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Abstract

In this paper, we exploit the first 10-year dateerel (2008-2017) of nitric acid (HNgtotal columns
measured by the IASI-A/Metop infrared sounder, abtarized by an exceptional daily sampling and a
good vertical sensitivity in the mid-stratospheago(ind 50 hPa), to monitor the causal relationship
between the temperature decrease and the obseiN®d Ibss that occurs each year in the Antarctic
stratosphere during the polar night. Since the BINEpletion results from the formation of polar
stratospheric clouds (PSCs) which trigger the dgwekent of the ozone ¢ hole, its continuous
monitoring is of high importance. We verify heregrh the 10-year time evolution of the pair HNO3-
temperature (taken from reanalysis at 50 hPa)raberrence of specific regimes in the cycle of IASI
HNOs and identify, for each year, the day and the 5@ h&mperature ("drop temperature")
corresponding to the onset of strong H\f2pletion in the Antarctic winter. Although the asered
HNO:s total column does not allow differentiating theale of HNQ by different types of PSC particles
along the vertical profile, an average drop temjpeesof ~194.2 + 3.8 K, consistent with the nitaid
trinydrate (NAT) formation temperature (close td1 at 50 hPa), is found in the region of potential
vorticity lower than -10x18 K.m?2.kg'.s'. The spatial distribution and inter-annual vafiapiof the
drop temperature are investigated and discussdaeicontext of previous PSCs studies. This paper
highlights the capability of the IASI sounder tomitor the long-term evolution of the polar stratespc
composition and processes involved in the depleifairatospheric ©

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 HhNGsulphuric acid
(H2SQy) and water ice (ED)) (Peter, 1997; Voigt et al., 2000; von KonigP20Schreiner et al., 2003;
Peter and Groof3, 2012). These clouds stronglytatfiecpolar chemistry by (1) acting as surfaces for
the heterogeneous activation of chlorine and brengampounds, in turn leading to enhanced O3
destruction (Solomon, 1999; Wang and Michelan@é@6; Harris et al., 2010; Wegner et al., 2012) and
by (2) removing gas-phase HNGemporarily or permanently through uptake by PS@Gsl
sedimentation of large PSC particles to lower wdits. The denitrification of the polar stratosphere
during winter delays the reformation of chlorineeaesoirs and, hence, intensifies theh@le (Solomon,
1999; Harris et al., 2010). The heterogeneous icgacates on PSCs surface and the uptake of HNO
strongly depend on the temperature and on the P3€isle type. The PSCs are classified into three
3different types based on their composition andcapproperties: type la solid nitric acid trihytea
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NAT (HNOsz.(H20)s), type Ib liquid supercooled ternary solution - STHNQ/H2SQO/H20 with
variable composition) and type II, crystalline waitee particles (likely composed of a combinatidn o
different chemical phases) (Toon et al., 1986; Katpal., 2000; Voigt et al., 2000; Lowe and
MacKenzie, 2008). In the stratosphere, they mostgsist of mixtures of liquid/solid STS/NAT
particles in varying number densities, with HNGeing the major constituent of these particles Th
large-size NAT patrticles of low number density tire principal cause of sedimentation (Lambert et al
2012; Pitts et al., 2013; Molleker et al., 2014mikeert et al., 2016). The formation temperature T S
(Tsr) and the thermodynamic equilibrium temperaturesN&T (Tnat) and ice (Tee), have been
determined, respectively, as: ~192 K (Carslaw.eflPb5), ~195.7 K (Hanson and Mauersberger, 1988)
and ~188 K (Murphy and Koop, 2005) for typical 38ahatmospheric conditions (5 ppmyCHand 10
ppbv HNQ). While the NAT nucleation was thought to requemperatures belowick and pre-existing
ice particles, recent observational and modellingliss have shown that HNGtarts to condense in
early PSC season in liquid NAT mixtures well abdwg (~4 K below Rat , close to &rs) even after a
very short temperature threshold exposure (TTH)dse temperatures but also slightly belowrfter
along TTE, whereas the NAT existence persist® Updr (Pitts et al., 2013; Hoyle et al., 2013; Lambert
et al., 2016; Pitts et al., 2018). It has beenmdgeroposed that the higher temperature condemsat
results from heterogeneous nucleation of NAT onemtic dust in liquid aerosol (Hoyle et al., 2013;
GrooR et al., 2014; James et al., 2018). Furthelirmpbelow Tsrs and Tce leads to nucleation of liquid
STS, of solid NAT onto ice and of ice particles maifrom STS (type Il PSCs) (Lowe and MacKenzie,
2008). The formation of NAT and ice has also besws to be triggered by stratospheric mountain-
waves (Carslaw et al., 1998; Hoffmann et al.,, 20/ljhough the formation mechanisms and
composition of STS droplets in stratospheric coadg are well described (Toon et al., 1986; Carslaw
et al., 1995; Lowe and MacKenzie, 2008), the NAT &® nucleation processes still require further
investigation. This could be important as the clstrpiclimate models (CCMs) generally oversimplify
the heterogeneous nucleation schemes for the R&@atfon (Zhu et al., 2015; Spang et al., 2018jsSne
et al., 2019) preventing an accurate estimatio®plevels. The influence of HNn modulating Q
abundances in the stratosphere is furthermore tetesented in CCMs (Kvissel et al., 2012).

Several satellite instruments measure stratosphdX©s (e.g. MLS/UARS (Santee et al., 1999),
MLS/Aura (Santee et al., 2007), MIPAS/ENVISAT (Rt and Dudhia, 2007), ACE-FTS/SCISAT
(Sheese et al., 2017) and SMR/Odin (Urban et BD9). The spaceborne lidars CALIOP/CALIPSO
and the infrared instrument MIPAS/Envisat) are tégp#o detect and classify the PSC types, and to
follow their formation mechanisms (Lambert et 2016; Pitts et al., 2018; Spang et al., 2018) and
references therein, which complements in situ measents (Voigt et al., 2005) and ground-based lidar
(Snels et al., 2019). From these available obsenatdatasets, the HN@epletion has been linked to
the PSCs formation and detected below ther Threshold (Santee et al., 1999; Urban 55 et @b92
Lambert et al., 2016; Ronsmans et al., 2018),tbuelationship to PSCs still needs further ingzdton
given the complexity of the nucleation mechanisimgt tdepends on a series of parameters (e.qg.
atmospheric temperature, water and HN@pour pressure, time exposure to temperatunaperature
history).

In contrast to the limb satellite instruments meméd above, the infrared nadir sounder IASI ofters
dense spatial sampling of the entire globe, twida (Section 2). While it cannot provide a veltica
profile of HNGs similar to the limb sounders, IASI provides relalotal column measurements of
HNOs characterized by a maximum sensitivity in the lowgdle stratosphere around 50 hPa (20 km)
during the dark Antarctic winter (Ronsmans et2016, 2018) where the PSCs cloud form (Voigt et al.
2005; Lambert et al., 2012; Spang et al., 20168200his study aims to explore the 10-years comtirsu
HNO3z measurements from IASI for providing a long-terhobgl picture of depletion and of its
dependence to temperatures during polar wintetti®e8). The temperature corresponding to the onset
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of the strong depletion in HNf®ecords (here referred to as ‘drop temperatusagentified in Section
4 for each observed year and discussed in thextaoftprevious studies.

2 Data

The HNQ data used in the present study are obtained freasorements of the Infrared Atmospheric
Sounding Interferometer (IASI) embarked on the Nefosatellite. IASI measures the Earth’'s and
atmosphere’s radiation in the thermal infrared spécange (645 - 2760 ch), with a 0.5 cmt apodized
resolution and a low radiometric noise (Clerbauxrlet2009; Hilton et al., 2012). Thanks to itsgol
sun-synchronous orbit with more than 14 orbitsyaatal a field of view of four simultaneous footpsin
of 12 km at nadir, IASI provides global coveragécta day (9.30 AM and PM mean local solar time).
That extensive spatial and temporal sampling imptlar 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) inrreal-time by the Fast Optimal Retrieval on Layers
for IASI (FORLI) software, using the optimal estineen method (Rodgers, 2000). Detailed information
on the FORLI algorithm and retrieval parameterscgpeto 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 resolutidhASI with only one independent piece of infornuat)

(2) the limited sensitivity of IASI to tropospheridNOs, (3) the dominant contribution of the
stratosphere to the HN@tal column and (4) the largest sensitivity oSIAn the region of interest, i.e.

in the low and mid-stratosphere (from ~70 to ~3@)hRvhere the HN®abundance is the highest
(Ronsmans et al., 2016). The total columns arecésted with a total retrieval error ranging fronoand

3% at mid- and polar latitudes to 25% above coldafstic surface during winter (due to a weaker
sensitivity above very cold surface with a DOF® @5 and to an poor knowledge of the seasonally and
wavenumber-dependent emissivity above ice surfabésh induces larger forward model errors), and
a low bias (lower than 12%) in polar regions ove altitude range where the 1ASI sensitivity is the
largest, when compared to ground-based FTIR measunts (see Hurtmans et al., 2012 and Ronsmans
et al., 2016 for more details). In order to expandhe comparisons against FTIR measurements which
is impossible during the polar night, Figure 1 (fmmel) presents the time series of daily 1ASIItota
HNOs columns co-located with MLS VMR measurements withi5x2.5 grid boxes at three pressure
levels (at 30, 50 and 70 hPa), averaged in the 80° S equivalent latitude band. Similar variation
HNOs are captured by the two instruments with an egoelagreement for the timing of the strong
HNOzs depletion within the inner vortex core. IASI Hi@ariations generally match well those of MLS
HNOs in each latitude band (see Figure 1 bottom paehie 50° - 70° S equivalent latitude band; the
other bands are not shown here).

Quality 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 quiatys

rejecting biased or sloped residuals, fits with mmayn number of iteration exceeded), (ii) with less
reliability (e.g. based on quality flags rejectisgspect averaging kernels, data with less sengitivi
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 1ASI sensitivity to HN@ the highest during the Southern Hemisphere.|Sviiter
(Ronsmans et al., 2016). Because the HIN@ake by PSCs starts a few degrees or slightnb@&nar

3



147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195

(~195.7 K at 50 hPa (Hanson and Mauersberger, 12&§)ending on the meteorological conditions
(Pitts et al., 2013; Hoyle et al., 2013; Lamberalet2016; Pitts et al., 2018), a threshold terapee of
195 K is considered in the sections below to idetiie PSCs-containing regions. The potential edsti

Is used to delimit dynamically consistent areathapolar regions. In what follows, we use eithmer t
equivalent latitudes ("eglat", calculated from R¥lds at 530 K) or the PV values to characterize th
relationship between HN{and temperatures in the cold polar regions. Ungsrés in ERA-Interim
temperatures will also be discussed below.

3 Annual cycle of HNO3s vstemperatures

Figure 2a shows the yearly HNOycle (solid lines, left axis) in the southernmegtiivalent latitudes
(70°-90° S), as measured by IASI over the whekggol of measurements (2008—-2017). The total EINO
variability in such equivalent latitudes has alnpheen discussed in a previous IASI study (Ronsmans
et al., 2018) where the contribution of the PSQs ithe HNQ variations was highlighted. The
temperature time series, taken at 50 hPa, is keresented as well (dashed lines, right axis). Rrosn
figure, different regimes of HN€otal columns/s temperature can be observed throughout the yelar an
from one year to another. In particular, we defieee three main regimes (R1, R2 and R3) along the
HNOs/temperature cycle. The full cycle and the mainmeg in the 70° - 90° S eqlat region are further
represented in Fig. 2b that shows a histogram@HNG; total columns as a function of temperature
for the year 2011. Similar histograms are obsefugethe ten years of IASI measurements (not shown).
The red horizontal and vertical lines in Fig. 2a &ig. 2b, respectively, represent the 195 K thoktsh
temperature used to identify the onset of HRNUPtake by PSCs (see Section 2). The three idedtifi
regimes correspond to:

- R1 is defined by the maxima in the total HN&bundances covering the months of April and
May (~3x13° molec.cn?, R1 in Figures 2a and b), when the 50 hPa temyeratrongly
decreases (from ~220 to ~195 K). These high kiM€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
deployment of the southern polar vortex which iarelsterized by strong diabatic descent with
weak latitudinal mixing across its boundary, iselgfpolar HNQ-rich air from lower latitudinal
airmasses.

- R2 which extends from June to October is charazdrby the onset of the strong decrease in
HNOs total columns at the beginning of June, when¢hneperatures fall below 195 K, followed
by a plateau of total HNEninima. In this regime, the HN@otal columns average below 2240
molec.cn? and the 50 hPa temperatures range mostly betwaearid 190 K.

- R3starts in October when sunlight returns andthiePa temperatures rise above 195 K. Despite
the stratospheric warming with 50 hPa temperatupeto 240 K in summer, the HNQotal
columns stagnate at the R2 plateau levels (aroubell@® molec.cn?). This regime likely
reflects the photolysis of Nand HNQ itself (Ronsmans et al., 2018) as well as the peent
denitrification of the mid-stratosphere, caused thye PSCs sedimentation. The likely
renitrification of the lowermost stratosphere (Braat al., 2019; Lambert et al., 2012) where the
HNOs concentrations and the IASI sensitivity to HN&De lower (Ronsmans et al., 2016) cannot
be inferred from the IASI measurements.The platasis until approximately February, where
HNO:z total column slowly starts increasing, reaching April-May maximum in R1.
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As illustrated in Fig. 2a, the three regimes arseobed each year with, however, some interannual
variations. For instance, the sudden stratospheemming (SSW) that occurs in 2010 (see the
temperature time series at 20 hPa for the year;20@8n dotted line) yielded higher Hil@tal columns
(see green solid line in July and August) (de laamt van Weele, 2011; Klekociuk et al., 2011; WMO,
2014; Ronsmans et al., 2018).

Figure 2c shows the evolution of the relationstepateen the daily averaged Hhl@alculated from a
7-day moving average) with the highest occurreit®ifs of 0.1x18& molec.cn? and of 2K) and the

50 hPa temperature, over the 10 years of IASI. fEldevertical line represents the 195 K threshold
temperature. Figure 2c 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),
the plateau of low HN&abundances in winter and spring (from August teéober; R2 to R3). Figure

2c also highlights the interannual variability otal HNGs, which is found to be the largest in R3, and
shows a strong consistency in the onset of theetieplbetween each year (beginning of June when the
temperatures fall below 195 K as indicated by #tvertical line). Given the span of PSCs formation
over a large range of altitudes (typically betw&8rand 30 km) (Hopfner et al., 150 2006, 2009; §pan
et al., 2018; Pitts et al., 2018) and that of maxmASI sensitivity to HN@around 50 hPa (Hurtmans
et al., 2012; Ronsmans et al., 2016), the tempesat two other pressure levels, namely 70 arftP20
(i,e. ~15 and ~25 km), have also been tested tesiigate the relationship between HNénd
temperature in the low and mid-stratosphere. Thelt® (not shown here) exhibit a similar HNO
temperature behavior at the different levels wéh,expected, lower and larger temperatures in R2,
respectively, at 30 hPa (down to ~180 K) and ahP@ (down to ~185 K), but still below the NAT
formation threshold at these pressure levelg(+193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et
al., 2016). Therefore, the altitude range of maximlASI sensitivity to HNQ (see Section 2) is
characterized by temperatures that are below th& kfAmation threshold at these pressure levels,
enabling the PSCs formation and the denitrificapoocess. Furthermore, the consistency between the
195 K threshold temperature taken at 50 hPa andriket of the strong total HN@epletion seen in
IASI data (see Fig. 2a and Fig. 2c) is in agreemetit the largest NAT area that starts to develop i
June around 20 km (Spang et al., 2018), whichfjestthe use of the 195 K temperature at that singl
representative level 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 #wedtemperatures 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 inNi@ Hme series and to identify its associated day and
50 hPa temperature.

4.1 HNOg3 vstemperaturetime series

Figure 3 shows the time series of the second derevaf HNGO; total column with respect to time (blue)
and of the temperature (red) averaged in the arepstential vorticity smaller than -10x2X.m? kg

.s! to encompass the regions inside the inner poldexavhere the temperatures are the coldest and
the total HNQ depletion occurs (Ronsmans et al., 2018). Theotitigat PV threshold value explains
the gaps in the time series during the summer viherPV does not reach such low levels, while the
time series averaged in the 70°- 90° S Eqlat bdadhed blue for the second derivative of HN@d
grey for the temperature) covers the full year.eNtbat the HN®@time series has been smoothed with a
simple spline data interpolation function to avgabps in order to calculate the second derivative of
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HNOz3 total column with respect to time as the dailyosekdifference HN® total column. The
horizontal red line shows the 195 K threshold.

As already illustrated in Fig. 2a and Fig. 2c, #tengest rate of HNfdepletion (i.e. the second
derivative minimum) is found around the 195 K tias temperature, within some days (4 to 23 days)
after total HNQ reaches its maximum, i.e. typically between thia ©f May (2013) and the 8th of June
(2009). The 50 hPa drop temperatures are deteeteebbn 189.2 K and 202.8 K, with an average of
194.2 + 3.8 K (& standard deviation) over the ten years. Knowirad fuar can be higher or lower
depending on the atmospheric conditions and thak BlArts to nucleate from_2—4 K belowaT (Pitts

et al., 2011; Hoyle et al., 2013; Lambert et a01@), the results here demonstrate the consistency
between the 50 hPa drop temperature, i.e. the t@tpe associated with the strongest HN@pletion
detected from IASI, and the NAT formation temperatin the mid-stratosphere at polar latitudes. It
further justifies the use of the single 50 hPalléwmecharacterizing and investigating the onsetibiOs
depletion from IASI. Nevertheless, given the ran§enaximum IASI sensitivity to HN®around 50
hPa, typically between 70 and 30 hPa (Ronsmarls 2046), the drop temperatures are also caladilate
at these two other pressure levels (not shown here¥timate the uncertainty of the calculated drop
temperature defined in this study at 50 hPa. TheR0and 70 hPa drop temperatures range respgctivel
over 185.7 K —=194.9 K and over 194.8 K — 203.7 Khwan average of 192.0 £ 2.9 K and 198.0 + 3.2
K (1o standard deviation) over the ten years of IASE &lierage values at 30 hPa and 70 hPa fall within
the Jo standard deviation associated with the average téraperature at 50 hPa. It is also worth noting
the agreement between the drop temperatures afdAfdormation threshold at these two pressure
levels (Tnat~ 193 K at 30 hPa and ~197 K at 70 hPa) (Lambeat €2016).

Figures 4a and b show the zonal distribution of HNgDal columns and of the temperature at 50 hPa,
respectively, spanning 55° - 90° S over the whél8lIperiod, with, superimposed, three isocontour
levels of potential vorticity (-10, -8 and -5x1&.m?.kg.s? in blue, cyan and black, respectively) and
one isocontour for the 50 hPa temperature. ThesBvbintour of -10x1BDK.m?.kgt.stis clearly shown

to separate well the region of strong depletiototal HNG; according to the latitude and the time. The
red vertical dashed lines indicates average date for the drop temperatures cadclilatthe area of P¥Y -
10x10° K.m?2.kgl.s! (194.2 + 3.8 K; see Fig. 3) over the IASI peritidshows that the strongest rate in
HNOs depletion occurs on average a few days before. Jlime delay of some days between the
maximum in total HN@and the start of the depletion (see Fig. 3) ie gisible in Fig. 4a. The yearly
zonally averaged time series over the ten yed&Sifcan be found in Fig. 5; it shows the reprodbility

of the edge of the collar HNQegion and of the region of the strong HN@epletion, respectively
delimited by the PV isocontours of -5x1K.m?.kg?’.s! and of -10x16 K.m?2.kgl.s! at 50 hPa,
measured by IASI from year to year.

4.2 Distribution of drop temperatures

To explore the capability of IASI to monitor thesen of HNQ depletion at a large scale from year to
year, figure 6 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 regionrdékd by a PV value

of -8x10° K.m?.kgt.s?, for each year of the IASI period. The green cantepresents the PV isocontour

of -10x10° K.m?.kg'.s?, averaged over the period 10 May — 15 July fohegar, which delimits our
region of interest. The isocontours of 195 K far #verage temperatures and the minimum temperatures
as well as the isocontour of -10x318.m?.kg?.s? for the minimum PV encountered at 50 hPa over the
10 May to 15 July period are also represented.cCHheulated drop temperatures corresponding to the
onset of HNQ depletion inside the averaged PV isocontour aneddo vary between ~180 and ~210

K and the corresponding dates range between ~migdvid mid-July (not shown here). Note that the

6
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high extremes in the drop temperature, which aneddn some cases above eastern Antarctica, should
be considered with caution: they correspond to ifipe@gions above ice surface with emissivity
features that are known to yield errors in the IAStievals (Hurtmans et al., 2012; Ronsmans et al.
2016). Indeed, bright land surface such as ice miglsome cases lead to poor H\@trievals.
Although wavenumber-dependent surface emissivigas are used in FORLI (Hurtmans et al., 2012),
this parameter remains critical and causes poeteevals that, in some instances, pass through the
series of quality filters and could affect the dtemperature calculation.

The averaged isocontour of 195 K encircles wellatea of HNQ drop temperatures lower than 195 K
(typically from ~187 K to ~195 K), which means thiae bins inside that area characterize airmasses
that experience the NAT threshold temperature duainong time over the 10 May — 15 July period.
That area encompasses the inner vortex core (detiriy the isocontour of -10x2XK.m?.kg?.s?! for

the PV averaged over the 10 May — 15 July periad)sihow pronounced minima (lower than -0.5%10
molec.cn?.d?) in the second derivative of the HN®@tal column with respect to time (not shown hgere)
which indicate a strong and rapid Hil@epletion. The area enclosed between the two mtoacs of
195 K for the temperatures, the averaged one andrté for the minimum temperatures, show generally
higher drop temperatures and weakest minima (lafgem -0.5x18 molec.cn?.d?) in the second
derivative of the HN®@total column (not shown). That area is also ereddsy the isocontour of -10x10

5 K.m?.kgl.s? for the minimum PV, meaning that the bins insider€spond, at least for one day over
the 10 May — 15 July period, to airmasses locatdbeainner edge of the vortex and characterized by
temperature lower than the NAT threshold tempeeatlihe weakest minima in the second derivative
of total HNG; (not shown) observed in that area indicate a vaaakslow HNQ depletion and might be
explained by a short period of the NAT threshotdperature experienced at the inner edge of thexort

It could also reflect a mixing with strong HN@epleted and colder airmasses from the inner xorte
core. The mixing with these already depleted aismgascould also explained the higher drop
temperatures detected in those bins. These hightdrmoperatures are generally detected later (daféer
HNOs depletion occurs, i.e. after the 10 May — 15 Jdyiod considered here — not shown), which
supports the transport, in those bins, of earlidCOstdepleted airmasses and the likely mixing at the
edge of the vortex. Finally, these spatial variaionight also partly reflect the range of maximum
sensitivity of IASI to HNQ, while biases in ECMWF reanalysis are too smalkiplaining the spatial
variation in drop temperatures. Thanks to the atsion of an advanced Tiros Operational Vertical
Sounder (ATOVS) around 1998-2000 in reanalysetddetter coverage of satellite instruments and
to the use of global navigation satellite system$S) radio occultation (RO) (Schreiner et al., 2007
Wang et al., 2007; Lambert and Santee, 2018; Lawerenal., 2018), the uncertainties have beenyastl
reduced. Comparisons of the ECMWF ERA Interim d#tased in this work with the COSMIC data
(Lambert and Santee, 2018) found a small warm lidhk, median differences around 0.5 K, reaching
0-0.25 K in the southernmost regions of the gldbe68—21 hPa where PSCs form.

Except above some parts of Antarctica which arato larger retrieval errors, the overall rangthin
drop 50 hPa temperature for total HNi@side the isocontour for the averaged temperaiti95 K,
typically extends from ~187 K to ~195 K, which &ailithin the range of PSCs nucleation temperature
at 50 hPa: from slightly belownAr to around 3-4 K below the ice frost point e depending on
atmospheric conditions, on TTE and on the typeoohhtion mechanisms (Pitts et al., 2011; Peter and
GrooR 2012; Hoyle et al., 2013). This underlines wb# benefit of the excellent spatial and temporal
coverage of IASI that allows capturing the rapid antical depletion phase over a large scale.

5 Conclusions
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In this paper, we have explored the added valubeotlense HN®total columns dataset provided by
the 1ASI/Metop satellite over a full decade (2008%2) for monitoring the stratospheric depletionggha
that occurs each year in the S.H. and for investigats relationship to the NAT formation tempenag.

To that end, we focused on and delimited the coldelsr region of the S.H. using a specific PV ealu
at 530 K (=50 hPa, PV of -10x2X.m?.kg'.s?) and stratospheric temperatures at 50 hPa, taken f
the ECMWF ERA Interim reanalysis. That single regrgative pressure level has been considered in
this study given the maximum sensitivity of IASIHNOs around that level over a range where the
PSCs formation/denitrification process occur.

The annual cycle of total HNfDas observed from IASI, has first been charactdraccording to the
temperature evolution. Three various regimes (RR3) in the total HN®@ - 50 hPa temperature
relationship were highlighted from the time seme®r the S.H. polar region and described along the
cycle: R1 is defined at play during April and Maydacharacterized by a rapid decrease in 50 hPa
temperatures while HN accumulates in the poles; R2, from June to Sememnshows the onset of the
depletion when the 50 hPa temperatures fall bel®& K (considered here as the onset of PSCs
nucleation phase at that level), with a strong sbescy between each year; R3, defined from Novembe
until March when total HN®remains at low R2 plateau levels, despite thermetfisunlight and heat,
characterizes the strong denitrification of thatstsphere, likely due to PSCs sedimentation atdowe
levels where the IASI sensitivity is low. For eagiar over the IASI period, the use of the second
derivative of the HN®@column versus time was then found particularlyuable to detect the onset of
the HNQ condensation to PSCs. It is captured, on avenage FASI, a few days before June with a
delay of 4-23 days after the maximum in total HNO@he corresponding temperatures (‘drop
temperatures’) were detected between 189.2 K aBB20(194.2 + 3.8 on average over the 10 years),
which demonstrated the good consistency betweeblin®a drop temperature and the PSCs formation
temperatures in that altitude region. Finally, &h@ual and spatial variability (within 1°x 1°) imetdrop
temperature was further explored from 1ASI total ®NInside the isocontours of 195 K for the average
temperatures and of -10x31K.m?.kgl.s* for the averaged PV at 50 hPa, the drop tempestare
detected between ~mid-May and mid-July, typicadlyge between ~187 K to ~195 K and are associated
with the highest minima (lower than -0.5%4fholec.cn?.d?) in the second derivative of the Hh®@tal
column with respect to time, indicating a strongl aapid HNQ depletion. Except for extreme drop
temperatures (~210 K) that were found from yeaydar above eastern Antarctica and suspected to
result from unfiltered poor quality retrievals inse of emissivity issues above ice, the range @b dr
temperatures is interestingly found in line witle tARSCs nucleation temperature that is known, from
previous studies, to strongly depend on a serfastars (e.g. meteorological conditions, HiN@pour
pressure, temperature threshold exposure, preseEhoeesteoritic dust). At the edge of the vortex,
considering the isocontours of 195 K for the minimtemperatures or of -10x2®&.m?.kg?.s? for the
minimum PV, higher and later drop temperatures @hoith weakest minima in the second derivative
of the HNQ total column with respect to time, indicating avelHNOs depletion, are found. It likely
results from a short temperature threshold exposuesemixing with already depleted airmasses from
the inner vortex core. The results of this studyhhight the ability of IASI to measure the variatgin

total HNG: and, in particular, to capture and monitor thedajepletion phase over the whole polar
regions.

We show in this study that the IASI dataset allmapturing the variability of stratospheric HNO
throughout the year (including the polar night) tire Antarctic. In that respect, it offers a new
observational means to monitor the relation of HXftemperature and the related formation of PSCs.
Despite the limited vertical resolution of IASI wehidoes not allow to investigate the HNptake by
the different types of PSCs during their formatsom growth along the vertical profile, the HplOtal
column measurements from IASI constitute an imparteew dataset for exploring the strong polar

8
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depletion over the whole stratosphere. This isi@adrly relevant considering the mission contigipit
which will span several decades with the planndibieon missions. Indeed, thanks to the three
successive instruments (IASI-A launched in 2006 stilloperating, IASI-B in 2012, and IASI-C in
2018) that demonstrate an excellent stability & tevel-1 radiances, the measurements will soon
provide an unprecedented long-term dataset of klfdt@al columns. Further work could also make use
of this unique data set to investigate the relabietween HN@ Oz, and meteorology in the changing
climate.
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