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Abstract We analyze the 2019 sudden stratospheric warming event that occurred in the Southern
Hemisphere through its impact on the Antarctic ozone. Using temperature, ozone, and nitric acid data
from the Infrared Atmospheric Sounding Interferometer (IASI), our results show that the average increase
in stratospheric temperature reached a maximum of 34.4° on 20 September in the [60–90]°S latitude range
when compared to the past 3 years. Dynamical parameters suggest a locally reversed and weakened
zonal winds and a shift in the location of the polar jet vortex. This led to air masses mixing, to a reduced polar
stratospheric clouds formation detected at a ground station, and as such to lower ozone and nitric acid
depletion. 2019 total ozone columns for the months of September, October, and November were on average
higher by 29%, 28%, and 26%, respectively, when compared to the 11‐year average of the same months.
Plain Language Summary

In August and September 2019 exceptional meteorology led to a
sudden increase in temperatures at altitudes between 20 and 30 km above the ground over Antarctica.
This is a rare and very important event since it has direct effects on the ozone hole size and distribution. In
this work, we investigate this event, using satellite and ground‐based station data. We document the
warming, its starting date (end of August), and how long it lasted (around 3 weeks). This warming helped in
stopping the formation of high altitude icy clouds that usually trap ozone depleting species. When
springtime starts (September/October), these depleting species are usually released and ozone destruction
starts. This year however, and due to the warming, very little ozone destruction took place, leading to high
ozone columns (small ozone hole) over Antarctica.

1. Introduction
Sudden stratospheric warming (SSW) events are commonly deﬁned by the reversal or weakening of stratospheric zonal winds around the polar vortex during winter at 10 hPa and 60°, associated with a reversal of
the temperature gradient poleward from 60° at 10 hPa (Andrews et al., 1987; Scherhag, 1952;
WMO, 1978). SSW events are driven by dynamics where large‐scale topography such as mountains, or the
contrast between warm ocean temperatures and cold land masses, generate large‐scale planetary waves that
can propagate to the stratosphere. The breaking of these waves in the stratosphere leads to perturbation and
deceleration of the polar vortex circulation, resulting in a sharp increase in temperature in the polar stratosphere (Butler et al., 2015, and references therein). The vortex initially forms because of the large meridional
temperature gradient near the polar terminator during winter (Solomon, 1999). Since the northern polar
vortex is generally more disturbed by planetary waves generated by the variable surface topography existing
in the Northern Hemisphere (NH), SSW occur frequently in the NH every second year on average (e.g.,
Blume et al., 2012; Charlton & Polvani, 2007; Wang et al., 2019, among others). Examples of documented
SSW events in the Southern Hemisphere (SH) are the 2002 event (Krüger et al., 2005; Varotsos, 2003;
WMO, 2002) and the 2010 SSW event (de Laat & van Weele, 2011; Eswaraiah et al., 2018).
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As such, SSW events lead to greater mixing at the edge of the polar vortex. This is important because strong
ozone depletion occurs within the polar vortex and is directly dependent on the permeability and stability of
the polar vortex (Holton et al., 1995). Polar ozone depletion is also strongly correlated with the temperature:
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Springtime halogen‐driven ozone depletion takes place after polar stratospheric clouds (PSCs) convert halogen reservoir species into ozone‐destroying reactive forms (Solomon, 1999; Solomon et al., 1986). The sharp
warming of the polar stratosphere during SSW events leads to the evaporation of PSCs and hence to the end
of halogen activation.
SSW events have been shown to increase the wintertime Arctic ozone concentrations since ozone loss
depends on the intensity and timing of the SSW event (Kuttippurath & Nikulin, 2012). SSW events also favor
faster downward motion, by bringing down ozone‐rich air from above and outside the vortex and hence
strongly inﬂuence polar stratospheric ozone depletion (Solomon, 1999).
SSW events in the NH or SH lead to circulation anomalies that can propagate downward into the troposphere and impact tropospheric circulation and weather at the surface (Baldwin & Dunkerton, 1999;
Baldwin, 2003; Cohen et al., 2007; Kidston et al., 2015; Lim et al., 2018, 2020). As in the NH, a SSW event
in the SH occurring late winter or early spring has a direct effect on the ozone hole characteristics, for example, size, location, and duration.
In this study, we investigate the rare SSW event that started in August 2019 in the SH, forecasted to be on a
par with the last large event, in 2002 (Hendon et al., 2019), which involved an exceptionally strong stationary
planetary wave (Yamazaki et al., 2020). We discuss this event from an observational perspective and its effect
on the ozone total columns, using ground‐based measurements of temperature and PSC occurrences along
with satellite measurements of temperature, ozone, and nitric acid. The paper is arranged as follows:
Methods and data are brieﬂy explained in section 2. Results are presented and discussed in section 3. We
show temperature data from IASI and ground‐based radio‐sounding measurements; we use dynamical parameters from MERRA‐2, as well as PSC lidar measurements to help in characterizing this event and explain
the effect on the total columns of ozone and nitric acid. Conclusions are summarized in section 4.

2. Data Used to Study This Event
2.1. IASI Satellite Data: Temperature, Ozone, and Nitric Acid
The Infrared Atmospheric Sounding Interferometer (IASI) is a nadir‐viewing spectrometer (Clerbaux
et al., 2009) that has been ﬂying on board the EUMETSAT's (European Organization for the Exploitation
of Meteorological Satellites) Metop‐A, Metop‐B, and Metop‐C satellites, since October 2006, September
2012, and November 2018, respectively.
IASI temperature proﬁles used in this work are disseminated by EUMETSAT (Klaes et al., 2007). The temperature product is derived mainly from IASI upwelling radiances. This data set is not homogeneous in time
for Level 2 (L2) operational products (e.g., temperature, humidity, and cloud cover), as changes occurred
with evolving versions of the processing algorithm (EUMETSAT, IASI Level 2, 2017), from 2008 (v4.2) to
2016 (v6.2) (Van Damme et al., 2017). The algorithm is mostly unchanged after 2016. Reprocessing the data
with the latest algorithm is foreseen in a near future. In this work, and for consistency, we use temperature
data from Metop‐A and Metop‐B, from 2016 onward. The maximum number of independent pieces of information determined in the temperature proﬁle is around 14 (EUMETSAT, IASI Level 2, 2017). These are used
as input in the radiative transfer code RTTOV and delivered to users on a 101‐pressure level grid.
Retrievals for ozone (O3) and nitric acid (HNO3) are respectively performed in the 1,025–1,075 cm−1 and the
860–900 cm−1 of spectral ranges and rely on the optimal estimation method (Rodgers, 2000). We use a dedicated retrieval algorithm, the Fast Optimal Retrievals on Layers for IASI (FORLI‐O3 and FORLI‐HNO3, version 20151001) software (Hurtmans et al., 2012). Information on the algorithm, the retrieval errors, and the
validation of the IASI ozone product at different altitudes and columns can be found in Hurtmans et al. (2012)
and Boynard et al. (2018) and in Ronsmans et al. (2016) for HNO3. IASI‐A and IASI‐B ozone data are in
agreement with differences in the Antarctic region during the study period that are less than 1% for O3
and 7.5% for HNO3 (higher inversion errors for HNO3), and therefore, we choose to combine the IASI‐A
and IASI‐B products in this work. Moreover, Boynard et al. (2018) showed that the IASI‐A total ozone column product has no signiﬁcant drift during the 2008–2017 record. The validation of FORLI‐HNO3 with
FTIR measurements also showed similar conclusive results (Ronsmans et al., 2016). Operational data from
Metop‐C start on 20 September 2019 and are not included in this work since the SSW event analyzed here
starts earlier.
SAFIEDDINE ET AL.
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2.2. Dumont d'Urville Ground‐Based Measurements: Temperature, O3, and PSC Monitoring
In the framework of the Network for the Detection of Atmospheric Composition Change (NDACC), measurements are carried out at the French Antarctic station Dumont d'Urville (DDU) (66°S to 140°E) since
1989 with logistic support by the French Polar institute. Lidar measurements are performed at nighttime
from around March to October, to monitor the occurrences and optical properties of aerosol layers, tropopause cirrus, and PSC (David et al., 1998, 2012). The lidar is a Rayleigh/Mie/Raman instrument emitting
at 532 nm with orthogonal polarization retrieving light backscattered from the effective [6–40] km altitude
range. In this study, we use the 532‐nm attenuated backscatter as cloud presence indicator. The instrumental
vertical resolution is 60 m, and time resolution is 3 min. Those individual ﬁles are summed according to the
dynamics of the signal‐to‐noise ratio and particle presence. After background and molecular scattering
removal, the attenuated backscatter is retrieved assuming nonabsorbing particles. The fully corrected scattering ratio time series are available online from the NDACC data archive.
Temperature and pressure proﬁles are also available daily from balloon borne radio‐soundings operated by
Meteo‐France since 1957. These soundings are coordinated by WMO and performed at 00:00 UT.
Daily total ozone columns measurements are performed by SAOZ (Système d'Analyse par Observation
Zénithale, Pommereau & Goutail, 1988) spectrometer since 1988. The SAOZ is a passive remote‐sensing
instrument that measures the sunlight scattered from the zenith sky in the visible. Observations are made
twice a day during sunrise and sunset allowing total ozone measurements the whole year at the polar circle.
Differential Optical Absorption Spectroscopy (DOAS) method is used to retrieve slant ozone columns at twilight. Slant columns are then converted into vertical columns using a daily ozone air mass factor (AMF). The
AMF is extracted from look up tables that were calculated by UVSPEC/DISORT radiative transfer model
using TOMS version 8 (TV8) ozone and temperature proﬁle climatology. Total ozone columns from SAOZ
are part of the NDACC (http://www.ndacc.org). SAOZ performances have been continuously assessed by
regular comparisons with other independent observations (e.g., Garane et al., 2019; Hendrick et al., 2011;
Koukouli et al., 2015; Van Roozendael et al., 1998). The SAOZ total accuracy, including a 3% cross‐section
uncertainty, is 6% (Hendrick et al., 2011).
2.3. MERRA‐2 Reanalysis: Winds and Geopotential Height
The Modern‐Era Retrospective Analysis for Research and Applications, version 2 (MERRA‐2) (Gelaro
et al., 2017), is the latest atmospheric reanalysis of the modern satellite era produced by NASA's Global
Modeling and Assimilation Ofﬁce (GMAO). In this work, we focus on parameters relevant to SSWs: horizontal u‐wind component (zonal wind) and geopotential height.

3. Results
3.1. Temperature Anomalies
To check the date of the beginning of the warming in the stratosphere and follow its progression, we show in
Figure 1 (upper panel) the evolution of the IASI temperature proﬁle anomalies in 2019, averaged over the
[60–90]°S latitude range, with respect to the average of the past 3 years 2016, 2017, and 2018. Clear signature
of the SSW event is seen by IASI that begun on 29–30 August 2019 at altitudes ≥10 hPa and reached a maximum during the period from 19 to 21 September at 15 to 30 hPa (~20 to 24 km). The average increase in
stratospheric temperature reached a maximum of 34.4° on 20 September when compared to the past 3 years.
We chose to focus on the past 3 years instead of the whole IASI record since the available IASI temperature
data record is not homogeneous in time before 2016 (see section 2.1 for more information). Besides, 2015 is
associated with a strong ozone depletion event and to low temperatures at the polar cap to which IASI is sensitive. This event is likely linked to a possible intrusion of volcanic plumes from lower latitudes (Ivy
et al., 2017).
A recent study by Yamazaki et al. (2020) reports an enhancement from MERRA‐2 reanalysis at 90°S and
10 hPa reaching 50.8 K/week. Our IASI data (not shown here) over the same latitude, altitude, and time period show a similar enhancement of 48.8 K/week.
The lower panel of Figure 1 shows the evolution of temperature vertical anomalies during the same period
but above the DDU station from radiosonde data (station location is also shown on the ﬁgure). The balloon
SAFIEDDINE ET AL.
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Figure 1. Temperature proﬁle anomalies during the period 1 August to 16 October 2019 with respect to the average of
2016, 2017, and 2018. Upper panel: Temperature anomaly from IASI averaged for latitudes [60–90]°S. Lower panel:
Temperature anomaly at the Dumont d'Urville station. Clear signature of the SSW is seen end of August to beginning of
September. Dashed lines correspond to the period investigated in Figure 2. Contour lines correspond to 10° change in
temperature.

burst‐altitude ends the measurements for each radio‐sounding (David et al., 2010). Similarly, a clear SSW
signature is seen. As compared to the previous 3 years, the ground station measures a temperature
increase up to 51° during this SSW event on 18 September and at around 50 hPa. The station records an
increase in temperature at a lower altitude, due to its location at the edge of the vortex/outside the vortex,
where the mixing of air masses is more important. Moreover, the increase in temperature over the station
is higher since temperature anomalies over the station are localized and therefore can be larger than the
zonally aggregated IASI data over the whole [60–90]°S latitude range. In fact, Figure 2 hereafter (panels c
and d) shows the spatial distribution of the anomaly, and we can see that this average includes regions
that are not anomalous.
The time and altitude consistency between the temperature anomalies of the ground based and space borne
time series is very good, despite the lower vertical extent of the radiosondes, and the averaging of the satellite
data. IASI's temperatures and anomalies at the location of the station are shown in supporting information,
Figures S1 and S2. It shows a very good agreement with the temperatures and anomalies recorded at the
station.
3.2. Dynamics‐Meteorology Interaction
In order to characterize the dynamical interaction with this SSW event, we show in Figure 2 the 18‐day average (6–23 September) of the MERRA‐2 geopotential height, zonal winds, and temperature anomalies at
10 hPa, with respect to the three previous years. These 18 days correspond to the intensive period of the
SSW (between the dashed lines in Figure 1) and are expected to capture the main dynamical features of this
SSW event.
During the austral winter, the polar vortex forms over Antarctica. It is generally very stable and concentric
with the South Pole terminator. The vortex can also be identiﬁed by the coherent region of low geopotential
height that is enclosed by the winds. Panel (a) shows the location of the polar vortex as the regions with the
SAFIEDDINE ET AL.
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Figure 2. Dynamical and meteorological parameters used to illustrate the SSW event between 6 and 23 September
(period between the dashed lines in Figure 1). (a) MERRA‐2 geopotential height; (b) MERRA‐2 u‐wind component at
10 hPa; (c) MERRA‐2 temperature anomalies at 10 hPa as compared to the past 3 years; and (d) same as (c) but from
IASI.

low geopotential height (low pressure). It is clear that the polar jet is shifted off of its usual center during the
2019 SSW event. In panel (b), a ring of high zonal winds encircles the vortex. The zonal winds do not reverse
direction at 60°S everywhere as the polar jet seems to move at latitudes northward 60°S, reaching South
America. However, it is worth noting that the zonal winds are anomalous and weakened at 60°S as compared to previous years, due to the vortex weakening. We show in supporting information, Figure S3 that
the mean zonal winds during this SSW event period are consistently much weaker than those of previous
years. This suggests conditions connected with planetary wave breaking during this SSW event (Yamazaki
et al., 2020).
During a standard year, the polar vortex (with the cooler air) is centered over the South Pole. Panels (c) and
(d) show the temperature anomalies at 10 hPa from MERRA‐2 (panel c) and IASI (panel d). Both are comparable especially that the largest portion of the total number count of observations assimilated in MERRA‐2
comes from IASI radiances (Gelaro et al., 2017), so agreement is expected. The temperature anomalies are
centered at latitudes southward 75°S, where usually the polar vortex is centered. Moreover, the temperature
anomalies show a “tail” of increasing temperature that follows the vortex and the zonal wind pattern highlighting the strong dependence on these parameters on each other.
3.3. Implications on the Ozone and Nitric Acid Total Columns
The polar vortex shape and strength and the variation of temperatures around the vortex in Antarctic
winter/spring controls the overall ozone hole size and distribution (Newman et al., 2004). In order to see
the uniqueness of this event, we show in Figure 3, upper panel, the IASI ozone total columns anomaly in
2019 with respect to the past 11 years (2008–2018) averaged over 15 September to 15 October of each year.
In fact, the ozone hole size was exceptionally small this year as shown in supporting information,
Figure S4, where we compare the ozone hole size in 2019 to the mean of 2008–2018 from the Nasa Ozone
SAFIEDDINE ET AL.
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Figure 3. IASI data over the SH (poleward of 45°S from Metop A [2008–2012] and Metop‐A + Metop‐B [2013–2019]).
Upper panel: Ozone total column anomaly in 2019 (2019 − mean[2008–2018]) averaged between 15 September and 15
October. Middle panel: Evolution of daily O3 total columns averaged over the [60–90]°S latitude band for the period 1
August till 20 November of each year. Lower panel: Same as middle panel but for HNO3. Shaded red areas correspond to
errors on the total columns retrieval in 2019, and error bars correspond to the standard deviation around the 11‐year
mean.

Watch (https://ozonewatch.gsfc.nasa.gov/). Antarctic ozone hole formation typically starts in late August,
reaches a maximum in September–October, and starts shrinking afterward (Newman et al., 2004;
Scannell et al., 2012—also Figure S4 in supporting information).
The middle and lower panel of Figure 3 shows the daily evolution of O3 and HNO3 total columns averaged
over [60–90]°S latitude band for September, October, and November. We compare 2019 (in red) with the
average of 2008–2018 (in blue). Shaded red curves correspond to the total error associated with the total columns retrieval in 2019 only. They correspond to errors originating from the limited vertical sensitivity, from
the measurement noise, and from uncertainties in the ﬁtted (water vapor column) or ﬁxed (e.g., surface
emissivity and temperature proﬁle) parameters (Hurtmans et al., 2012). HNO3 total columnar error is high,
ranging between 7% and 40% (in accordance with Ronsmans et al., 2018). This is due to the HNO3 absorption
bands that are weaker and hence the signal‐to‐noise ratio that is smaller than for O3, leading to difﬁculties in
the retrieval. Blue error bars represent the standard deviation around the 11‐year mean (2008–2018). IASI
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Figure 4. Upper panel: Temperature‐NAT formation temperature (T‐TNAT) from June to September at Dumont D'Urville. Negative values of T‐TNAT are
indicative of the likely presence of PSCs. Lower panel: 532‐nm attenuated scattering ratio time series from the same time period, as observed by the lidar,
superimposed with total ozone columns (blue line, right axis) enhancement with respect to the average of 2008–2018 from the station.

records higher total columns for both species in 2019. Compared to the average of the other 11 years, IASI
records in 2019 a sharp increase of 154 DU (Dobson unit) in ozone polar cap total columns on 19
September (69% with respect to other years for both IASIs). For the months of September, October, and
November, 2019 was on average higher by 29%, 28%, and 26%, respectively, when compared to the
average of the past 11 years, making 2019 the year with highest ozone total columns during this period.
Elevated temperature during this SSW event hindered HNO3 depletion. The annual cycle of total HNO3 largely depends on the temperature evolution. Before the austral winter, HNO3 column increases over the
Antarctic and then starts decreasing from June to September because of PSC formation, which has been previously documented by IASI (Ronsmans et al., 2016, 2018) and seen here in Figure 3. HNO3 total columns
record an average increase of 9.7% and 13.9% in September and October, respectively. On 19 September
(the day with the highest total ozone column increase), the enhancement is 30%. The increase in ozone
and HNO3 in 2019 is largely due to the changes in the dynamics of the polar vortex generated by the
SSW. The early stratospheric warming inside and around the vortex restricted the persistence of PSCs, which
is investigated hereafter, leading to lesser activation of halogen species and hence lesser ozone destruction
via catalytic reactions, and to lesser denitriﬁcation through HNO3 uptake by PSCs.
PSCs are composed of sulfuric acid (H2SO4), nitric acid (HNO3), and water (H2O), most often in stacks of
relatively ﬁne layers (~1 km) of different physical phase and chemical composition (Dye et al., 1992). As
an illustration, the evolution of PSC occurrence from June to September at the DDU station is shown in
Figure 4. The 532‐nm backscatter ratio is a measure of PSC qualitative occurrence. If the ratio is higher
>1, clouds, aerosols, or PSCs are present. Typically, in stratospheric winter, it is used as an indication of
PSC presence. The station location is shown in Figure 1. Nitric Acid Trihydrate (NAT) dominated PSC is
the most common cloud type observed above DDU (David et al., 2005). NAT formation temperature
(TNAT) is calculated from air pressure and climatological mixing ratios of HNO3 and H2O (Carslaw
et al., 1995).
Stratospheric ozone depletion is related to the persistence of PSC ﬁelds, and the overall length of the PSC
season is an important indicator to ozone depletion, regulated by temperature evolution. The T‐TNAT indicator complements the 2019 lidar time series when no measurements are available, as the instrument is not
operated under bad weather conditions.
Proﬁles where a cirrus layer is present around the tropopause are associated to greater noise at higher altitudes. Overall, the 2019 PSC season is highly unusual at DDU: It started early, around 20 June with very
strong PSC layers and high depolarization ratios (not shown here), implying NAT or even possible ice
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presence, and the vortex was shifted toward the station with very low temperatures. July and August are
typically the months with the strongest PSC episodes, but in the second part of August, the PSC ﬁeld was
shifted along with the polar vortex toward South America (not shown here). The DDU radiosondes suggest
that the anomalous warming started at DDU in mid‐August, which is also seen in Figure 1 at the station
location.
The effect of this altered PSC season on the 2019 O3 columns at DDU is clear. The collocated SAOZ comparison with the average O3 of 2008–2018 (blue line—lower panel) shows a clear enhancement. It starts
mid‐August and reaches a maximum +70% on 8 September. We show in supporting information
(Figures S5 and S6) the comparison between IASI‐A, IASI‐B, and the SAOZ. The ﬁgure shows the ozone
enhancement averaged monthly at the station location, and IASI‐A and IASI‐B show good agreement with
the SAOZ. As an example, the relative bias in total ozone columns between the SAOZ and IASI averaged for
the month of September 2019 was around 1% (supporting information, Figure S6).

4. Conclusions
While SSW events are more common in the NH, we analyze in this study the rare SSW event in the SH that
occurred in 2019. We demonstrate the ability of the IASI instruments to detect simultaneously the stratospheric warming and the evolution of the ozone and nitric acid total columns. Dynamics data from
MERRA‐2 and from the DDU station are used to help in interpreting this event: From the middle to end
of August to early September 2019, the polar vortex has been displaced off the pole and weakened by this
SSW event. IASI detects an increase in temperatures in the upper stratosphere up to more than 34°C when
compared to the average of the past 3 years over the whole [60–90]°S latitude range. Over the same time period, it increased up to 51°C at the DDU station in the low to middle stratosphere, and the polar vortex shape,
location, and strength have been affected. The PSC season was halted by the warming, leading to lesser
ozone destruction. The ozone total columns reached an increase of 70% on 19 September 2019 when compared to the average of the past 11 years, for both IASI and at the DDU station.
This SSW event is a good illustration of the large variability of the mechanisms governing the ozone loss in
the Antarctic stratosphere. The healing of the ozone layer is slow (Wespes et al., 2019), and the return of the
springtime total ozone column to 1980 values is expected in 2060s (WMO, 2018). An interesting feature of
this event is that it propagated into the surface in late October, unusually delayed (Lim et al., 2020). This
aspect was linked to strong positive Indian Ocean Dipole mode (Lim et al., 2020), which will be analyzed
by IASI in a future work.
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