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Abstract

In this paper, we exploit the first 10-year dateerel (2008-2017) of nitric acid (HNgptotal columns
measured by the IASI-A/Metop infrared sounder, abtarized by an exceptional daily sampling and a
good vertical sensitivityn the lower-to-midstratosphere (around 50 hPa), to monitor ¢hesal
relationship between the temperature decreasehanobiserved HN&Ioss that occurs each year in the
Antarctic stratosphere during the polar night. 8itilte HNQ depletion results from the formation of
polar stratospheric clouds (PSCs) which triggerdéeclopment of the ozone {(hole, its continuous
monitoring is of high importance. We verify heregrii the 10-year time evolution 6fNOs together
with temperature-the-paiHNO3-temperat|(taken from reanalysis at 50 hPa), the recurresfce
specific regimes in thennualcycle of IASI HNQG and identify, for each year, the day and the 58 hP
temperature ("drop temperature") correspondingpéooinset of strong HN{Qlepletion in the Antarctic
winter. Although the measured HN@tal column does not allodiferentiatingthe uptake of HN@

by different types of PSC particles along the weitiprofile to be differentiatedan average drop
temperature of 194.2 + 3.8 K, close to the nitadarihydrate (NAT) existence threshold (~195 K at
50 hPa), is found in the region of potential vatyidower than -10x16 K.m?.kg?.s? (similar tothe 70°

— 90° S Eqglat region during winterl'he spatial distribution and inter-annual varidpibf the drop
temperature are investigated and discussed. Thisr aghlights the capability of the IASI sounder t
monitor theevolution of polar stratospheric HNGa key player in the processes-leng-term-evoldtion

the-polarstratospheric compesition-and-proceipvalved in the depletion of stratospherig. O

1 Introduction

The cold and isolated air masses found within tilarpsortex during winter are associated with arsgr
denitrification of the stratosphere due to the fation of PSCs (composed of HMGulphuric acid
(H2SQyw) and water ice (ED)) (e.0.Peter, 1997; Voigt et al., 2000; von Konig, 2002h@iner et al.,
2003; Peter and Groof3, 2012). These clouds straifggt the polar chemistry by (1) acting as swfac
for the heterogeneous activation of chlorine arartine compounds, in turn leading to enhanced O3
destruction€.9.Solomon, 1999; Wang and Michelangeli, 2006; Haetial., 2010; Wegner et al., 2012)
and by (2) removing gas-phase HN@mporarily or permanently through uptake by P3@d
sedimentation of large PSC particles to lower wdits. The denitrification of the polar stratosphere
during winter delays the reformation 6fONO,, achlorine reservoir, and, hence, intensifies thes O
hole €.0.Solomon, 1999; Harris et al., 2010ritscher et al., 2091 The heterogeneous reaction rates
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on PSC surface and the uptake of HNE3trongly depend on the temperature and on thes p&dcles
type. The PSCs are classified into thfabfferent types based on their composition and capti
properties: type la solid nitric acid trinydrat8lAT (HNOs.(H20)z3), type Ib liquid supercooled ternary
solution - STS (HN@H>SQW/H20 with variable composition) and type I, crystadliwater-ice particles
(likely composed of a combination of different cheah phases)d.g. Toon et al., 1986; Koop et al.,
2000; Voigt et al., 2000; Lowe and MacKenzie, 2008) the stratosphere, they mostly consist of
mixtures of liquid/solid STS/NAT particles in vang number densities, with HN®eing the major
constituent of these particles. The large-size NAifficles of low number density are the principalse

of sedimentation (Lambert et al., 2012; Pitts et2013; Molleker et al., 2014; Lambert et al., @01
The formation temperature of STSsfd) and the thermodynamic equilibrium temperatureNAT
(Tnat) @and ice (Tee); have been determined, respectively, as: ~192 Ks(@a et al., 1995), ~195.7 K
(Hanson and Mauersberger, 1988) and ~188 K (Mugpiaykoop, 2005) for typical 50 hPa atmospheric
conditions (5 ppmv D and 10 ppbv HNg). While the NAT nucleation was thought to require-
existing ice nuclei, henceemperatures belowd anrd-pre-existing-ice-particles (e.q. Zondlo etz4Q0;
Voigt et al., 2003)recent observational and modelling studies hhweeva that HNQ starts to condense

in early PSC season in liquid NAT mixtures well eddice (~4 K below far, close to &) even after

a very short temperature threshold exposure (TOEhe¢se temperatures but also slightly belowrT
after a long TTE, whereas the NAT existence peysiptto Nar (Pitts et al., 2013; Hoyle et al., 2013;
Lambert et al., 2016; Pitts et al., 2018). It hagrb recently proposed that the higher temperature
condensation results from heterogeneous nucleafiblAT on meteoritic dust in liquid aerosoldigt

et al., 2005Hoyle et al., 2013; Grool3 et al., 2014; James.eR@all 8 Tritscher et al., 2091 Further
cooling below Ers and Tee leads to nucleation of liquid STS, of solid NATtorce and of ice particles
mainly from STS (type Il PSCs) (Lowe and MacKen2@08). The formation of NAT and ice has also
been shown to be triggered by stratospheric mooHwtaves (Carslaw et al., 1998; Hoffmann et al.,
2017). Although the formation mechanisms and cortiposof STS droplets in stratospheric conditions
are well described (Toon et al., 1986; Carslawl.et1895; Lowe and MacKenzie, 2008), the NAT and
ice nucleation processes still require further stigmtion(Tritscher et al., 2021This could be important

as the chemistry-climate models (CCMs) generalgrswnplify the heterogeneous nucleation schemes
for-the PSG formation (Zhu et al., 2015 Spang et al., 20383I§ et al., 2019preventlng an accurate
estimation of @ levels.

.

Several satellite instrumeriisivemeasure stratospheric HN@over decadefe.g. MLS/UARS (Santee
et al., 1999), MLS/Aura (Santee et al., 2007), MBPBNVISAT (Piccolo and Dudhia, 2007), ACE-
FTS/SCISAT (Sheese et aI 2017) and SMR/Odin (nera aI 2009)) Ihe—spaeebeme—kelars

Ists ab H#y the

g%eand—based—kelar—@ne#&et—al—zgw) Spacebmlsteuments such as the CALIOP/CALIPSO lidar

and MIPAS/Envisat measuring in the infrared areabdg of detecting and classifying PSC types,
allowing their formation mechanisms to be invedegal ambert et al., 2016; Pitts et al., 2018; $pan
et al., 2018, Tritscher et al., 2021 and refereribesein); these satellite data complement in situ
measurements (Voigt et al., 2005) and ground-béidad (Snels et al., 2019From these available
observational datasets, the HN@epletion has been linked #e=PSGs formation and detected below
the Tnat threshold (Santee et al., 1999; Urkiginet al., 2009; Lambert et al., 2016; Ronsmans.et al
2018), but its relationship to PSCs still need#hierrinvestigation given the complexity of the raation
mechanisms that dependn a series of parameters (e.g. atmospheric tetyser water and HNO
vapour pressure, time exposure to temperaturepeture history).
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In contrast to the limb satellite instruments meméid above, the infrared nadir sounder IASI ofters
dense spatial sampling of the entire globe, twicka (Section 2). While it cannot provide a veltica
profile of HNG: similar to that from the limb sounders, IASI provides reliable total woh
measurements of HN@haracterized by a maximum sensitivity in the lowddle stratosphere around
50 hPa (20 km) during the dark Antarctic winter (Bmans et al., 2016, 2018) wheése PSCseloud
form (Voigt et al., 2005; Lambert et al., 2012; Bpat al., 2016, 2018). This study aims to exptbe
10-yeas continuous HN@measurements from IASH provide-ferprovidin@ long-term global picture
of depletion and of its dependence to temperatduesg polar winter (Section 3). The temperature
corresponding to the onset of the strong depletiorHNOs records (here referred to as ‘drop
temperature’) is identified in Section 4 for eadiserved year and discussed in the context of pusvio
studies.

2 Data

The HNQ data used in the present study are obtained freasorements of the Infrared Atmospheric
Sounding Interferometer (IASHmbarked-ononboathe Metop-A satellite. IASI measures the Earth’s
and atmosphere’s radiation in the thermal infraspdctral range (645 - 2760 gmwith a 0.5 crrt
apodized resolution and a low radiometric noisef@dux et al., 2009; Hilton et al., 2012). Thanks t
its polar sun-synchronous orbit with more than ddite a day and a field of view of four simultansou
footprints of 12 km at nadir, IASI provides glolzaiverage twice a day (9.30 AM and PM mean local
solar time). That extensive spatial and temponapeg in the polar regions is key to this study.

The HNQ vertical profiles are retrieved on a uniform veatil km grid of 41 layers (from the surface
to 40 km with an extra layer above to 60 km) inrrreal-time by the Fast Optimal Retrieval on Layers
for IASI (FORLI) software, using the optimal estitiee method (Rodgers, 2000). Detailed information
on the FORLI algorithm and retrieval parameterscsgigeto HNOs can be found in previous papers
(Hurtmans et al., 2012; Ronsmans et al., 2016)tHisrstudy, only the total columns (v20151001) are
used, considering (1) the low vertical resolutiéhA$s| with only one independent piece of infornaati
(full width at half maximum FWHM - of the averaging kernels of ~30 km), (2) the liditensitivity

of IASI to tropospheric HN@ (3) the dominant contribution of the stratosphiereahe HNQ total
column and (4) the largest sensitivity of IASIinretregion of interest, i.e. in the low and mid{stsphere
(from ~70 to ~30 hPa), where the HBl@bundance is the highest (Ronsmans et al., 20he)|ASI
measurements capture the expected variations ofsHiQin the polar night, as illustrated in Fig. 1
that shows examples of vertical Hil@rofiles retrieved within the dark Antarctic vott@above Arrival
Height) and outside the vortex (above Lauder). The netdeprofiles are shown along with their
associated total retrieval error and averaging édsr(the total column averaging kemahd the so-
called “sensitivity profile” are also representede Ronsmans et al., 2016 for more details® total
column averaging kernel (in black) indicates thesgevity of the total column measurement to change
in the vertical distribution of HN§) hence, the altitude to which the retrieved tatdumn is mainly
sensitive/representative, while the sensitivityfilgondicates to which extent the retrieval at gpecific
altitude comes from the spectral measurement r#tlaerthe aprioriAbove Arrival Height during the
dark Antarctic winter, we clearly see depleted HNéyvels in the low and mid-stratosphere and the
altitude of maximum sensitivityat around 30 hPa for this caSelues of ~1 along the total column
averaging kernel around that level)) contrast-At Lauderen-the-contrayHNGs levels larger than
the a priori are observed in the stratosphere withrger range of maximum sensitivity. The total
columns are associated with a total retrieval eraoging from around 3% at mid- and polar latitudes
(except above Antarctictd 25% above cold Antarctic surface during wirftkre to a weaker sensitivity
above very cold surface withdzgrees of freedom for sign®OFS of 0.95 and to a poor knowledge
of the seasonally and wavenumber-dependent emissabiove ice surfaces which induces larger
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forward model errors), and a lavzsolutebias Emallertewerthan 12%) in polar regions over the altitude
range where the 1ASI sensitivity is the largestewltompared to ground-based FTIR measurements
(see Hurtmans et al., 2012 and Ronsmans et alg #1more details). In order to expand on the
comparisons against FTIR measurementsch cannot be made-which-is-rot-pessdudng the polar
night, Fig. 2 (top panel) presents the time sasfetaily IASI total HNQ columns co-located with MLS
measurements within ZX2.5° grid boxes, averaged in the 70°S—90°S equivadiatie band. In order
to account for the vertical sensitivity of IASIgthveraging kernels associated with each co-lo¢Ated
retrieved profiles werepplied to the MLS profilescensidertar this cross-comparison. The MLS/IR
profilesover the 215-1.5 hPa pressure rawete first interpolated to the FORLI pressure gritisen
copverted-into-columnprofilesThey-were-also exténded down to the surface &yrsidering using
the FORLI-HNOS3 a priori profileand then converted into partial columSimilar variations in the
HNOz3 column are captured by the two instruments, witreacellent agreement in particular for the
timing of the strong HN@depletion within the inner vortex core. Note thagimilar good agreement
between the two satellite datasets is obtainedhardatitude bands (see Fig. 2 bottom panel fer th
50°S-70°S equivalent latitude band; the other banelsiot shown).

Quiality flags similar to those developed fog @ previous IASI studies (Wespes et al., 2017)ewer
applied a posteriori to exclude data (i) with aresponding poor spectral fit (e.g. based on quiiatys

rejecting biased or sloped residuals, fits with mmasn number of iteration exceeded), (ii) with less
reliability (e.g. based on quality flags rejectisgspect averaging kernels, data with less serngitivi
characterized by a DOFS lower than 0.9) or (iijhwtropospheric cloud contamination (defined by a
fractional cloud cover 25 %). Note that the HNCtotal column distributions illustrated in sections
below use the median as a statistical average gireceore robust against the outliers than thame

Temperature and potential vorticity (PV) fields #éa&en from the ECMWF ERA Interim Reanalysis
dataset, respectively at 50 hPa and at the potaatigperature of 530 K (corresponding to ~20 km
altitude where the IASI sensitivity to HN@ the highest during the Southern Hemisphere.fSviiter
(Ronsmans et al., 2016)Because the HNQuptake by PSCs startsthin a few degrees+slightly
below Tnat (~195.7 K at 50 hPa (Hanson and Mauersberger,)1@9@pending on the meteorological
conditions (Pitts et al., 2013; Hoyle et al., 20L@mbert et al., 2016; Pitts et al., 2018), a thods
temperature of 195 K is considered in the sectibakw to identify regions of potential PSC
existencethe-PSCs-containingreglofbe potential vorticity is used to delimit dynaally consistent
areas in the polar regions. In what follows, we egker the equivalent latitudes ("eqglat”, calcetht
from PV fields at 530 K) or the PV values to chéeaee the relationship between Hl@nd
temperatures in the cold polar regions. Uncertgniti ERA-Interim temperatures will also be disedlss
below.

3 Annual cycle of HNO3z vstemperatures

Figure 3a shows the yearly HNOycle (solid lines, left axis) in the southernmeguivalent latitudes
(70° - 90° S)as measured by IASI over the whetedyperiodef-measuremen{2008—-2017). The total
HNOs variability in such equivalent latitudes has afledeen discussed in a previous IASI study
(Ronsmans et al., 2018yhere the contribution of the PS@$0 the HNQ variations was highlighted.
The temperature time series, taken at 50 hReerivepresented as well (dashed lines, right axismFro
this figure, different regimes of HN@otal columnss/s temperature can be observed throughout the year
and from one year to another. In particular, wengehere three main regimes (R1, R2 and &8j)g
duringthe HNQy/temperatureannualcycle. The full cycle and the main regimes in tBé 790° S eqlat
region are further represented in Fig. 3b that sh@wistogram of the HN{@otal columns as a function

of temperature for the year 2011. Similar histoggaare observed for the ten years of IASI
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measurements (not shown). The red horizontal antit&klines in Fig. 3a and Fig. 3b, respectively,
represent the 195 K threshold temperature usedenatify the onset of HN®uptake by PSCs (see
Section 2). The three identified regimes correspond

- Rl is defined by the maxima in the total HN&undances covering the months of April and
May (~3x13° molec.cn?,—R1-in-Figures-3a-and),bwhen the 50 hPa temperature strongly
decreases (from ~220 to ~195 K). These high Blk€els result from low sunlight, preventing
photodissociation, along with the heterogeneougdiysis of NOs to HNO; during autumn
before the formation of polar stratospheric clo(iKsys et al., 1993; Santee et al., 1999; Urban
et al., 2009; de Zafra and Smyshlyaev, 2001). pkisod also corresponds to the onset of the
developmentdeploymeof the southern polar vortewhich is characterized by strong diabatic
descent with weak latitudinal mixing across its fdary, isolating polar HN&rich air from
lower--latitudeinal airmasses.

- R2, which extends from June to Octobercharacterized-byfollowthe onset of the strong
decrease in HN&xotal columnswhich starts around mid-May in most years,at-thigrbeng-of
Jurewhen the temperatures fall below 1952Kd is characterized by-fellewed-ayplateau of
total HNG; minima. In this regimeaverage HN®total columns are-the-HhNQetal-columns
averagebelow 2x10° molec.cn? and the 50 hPa temperatures range mostly betwg@arid
190 K.

- R3starts in October when sunlight returns andthiePa temperatures rise above 195&spite
50 hPa temperatures increasing up to 240-KDespéestratospheric-warming-with-50-hPa
temperatures-up-to-240iH summer, the HN@total columns stagnate at the R2 plateau levels
(around 1.5x1¥ molec.cn¥). This regime likely reflects the photolysis of Né&nd HNQ itself
(Ronsmans et al., 2018) as well as the permanaeiitrifieation of the mid-stratosphere, caused
by sedimentation of PSEshy-the PSCs-sedimentdlive likely renitrification of the lowermost
stratosphere=(g.Braun et al., 2019; Lambert et al., 201&pere the HN®@concentrations and
the IASI sensitivity to HN®@ are lower (Ronsmans et al., 201&nnotean-hardlbe inferred
from the IASI total column measurements. The plateests until approximately February,
whenre HNO;s total column slowly starts increasing, reaching April-May maximum in R1.

As illustrated in Fig. 3a, the three regimes arseobed each year with, however, some interannual
variations. For instance, the sudden stratospheaicning (SSW) that occurds in 2010 (see the
temperature time series at 20 hPa for the year;20&8n dotted line) yielded higher Hhl®tal columns
(see green solid line in Jubra-August - Septembe(de Laat and van Weele, 2011; Klekociuk et al.,
2011; WMO, 2014; Ronsmans et al., 2018).

Figure 3c shows the evolution of the relationstepaeen the daily averaged Hil@alculated from a
7-day moving average) with the highest occurreiteifs of 0.1x18& molec.cn? and of 2K) and the

50 hPa temperature, over the 10 years of IASI. rEdevertical line represents the 195 K threshold
temperature. Figure 3c clearly illustrates the sioarease in HN® columns as the temperatures
decrease (February to May, i.e. R3 to R1), thengtemd rapid HN@depletion occurring in June (R2),
andthe plateau of low HN@abundances in winter and spring (frdnly -Augusito November; R2 to
R3). Figure 3c also highlightsea largdnterannual variability in total HNOwhich-isfound-te-be-the
largestin R3, while the strong depletion in HNONn R2 -andshews—a—strong—consisteney—in-theis
consistentenset-ofthe-depletievery-between-eagiear (beginning of June when the temperatures fall

below 195 K as |nd|cated by the red vertlcal Ilrfébven that PSC formatlon spans a large range of
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km) (Hopfner et al.}:562006, 2009; Spang et al., 2018; Pitts et al., 2@b8fhat IASI has maximum
sensitivity tO—t—h&t—Gf—%tH%H%MSJ—S@HSt—t—M—t%ﬂdNOs around 50 hPa (Hurtmans et al., 2012;
Ronsmans et al., 2016), the temperatures at twer gitessure levels, namely 70 and 30 hPa (i.e. ~15
and ~25 km), have also been tested to investipatestationship between HN@nd temperature in the
low and mid-stratosphere. The results (not showa)rexhibit a similar HN@temperature behavior at
the different levels with, as expected, lower @ndhierargetemperatures in R2, respectively, at 30 hPa
{dewn-to=1801and at 70 hPadmperaturedown to~180 K at 30 hPa and down-+85 Kat 70 hPa,
as compared to temperatures down to ~182 K at 80rE observggbut still below the NAT formation
threshold at these pressure levelga{F193 K at 30 hPa and ~197 K at 70 hPa) (Lambeat €2016).
Therefore, the altitude range of maximum IASI sewvisy to HNOz (see Section 2) is characterized by
temperatures that are below the NAT formation tho&s at these pressure levels, enablingPSG
formation and the denitrification process. Furtheren the consistency between the 195 K threshold
temperature taken at 50 hPa and the onset ofribregstiotal HNQ depletion seen in IASI data (see Fig.
3aand-Fig—3)is in agreement with the largest NAT area thattstto develop in June around 20 km
(Spang et al., 2018), which justifies the use ef 185 K temperature at that single representagive! |
in this study.

4 Onset of HNO3 depletion and drop temper atur e detection

To identify the spatial and temporal variability thfe onset of the depletion phase, the daily time
evolution of HNQ during the first 10 years of IASI measurements duedtemperatures at 50 hPa are

explored. In particular, the second derivative df®4 total column with respect to time is calculated to

detect the strongest rate of decrease seen inXi@ Hme series and to identify its associated day and
50 hPa temperature.

4.1 HNOg3 vstemperaturetime series

Figure 4 shows the time series of the second derevaf HNGO; total column with respect to time (blue)
and of the temperature (red) averaged in thesarepotential vorticityat the potential temperature of
530 K smaller than -10x1®9K.m?.kg'.s* to encompass the regioimside the inner polar vortex where
the temperatures are the coldest @mdictal HNQ-depletion-oceurs the largest depletion of total®dN
occurs(Ronsmans et al., 2018). The use of that PV thidsraue explains the gaps in the time series
during the summer when the PV does not reach savehevels, while the time series averaged in the
70°- 90° S Eglat band (dashed blue for the secanative of HNQ and grey for the temperature)
covers the full year. Note that the Hhl@me series has been smoothed with a simple splata
interpolation function to avoid gaps in order tdcatate the second derivative of HN@tal column
with respect to time as the daily second-differend¢NOs total columm. The horizontal red line shows
the 195 K threshold.

As already illustrated in Fig. 3a and Fig. 3c, #tengest rate of HNfdepletion (i.e. the second
derivative minimum) is foundround-the 195 K-thresheld-temperature arountriesthat temperatures
drop below the 195 K threshqhithin-seme-days within a few days to a few we@kto 23 days) after
total HNGs reaches its maximum, i.e. between thé€th of May (2013) and the 8th of June (2009).
Execeptifor-theyear 2014, hé 50 hPa drop temperatures. the temperature associated with the
strongest HN®@ depletion detected from IASare detected between 189.2 K and 198.6/ith an
exception for the year 2014 which shows a drop tatpre of 202.&. On average over the 10 years
of studied IASI measurements a 50 hPa drop tertmera)f—ag424 K+ 238 K (——10 standard

deviation) is found- 3 s i , a—drop
Lertoerolore o200 DY Knowmg that Tar can be hlgher or Iower dependlng on the atmospherl
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conditions and that NAT starts to nucleate from4-B-below Tnat (Pitts et al., 2011; Hoyle et al., 2013;
Lambert et al., 2016), the results here tend tocalmhnate the conS|stency between the 50 hPa drop
temperatur'.. ) A

the PSC-fermation emstenctemperature in that altltude reglon Note thatrrege observed in the 50
hPa drop temperature could refl¢etprependerance-by-ene-type variations in thpaméerance of
one typeof PSCs over another from one year to the nex.rébults further justify the use of the single
50 hPa level for characterizing and investigatimg anset of HN@depletion from IASI. Nevertheless,
given the range of maximum IASI sensitivity to HN&ound 50 hPa, typically between 70 and 30 hPa
(Ronsmans et al., 2016), the drop temperatureslsoecalculated at these two other pressure |¢nets
shown here)n orderto estimate the uncertainty of the calculated deopperature defined in this study
at 50 hPa. The 30 hPa and 70 hPa drop temperatumgs respectively over 185.7 K -194.9 K and over
194.8 K — 203.7 K, with an average of 192.0 = 2.8rid 198.0 + 3.2 K @ standard deviation) over the
ten years of IASI. The average values at 30 hPa7&ntdPa fall within the d standard deviation
associated with the average drop temperature BPa0 It is also worth noting the agreement between
the drop temperatures and the NAT formation thriesabthese two pressure levelsi{f~ 193 K at 30
hPa and ~197 K at 70 hPa) (Lambert et al., 202i6xlly, it should be noted that, because the sizape

or location of the vortex vary slightly over théitaide range to which IASI is sensitive (from ~80~70

hPa during the polar night), the use of a singkemital temperature surface for the calculatiodraip
temperatures could introduce some uncertaintiestim results. However, several tests suggest that
these variations of the vortex are overall minad,amence, could only have limited influence on the
delimitation of the inner polar vortex (delimitegt b PV value of —10x18K.m?kg.s?! at 530 K) and

on the detection of the average drop temperatgidarthat region

Figures 5a and b show th#imatological zonal distribution of HN® total columns and of the
temperature at 50 hPa, respectively, spantiia§5° S - 90° Sgeographic latitude baraver the whole
IASI period, with, superimposed, three isocontoewels of potential vorticity (-10, -8 and -5x310
K.m2.kgl.s?tin blue, cyan and black, respectively) amdisocontours for the 195 K temperature (pink) an
for the averaged 194.2 K drop temperature (puatl&p hPane-isecontourforthe 50-hPa-temperatlitey
further illustrate the relationship between the IA&al HNOs; columns and the 50 hPa temperatures.
The averagePV isocontour of -10x10 K.m?.kg?.st is clearly shown to separate well the region of
strong depletion in total HN$according to the latitude and the time. The rediced dashed line
indicates the average date for the hPa averagdrop temperatures calculated in the area of PV
10x10° K.m?.kgl.s! (194.2 + 3.8 K; see Fig. 4) over the IASI perittdshows that the strongest rate
nof HNOz depletion occurs on averaged of Mayafew-days-beforeJune, a few days dfier
temperature decreases below 195THe delayfsome-daybetween the maximum in total HN@nd
the start of the depletion (see Fig. 4) is alsdbigesin Fig. 5a.For the purpose of the illustrations hét
yearly zonally averaged time series over the tearsef IASI can be found in Fig. 6; it shows the
reproducibility of the edge of the collar HN@egion and of the region of the strong HiNg&pletion,
respectively delimited by the PV isocontours of:6% K.m?.kg.s? and of -10x16 K.m?.kg?.s! at50
hPa530 K measured by IASI from year to years well as the reproducibility of the NAT threkho
temperature region that encompasses the innexvootre Except for the year 2009, the dates for the
strongest rate of HN§epletion matches those for the onset of decrgasmperatures below 195 K.

4.2 Distribution of drop temperatures

To explore the capability of IASI to monitor thesat of HNQ depletion at a large scale from year to
year, figure 7 shows the spatial distribution of 80 hPa drop temperatures (based on the second
derivative minima of total HN@averaged in 1°x1° grid cells) inside a regiondékd by a PV value

of -8x10° K.m?.kgl.s; for each year of the IASI period order to investigate a region a bit larger than
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that of the strong depletion in total HXéncircled by—Fhe-green-contour+eprestmesPV isocontour
of -10x10° K.n?.kg.s?, averaged over the=riod10 May — 15 Julyeriodfor each year, which delimits

our region of interegin green) The isocontour of -10x10K.m?.kg?.s* for the minimum PV (in cyan)
encountered at 530 K over the 10 May to 15 Julyopefior each year, as well ashEtisocontours of
195 K for the average temperatures and the mlnlmmnnperaturesaswe#a&theﬁeeenteemeﬁ-}@xm

S Kmrkghst 2 , /periocare also
represented. The calculated drop temperaturesspmmellng to the onset of HNW@epletion inside the
averaged PV isocontour are found to vary betwed@®-ahd ~210 K and the corresponding dates range
between ~mid-May and mid-July (not shown heré) year 2014 that shows the highest average drop
temperature in Figure 4 is characterized by thédst drop temperatures above the eastern Antarctic.
Note _however that the high extremes in the drop temperatuwrech-are-found-in-seme-casesmainly
found abovethe eastern Antarcti; should be considered with caution: they corredptnspecific
regions above ice surfaceith emissivity features that are known to yietdoes in the IASI retrievals
(Hurtmans et al., 2012; Ronsmans et al., 2016 edddbright land surfasesuch as ice might in some
cases lead to poor HN@etrievals. Although wavenumber-dependent suréacissivity atlases are used

in FORLI (Hurtmans et al., 2012), this parametenas critical and causes poorer retrievals timat, i
some instances, pass through the series of quidtitys and could affect the drop temperature
calculation.

The averaged isocontour of 195 K encirckesy well the area of HN@drop temperatures lower than
195 K (typically from ~187 K to ~195 K), which mesthat the bins inside that argaracterizeinclude
airmasses that experience the NAT threshold tertyerduring a long time over the 10 May — 15 July
period. That area encompasses the inner vortex(delieited by the isocontour of -10x¥K&.m? kg
L.st for the PV averaged over the 10 May — 15 Julyquirand showpronounced minima (lower than
-0.5x10* molec.cn?.d?) in the second derivative of the HN@tal column with respect to time (not
shown here), which indicate a strong and rapid BNEpletion. The area enclosed between the two
isocontours of 195 K for the temperatures, theayed one and the one for the minimum temperatures,
shows generally higher drop temperatures and weakestmaitlarger than -0.5x20molec.cn¥.d?) in
the second derivative of the HN@tal column (not shown). That area is algacally enclosed by the
isocontour of -10x18 K.m2.kg?.s! for the minimum PV, meaning that the bins insiderespond, at
least for one day over the 10 May — 15 July periodiirmasses located at the inner edge of thexort
and characterized by temperature lower than the Nwdshold temperaturéhe fact that the weakest
minima in the second derivative of total HBl(dot shown) are observed in that area indicatesThe
wioadioor eapnen p tee cncpne cemation of osal b Meor cbonpe sbosmnd pn et coon pclrgie
weak and slow HN@depletion and might be explained by a short penbdhe NAT threshold
temperature experienced at the inner edge of thtexdt could alseeflecta-mixingwith-strong reflect
mixing with stronglyHNOs-depleted and colder airmasses from the inner xartee. Fhe-lVixing
with these already depleted airmasses could alptaiexd the higher drop temperatures detected in
those bins. Theseometimes unrealistisigh drop temperatures are generally detected (afear the
strongHNOz3 depletion occurs) the inner vortex coya.e. after the 10 May — 15 July period considered
here — not shown), which supports the transpothase bins, of earlier HN§2epleted airmasses and
the likely mixing at the edge of the vortéxote, however, that previous studies have shovwanarmally
weak mixing in the Antarctic between the edge regind the vortex core (e.g. Roscoe et al., JGR)2012
Finally, these spatial variations might also pari§lect some uncertainty into the drop temperature
calculation, introduced by the use of temperattig single pressure level (50 hPa) and of the P¥ on
single potential temperature surface (530 K), deghe range of the sensitivity of the IASI totaluumn
measurements to changes in HNO3 profiles (fromte3070 hPa during the polar nighty—therange of
maximum-sensitivity-of JASHo-HNg). It should be note that biases in the ECMWF ERferim
temperatures used in this work-while-biases-in- B eanalysiare too smallerexplainringto explain
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the spatial-variationlarge range-ef drop temperaturesalculated herelndeed, Lambert and Santee
(2018) found a small warm bias, with median differes around 0.5 K, reaching 0-0.25 K in the
southernmost reqgions of the globe at ~68—21 hPaenvR&8Cs form, through comparisons with the

COSMIC data

Except above some parts of Antarctica which ar@eio larger retrieval erroesnd where unrealistic
high drop temperatures are foythie overall range in thé&rep50 hPadroptemperature for total HNO
inside the isocontour for the averaged temperaitii®5 K typically extends from ~187 K to ~195 K,
which falls within the range of PSQiucleation temperature at 50 hPa: from slightlipWweTnar to
around 3-4 K below the ice frost point iceF depending on atmospheric conditions, on TTE@mnthe
type-of-formation-mechanisms on the specific foraratmechanism (i.e., the type of PSC developing)
(Pitts et al., 2011; Peter amloor 2012; Hoyle et al., 2013). This underlines whkk benefit of the
excellent spatlal and temporal coverage of I,A/Ehch aIIows the rapld and critical depletion pado

be captured in detai = agver a large scale.

5 Conclusions

In this paper, we have explored the added valubeotlense HN®total columms dataset provided by
the IASI/MetopA satellite over a full decade (2008-2017) for maniily the stratospheric depletion
phase that occurs each year in the S.H. and fastmgating its relationship to the NAT formation
temperature. To that end, we focused on and dekihtite coldest polar region of the S.H. using a
specific PV value at 530 K (=50 hPa, PV of -10R10m? kg?.s') and stratospheric temperatures at 50
hPa, taken from the ECMWF ERA Interim reanalysizaflsingle representative pressure level has been
considered in this study given the maximum sengitof IASI to HNOs around that levelwhich lies

In the range where-everarange-withee PSCs formation/denitrification processccur.

The annual cycle of total HNDas observed from IASI, has first been charaadraccording to the
temperature evolution. Threericusregimes (R1 to R3) in the total HNO 50 hPa temperature
relationship were highlighted from the time seme®r the S.H. polar regieand-described-along-the
eyele R1 is definedatplayduring April and May and characterized by a rapétréase in 50 hPa
temperatures while HNaccumulates in the poles; R2, from June to Sepgemiovsiollowsthe onset

of the depletiorihat starts around mid-May in most vewtzen the 50 hPa temperatures fall below 195
K (considered here as the onset of P®Ucleation phase at that level), with a strongsiancy
between-eachyearfrom year to yeR3, defined fromovemberOctobesntiithroughMarch when total
HNOs remains at low R2 plateau levels, despite themetfisunlight and heat, characterizes the strong
denitrification of the stratosphere, likely dueR8Gs sedimentatioraiio lower levels where the 1ASI
sensitivity is low. For each year over the 1ASIipdr the use of the second derivative of the HNO
column versus time was then found be particularly valuable to detect the onset of the @3N
condensatiomto PSCs. It is captured, on average from IASIyvadays before June with a delay of 4—
23 days after the maximum in total HAN@Gxeceptforthe-year 2014, € corresponding temperatures
('drop temperatures ) were detected between 18%RRAdkK 98.6202.&K (194&2 +23.8 on average over
the 10 yearse e aTles -84, which tends to
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demonstrate the good consistency between the 50 hPa drop tatope and the PSCformation
temperatures in that altitude region. Finally, &h@ual and spatial variability (within 1°x 1°) imetdrop
temperature was further explored from IASI total ®ENInside the isocontours of 195 K for the average
temperatures and of -10x1®.m?.kg'.s? for the averaged PV &0-hRa530 Kthe drop temperatures
are detected between ~mid-May and mid-July, typicange between ~187 K to ~195 K and are
associated with theighestlowesminima (lower than -0.5x20molec.cn?.d?) in the second derivative
of the HNQ total column with respect to time, indicating eoag and rapid HN@depletion. Except
for extreme drop temperatures (~210 K) that weunddrom-yearto-yearin some yeaabove eastern
Antarctica and suspected to result from unfiltepedr quality retrievals in case of emissivity issue
above ice, the range of drop temperatures is istiagly foundio bein line with the PSE nucleation
temperature that is known, from previous studiessttongly depend on a serie& factors (e.qg.
meteorological conditions, HNOvapour pressure, temperature threshold exposuesemce of
meteoritic dust). At the edge of the vortex, coasn the isocontours of 195 K for the minimum
temperatures or of -10x2K.m?.kg.s* for the minimum PV, higher and later drop tempeared along
with weakest minima in the second derivative of #MdOz total column with respect to time, indicating
a slow HNQ depletion, are foundiTheselikely results from a short temperature threstetdosure or
a-mixing with already depleted airmasses from theinmrtex core. The results of this study highlight
the ability of IASI to measure the variations italddNOsz and, in particular, to capture and monitor the
rapid depletion phase over the whéletarctic-pelairegions.

We show in this study that the IASI dataset allewsgturingthe variability of stratospheric HNO
throughout the year (including the polar nightjhie Antarcticio be capturedn that respect, it offers
Aew observational means to monitor the relation of HX®temperature and the related formation of
PSCs. Despite the limited vertical resolution oSlAvhich does not allows-vestigate investigation
of the HNQ uptake by the different types of PSCs during tieimation and growth along the vertical
profile, the HNQ total column measurements from IASI constitutei@portant new dataset for
exploring the strong polar depletion over the wisbtatosphere. This is particularly relevant coesity

the mission continuity, which will span several @ées with the planned follow-on missions. Indeed,
thanks to the three successive instruments (IA&luAched in 2006 and still operating, IASI-B in 201
and IASI-C in 2018) that demonstrate an excell&ttibty of the Level-1 radiances, the measurements
will soon provide an unprecedented long-term dataSEINOs total columns. Further work could also
make use of this unique data set to investigateatadion between HN§) Oz, and meteorology in the
changing climate.
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Figure 1. Examples of IASI HN§vertical profiles (in molec.ci) with corresponding averaging kernels (in

molec.cra??molec.cra®? colored lines, with the altitude of each kernelressented by the colored dots)
alongwith the total column averaging kernels (black) #éimel sensitivity profiles (grey) (divided by 10)csle

Arrival Heights (77.49°S, 166.39°E, top panels) and Lauder (4%0369,40°E; bottom panels). The error bars
associated with the HNQertical profile represent the total retrievalogrThe a priori profile is also represented.
The total column and the DOFS values are indicated.
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570 represents the temperatures at 20 hPa for the2gd#x. (b) HNQ total columns versus temperatures (at 50 hPa)
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572  colors refer to the number of gridded measuremianeach cell. (c) Evolution of daily averaged HN\ttal
573  columns with the highest occurrence (in bins oxQ@°® molec.cn? and 2 K) as a function of the 50 hPa
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