism that accelerates
ozone destruction [2]. Polar stratospheric clouds formation involves
HNO3 and H5O initially in the gas phase, which then condense into the
solid phase (giving rise to crystals of HNO3-3H30 or NAT) at
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temperatures below 195 K as shown in the review paper [2] and dis-
cussed in the section on PSCs below. The mechanism and chemistry of
the formation of PSCs and the destruction of O3 have been assessed using
satellite observations. Noteworthy is the analysis performed with the
Michelson Interferometer for Passive Atmospheric Sounding (MIPAS)
[3-5], the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP)
[6-10] and the Microwave Limb Sounder (MLS) [11]. Until now, this
phenomenon has been investigated and continuously monitored with a
suite of satellite instruments, among which the Ozone Monitoring In-
strument, OMI (https://aura.gsfc.nasa.gov/omi.html), and the TROPO-
spheric Monitoring Instrument, TROPOMI (https://www.tropomi.eu/).
While sensitive to ozone, aerosols, and some other specific species like
BrO, none of the mentioned above instruments is neither sensitive to the
thermodynamic conditions of the polar altitudes extending from the
Upper Troposphere to the Lower Stratosphere (UT/LS region), nor
capable of sensing nitric acid and water in the gas phase. We also
mention that the UT/LS region can be sensed with microwave in-
struments (e.g., MLS), [12]); however, they have low horizontal spatial
resolution compared to infrared instruments.

This work focuses on nadir-view, high spectral resolution infrared
observations. The objective of the study is to demonstrate that high
spectral resolution infrared sounders can contribute to the continuous
monitoring of the Antarctic ozone hole and provide information on other
gas and thermodynamic parameters relevant to achieve better under-
standing of the ozone hole formation and climatology. To this end, we
show the first analysis of the onset of the ozone hole with all-sky infrared
observations recorded on Sept. 9, 2021 and 2023 from the IASI instru-
ment [13] flying on the Meteorological Operational Satellites operated
by EUMETSAT(European Organization for the Exploitation of Meteo-
rological Satellites). In addition to the methodological aspects of
retrieving atmospheric parameters in all-sky conditions, it is important
to stress that the time evolution and analysis of O3 and HNO3 have
already been the subject of many studies with IASI observations. Among
many others, the studies presented in [14-17] are particularly relevant
to the present work. What is novel in this work is the application of an
all-sky forward model, which increases the amount of IASI soundings we
can use and, hence, the spatial and temporal resolution.

This work has been possible thanks to recent improvements [18-20]
of scaling approaches in radiative transfer in cloudy atmospheres, first
introduced by [21]. The pseudo-monochromatic forward model used in
this paper works with look-up tables to quickly calculate the optical
depth of gas species and clouds. The model also considers multiple
scattering effects by adopting suitable scaling of the radiative properties
of clouds, following the same formalism used in clear sky conditions
[20].

The retrieval tool has been used to estimate the vertical profiles of
temperature, H,O, HDO, Os, ice, and liquid water contents simulta-
neously with other atmospheric gas constituents, including HNO3. We
stress that our algorithm is demonstrative and intended for science is-
sues. Also, it should not be confused with the official IASI Level 2
product system released by EUMETSAT (see, e.g., https://data.eumet-
sat.int/extended?query=IASI). Furthermore, the official IASI level 2
product is a combined Microwave (ATOVS (Advanced TIROS -Television
Infrared Observation Satellites- Operational Sounder) and MHS (Mi-
crowave Humidity Sounder) sensors)+Infrared (IASI) observations, and
an official IASI stand-alone level 2 product does not exist. The retrieval
system uses the IASI Level 1c spectral radiance and the ATOVS obser-
vations, namely AMSU-A (Advanced Microwave Sounding Unit) Level
1b, AVHRR (Advanced Very High Resolution Radiometer) Level 1b,
MHS Level 1b. The IASI Level 2 processing also uses Numerical Weather
Prediction (NWP) data. The system also has an Optimal Estimation
module [22], applied only to clear sky soundings to retrieve tempera-
ture, water vapor, and ozone profiles.

The retrieval module builds upon the all-sky methodology presented
in e.g., [23,24]. It implements an Optimal Estimation scheme and han-
dles the dimensionality reduction of spectral data and parameter space
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through suitable transforms.

Other forward/inverse all-sky models exist that have been applied, e.
g., to the Atmospheric Infrared Sounder (AIRS). Still, only very few use
the entire spectral range of infrared observations. In this respect, the
SARTA all-sky forward model developed by DeSouza-Machado et al.
[25] is noteworthy. The main difference with our model is that we use
the full cloud vertical profiles without reducing them to one or two slabs.
We also mention the all-weather retrieval system developed by [26,27];
again, the difference with our system is that they represent the cloud
with a single homogeneous layer. A retrieval system based on the
multi-layer representation of clouds was developed by [28,29]. How-
ever, the state vector is less complex than in this work and omits, e.g.,
HDO. For completeness, we also cite the work by [30], where the
retrieval is limited to bulk cloud parameters (cloud optical depth, top
temperature, effective particle radius). Concerning Numerical Weather
Prediction, the direct assimilation of all-sky IR radiances is not yet used
operationally [31]. Finally, we also stress that our system works on a
single Field Of View (FOV), and differs from many current infrared al-
gorithms used for profile retrievals over a larger Field Of Regard (FOR)
composed, e.g., by 3 x 3 or 2 x 2 FOVs for the purpose of cloud clearing
or hole hunting, e.g., see [32]. The latter algorithms can definitely lower
the horizontal spatial resolution of satellite infrared soundings.

The paper is organized into three sections. Section 2 details the data
used in the study and presents the methodology’s essential aspects, both
forward and inverse modules. Section 3 describes the results, whereas
Section 4 deals with conclusions and outlook.

2. Data and methods

IASI spectra and the analysis of the meteorological fields of ECMWF
(European Centre for Mid-range Weather Forecasts) are used to define a
co-registered data set of pairs (observations, atmospheric state vector)
covering the Antarctica region (—60° to —90° in latitude) on July,
August, September, and October 2021 and 2023. To demonstrate the
potential of data+methods, we have focused our analysis on a single day
(the 9th) of IASI soundings each month. We have chosen day 9 as the day
representative of the month. September has been selected because the
Austral spring begins that month, and the South Pole begins to get out of
the polar night. July and August are taken for comparison because the
South Pole is still in the polar night in those months, and, finally, in
October, the southern polar region is in daylight. ECMWF analyses
consist of atmospheric profiles of the state of the atmosphere at the
synoptic hours 00:00, 06:00, 12:00, and 18:00 UTC, and they are used to
define the first guess state vector for the inverse module. IASI spectra are
paired with the ECMWEF analyses, allowing a time window of +15 min.

The spectral interval covered by the IASI detectors is 645- 2760 cm'?,
at a sampling of Ac=0.25 em?, giving a total of 8461 points per spec-
trum. The instrument has a swath width of 1100 km, and the Instan-
taneous Field Of View (IFOV) is 12 km at nadir, whereas the FOR
consists of 2 x 2 IFOVs. IASI takes millions of spectra daily over all
latitudes, with most mid-latitude and tropical spots covered once in the
daytime and once at night. These are not limited by Solar Zenith Angle
or latitude, therefore polar regions are fully covered.

We use level 1C radiances, which are spectrally calibrated, geo-
located, and Gaussian apodized (e.g., see [33]). The cloud mask is
provided within the IASI native L1C data and computed using AVHRR
(Advanced Very High-Resolution Radiometer) images recorded syn-
chronized with IASI spectra. From the AVHRR cloud mask analysis, we
also use the fractional cloud cover or cloud fraction, cf, in each IASI
IFOV. The cloud mask is also used to detect clear sky, which corresponds
to ¢f < 5%; below such a threshold we consider cf = 0.

The ECMWF atmospheric state vector consists of surface tempera-
ture, Ts, profiles of air temperature, T, water vapor mixing ratio, Q,
ozone mixing ratio, O, specific liquid, and ice water content (q;w¢ and
qiwc expressed in mass mixing ratio, kg kg™!) over a pressure grid of 137
levels, which covers the pressure range from the pressure surface to 0.01
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hPa.

We have also collected the total O3 column from OMI and TROPOMI
for the same area and dates. OMI data are level 3 products and are
provided on a grid of 0.25° x 0.25° ([34]| NASA’s Earth Observing
System,  https://eospso.nasa.gov/sites/default/files/atbd/ATBD-OMI
-02.pdf.), whereas TROPOMI ozone is level 2 data supplied at the
native instrument spatial resolution 7 km x 3.5 km and processed ac-
cording to [35].

2.1. The forward model

The forward model used in the present analysis has a strong heritage
from the o-IASI radiative transfer method [36]. It is a
pseudo-monochromatic, fast code and computes the surface/atmo-
sphere spectrum in the infrared and related Jacobian matrices. It takes
advantage of improvements (e.g., [19]) for applying scaling methods (e.
g., [21]) that parametrize the optical depth of ice and liquid water
clouds and several aerosol species. The new version of the code is
referred to as 6-IASI/F2N. Recent results [20] show that 6-IASI/F2N can
use ECMWF meteorological analysis as input and reproduces cloud fields

accurately.
The all-sky radiance is computed according to the additive model:
R(U) = (1 - Cf)Rclear—sky + Cchloud_y—sky (@D)]

With, again, cf the cloud fraction, ¢f = 0 means a clear FOV, and c¢f =
1 is a fully overcast FOV. Eq. (1) implements the maximum overlap
model and says that the cloudy spectra are calculated as the linear
combination of clear and cloudy columns based on the cloud fraction. R
(o) is the spectrum calculated with the maximum overlap assumption,
and cf is defined as the maximum cloud fraction in the cloud coverage

V= (67 T, Ts, Q, O, HDO, qyyc, Te, Quwe: De; 4co,> 9n,05 9cos en,

profile.Reiear — skyand Reioudy — skyare the clear-sky and the full overcast
spectrum, respectively. In the case of the full overcast spectrum, we
assume clouds fill the entire satellite footprint. Indeed, the forward
model treats clouds as homogeneously distributed plane parallel layers.
The cloud fraction cf is taken from the native IASI L1C cloud mask,
which is based on the AVHRR imager. In the present work, we only
analyze clear sky (c¢f = 0) and full overcast (cf = 1)IASI footprints.

Typical statistics for the number of IASI IFOVs covered by clouds
show that only 2.5 % of IASI FOR (2 x 2 IFOVs) are completely clear sky.
In contrast, 39 % of FOR are overcast (cf = 1) [32]. The overcast FOR
cannot be dealt with in a cloud-clearing scheme [32] and, therefore,
cannot be cloud-cleared and used in clear-sky-like retrieval systems. As a
result, using an all-sky algorithm dramatically improves the density of
IASI soundings available for retrieval purposes. Although outside the
main objective of this study, an example of these improvements is shown
in the supplemental material (see Fig. S1).

The o-IASI/F2N model uses an appropriate atmospheric layering to
compute optical depths. The layering consists of a fixed 60-layer pres-
sure grid spanning the 1100-0.005 hPa range. The 61 atmospheric
pressure levels, which divide the atmosphere into 60 layers, are shown
in Fig. 1. The relatively higher density of layers at pressure levels just
above the tropopause was specially conceived to optimize the retrieval
of stratospheric gases such as ozone and nitric acid. The monochromatic
optical depth calculation is based on suitable look-up tables for atmo-
spheric species and clouds. For atmospheric species, the look-up table is
generated from LBLRTM v.12.7 [37], and related MT_CKD v. 2.7 for
water vapor continuum absorption. For clouds, we rely on the Ping Yang
database [38,39] from which bulk optical properties are derived, as
described in Maestri et al. [40] and [20]. For further details about the
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Fig. 1. The definition of the atmospheric pressure levels used in ¢-IASI/F2N.
latest version of 6-IASI/F2N, we refer the readers to [20].
2.2. The inverse module

The inverse module follows the basic methodology described in [36],
and its most recent implementation is described by [23,24]. In the

present study, the inverse module estimates the following atmospheric
state vector

» dso0,> 9uno,» 9nHy» Qocs dcr,» W) 2)

where T; is the surface temperature, € is the spectral emissivity (8461
elements, the same number as the spectral radiances), T represents the
air temperature profiles, Q, O, HDO are the mixing ratio profiles of
water vapour, ozone and HDO. Furthermore, gx represents the mixing
ratio profiles of the given species X, listed in Eq. (2). The former profiles
form the basis of the state vector for a clear sky. In the case of a cloudy
sky, additional profiles are added for the mixing ratio of liquid and ice
water, q,, andq;, respectively, and the profiles of related effective radii,
r, for liquid water clouds and dimension, D, for ice clouds. There is one
more scalar quantity, w, the average wind speed over oceans, which is
only used in the clear sky during the daytime because it is an input
parameter of the Cox-Munk BRDF model for sunglint modelling (over
the cloud-free ocean). In clear sky and for land surface, we also retrieve
the emissivity spectrum, which is represented with a PCA expansion,
truncated at the first T = 20 PC scores (e.g., [41]).

The position of a given parameter (scalar or sub-vector) in the full-
state vector is just a matter of choice. It does not reflect any physical
constraint or relationship among the various components. More specif-
ically, the background matrix of the state vector is block-diagonal, in
which each diagonal block is dedicated to a given parameter, e.g., T, Q
or gco,- In its cloudy sky version, the state vector contains 1020 ele-
ments, corresponding to as many degrees of freedom. This number of
elements is too large to be handled in the retrieval algorithm. We set up
various strategies to reduce the dimensionality of observation data and
parameter space.

For the parameter space, the seven vectors qco,, qn,0. dcos 9so0,
Qnn,: docs: dcr, are dealt with a scalar scaling factor so that the inverse
tool estimates the column amount. For the given species X, we assume qx
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= (1 + fx)qq,x Where g, x is a suitable background profile. Depending on
the application, the scheme can retrieve the profile of one or more trace
gases. For the present study, this is, e.g., the choice for HNO3 (see Sec-
tion 2.2.1).

Liquid water and ice mixing ratio profiles, qiwc, qwc are trans-
formed from the physical space to a truncated PCA series of 10 scores
each. To this end, we use the global ECMWF Reanalysis version 5 (ERA5,
see, e.g., https://confluence.ecmwf.int/display/CKB/ERA5) to build up
the orthogonal PCA basis. The effective liquid water radius and the
effective size of ice particles have been derived from the Wyser model for
ice [42] and the Martin model for liquid water [43].

With this in mind, the state vector we retrieve with the inverse al-
gorithm is
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explained in [24]. For the benefit of the reader, the procedure is outlined
below.
If we normalize the state vector according to

_1 1 1
X =8,2v; xo = 8.%vy; X =82V @

and consider the twice-normalized Jacobian [45],
11
G = S.2KS? ®)

then Eq. (5) can be put in a form that is fully non-dimensional and non-
singular (because S, is replaced with the Identity matrix I).
The normalized, optimal estimation for X, can be written as

V= (Ce7T7 T;,Q,0,HDO, qyy0,, Cuwe, Cr,s Cwes €, fco,s fa,0:fco fen, s fso, fams s focs, fCF“W) 3)

where cy is a vector of PC scores for the given cloud parameter X, and fx
is the scaling factor for the given gas species X. Note that the vector of 20
PC scores for emissivity, cc , is included in the state vector only for land
surface and clear sky. The scalar wind parameter w is included only for
sea surface and clear sky. Finally, note that for HNO3 we retrieve the
whole profile given its role in contributing to the formation of PSCs (e.g.,
[2D.

With the simplification introduced in the state vector, we must
retrieve at most N = 350 scalar parameters. These parameters are
simultaneously retrieved through the Optimal Estimation methodology
[22].

The estimator, V of the state vector, v is given by

R=x,+ (GG+I) 'GGx—x,) )
Thus, the normalized averaging kernel
A (G'G+I)'G'G 10)
ox

which is fully dimensionless. Combining Eq. (9) with Eq. (8), we also
obtain the linear relationship,

X=X, +Ax—x,) = Ax+ (I—A) x, an

in which the estimate X relates to the background and true state vectors,
Xg X, respectively. Eq. (11) says that our estimate is identical to the true

V=v,+ (K'S;'K+8,") 'K'S. (y — Kvo) = v + (K'S;'"K +S,") 'K'S,'K(v — v,) @

with: v4,S,, the background state vector and covariance, respectively; K
the usual derivative matrix or Jacobian; y, S the observations (vector of
size M) and related covariance matrix. We make here the linear
approximation y = Kv, with v the true state vector (size N). Considering

that the matrix, S is symmetric, we also have K‘S;lK =
t

1 1 _1
K'S;t2s-12k=|8.2K | | S.2K | = JY, with J = S, 2K, the normal-

ized Jacobian matrix. Therefore, Eq. (4) becomes

V=vo+ (JI+5.1) TIv - (5)

The AK matrix [22] allows for calculating degrees of freedom (dof); it
is computed according to:

_»

A
ov

= (I+8.) 'y ®)

In our inverse problem, where ¥ is made up of unlike quantities (e.g.,
temperature, water vapor, and so on) and where the size of J is M( =
8461) x n( ~ 350), Egs. (5) and (6) are not suitable for numerical cal-
culations because the kernel (J'J-+ S;l) is usually singular within
working numerical precision. The singularity is largely coming from the
presence of the inverse of S,. A procedure to eliminate such singularity is
adopted here following the method developed by [44] and is fully

state provided that A = I, the identity matrix.
Finally, we quote that the estimated X and the normalized A can be

1
transformed back to the physical parameter space according to Vv = S2X;

1 1
A = SZA S,2. Because of the trace theorem, we have dof = trace (A) =

trace (A) that is, the dof remains invariant under the normalizing
transform.

2.2.1. Background, first guess, and degree of freedom

Besides cloud parameters, the first guess, the background state vec-
tor, and its covariances are built up as described in [23]; they are
summarized here for the reader’s benefit. For a correct understanding of
the many data sources we use and how we use them, we anticipate that a
summary is provided in Table 2.

2.2.1.1. Emissivity. The emissivity is only retrieved over clear sky land
surface, and the CAMEL (Combined ASTER MODIS Emissivity over
Land) database [46] is used for the first guess. The interpolation from
the 13 CAMEL hinge points to the IASI spectral resolution is performed
with a PCA algorithm [47]. For the background vector and related
covariance matrix, we use the emissivity database obtained by the
ASTER (Advanced Spaceborne Thermal Emission Reflection Radiom-
eter) Spectral Library version 2.0 [48] and the MODIS (Moderate Res-
olution Imaging Spectrometer) UCSB (University of California, Santa
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Barbara) Emissivity Library (http://www.icess.ucsb.edu/modis/E-
MIS/html/em.html). The resulting ensemble of data is used to build up
the PCA transform and basis to project the emissivity at IASI spectral
resolution. In there, we retain 20 PC scores. The retrieval system re-
trieves the PC scores, and the covariance matrix is set to the identity
matrix because the PCs are orthogonal. Further details can be found in
[411.

The emissivity is not retrieved for cloudy and clear sea surfaces and is
fixed to that of the Masuda model [49]. Also, for cloudy land, the
emissivity is not retrieved, and is kept fixed at the CAMEL database
values.

2.2.1.2. Surface temperature, temperature, water vapor, and ozone
profiles. For the thermodynamical parameters, T, T, Q, and ozone, O,
the covariance matrix has been built on global ECMWF analyses. We
consider one day per month (the 15th) in the reference year 2018. The
ensemble is space-localized in five climatological zones: High-latitude
North (latitude 90 to 60°); Mid-latitude North (60 to 35°); Tropical
(35 to —35°); Mid-latitude South (—35 to —60°); High-latitude South
(—60 to —90°). Also, we distinguish between land and sea. Examples of
covariances matrices for the case at hand are shown in the supplemental
material (Figs. S2 to S4).

The First Guess is the space-time collocated ECMWF analysis. The T,
Q, and O profiles have no transformation or truncation. They remain in
the physical space and are represented on the same layers as those used
in the forward model. These data are directly accessed through the
ECMWF ecgate service (https://www.ecmwf.int/en/computing/access-
computing-facilities), which should not be confused with the Copernicus
data service.

2.2.1.3. HDO. Background and First Guess for HDO are derived from
water vapor by proper multiplication by the abundance ratio D/Q pre-
scribed in the Standard Reference Material Vienna Mean Ocean Water
(VSMOW), RVSMOW=3.1 x 10~*.

2.2.1.4. CO2. As already mentioned, for CO, the profile is represented
according to

dco, = (1 +fo0, ) daco, a2)

where q,, ¢, is a suitable background profile. The retrieval system es-
timates fco,; the background and First Guess values are set to zero, and
the standard deviation of the background is 0.05. This value has been
chosen by trial and error and takes into account the low time-space
variability expected for CO,.

The background profile is time and space-dependent and, when
available, is set to the collocated profiles derived from the CAMS
(Copernicus Atmospheric Monitoring Service) global greenhouse gas
reanalysis (EGG4, https://ads.atmosphere.copernicus.eu/cdsapp#!/
dataset/cams-global-atmospheric-composition-forecasts?tab=over-
view). At the date of this study, the reanalysis was available up to
December 2020. Alternatively, we have used the profiles provided by
the model developed by [50]. The model captures the salient features of
the CO4 profile, including the decrease in the stratosphere because of the
mean age of stratospheric air [51]. An example of the CO, profile for
latitudes and dates related to the present analysis is shown in the sup-
plemental material (Fig. S5).

The retrieval of CO; is the most critical part of the inverse system
because CO, channels are also used for temperature. CO; is retrieved
using the hot or laser bands between 800 and 1200 cm™, which are
mainly sensitive to the lower atmosphere. This spectral segment is not
used to retrieve temperature, and its Jacobian is forced to zero.
Conversely, the temperature profile is retrieved using the remaining
channels, 645 to 800 cm™, and 1200 to 2760 cm™, and the Jacobian of
CO4, is set to zero for the latter channels. The procedure is detailed in
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Table 1
Summary of the background and standard deviation of all the gas scaling factors
used in the present version of the inverse model.

The standard deviation of the
scaling factors

Gas Background and first guess of the
scaling factors

CO, 0 0.05
CH4 0 0.1
co 0 0.2
NO 0 0.1
SO, 0 100
NH; ©0 10
ocs 0 0.5
CF,4 0 2

[24]. Our retrieval scheme can also retrieve the CO5 profile, which is not
done in the present study, to save space in the state vector for the HNO3
profile (see Section 2.2.1.9)

2.2.1.5. CH4 and CO. Methane and carbon monoxide are dealt with
similarly to CO9 (see Eq. (12)). Again, the background and First Guess
scaling factors are set to zero, and the standard deviations are 0.1 for
methane and 0.2 for carbon monoxide. For both gases, the background
profile is derived from the CAMS global atmospheric composition fore-
casts (https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-
global-atmospheric-composition-forecasts?tab=overview). The forecast
considered is that generated at 12:00 UTC. For CO, the standard devi-
ation is set to 0.2 because its variability is larger than the long-lived
species CHy. As for CO,, the retrieval system can alternatively retrieve
the CH4 profile, which is not done to allow for the complete HNO3
profile in the state vector.

2.2.1.6. N30, SO,, NH3, OCS, CF4. Again, these gases are represented in
the same way as CO; The background and First Guess profiles are
derived from climatology [52], and the background and First Guess
scaling factors are set to zero. The background is static for this group of
gases, not changing with time and space. Still, we allow for relatively
larger standard deviations, which account for a more significant vari-
ability, especially of non-long-lived species. The background and stan-
dard deviation of all the scaling factors, including CO2, CO, and CHy, is
summarized in Table 1.

2.2.1.7. The wind speed parameter, w. The wind speed parameter is used
only for sea surface in clear sky. Its background and First Guess is 5m s’

with a standard deviation of 1 m s™..

2.2.1.8. Cloud parameters. For cloud parameters, we use the ECMWF
ERAS5 reanalysis (https://confluence.ecmwf.int/display/CKB/ERAS),
which should not be confused with the ECMWF ecgate service. The ERA5
products are used to build up the background of cloud parameters, but
not the First Guess.

We use the hourly data at the four synoptic hours, 00:00, 00:06,
12:00, 18:00 UTC, for the vector.

Veeuwr = (T, Ts, Q, O, Qryes Drwe) 13)

Using the Wyser [42] and Martin [43] models, we then compute r,
D,. The set of qrwc, qiwe Te, De is then used to build the PCA basis and
background state and covariances. The ERA5 data used in the present
analysis refers to the global analyses on the day 15th of each month for
the year 2020.

The qrwe, qiwe Te D profiles are represented with 10 PC scores,
which ensure the integrated quantity, such as liquid and ice water paths,
are preserved. In general, 10 PC scores also represent the profiles well.
An example is shown in the supplemental material (see Fig. S6). The
covariance matrix of the background is the identity matrix because of
the orthogonality of PC scores.

The ECMWF model analysis (accessed through the ECMWF ecgate
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Table 2
Summary of the data store we use to build the background and fix the First Guess
state parameters.

Parameter Data Archive Note
Background vector First Guess/
and covariance reference profile
Ts, T, Q, O ECMWEF ecgate ECMWEF ecgate
service* service*
qLwe qiwe ERA5 ECMWF ecgate
service*
CO, EGG4 If data are not
available, we use the
model by [50]
CO, CH4 CAMS global
atmospheric
composition
forecasts
N0, SO, [52]
NH3, OCS,
CF4
Emissivity ASTER Spectral Camel database Emissivity is not
land, clear Library version 2.0; [46] retrieved and set to
sky MODIS UCSB the Camel database’s
Emissivity Library prescribed values for
cloudy conditions.
Emissivity, Emissivity is not

retrieved and set
according to the
Masuda model [49].

sea surface

" Need a privileged access.

service), co-registered with the actual IASI soundings, is used as a first
guess (FG) to initialize the inverse algorithm. We stress that the ECMWF
analyses are used as First Guess in clear and cloudy conditions. In cloudy
conditions, because of the short time scale variability of clouds, q.wc,
qiwc could be quite incorrect (e.g., [53]). For this reason, we use only
ECMWF profiles, which are colocated with IASI observation within a
time slot of +15 min. Finally, we note that the ECMWF ecgate service has
no date restriction for the availability of profiles, which can be accessed
in real-time. This is why we use this privileged access for the First Guess
profiles. For the benefit of the reader, Table 2 summarizes the many data
services we use in our retrieval scheme. The driver to use one rather than
another is just data availability.

We caution that the choice of using 10 PC scores to represent clouds’
profile comes from an in-depth assessment of retrieval performances
[20,54]. In the retrieval, the effective number of dof for cloud parame-
ters depends indeed on the cloud type. For example, cases such those
with optically thick liquid water clouds will rely mostly on background
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Fig. 3. Averaging Kernels for HNO3; and its diagonal. The curves in the
Figure have been obtained by averaging some 4000 IASI soundings. The sum of
the diagonal terms is 0.9978.

information, differently from optically thin ice clouds, characterized by
bright spectral features.

2.2.1.9. HNO3. HNOs is retrieved on the same layers as those used for
forward modeling in a way that wants to be maximally committed to the
IASI data. According to previous works (e.g. [55,56,571), we consider a
Markov-type matrix to model the background covariances of the HNO3
profile,

Pi —Pj))
—_— a4
ap,

S J) = s(0) sG) exp(f

with p; the layer mean pressure i (i = 1, ..., Ny)and p,, a are free pa-
rameters that allow us to tune the covariances and the inter-level cor-
relation. Finally, s is a suitable standard deviation, which may be a
function of pressure. For the present analysis, we set p, = 1000 hPa, o =
0.01, and s is scaled with the layer pressure as shown in [58], to whom
the reader is referred for further details. The background profile used for
HNOgs is static (that is, it does not change with time and space) and is
shown in Fig. 2 with the background standard deviation s. The large
values for s tend to mitigate the dependence of the final retrieval product
concerning the chosen background. In other words, we seek a solution
closer to the unconstrained least squares region, which depends on the

i} 1
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Fig. 2. (a) background profile for HNO3 and its variability (standard deviation) assumed for the present analysis. (b) panel: full correlation matrix computed based

on Eq. (13) and parameters shown in the left panel.
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Fig. 4. dof for ozone (panel a) and nitic acid (panel b) corresponding to the IASI soundings on Sept. 9, 2021, for which we had converged retrievals.

data alone. The full covariance matrix computed according to Eq. (14) is
shown again in Fig. 2 (right panel). It has been normalized so that it
corresponds to the correlation matrix.

2.2.1.10. Degrees of freedom for O3 and HNO3. The present analysis is
mainly devoted to the all-sky retrievals of ozone and HNO3 profiles over
the Antarctic region. Based on the background profiles and relative
covariance matrix shown in Section 2.2.1.9, we have found that IASI
observations have sensitivity to HNOj3 in the lower and middle strato-
sphere, as seen in Fig. 3, where we show typical stratospheric averaging
kernels for HNOs in the case of a cloudy sky.

We see that there are large peaks in the tropospheric layers. How-
ever, they come from off-diagonal terms, add correlation along the
profile, and do not add any dof. Fig. 4 also shows the plot of the diagonal
of the Avergaing Kernels matrix, whose summation yields the total de-
gree of freedom. A significant contribution to dof comes from 0 to 100
hPa range layers. The example shown in Fig. 4 suggests that IASI data
are sensitive to the actual concentration of HNOj3 in the UT/LS region,
where it is likely that we find the bulk of the stratospheric HNO3 con-
centration (see e.g., Fig. 2) since there is no primary pollution source
from the surface in Antarctica, which means that the tropospheric off-
diagonal peaks occur in the atmospheric region where the HNO3 pro-
file is nearly zero.

Usually, the dof for ozone is ~2 or more, depending on location and
air mass type. For the Antarctica region, a map of dof corresponding to
the all-sky IASI soundings for Sept. 9, 2021, for which we had valid
retrievals, is shown in Fig. 4. It is seen that the dof never goes below 1
(the average value over the area of interest is 1.68), meaning that the
signal for ozone is large enough to retrieve ozone information from the
IASI spectra data.

Again, from Fig. 4, it is seen that for HNOs the dof is = 1 (the average
over the area of interest is 0.96), indicating that the IASI information
content for HNO3 is large enough to retrieve information from the
spectra for the total column amount of this species. Our findings of dof
for O3 and HNOs are consistent with what was already assessed for IASI
(e.g., [14,15]).

2.2.1.11. The observational covariance matrix. For the observation data
space, we resort to the Random Projections (RP) transform (e.g., [56,
59]), which also diagonalizes the observational covariance matrix,
which for IASI is not diagonal because of Gaussian apodization (see e.g.,
[33,60]). We use inflation factors to account for possible forward model
biases, whose default values can be found in [56]. The rationale of the
inflation factors is to increase the observational covariance matrix, S,
according to S = (1 + }»Z)Sg, with S, the IASI observational covariance

matrix, and A a suitable scaling/inflation factor. In our scheme, A de-
pends on the spectral range as shown in [56]. The introduction of the
inflation factors, which is largely used in spectral radiance assimilation
[61], is equivalent to putting an extra smoothing constraint on the
retrieval (see, e.g., [62]. For the benefit of the reader, the IASI radio-
metric noise and the inflation factors used to build the observational
covariance matrix are shown in the supplemental material (Fig. S7 and
Table S1).

3. Results

This section illustrates the results obtained with our retrieval scheme
for IASI soundings recorded in 2021 and 2023. To begin with, we show
the capability of the method to deal with ice polar stratospheric clouds.

3.1. Polar stratospheric clouds

According to [2] and [63], there are four accepted types of polar
stratospheric clouds (PSC): NAT, type Ia, STS, type Ib or supercooled
ternary solutions of nitric acid and sulfuric acid in water, ice clouds
(Type II), and supercooled nitric acid (SNA) solution in water [63] has
provided transmittance spectra for the four types. Our forward/inverse
model can deal with ice PSCs, which can be easily detected because ice
has a distinctive strong absorption at ~800 cm™! and an upward peak
(greater transmittance) at 1000 cm?! (e.g., [63]). Given the small ice
crystal dimensions, the ice absorption in the atmospheric window in-
troduces a typical positive slope, which can be easily detected by
comlputing the brightness temperature (BT) difference at 1000 and 800
cm’ [64],

ABT = BTi000 — BTs00 (15)

The difference is normally greater than 2 K for ice clouds. A positive
slope in the atmospheric window is also a characteristic of ice tropo-
spheric clouds. Higher ice clouds tend to give greater values of ABT
because of the intense forward scattering of small ice crystals.

An example is shown in Fig. 5, corresponding to an IASI sounding on
July 2023 at 00:00 UTC over the South Pole, —89.17° latitude, —176.76°
longitude). The IASI spectrum shown in Fig. 5 has ABT ~ 10 K. Our
retrieval tool can fit the IASI spectrum and retrieve the ice water content
and effective size profiles.

From Fig. 5, we see that the retrieval recovers the characteristic
absorption features of ice. In particular, we can see the water ice libra-
tion band at ~12 um, which is a recognizable absorption feature in the
infrared spectrum of water ice, and is associated with water molecules’
hindered rotational (librational) motions within the ice lattice [65].
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Fig. 5. Exemplifying the retrieval of a PSC type II. Panel (a) shows the first guess in black, the retrieved in blue, and the IASI spectrum in red in the spectral range 645
to 1210 cm’’; panel (b) shows the retrieved , qyc,profile; panel (c) shows the retrieved D, profile. The surface pressure value is <700 hPa for the available sounding.

The retrieval of the ice mixing ratio shows an ice cloud with a
complex vertical structure, with a bulk at about 450 hPa, two minor
layers in the troposphere, and a layer in the stratosphere at about 43 hPa
(~20 km). The temperature is ~182 K, and we note that ice clouds are
supposed to exist below 188 K, which is the threshold temperature
required for nucleation [2]. The mixing ratio of the ice layer in the
stratosphere is 4.53 107 kg kg™ (~37.2 pg/m®), while the effective size
is ~5 pm. The ice mixing ratio and the effective size we retrieve are
consistent with the type of in situ-origin ice clouds [66]. In other words,
the clouds likely originated by in situ nucleation.

The forward model does not yet include the absorption properties of
NAT, type Ia, Ib; therefore, we cannot fit this type of cloud. In the hy-
pothesis that their presence results in a signal that pops up in the re-
siduals with an intensity above the IASI noise, the retrieval will not
converge, as the forward model is not able to reproduce said feature.
Conversely, if the signal is too low to be detected, the inverse system will
converge, but we expect to still find a spectral signature in the residuals
below the error bars, which can be evidenced by appropriate averaging.
Therefore, the possible impact of NAT clouds on the IASI observations
can be checked by looking at the spectral residuals in the atmospheric
window 8-12 pm. The analysis of spectral residuals is shown in Section
3.3.

Fig. 5 exemplifies the potential of the forward model to deal with ice
stratospheric clouds. A comprehensive analysis of the distribution and
optical depths of ice stratospheric clouds requires more data and is
outside the scope of this work, which focuses more on the inter-
relationship between O3z and HNOs. For brevity, maps of the liquid
and ice water paths and the effective bulk size of water and ice particles
have been exemplified in the supplemental material (see Fig. S8).

3.2. Ogzone retrievals

As the introduction section mentions, the Copernicus Atmosphere
Monitoring Service states that the last three years (2021-2023)

experienced large, longer-lasting than average Southern Hemisphere
ozone hole seasons. The ozone hole begins to develop in early
September, in the fringe of the polar night, when the Southern Hemi-
sphere enters the spring season (e.g., [1]). Using the IASI soundings for
Sept. 9, 2021, co-registered with the four synoptic hours of the ECMWF
analysis, we performed the retrieval analysis with the inversion meth-
odology presented in the previous paragraph. ECMWF analysis are
co-located with IASI soundings within a + 15 min time frame, and are
used as first guess to initialize the retrieval. The ECMWF analysis also
provides the first guess for ozone.

Fig. 6 shows the total ozone map as retrieved by IASI data on Sept. 9,
2021. The same Figure also compares the IASI retrieval (un-gridded
level 2 product) with the co-registered ECMWF background, the TRO-
POMI level 2 gridded product, and the OMI level 3 gridded and
smoothed product. For TROPOMI we use data with a quality flag > 0.75,
as suggested by the data provider (https://explore.creodias.eu/search).
It is seen that neither OMI nor TROPOMI can observe the inner core of
the Antarctic continent because of the polar night. Furthermore, TRO-
POMI does not provide data below ~—75° latitude because of cloud
contamination.

Looking at Fig. 6, we conclude that the retrieved O3 column from
IASI is lower than the one from OMI, while it is much more consistent
with the one from TROPOMLI. It shows that the atmosphere above the
inner part of the Antarctica continent has a total ozone concentration
below 220 Dobson. Technically, the ozone hole forms when the total
column ozone remains below 220 DU (Dobson Units). According to
Krummel et al. [1], an intense polar vortex lead to a fully developed
ozone hole in early September 2021.

The IASI retrieved ozone is less smooth than the gridded product
delivered by OMI and TROPOMI because IASI is a level 2 product. We
have not smoothed or processed it up to level 3 to demonstrate that the
IASI level 2 retrieval can provide a complete picture of the spatial dis-
tribution of O3 at the ~ 12 km scale.

To get a more quantitative assessment of the IASI product, Fig. 7



C. Serio et al.

a) Total O,, ECMWF First Guess
400

250

150

100

c) Total 03, OMI L3 0.25° x 0.25°
- 400

250

100

Fig. 6. Total ozone (Dobson units) analysis for the Antarctic region on Sept. 9, 2021.

gridded data.

shows the zonal mean computed from the data presented in Fig. 6, and
the comparison with July (before the ozone hole formation) and October
(when the ozone hole has fully developed). We have no data from OMI
and TROPOMI for July because the Antarctic region is still in the polar
night. The IASI retrieval (upper panel of Fig. 7) shows less ozone than
the ECMWF analysis for the same month. The IASI-derived values are
>10 % smaller than the estimated ECMWF amount from all the latitudes
from —88° to —62°

On Sept. 9, 2021 (middle panel of Fig. 7), IASI and TROPOMI agree
to show that the ozone hole has already formed. The OMI total column is
more consistent with the ECMWEF analysis, and this is likely because the
OMI level 3 product is smoothed using the ECMWF data. In any case, the
difference between the four data sources is well below 30 Dobson.

On Oct. 9, 2021 (lower panel of Fig. 7), ECMWF values agree with
the ones derived from the three satellites and show that the ozone hole is
fully formed. The relative differences are below 20 Dobson in the core of
the Antarctic region. Again, we note an excellent agreement between
IASI and TROPOMI.

Compared to IASI and TROPOMI, the ECMWF analysis overestimates
the total ozone column. The ECMWF overestimation diminishes from
winter to spring, likely because satellite data assimilation is not per-
formed during the polar night. To our knowledge, IASI ozone is not
assimilated within the ECMWF model.

We have also performed the analysis for 2023 and obtained results
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that are similar to those shown in Figs. 6 to 8, with the same quality as in
2021. In 2023, the ozone hole was found to be even more intense than in
2021. According to CAMS (e.g., https://atmosphere.copernicus.eu/
twists-and-turns-2023-southern-hemisphere-ozone-hole) the 2023 Ant-
arctic ozone unusually started in early August, and in September, it
became the sixth-largest ozone hole ever observed. Then, it returned to
average ozone hole values in October. Our analysis has shown that a
large ozone-depleted air mass was already present in July, a result that is
consistent with CAMS monitoring. It is thought that the erratic
appearance of the ozone hole in the winter time of Antarctica is a
consequence of the transport to the upper atmosphere of a large amount
of water vapor because of the Hunga Tonga volcano eruption in January
2022. Recent research Evan et al. [67] has shown that volcanic aerosol
and chlorine reactions trigger short-term ozone losses.

The IASI total ozone maps for Jul. 9 and Aug. 9, 2023, are shown in
the Supplemental Materials for brevity (Fig. S9). Here, we limit our-
selves to showing the IASI ozone retrieval analysis for September 2023,
when we also have available data from OMI and TROPOMI. The total
ozone is shown in Fig. 8 for the complete suite of instruments. As for the
analysis of Sept. 9, 2021 (see Fig. 6), we find a good consistency with the
ozone observation in the UV-VIS spectral region provided by OMI and
TROPOMI. We recall that IASI is operated in the thermal infrared.
Overall, our IASI level 2 data compare better with TROPOMI than OMI.
OMI tends to be more coherent with the ECMWF analysis, which, as we
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Fig. 7. Zonal mean of total ozone (Dobson units, DU) and comparison with ECMWF, OMI, and TROPOMI for different dates; (a) Jul. 9, 2021; (b) Sept. 9, 2021; (c)

Oct. 9, 2021.

have already stressed, could be just the result that OMI total ozone is of
the level 3 type. In effect, an inspection of OMI Level 2 data on Sept. 9,
2023, shows that the instrument recorded data on the Antarctic ocean
alone (see Fig. S10 in the supplemental material), while there were no
observations over the Antarctic continent, which once again stresses the
importance of assimilating IASI ozone retrievals.

The good consistency between IASI and TROPOMI is also seen when
we compare the zonal average (see Fig. 9) computed based on the four
data sources.

It is also interesting to look at the evolution of the temperature and
O3 profiles from July to October. The temporal variation of the two
parameters is shown in Fig. 10, which is obtained by averaging all IASI
soundings co-registered with the ECMWF analysis at 06:00 UTC.

One interesting feature is that the temperature value at the profile
minimum tends to increase while its height drops from about 15 hPa to
100 hPa. The ozone profile also undergoes dramatic changes from an
almost stable mixing ratio from 100 hPa to 1 hPa (a large pressure layer)
to a peaked profile with a maximum at about 10 hPa. At the same time,
ozone in the lower stratosphere is heavily depleted.

We remind that the official EUMETSAT IASI level 2 system retrieves
ozone only in clear sky with an Optimal Estimation approach. To
highlight the improvement of sounding density when using our meth-
odology, which is all-sky, Fig. S11 in the supplemental material shows
an example of a comparison of our ozone retrieval with that officially
released by EUMETSAT.

3.3. HNOgs retrievals and inter-relationship with Oz depletion

From Fig. 10, we see that in September, the temperature value at the
profile minimum is well below the threshold of 195 K, which is the
condition needed to trigger the formation of NAT. We recall that ac-
cording to [2], the formation involves HNO3 and H3O initially in the gas
phase, which then condenses into the solid phase (giving rise to crystals
of HNO3-3H30) at a temperature below 195 K. A complete spatial

10

picture of the distributions of the HNOj3 total column, the temperature
value at the minimum, and the corresponding pressure level are shown
in the maps in Fig. 11.

Fig. 11 shows all the ingredients that supposedly favor the formation
of PSC, in fact: (1) in the inner continent, the temperature is well below
195 K (green-yellow in Fig. 9b); (2) the pressure level at which the
temperature inversion occurs in 30 to 60 hPa; (3) very low concentra-
tions of HNOg3, below 500 pptv in the inner continent. On this aspect, it is
noteworthy that our analysis suggests that PSCs formation may lead to
the removal of nitric acid from the gas phase.

This is further demonstrated by Fig. 12, which analyzes the zonal
averages of the total column of HNO3 and the minimum temperature,
Tmin- The substantial depletion of the nitric acid concentration in the
core of the Antarctic continent is associated with average values of Ty,
below the threshold temperature of 195 K. It is also interesting to see
that the zonal average of HNO3 vs Ty, shows that the HNO3 mixing ratio
positively correlates with temperature up to the threshold value of 195 K
(panel c), where it plateaus.

With the synergetic use of the results in Fig. 10, we conclude that

NATs form possibly south of the latitude of ~ —68°, as we see a clear
phenomenon of denitrification (e.g., Fig. 10a). From Fig. 7b, we see that
in September, ozone depletion occurs below ~ —68° Finally, the area

below —68° corresponds to the polar vortex.

The current understanding of the time evolution of the HNO3 mixing
ratio (e.g., [2,17]) places a consistent depletion of the nitric acid in the
gas phase in the winter and early spring seasons of the South Pole. This
behavior is believed to be consistent with the formation of NAT, which
removes HNO3 from the local environment. Our analysis of HNO3 in
July, August, and September 2023 shows this is the case (see Figs. S12 to
S14 in the supplemental materials).

We think that Fig. 12 shows the most important and striking result of
this study. It shows that ozone depletion is linked to denitrification of
the atmosphere, which occurs at temperatures below 195 K. The result is
not an artifact of the retrieval system. In effect, the correlation between
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Fig. 8. Total ozone (Dobson units) analysis for the Antarctic region on Sept. 9, 2023; (a) ECMWEF first guess; (b) IASI retrieval; (c) OMI L3 data; (d) TROPOMI level 2

gridded data.
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pairs of retrievals can be checked by computing the normalized cross-
covariance. For the profile pair (T(p), qgyo,(P)) the cross-correlation,
CC is a matrix of size N; x Njand its elements are defined by

COV(T(i)7 Quno, U))
\/var(T(i)) var (Quwo, (7))

CC(i.j) = s Lj=1,..,N (16)

with X(i), the given parameter at pressure layer i-th, N; the number of
pressure layers, and where cov and var stand for covariance and vari-
ance, respectively. CC can be computed based on the a-posteriori
covariance matrix, which is an output of the retrieval scheme. The cross-
correlation can be calculated for any pair of retrievals. For retrievals that
have been retrieved independently, the elements of CC need to be close
to zero. Examples of the cross-correlation between the couples (T(p),
Ao, (P)) and (O3(p), Quno, () are shown in the supplemental mate-
rial (Fig. S15), and they show that the retrieval system does not intro-
duce any correlation between any pair (T(i), quno,(j), or (0s(i),
Quno, ())- We conclude that the results in Fig. 12 are genuinely repre-
sentative of a physical-chemical process.

3.4. Spectral residuals

Analyzing spectral residuals allows us to check for possible spec-
troscopic inconsistency, which can reveal the presence of interfering
species not modeled in our forward/inverse scheme or any spectroscopic
or instrumental bias. The analysis also provides a gain in our under-
standing and increased confidence in the retrieval results.

In this section, we analyze the spectral residuals for the four sky/
surface conditions: cloudy sky over land, clear sky over land, cloudy sky
over the ocean, and clear sky over the ocean. We will use data from the
IASI orbit on July 9th, 2023 at 00:00 UTC, which is still the polar night
period. This choice is because, in this condition, the atmosphere expe-
riences the coldest temperatures, which can favor the formation of
stratospheric clouds and allow us to check for their spectral effects, too.

12

3.4.1. Cloudy sky over land spectral residuals

The cloudy sky over land is the most challenging situation because of
the varying altitude and the freezing temperature in the stratosphere.
Fig. 13 shows the spectral residual in the 645 to 1110 cm™! range, cor-
responding to the longwave band 1 of the IASI instrument. This range is
sensitive to the main atmospheric parameters relevant to this study:
temperature, ozone, nitric acid, and stratospheric clouds. The spectral
residuals shown here average over 2800 IASI soundings recorded over
the Antarctic plateau. The positions of the IASI footprints for the case at
hand and the other three sky/surface conditions discussed in Section 3.3
can be found in the supplemental material (Fig. S16).

With this in mind, Fig. 13 shows the spectrum computed from the
ECMWEF fields, the fitted IASI spectrum (top panel), and the corre-
sponding spectral residuals (lower panel) computed as the difference
between observed and calculated spectra (Obs-Calc) at the end of the
inversion process. The ECMWF spectrum is computed based on the co-
registered ECMWF state vector, which we use as a first guess. The
fitted spectrum is computed based on the retrieved state vector.

It is seen that the ECMWF yields a spectrum warmer than the IASI
observations. Upon retrieval, the calculations fit within the error bars of
the IASI observations over the whole spectral range. The IASI error bars
have been converted to units of brightness temperature or NEDT, which
depends on the scene temperature and increases as the temperature
decreases. The IASI noise used in the analysis is released by EUMETSAT
(e.g., [60]). It has been adequately inflated to consider possible forward
model biases (e.g., [23]).

The spectral residual in Fig. 13 shows that the retrieval system fits
the IASI spectra within the error bars, and, therefore, the retrieval
product is consistent with the observations. From Fig. 13, the Obs-FG
residuals show HDO spikes in the 1100 to 1200 cm™ range, which are
removed when we perform the inversion of the spectral radiances,
meaning that the proper concentration of HDO is retrieved. A good fit is
also seen for the CO4 absorption band, although a spectral signature is
still seen, which is within the noise bars. The CO; feature corresponding
to the Q-branch of CO, at ~791 cm™ is seen in absorption in the first
guess spectrum, whereas it appears in emission in the IASI spectrum.
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Fig. 11. IASI retrieval analysis for the Antarctic region on Sept. 9, 2021. (a) the Pressure level at which the temperature profile gets its minimum; (b) the temperature

at the minimum (T,,;,), and (c) the total column of HNOs.

Upon retrieval, the modeled feature appears in emission, net of a small
residual within error bars. It should be noted that the water vapor lines
in the same region appear consistently in emission. We also note that the
ozone band is fitted with a spectral residual close to zero, whereas it
appears much deeper when using ECMWF analyses. This is consistent
with the already noted difference between OMI L3 ozone and the one
retrieved using IASI data, which is consistently lower.

Although within the noise bars, we also see an evident signature in
the window spectral range 800 to 900 cm™!, where the observed BT
appears colder than the computed one by about ~ 0.5 K. It is important
to stress that we do not see sharp spectral features, rather a continuum,
which could be consistent with an aerosol-like absorption not modeled
in our forward radiative transfer. It is reasonable to think that this slight
bias could be due to undetected and unrepresented stratospheric clouds.

3.4.2. Clear sky over land spectral residuals

The spectral residuals over land in clear sky allow us to gain confi-
dence in the hypothesis further if the broad signature seen in the range
800 to 900 cm™ in Fig. 13 can be attributed to clouds. The spectral re-
siduals shown in Fig. 14 confirm this, and it is soon evident that the
broad absorption signature disappears in the clear sky; therefore, it is
not a model artifact when it is rather a real feature in the cloudy at-
mosphere. The spectra shown in Fig. 14 are based on 977 IASI

13

soundings. It is also interesting to see that the ECMWF ozone analysis in
clear sky is quite close to the real IASI observations. However, a rela-
tively large misfit exists for the temperature profile, as it is possible to
see from the residuals in the CO5 absorption band. Finally, we consis-
tently retrieve emissivity in the clear sky over land (see Fig. S17 in the
supplemental material).

A comparison of Fig. 13 vs. Fig. 14 allows us to say that the spectral
residuals in the range 800-900 cm™! are most likely related to the impact
of stratospheric clouds.

The large misfit of the ECMWF FG in the CO tropospheric channels
seen in Fig. 14 deserves attention. Our analysis suggests that the misfit
results from an incorrect first-guess temperature profile. However, it
might also result from an improper CO; profile. Temperature is derived
from the CO4 absorption band, and upon retrieval, the temperature es-
timate could be biased to compensate for a supposedly wrong COy
profile. However, this is not the case in our scheme because CO; is
simultaneously retrieved with temperature. As described in Section
2.2.1.4, temperature and CO; retrievals do not insist on using the same
channels. A comprehensive check of the retrievals for CO and tem-
perature for the IASI soundings on July 9, 2023, which includes the
comparison of the temperature retrieved profiles against those of the
ECMWEF Fist Guess, retrieved CO» against First Guess COy, the cross-
correlation of the retrieved Temperature and COj, and, finally, the
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standard deviation of the spectral residuals, is provided in the supple-
mental material (Figs. S18 to S$22). It is also important to stress that the
first guess and the IASI retrieval for XCO3, are consistent with the in situ
concentration of CO, as measured at the South Pole Observatory (site
latitude: —89.98°, longitude: —24.8°, 2810.0 m). The SPO monthly
mean for July 2023 is 416.7 ppmv (https://gml.noaa.gov/dv/data/inde
x.php?site=SP0O), whereas the average value for XCO5 corresponding to
the 977 soundings in Fig. 14 is 411.5 for the First Guess and 417.0 ppmv
upon retrieval: neither the first guess nor the retrieval shows any
anomaly concerning the CO» concentration. Finally, we stress that a
difference of +10 ppmv of the assumed profile against the actual COy
profile would affect the retrieval of the temperature of less than +0.5 K
at any pressure level [68]. Therefore, unless we claim a CO; hole in
Antarctica, in addition to that of ozone, the misfit seen in Fig. 14 is
mainly due to temperature and gives evidence of how our scheme can
also add information to the temperature retrieval.

3.4.3. Cloudy sky over ocean spectral residuals

Another important check comes from analyzing the spectral re-
siduals in cloudy conditions over the ocean. Stratospheric clouds are
rare over the ocean because of the warmer stratosphere as compared to
the atmosphere over cold land surfaces, such as over the Antarctica
continent. The spectral residuals in Fig. 15 do not show any systematic
effect in the atmospheric window, where the residual is nearly zero. The
analysis shown in Fig. 15 is based on 1414 IASI soundings.

We also note that, compared with Fig. 13, we have some discrep-
ancies in the tropospheric absorption portion of the CO, absorption

14

band. This is because the IASI observations are less sensitive to the lower
atmosphere in the cloudy sky. The residuals in the CO, v, band show a
similar pattern to those in Fig. 13 for cloudy sky over land. Compared to
the residuals shown for land, it is important to point out (here and in the
following case) that HNOg3 residual misfits (spikes) are also visible,
particularly in the Q-branch at 878 cm™.. This misfit is well visible in the
ECMWEF residuals, while it falls within IASI error bars upon retrieval.
The fact that, upon fitting, this spectral misfit is unnoticeable in the
residuals over land and sea also testifies to the good HNOj retrieval at
the southernmost latitudes.

3.4.4. Clear sky over ocean spectral residuals

Clear sky cases over the ocean at latitudes lower than —60° are rare.
In fact, over the ocean, we have almost always cloudy conditions (see
supplemental material). For the spectral residuals in Fig. 16, we had
only 137 IASI soundings, which are still enough to produce a significant
residual analysis.

As expected, the spectral residuals fall within the error bars every-
where in the spectral range, and we cannot see any systematic and
significant behavior. As for the case of clear sky over land, the CO; is
well-fitted because the IASI observations can "see" the lower atmo-
sphere. Also, it should be noted that the temperature in the atmospheric
window is well below 273 K. The soundings are over sea ice rather than
seawater, as testified by the surface temperature retrieval that yields
values below 273 K. The fact that the surface is sea ice also explains
some slight systematic patterns in the residuals. In effect, we set the
emissivity to that of seawater, and, unlike the land surface case, it is not
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Cloudy sky over land, 1ASI orbit on 9 July 2023, 00:00 UTC

<240

BT spectrum

n

o

o
I

180

n

N

o
I

I I I T I I I T T I I T ! I T I
—FG

% — Fitted
CO,, Q-branch at 791 cm —IASI [

=

G

| | | | |

640 670 700 730 760 790/ 820 850 880 910 940 970 1000 1030 1060 1090 1120 1150 1180 1210

wave number, o (cm")

I I I I I I I | I I I I

g : j —Obs.-Calc., upon Retrieval [ |

1 —Obs.-Calc., FG L
o0 4 e A —
= -1 / s T v m—— = =]
- - 1
m _g IASI error bal
<-4

,5 -

6

g _ | | | | | | I l | | | | 1 | | l |

640 670 700 730 760 790 820 850 880 910 940 970 1000 1030 1060 1090 1120 1150 1180 1210

wave number, o (cm’1)

Fig. 13. Average spectrum computed from the ECMWF fields, average observed IASI spectrum, and fitted average spectrum (top panel) together with spectral
residuals (bottom panel) in IASI band 1 based on the retrieval analysis of the IASI soundings on July 9, 2023. The red circles in Figure refer to the CO, spectral line
features at 791 cm™. The spectra average over 2800 land surface, with cloudy sky IASI soundings.

260

Clear sky over land, IASI orbit on 9 July 2023, 00:00 UTC
| |

N

e

o
I

sl
2]
o

BT spectrum (K)
&
I

N

o

o
|

T I I T I I I I FG
—Fit
—IASI

v ¥ L g

| | | | | | | | | | | | | | | | | |

670 700 730 760 790 820 850 880 910 940 970 1000 1030 1060 1090 1120 1150 1180 1210
wave number, o (cm’1)

A BT (K)

-4

T 1 T T T I I T I
—— Obs.-Calc., upon Retrieval |
——Obs.-Calc., FG

b

| | | | | | | | | | | | | | | | | |

640 670 700 730 760 790 820 850 880 910 940 970 1000 1030 1060 1090 1120 1150 1180 1210
wave number, o (cm")

Fig. 14. Average spectrum computed from the ECMWF fields, average observed IASI spectrum, and fitted average spectrum (top panel) together with spectral
residual (bottom panel) in IASI band 1 based on the retrieval analysis of IASI soundings on July 9, 2023. The spectra average over 977 footprints over land in clear

sky conditions.

retrieved. The patterns are likely due to the emissivity properties of the Fig. 16 also evidences two spike features (circled in magenta on the
surface. However, it should be stressed that the error bars in the atmo- black line in the bottom panel) in the FG spectral residuals at ~879.0
spheric window are within +0.3 K. and ~896.5 cm ™. These features are due to the vs and 2vg cold bands of
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HNOg, respectively. Both features are largely attenuated upon fitting, cm™! of Fig. 16 are zoomed in Fig. $23 of the supplemental material.
which exemplifies how our retrieval for HNOs is consistent with the In the window region 800-1200 cm’!, the spectral residual corre-
observations. For brevity, the details of the spectral range 860 to 905 sponding to the first guess shows line features that appear mostly flipped

16



C. Serio et al.

up (mainly lines of H,O, HDO, and CO3), meaning that the IASI obser-
vations show less absorption than the first guess. Conversely, the fact
that the HNOj line features are flipped down means that IASI shows
more absorption than the first guess. The HNOj3 (flipped down) spectral
features can also be seen in the FG average spectrum in the cloudy sky
over the sea (see Fig. 15). In contrast, they almost disappear in the case
of the land surface (see Figs. 13 and 14). The reason is that the FG total
amount of HNOj3 is ~ 500 pptv, and this value turns out to be essentially
different from the values we effectively retrieve over the sea and closer
to those estimated for land (see, e.g., Fig. S1 in the supplemental
material).

4. Conclusions and outlook

We have presented an all/sky forward/inverse tool and demon-
strated its capability by analyzing the onset of the Antarctica ozone hole
in 2021 and 2023. The study used all/sky IASI spectra recorded over the
latitude range —60° to —90° for the winter/spring months. The analysis
shows that ozone depletion begins in the fringe of the polar night. Nitric
acid has been detected and quantified in the gas phase. The area of
depleted ozone extends from 90° to ~70° Southern latitudes. We have
shown that the temperature profile has an inversion at a pressure level
that can be as high as 10 hPa; the minimum temperature is below the
threshold of 195 K, which is needed for NAT formation. The analysis
indicates a possible formation of such clouds at altitudes between 20 km
and 35 km. The ozone depletion parallels a significant decrease of HNO3
in the gas phase, and the regions where we see this effect are charac-
terized by a minimum stratospheric temperature below the threshold of
195 K. This supports the idea that nitric acid condenses, supposedly
giving rise to crystals of HNO3-3H0. The observational connection
between clouds, HNO3, and ozone in IASI data is one of the most sig-
nificant results of the study conducted in this paper.

We have shown that spectral observations can consistently retrieve
ozone, nitric acid, water, and ice clouds. Spectral residuals are usually
reduced within the noise error bars, regardless of sky conditions and
surface types. Stratospheric ice cloud spectral features are fitted within
NEDT, showing that the state-of-the-art spectroscopy of ice particles is
good enough for retrieval analysis. More work needs to be done to have a
more comprehensive assessment of all PSC types.

We have also evidenced the presence of ice stratospheric clouds at
temperatures below 188 K. Ice clouds have strong absorption in the
atmospheric window in the range 800-1000 cm™ and can be detected.
The analysis of the residuals of cloudy spectra over the Antarctic plateau
shows an excess absorption in the spectral domain 800-900 cm™, which
could be attributed to some undetected NAT clouds.

We have found that in 2023, the ozone hole was more profound and
extended than it was in 2021. Air masses of depleted ozone were found
in July and August when the Antarctica continent was still in the polar
night. An analysis of the spectral residuals shows that the ozone retrieval
is fully consistent with the IASI observations. The deeper ozone deple-
tion in 2023 could result from interaction with the Hunga Tonga volcano
eruption in January 2022 [67].

There are at least three points where our strategy can have some
advantages (and not only limited to the Antarctica case study):

1. Enable the use of cloudy radiances in the infrared and characterize
liquid and ice clouds along with thermodynamical parameters and
minor and trace gases. This feature has been exemplified in Fig. 5,
where we show the detection and analysis of a stratospheric ice
cloud.

2. Work with all-sky conditions (clear and cloudy), improving re-
trievals’ horizontal spatial and temporal sampling. This feature has
been exemplified, e.g., in Fig. 10 where zonal averages at a latitude
resolution of 1° of the many parameters we retrieve allow us to assess
that the ozone depletion area corresponds to a zone of strong
denitrification.
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3. Maximize daily coverage by analyzing day and night soundings and
providing, e.g., valid retrievals during the polar night. Retrievals
have exemplified this feature in the southern winter months of July
and August.

Our work is not intended and cannot be an exhaustive analysis of the
ozone hole. It is a first step in developing a methodology for retrievals in
all-sky conditions. Its application to the Southern Hemisphere ozone
hole exemplifies how the approach can add new information to previous
studies. Furthermore, it shows the importance of assimilating all-sky
infrared radiances. We have proven that IASI spectra can lead to valid
and interesting retrievals during the polar night and early spring when
UV-VIS satellite observations are not possible.
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