Response to reviewer #1

We thank the reviewer for her/his in depth review comments that have help us to improve the clarity of
the manuscript. Kindly find below our responses to each of the comments (quoted between []). We hope
that our responses will address the main issues and that the changes made will convince that the IASI
HNOs dataset has the potential to contribute to stratospheric studies and, more particularly, to the time
evolution of the polar processes.

Major comments

[The major part of the data (2008-2016) reported in this manuscript was already published in Ronsmans
et al. (2018), also together with temperatures at 50 hPa. For example, Fig. 4 (top) of the actual manuscript
is a zoom of Fig. 3 of Ronsmans et al. (2018) to the southern latitudes with one Antarctic winter added.]
This paper indeed builds on the study of Ronsmans et al. (2018) but it goes a step further in
showing the potential of the IASI-HNO3 dataset for polar stratospheric studies, which was not
detailed in Ronsmans et al. (2018). If MLS allows resolving the HNO3 profile between 11 km and
30 km, the potential of IASI lies in its exceptional spatial and temporal sampling. We demonstrate
here that despite its limited vertical sensitivity forcing us to consider one total column, the
information content that lies in the low-middle stratosphere is good enough to expand on polar
stratospheric denitrification studies, usually performed using limb sounder measurements, and to
continue their long-term record given the end of limb-observations in the microwave and thermal
infrared spectral region.

[While Ronsmans et al. (2016) provide a first validation of the observations by comparison with FTIR
solar absorption measurements, a characterization given the extreme conditions within the dark Antarctic
polar vortex is missing. This is one of the majors concerns why I think the paper should not be published
in ACP in its present form. However, it should be quite straightforward to provide at least a first
comparison with HNO3 observations by the Microwave Limb Sounder (MLS) which has a large
temporal and spatial overlap with the IASI dataset.]

The referee is kindly invited to refer to the figure 3 (top and bottom panels) of Ronsmans et al. (2016)
that presents the global distributions of the degrees of freedom for signal (DOFES, top panels) and of the
altitude of maximum sensitivity of IASI to the HNOs profile, separately for January (left) and July (right)
2011, when the strong HNOs; depletion occurs within the cold Antarctic winter. Figure 3 of Ronsmans
et al. (2016) clearly shows DOFS of around 0.95-1.05 inside the Antarctic polar vortex, demonstrating
the ability of IASI to measure a total column of HNOj3 even above these coldest regions. It is also worth
to note here that the measurements characterized by a low vertical resolution (DOFS < 0.9) or a poor
spectral fit have been filtered out of this analysis. This is now better mentioned in Section 2 of the revised
manuscript:

“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were
applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags
rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less
reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity
characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a
fractional cloud cover larger than 25 %).”

Despite the fact that a validation of the IASI measurements within the Antarctic polar vortex against
ground-based FTIR measurements could not be provided (these observations requiring sunlight), we
agree that an evaluation of the IASI measurements in the Antarctic night was missing. Hence, as
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suggested by the referee, we have preformed cross-comparison with observations by MLS in three
equivalent latitude bands (see Figure 1 here below). We would like to point out that we here compare
total columns measured by IASI with VMR measured by MLS at several pressure levels that cover the
highest sensitivity of IASI (at ~50 hPa, ~70 hPa and ~30 hPa for the sake of the comparison). Hence,
the comparison of IASI columns with MLS measurements is mostly qualitative at this stage and
differences are expected for this reason. Note also that we have preferred comparing IASI HNO3
columns with VMR measured by MLS at specific levels instead of integrated columns calculated from
MLS, given the difference in the sensitivity profile between IASI and MLS, the non-negligible IASI
sensitivity to HNO3 in the troposphere where MLS does not measure HNOj3 etc, which makes the
integrated columns from IASI vs MLS not directly comparable. It should be pointed out finally that part
of the differences between IASI and MLS are likely due to the different number of co-located data within
the 2.5°x2.5° grid cells considered here for the comparison, with a much larger number of observations
for IASI (through the quality filtering) than for MLS.

Despite this, the comparison shows similar spatial and seasonal variations between IASI total HNOs
columns and MLS VMR between ~70 and 30 hPa in the different latitude bands, in particular, in the
southernmost equivalent latitudes (see top panel). The strong HNOs3 depletion is well captured by both
IASI and MLS measurements with a perfect match for the onset of the depletion. It further supports the
good sensitivity of IASI to HNOs in the range of these pressure levels, justifying the methodology used
in this study.

The cross-comparison with MLS is indeed insightful and gives further credit on the IASI observations
during the polar night. That comparison figure between IASI and MLS has therefore been included in
Section 2 of the revised manuscript and the text was changed to:

“In order to expand on the comparisons against FTIR measurements which is impossible during the
polar night, Figure 1 (top panel) presents the time series of daily IASI total HNO3 columns co-located
with MLS VMR measurements within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa),
averaged in the 70°S-90°S equivalent latitude band. Similar variations in HNOs3 are captured by the two
instruments with an excellent agreement for the timing of the strong HNOs3 depletion within the inner
vortex core. IASI HNO3 variations generally match well those of MLS HNOs in each latitude band (see
Figure 1 bottom panel for the 50°S—70°S equivalent latitude band; the other bands are not shown here).”

Specific comments

[L3, ‘good vertical sensitivity’: This has not been shown in this paper. It is necessary to demonstrate this
for the dataset discussed here given the cold Antarctic stratosphere. ]

As stated in the text, we here refer to “a good vertical sensitivity in the low and middle stratosphere”,
not to a good vertical resolution of the measurement.

As mentioned in the manuscript, this paper builds on the previous studies of Ronsmans et al. (2016) and
(2018). Despite a poor vertical resolution between the retrieved layers forcing us to consider a total
column, the sensitivity of IASI to HNO3 was shown to vary with altitude and to be highest in the low-
middle stratosphere, even within the cold Antarctic polar vortex (Ronsmans et al. (2016)). This means
that the variability in the measured total column is mainly representative of that layer. As said above,
we recall here that similarly to the earlier studies, HNO3; measurements characterized by a poor spectral
fit or by a low vertical sensitivity (DOFS < 0.9) have been filtered out of this analysis. This is now
clearly mentioned in Section 2 of the revised manuscript:
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“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were
applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags
rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less
reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity
characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a
fractional cloud cover larger than 25 %).”

[L8, ‘denitrification’: Are you certain, that ‘denitrification’ is also used for the uptake of HNO3 in
particles? Perhaps ‘removal from the gas phase’.]

We thank the referee for this remark. We are of course aware that the so-called “denitrification” defines
the permanent removal of NOy from an airmass due to the gravitational sedimentation of NOy-
containing particles. We agree that, from IASI, we can only measure a “removal from the gas phase”,
caused by sequestration into particles with or without sedimentation. Careful attention has now been
made in the manuscript to avoid abusive use of the term ‘“denitrification”. Hence, “onset of HNOj
denitrification” has been changed to “the onset of HNO3 depletion” where appropriated in the revised
manuscript. The title has also been changed accordingly to:

“Polar stratospheric HNOs depletion surveyed from a decadal dataset of IASI total columns™.

[L59, ‘a maximum sensitivity in the mid-stratosphere around 50 hPa’: This must be shown here for the
extreme conditions in the Antarctic vortex - also since all later analyses in the paper use temperatures at
50 hPa. What is the vertical variability of this level of maximum sensitivity within the development
inside the vortex, especially later in the winter when, due to sedimentation of PSC particles, HNO3
concentrations at those levels are very low?]

See our responses to the general comments. Here again, we refer to the figure 3 (top and bottom panels)
of Ronsmans et al. (2016) that presents the global distributions of the degrees of freedom for signal
(DOFS, top panels) and of the altitude of maximum sensitivity of IASI to the HNOs profile (bottom
panel), separately for January (left) and July (right) 2011, when the strong HNO3 depletion occurs within
the cold Antarctic winter. It shows clearly that the altitude of maximum sensitivity of the total columns
is invariant at equatorial and tropical latitudes, whereas it varies with seasons at middle and polar
latitudes. Above the Antarctic, the altitude of maximum sensitivity varies between ~9 km in summer
and ~22 km in winter. The variations of the altitude of maximum sensitivity follow the altitude variations
of maximum HNO3 concentrations.

This is now more explicit at several places in the revised manuscript; e.g. in Section 1: “IASI provides
reliable total column measurements of HNOj3 characterized by a maximum sensitivity in the low-middle
stratosphere around 50 hPa (20 km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) ...”
and in Section 2: “... the largest sensitivity of IASI in the region of interest, i.e. in the low and mid-
stratosphere (from 70 to 30 hPa), where the HNO3 abundance is the highest (Ronsmans et al., 2016).

In order to convince the referee that IASI measurements capture the expected variations of HNO3 within
the polar night, we provide in Figure 2 below examples of vertical HNOs3 profiles retrieved within the
dark Antarctic vortex (above Arrival Height) and outside the vortex (above Lauder). The retrieved
profiles are shown along with their associated total retrieval error and averaging kernels (the total column
AvK and the so-called “sensitivity profile” are also represented). The sum of the averaging kernels
indicates how the true state at a specific altitude changes the retrieved total column, i.e. the altitude to
which the retrieved total column is mainly sensitive/representative. Above Arrival Height during the
dark Antarctic winter, we clearly see depleted HNOs3 levels in the low and mid-stratosphere and the
altitude of maximum sensitivity at around 30 hPa. At Lauder on the contrary, HNOj levels larger than
the a priori are observed in the stratosphere with a larger range of maximum sensitivity.
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[L79, ‘“The total columns yield a total retrieval error of 10% and a low bias (10.5%) compared to ground-
based FTIR measurements (Hurtmans et al., 2012; Ronsmans et al., 2016).”: As these numbers are used
also later in the manuscript, their validity has to be confirmed for the condition in the dark vortex, which
cannot be achieved with comparisons to sun-dependent FTIR observations. As mentioned above, I
strongly suggest to perform comparisons with the MLS dataset.]

Figure 4 of Ronsmans et al. (2016) illustrates the global distribution of the total retrieval error for HNO3
(integrated over 5 to 35 km) separately for January (left) and July (right) over the period of the IASI
measurements. The mid- and polar latitudes are characterized by low total retrieval errors of around ~3-
5% - which corresponds to a reduction by a factor of 18-30 compared to the prior uncertainty (90%) and
indicates a real gain of information — except above Antarctica during wintertime where the errors reach
25%. They are explained by (1) a weaker sensitivity (i.e. a larger smoothing error which represents in
all cases the larger source of the retrieval error) above such cold surface (DOFS of ~0.95 within the dark
Antarctic vortex — see figure 3 of Ronsmans et al., 2016) and by (2) a misrepresentation of the
wavenumber-dependent surface emissivity above ice surface (Hurtmans et al., 2012). This is made more
explicit in Section 2 of the revised manuscript:

“The total columns are associated with a total retrieval error ranging from around 3% at mid- and polar
latitudes to 25% above cold Antarctic surface during winter (due to a weaker sensitivity above very cold
surface with a DOFS of ~0.95 and to a poor knowledge of the seasonally and wavenumber-dependent
emissivity above ice surfaces which induces larger forward model errors), and a low bias (lower than
12%) in polar regions over the altitude range where the IASI sensitivity is largest, when compared to
ground-based FTIR measurements (see Hurtmans et al., 2012; Ronsmans et al., 2016 for more details).”

A validation against ground-based sun-dependent FTIR measurements could not be provided during the
dark Antarctic winter, we refer on the good agreement with MLS (suggested by the referee) to underline
the potentiality of IASI to detect the HNOs variations as well within the Antarctic winter (see general
comment).

[L105, ‘These high HNO3 levels result from low sunlight...’: This is not the only, and probably not the
central explanation for the increasing column amounts. Dynamical effects on total columns of
stratospheric gases (downwelling within the vortex) have to be considered.]

We thank the referee for this correction. The sentence has been rewritten as follows:

“These high HNOs levels result from low sunlight, preventing photodissociation, along with the
heterogeneous hydrolysis of N2Os to HNO3 during autumn before the formation of polar stratospheric
clouds (Keys et al., 1993; Santee et al., 1999; Urban et al., 2009; DeZafra et al., 2001). This period also
corresponds to the onset of the deployment of the southern polar vortex which is characterized by strong
diabatic descent with weak latitudinal mixing across its boundary, isolating polar HNOgs-rich air from
lower latitudinal airmasses.”

[Figure 2: I think the vertical dashed line ‘10Jun09’ does not fit to the minimum of the solid blue curve
(7]

The referee is right; there was a bug for the automatically detection of the drop temperature, as well as
for the detection of the corresponding dates in this figure. The figure has been corrected. The position
of the drop temperatures does now perfectly match the yearly minima of the total HNO3 second
derivative. An average drop temperature over the ten years of IASI of 194.2 +/- 3.8 K is now calculated,
which is even closer to Tnar.
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[L154, ‘in the areas of potential vorticity smaller than -10 ...”: PV at which potential temperature level
is used here?]

As mentioned in Section 2 of the submitted manuscript, “the potential vorticity (PV) fields are taken
from the ECMWF ERA Interim Reanalysis dataset at the potential temperature of 530 K (corresponding
to ~20 km altitude where the IASI sensitivity to HNOs is the highest during the Southern Hemisphere
(S.H.) winter (Ronsmans et al., 2016)”.

[L159, ‘Note that the HNOs time series has been smoothed’: As the drop temperatures (and dates) are
introduced as the central new method presented in the manuscript, it is necessary to explore their
behaviour in more detail. Can you give an estimate of the error of this measure by considering e.g. the
effect of the numerical smoothing. Please show also the 1st derivative to be able to judge on the
uncertainties of the 2nd derivative. How do the drop temperatures vary when using different pressure
levels (e.g. 70 hPa)?]

As explained in the text, we actually only used a simple robust spline smoothing function to fill gaps in
the time series, hence it has no particular impact on the detection of the drop temperature and its
corresponding date.

Figure 3 here below represents the figure 2 of the manuscript along with the 1% derivative of HNOj total
column with respect to time superimposed, as asked by the referee. We can clearly see that the minima
of the 2" derivative match or just precede those of the 1 derivative of total HNO3 with respect to time.

Figure 4 below represents the figure 2 of the manuscript but for the temperature at 30 hPa (top panel)
and 70 hPa (bottom panel) for the sake of comparison. As expected, the drop temperatures are the lowest
when using the temperatures at 30 hPa. They vary from 185-195 K (~192K on average) at 30 hPa to
195-204 K (~198 K on average) at 70 hPa with values of ~189-202 K (~194 K on average) at 50 hPa.

As explained in the manuscript, the use of the 195 K at 50 hPa as single level for the analysis is justified
by the fact that it corresponds best to the maximum of IASI vertical sensitivity during the polar night
(see Figure 3 of Ronsmans et al. 2016 and responses to related comments above); another justification
is found a posteriori by the consistency between the 195 K threshold temperature taken at 50 hPa and
the onset of the strong total HNOs3 depletion seen by IASI, which matches the NAT development that
occurs in June around that level. However, we fully agree that the HNO3 abundances over a large part
of the stratosphere (between 70 and 30 hPa) contribute to the total HNOs; variations detected by IASI
and that this inevitably affects the drop temperature calculation at 50 hPa. In order to address this issue,
we have added in the manuscript the range of drop temperatures when calculated at these two other
pressure levels (from 185 K to 204 K); this indeed allows the reader to better judge on the uncertainty
of the drop temperature at 50 hPa (189-202 K). We thank the referee for his suggestion. The text in the
revised manuscript is changed to:

“... Nevertheless, given the range of maximum IASI sensitivity to HNOs3 around 50 hPa, typically
between 70 and 30 hPa (Ronsmans et al., 2016), the drop temperatures are also calculated at these two
other pressure levels (not shown here) to estimate the uncertainty of the calculated drop temperature
defined in this study at 50 hPa. The 30 hPa and 70 hPa drop temperatures range respectively over 185.7
K -194.9 K and over 194.8 K —203.7 K, with an average of 192.0 +/- 2.9 K and 198.0 +/- 3.2 K (1o
standard deviation) over the ten years of IASI. The average values at 30 hPa and 70 hPa fall within the
1o standard deviation associated with the average drop temperature at 50 hPa. It is also worth noting the
agreement between the drop temperatures and the NAT formation threshold at these two pressure levels
(TnaTt ~193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et al., 2016).”
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[L184, ‘The calculated drop temperatures vary significantly between 180 and 210 K. These high
extremes are only found in very few cases and should be considered with caution as they correspond to
specific regions above ice shelves with emissivity features that are known to yield errors in the IASI
retrievals’: I find the discussion around the deviations of the drop temperatures very confusing. At the
beginning of the manuscript it is stated, that the error of the measured total column amounts is in the
order of 10%. Here it is argued that ‘above ice shelves’ it might be higher. Also, in Fig. 5 one can see
that there are large regions over eastern Antarctica where drop temperatures are often clearly above
195K even inside the red circles. This is not explained satisfactorily in the manuscript. Here, again, it
would be important to investigate on the reliability, consistency and homogeneity of the IASI HNO3
values. As mentioned above, this could be accomplished with a comparison to MLS observations.]

See our response above about the characterization of the HNOj retrievals in terms of total retrieval error
and of its spatial/temporal distribution: The largest errors (25%) are found above Antarctica during
wintertime and are due to (1) a weaker sensitivity (i.e. a larger smoothing error which represents in all
cases the larger source of the retrieval error) above such cold land surface (DOFS of ~0.95 within the
dark Antarctic vortex — see figure 3 of Ronsmans et al., 2016) and to (2) a poor knowledge of the
(seasonally and wavenumber-dependent) emissivity of ice surfaces (Hurtmans et al., 2012). This is now
clearly mentioned in Section 2 of the revised manuscript.

Bright land surface such as desert or ice might in some cases lead to poor HNOs retrievals due to a poor
knowledge of the wavenumber-dependent emissivity above such surfaces, which can alter the retrieval
by compensation effects (Wespes et al., 2009). FORLI relies on the monthly climatology of surface
emissivity built by Zhou et al. (2011) from several years of IASI measurements on a 0.5x0.5 grid and
for each 8461 IASI spectral channels when available, or on the MODIS climatology that is unfortunately
restricted to only 12 channels in the TASI spectral range; see Hurtmans et al. (2012) for more details.
Although wavenumber-dependent surface emissivity atlases are used in FORLI, it is clear that this
parameter remains critical and causes poorer retrievals that, in some instances, pass the posterior
filtering. The total HNO3 columns over eastern Antarctica which show drop temperatures much above
195K might precisely be related to this. We have made this clear in Section 4.2 of the revised version:

“...emissivity features that are known to yield errors in the IASI retrievals (Hurtmans et al., 2012;
Ronsmans et al., 2016). Indeed, bright land surface such as ice might in some cases lead to poor HNO3
retrievals. Although wavenumber-dependent surface emissivity atlases are used in FORLI (Hurtmans et
al., 2012), this parameter remains critical and causes poorer retrievals that, in some instances, pass
through the series of quality filters and affect the drop temperature calculation.”

[L195, ‘Overall, despite these limitations, the spatial variability in the drop 50 hPa temperatures for [ASI
total HNOs is well in agreement with the natural variation in PSCs nucleation temperatures’: Given the
extended areas where the drop temperatures are larger than 195K, this statement is not convincing. ]
The sentence has been rewritten for clarity:

“Except above some parts of Antarctica which are prone to larger errors, the overall range in the drop
50 hPa temperature for total HNOs3, inside the isocontour for the averaged temperature of 195 K,
typically extends from ~187 K to 195 K, which fall within the range of PSCs nucleation temperature at
50 hPa ...”.

Furthermore, in response to G. Manney and M. Santee, the contour of —10x10°K.m?.kg!.s™! based on

the minimum PV encountered at 50 hPa over the 10 May to 15 July period as well as the isocontours of
195 K at 50 hPa for the averaged temperatures and the minima over the same period are also now
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represented in the revised Fig.5 and the distribution of the drop temperatures is much better described
and explained in the revised version:

“The averaged isocontour of 195 K encircles well the area of HNO3 drop temperatures lower than 195
K, which means that the bins inside that area characterize airmasses that experience the NAT threshold
temperature during a long time over the 10 May — 15 July period. That area encompasses the inner vortex
core (delimited by the isocontour of —10x10°K.m? kg!.s™! for the averaged PV) and show pronounced
minima (lower than -0.5 x10'* molec.cm™.d?) in the second derivative of the HNOj total column with
respect to time (not shown here), which indicate a strong and rapid HNO3 depletion.

The area enclosed between the two isocontours of 195 K for the temperatures, the averaged one and the
one for the minimum temperatures, show higher drop temperatures and weakest minima (larger than -
0.5 x10™ molec.cm™.d?) in the second derivative of the HNOj3 total column (not shown). That area is
also enclosed by the isocontour of —10x10°K.m?kg™'.s"! for the minimum PV, meaning that the bins
inside correspond, at least for one day over the 10 May — 15 July period, to airmasses located at the inner
edge of the vortex and characterized by temperature lower than the NAT threshold temperature. The
weakest minima in the second derivative of total HNO3 (not shown) observed in that area indicate a
weak and slow HNO; depletion and might be explained by a short period of the NAT threshold
temperature experienced at the inner edge of the vortex. It could also reflect a mixing with strong HNOs-
depleted and colder airmasses from the inner vortex core. The mixing with these “already” depleted
airmasses could also explained the higher drop temperatures detected in those bins. Finally, note also
that these high drop temperatures are generally detected later (after the HNO3 depletion occurs, 1.e. after
the 10 May — 15 July period considered here — not shown), which supports the transport, in those bins,
of earlier HNOs-depleted airmasses and the likely mixing at the edge of the vortex.”

[L204, ‘denitrification phase’: See statement about ‘denitrification’ above.]
See our response above.

[L230, “To the best of our knowledge, it is the first time that such a large satellite observational data set
of stratospheric HNO3 concentrations is exploited to monitor the evolution HNO3 versus temperatures.’:
This sounds somehow exaggerated given all the previous work on HNO3/temperature/PSCs, e.g. by use
of the MLS dataset and also since the correlation with temperature has already been shown in Ronsmans
et al., 2018.]

We here simply refer to the unprecedented potential of IASI in terms of its exceptional spatial and
temporal sampling. Ronsmans et al. (2018) also referred to the IASI dataset and correlations with
temperature were done but in a lesser extent. In order to avoid overselling, the sentence has been
rewritten:

“We show in this study that the IASI dataset allows capturing the variability of stratospheric HNO3
throughout the year (including the polar night) in the Antarctic. In that respect, it offers a new
observational means to monitor the relation of HNOj3 to temperature and the related formation of PSCs.”

Technical comments:

L27, ‘(e.g. (Toon...))’: I think the inner bracket level is not necessary.

L30, ‘sedimentation(Lambert ...): Space missing

L34, ‘temperature’: ‘temperatures’

L51: Bracket levels?

L102, ‘The red vertical line in Fig. 1a and Fig. 1b’: There is no vertical red line in Fig. 1a. You mean
horizontal?

L106, references: Brackets seem wrong.
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Figure 2, caption, ‘in the70—’: Space missing.
L155, ‘and the total HNO3 depletion are the coldest’: Makes no sense.
L164, ‘temperature are’: ‘temperatures are’

All the technical comments have been corrected.
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Figure 1. Time series of daily IASI total HNO3 column (blue, left y-axis) co-located with MLS and of MLS VMR
HNO; within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa; right y-axis), averaged in the 70°S—
90°S (top panel), the 50°S—70°S (middle panel) and in the 30°S—-50°S (bottom panel) equivalent latitude bands.
The error bars (light blue) represents 3o, where ¢ is the standard deviation around the IAST HNOj daily average.
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Figure 2. Examples of IASI HNO; vertical profiles (in molec.cm™) with corresponding averaging kernels (in
molec.cm-?/molec.cm-?; with the total column averaging kernels (black) and the sensitivity profiles (grey)) above
Arrival Height (77.49°S, 166.39°E, top panels) and Lauder (45.03°S, 169,40°E; bottom panels). The error bars
associated with the HNOs vertical profile represent the total retrieval error. The a priori profile is also represented.
The total column and the DOFS values are indicated.
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Response to reviewer #3

We thank the reviewer for her/his in depth review comments that have help us to improve the clarity of
the manuscript. Kindly find below our responses to each of the comments (quoted between []). We hope
that our responses will address the main issues and that the changes made will convince that the IASI
HNOs dataset has the potential to contribute to stratospheric studies and, more particularly, to the time
evolution of the polar processes.

Major comments

[The description of the polar HNO3 variation presented in the paper is already well known from
numerous other studies.]

The purpose of this paper is to demonstrate the interest of IASI for HNOs3 stratospheric studies
(Ronsmans et al., 2018) after having undergone a rigorous validation exercise (Ronsmans et al., 2016).
If limb measurements allows resolving the HNO3 profile in the stratosphere, the potential of IASI lies in
its exceptional spatial and temporal sampling. We demonstrate here that despite its limited vertical
resolution forcing us to consider one total column, the information content that actually lies in the low
and middle stratosphere offers potential to expand on previous polar stratospheric denitrification studies,
usually performed using limb sounder measurements, and to continue the long-term records of HNOj3
started with the latter. We have tried in this paper not to repeat too much of our earlier work but some
duplication was unavoidable; in particular, with respect to vertical sensitivity and errors (these are two
aspects that refereel finds in fact insufficiently described here).

[The lack of vertical resolution in the IASI HNO3 measurements severely limits the interpretation of the
results and precludes differentiation between denitrification and renitrification e.g. consider the effect of
the vertical integration through depleted higher layers overlaying lower enhanced layers.]

We understand that the referee sees this as a limitation. However, despite the lack of vertical resolution,
which is recognized in the paper and which forces us to consider total HNO; columns, IASI is
characterized by a good sensitivity to HNOs3 at specific levels, in particular, in the range between ~70
hPa to ~30 hPa in the southernmost latitude in winter and as such it provides an adequate means to
investigate the stratospheric processes in the polar nights.

In order to justify this further, we would like to refer to the figure 3 (top and bottom panels) of Ronsmans
et al. (2016) that presents global distributions of the degrees of freedom for signal (DOFS, top panels)
and of the altitude of maximum sensitivity of IASI to the HNO3 profile (bottom panel), separately for
January (left) and July (right) 2011, when the strong HNO3 depletion occurs within the cold Antarctic
winter. It shows clearly that the altitude of maximum sensitivity of the total columns is invariant at
equatorial and tropical latitudes, whereas it varies with seasons at middle and polar latitudes. Above the
Antarctic, the altitude of maximum sensitivity varies between ~9 km in summer and ~22 km in winter.
The variations of the altitude of maximum sensitivity follow the altitude variations of maximum HNOs
concentrations.

We agree that the IASI sensitivity was insufficiently put forward in the text. We made it more explicit
at several places in the revised manuscript; e.g. in Section 1: “IASI provides reliable total column
measurements of HNO; characterized by a maximum sensitivity in the low-middle stratosphere around
50 hPa (20 km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) ...” and in Section 2:
“... the largest sensitivity of IASI in the region of interest, i.e. in the low and mid-stratosphere (from 70
to 30 hPa), where the HNO; abundance is the highest (Ronsmans et al., 2016).”
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[Although the IASI HNO3 data has much better 2D horizontal resolution than any other measurement
this has not been developed as a tool to provide information beyond that of satellite instruments that
measure only along the orbit track.]

We do not fully agree. The determination of the drop temperature using the second derivative exploits
the large dataset of daily IASI measurements. Furthermore, the spatial distributions of the drop
temperature calculated at 50hPa, which are presented in the figure 5 of the manuscript, do actually take
advantage of the excellent spatial/temporal resolution of IASI to provide information throughout the
entire vortex and outside. This would probably not be feasible with other types of measurements.

[CALIOP PSC information is available for the same time frame, why was this not used? Certainly, PSC
volumes vs time would be helpful in providing the underlying interannual variability of PSC types (NAT,
STS, ice) to compare with the resulting drop temperatures derived from IASI. Similarly, at least some
comparisons of the IASI HNO3 column with integrated column calculated from Aura MLS are
necesssary to establish the validity of the measurements in the most severly depleted inner vortex core.]
Thank you for this comment. It is certainly a good idea to use the CALIOP measurements in support but
this goes beyond the goal of this paper, which is to demonstrate the capability of IASI to measure HNOs
columns that are relevant for stratospheric studies. Using CALIOP PSC information and, in particular,
comparing the spatial distributions of IASI derived drop temperatures (Figure 5 of the revised paper)
with maps of CALIOP PSC would be very interesting in order to go a step further in the analyses of the
underlying HNOs condensation processes, but it will be challenging and add significant complexity
given the high variability in the distribution of PSC types.

Regarding the second point on a comparison with MLS, we fully agree that this is highly relevant; it was
also a request of referee#1. We provide here below a comparison with observations by MLS in three
equivalent latitude bands (see Figure 1). We would like to point out that we here compare total columns
measured by IASI with VMR measured by MLS at several pressure levels that cover the highest
sensitivity of IASI (at ~50 hPa, ~70 hPa and ~30 hPa for the sake of the comparison). Hence, the
comparison of IASI columns with MLS measurements is mostly qualitative at this stage and differences
are expected for this reason. Note also that we have preferred comparing IASI HNO3 columns with VMR
measured by MLS at specific levels instead of integrated columns calculated from MLS, given the
difference in the sensitivity profile between IASI and MLS, the non-negligible IASI sensitivity to HNO3
in the troposphere where MLS does not measure HNO3 etc, which makes the integrated columns from
IASI vs MLS not directly comparable. It should be pointed out finally that part of the differences between
IASI and MLS are likely due to the different number of co-located data within the 2.5°x2.5° grid cells
considered here for the comparison, with a much larger number of observations for IASI (through the
quality filtering) than for MLS.

Despite this, the comparison shows similar spatial and seasonal variations between IASI total HNOs
columns and MLS VMR between ~70 and 30 hPa in the different latitude bands, in particular, in the
southernmost equivalent latitudes (see top panel). The strong HNO3 depletion is well captured by both
IASI and MLS measurements with a perfect match for the onset of the depletion. It further supports the
good sensitivity of IASI to HNOs in the range of these pressure levels, justifying the methodology used
in this study.

The cross-comparison with MLS is indeed insightful and gives further credit on the IASI observations

during the polar night. That comparison figure between IASI and MLS has therefore been included in
Section 2 of the revised manuscript and the text was changed to:
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“In order to expand on the comparisons against FTIR measurements which is impossible during the polar
night, Figure 1 (top panel) presents the time series of daily IASI total HNO3 columns co-located with
MLS VMR measurements within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa),
averaged in the 70°S-90°S equivalent latitude band. Similar variations in HNOs3 are captured by the two
instruments with an excellent agreement for the timing of the strong HNOs3 depletion within the inner
vortex core. IAST HNOj variations generally match well those of MLS HNOj in each latitude band (see
Figure 1 bottom panel for the 50°S—70°S equivalent latitude band; the other bands are not shown here).”

[Regarding the sensitivity of the IASI column HNO3 measurements, [ suggest presenting a few examples
of vertical HNO3 profiles (from a model or data), ranging from non-depleted to extreme depletion with
calculations of the corresponding calculated integrated IASI column. This would help to indicate the
sensitivity of the column measurement to changes in the vertical distribution of HNO3 ... i.e. generate
profiles of the change in the IASI column HNO3 wrt the actual change in HNO3 at a level, j,
d(column)/d(HNO3);j.]

This is an example of information reported in earlier work and that we have tried not to repeat extensively
here. To summarize, the validation study of Ronsmans et al. (2016) provides a complete characterization
of the IASI HNO3 retrievals: it shows example of vertical HNOj3 profiles along with the total retrieval
error, the a apriori profiles and associated averaging kernels profiles (d(HNO3,e)i/d(HNO3e)j), along
with the total column averaging kernel (d(columnre)/d(HNO3uye)j) and the sensitivity profile
(d(HNO3e)i/d(columnyue)), were already given in Figures 1 and 2 of that study. Note that the averaging
kernel profile describes how the true state changes the estimate at a specific altitude, i.e. how the retrieval
smooths the true profile. The sum of the elements of an averaging kernel characterizing the retrieval at
a specific altitude returns the sensitivity of the retrieval at that altitude, i.e. to which extent the retrieval
at that specific altitude comes from the spectral measurement rather than the apriori, while the sum of
the averaging kernels indicates how the true state at a specific altitude changes the retrieved total column,
i.e. the altitude to which the retrieved total column is mainly sensitive/representative.

Figure 3 (top and bottom panels) of Ronsmans et al. (2016) further presents the global distributions of
the degrees of freedom for signal (DOFS, top panels) and of the altitude of maximum sensitivity of the
retrieval to the HNO3 profile (bottom panel), separately for January (left) and July (right) 2011, when
the strong HNOs depletion occurs within the cold Antarctic winter. It clearly shows that above the
Antarctic, the altitude of maximum sensitivity varies between ~9 km in summer and ~22 km in winter
(~ 50 hPa) on average.

To address the comment of the referee without repeating too much of the earlier results, we have
carefully verified the manuscript with regard to unclear or incomplete statements about vertical
sensitivity. The following has been added in Section 1: “IASI provides reliable total column
measurements of HNO3 with a maximum sensitivity in the low-middle stratosphere around 50 hPa (20
km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) ...” and in Section 2: “... the largest
sensitivity of IASI in the region of interest, i.e. in the low and mid-stratosphere (from 70 to 30 hPa),
where the HNOj3 abundance is the highest (Ronsmans et al., 2016).

In order to convince the referee that IASI measurements capture the expected variations of HNO3 within
the polar night, we provide in Figure 1 below examples of vertical HNOs3 profiles retrieved within the
dark Antarctic vortex (above Arrival Height) and outside the vortex (above Lauder). The retrieved
profiles are shown along with their associated total retrieval error and averaging kernels (the total column
AvK and the so-called “sensitivity profile” are also represented). Above Arrival Height during the dark
Antarctic winter, we clearly see depleted HNOs levels in the low and mid-stratosphere and the altitude
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of maximum sensitivity at around 30 hPa. At Lauder on the contrary, HNOs3 levels larger than the a priori
are observed in the stratosphere with a larger range of maximum sensitivity.

Specific comments

[L2: "good vertical sensitivity" ... only column HNO3 measurements are discussed here - there is no
vertical resolution in the measurements. ]
See our response to the second general comment above.

As stated in the text, we here refer to “a good vertical sensitivity in the low and middle stratosphere”,
not to a good vertical resolution of the measurement. Note that HNO3 vertical profile are retrieved from
IASI measurements, not simply total columns; Hence, even if the sensitivity covers the entire altitude
range from the troposphere to the stratosphere with no clear decorrelation (poor resolution) between the
retrieved layers forcing us to consider a total column, it is shown to variate with the altitude and to be
highest in the low-middle stratosphere, which means that the variability in the measured total column is
mainly representative of that layer.

As mentioned in the manuscript, this paper builds on the previous studies of Ronsmans et al. (2016) and
(2018), where the vertical sensitivity of IASI to HNO3; measurements is shown to be highest in the low
and mid-stratosphere, even within the cold Antarctic polar vortex, with the degrees of freedom for signal
(DOFS) that ranges from 0.9 to 1.2 at all latitudes. Note also that similarly to these two previous studies,
HNO3 measurements characterized by a poor spectral fit or by a low vertical sensitivity (DOFS < 0.9)
have been filtered out of this analysis. This is now clearly mentioned in Section 2 of the revised
manuscript:

“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were
applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags
rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less
reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity
characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a
fractional cloud cover larger than 25 %).”

[L10: 191K is also consistent with STS temperatures (192 K) and is actually closer than TNAT (195 K)]
Indeed but as stated in the manuscript: “... recent observational and modelling studies have shown that
HNO:; starts to condense in early PSC season in liquid NAT mixtures well above Tice (~4 K below Tnar,
close to Tsrs)...”. The NAT nucleation temperature at 50 hPa range from slightly below Tnar to around
3-4 K below Tice, depending on atmospheric conditions, on TTE and on the type of formation
mechanisms (Pitts et al., 2011; Peter and GrooS, 2012; Hoyle et al., 2013).

Note that in replying to referee#1 we have identified a bug for the automatically detection of the drop
temperature, as well as for the detection of the corresponding dates in the figure 2 of the manuscript. It
has been corrected. The position of the drop temperatures does now perfectly match the yearly minima
of the total HNOs second derivative. An average drop temperature over the ten years of IASI of 194.2
+/- 3.8 K is now calculated, which is even closer to TNaT.

Finally, as requested by referee #1, we also now clearly mention in Section 4.1 of the manuscript the

range of drop temperatures when calculated at two other pressure levels to better judge on the uncertainty
of the drop temperature at 50 hPa (see Figure 3 here below):
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“... Nevertheless, given the range of maximum IASI sensitivity to HNO3 around 50 hPa, typically
between 70 and 30 hPa (Ronsmans et al., 2016), the drop temperatures are also calculated at these two
other pressure levels (not shown here) to estimate the uncertainty of the calculated drop temperature
defined in this study at 50 hPa. The 30 hPa and 70 hPa drop temperatures range respectively over 185.7
K -194.9 K and over 194.8 K —203.7 K, with an average of 192.0 +/- 2.9 K and 198.0 +/- 3.2 K (lo
standard deviation) over the ten years of IASI. The average values at 30 hPa and 70 hPa fall within the
lo standard deviation associated with the average drop temperature at 50 hPa. It is also worth noting the
agreement between the drop temperatures and the NAT formation threshold at these two pressure levels
(Tnat ~193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et al., 2016).”

[L18: add more recent references e.g. Peter and Gross (2012). L28: Much more has been done in the
past decade with MIPAS and CALIOP that should be referenced]

Thank you for this suggestion. Peter and GrooS (2012) was cited elsewhere in the manuscript but has
been added here as well. Note that the goal of the introduction is not to provide an exhaustive list of all
studies related to the PSC thermodynamics. Several general reference papers are cited and we have
decided to put more focus here on HNOs.

[L59: This section should explain what is meant by "maximum sensitivity" etc.]
See our responses to the second major comment and specific comments above.

[L79: Information on the data quality for IASI HNO3 is poor. Is the value of bias and uncertainty the
same for depleted and non-depleted conditions?]

The reader is here invited to refer to the figure 4 of Ronsmans et al. (2016) which illustrates the global
distribution of the total retrieval error for HNO3 (integrated over 5 to 35 km) separately for January (left)
and July (right) over the period of the IASI measurements. The mid- and polar latitudes are characterized
by low total retrieval errors of around ~3-5% - which corresponds to a reduction by a factor of 18-30
compared to the prior uncertainty (90%) and indicates a real gain of information — except above
Antarctica during wintertime where the errors reach 25%. They are explained by (1) a weaker sensitivity
(i.e. a larger smoothing error which represents in all cases the largest source of the retrieval error) above
such cold surface (DOFS of ~0.95 within the dark Antarctic vortex — see figure 3 of Ronsmans et al.,
2016) and by (2) a poor knowledge of the wavenumber-dependent surface emissivity above ice surface,
which also varies in time (Hurtmans et al., 2012). ). This is made more explicit in Section 2 of the revised
manuscript:

“The total columns are associated with a total retrieval error ranging from around 3% at mid- and polar
latitudes to 25% above cold Antarctic surface during winter (due to a weaker sensitivity above very cold
surface with a DOFS of ~0.95 and to an poor knowledge of the seasonally and wavenumber-dependent
emissivity above ice surfaces which induces larger forward model errors), and a low bias (lower than
12%) in polar regions over the altitude range where the IASI sensitivity is the largest, when compared
to ground-based FTIR measurements (see Hurtmans et al., 2012; Ronsmans et al., 2016).”

[L82: Yet, problems with the retrievals because of cloud contamination seem to remain even after the
<25% cloud fraction filter is applied.]
We do not understand the referee comment here. In this section of the manuscript, we only describe the

quality flags used in our analysis.

[L83: Cloud contamination? Tropospheric cloud only or also thick ice PSCs?]
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The clouds that have most impact are clearly tropospheric water clouds. Cirrus clouds or PSCs are mostly
transparent in the IR; thick cirrus however show up in the longwave part of the IASI spectrum, below
900 cm™'. We have added “tropospheric cloud contamination™ in the text.

Note that the threshold of 25 % cloud cover was carefully chosen after a series of tests, which have
shown that these scenes could be treated as cloud-free without significant impact on the retrievals
(Hurtmans et al., 2012).

[L102: Why was 2011 chosen?]

As expected from figure 1c, any other year could have been chosen instead of the year 2011 to illustrate
the HNOj total columns versus temperatures (at 50 hPa) histogram in figure 1b. It is now clearly
mentioned in the revised manuscript:

“Similar histograms are observed for the ten years of IASI measurements (not shown).”

[L106: Heterogeneous hydrolysis of N20O5 requires aerosol particles. So this process starts with cold
binary aerosols (i.e. sulfates) before the formation of STS?]

Indeed, previous studies have shown enhanced HNO3 columns during autumn in Antarctica and have
attributed them to decreasing sunlight and conversion of N20s to HNOj; by the reaction of N20s with
background aerosols, before the formation of polar stratospheric clouds (e.g. Keys et al., Nature, 1993).
At these temperatures, the conversion may occur on binary sulfuric aerosols.

The sentence has been rewritten as follows:

“These high HNOs levels result from low sunlight, preventing photodissociation, along with the
heterogeneous hydrolysis of N2Os to HNO3 during autumn before the formation of polar stratospheric
clouds (Keys et al., 1993; Santee et al., 1999; Urban et al., 2009; DeZafra et al., 2001). This period also
corresponds to the onset of the deployment of the southern polar vortex which is characterized by strong
diabatic descent with weak latitudinal mixing across its boundary, isolating polar HNOs-rich air from
lower latitudinal airmasses.”

[L129: The onset of depletion seems to start when the temperatures fall substantially below 190K from
inspection of Fig 1(c) and quite far below the red line marked at 195K.]
The onset of HNO; depletion starts in June at around 190K, which is in agreement with figure 1a.

[L136-137: Why are two temperatures (180 and 185 K) quoted for 30hPa? Why is the actual value from
Figl(c) (I estimate this as about 188K) for the 50hPa temperature not given in L.1297]

The sentence has been rewritten for clarity:

“The results (not shown here) exhibit a similar HNOs-temperature behaviour at the different levels with,
as expected, lower and larger temperatures in R2, respectively, at 30 hPa (down to 180 K) and at 70 hPa
145 (down to 185K), but still below the NAT formation threshold at these pressure levels (Tnar =193 K
at 30 hPa and 197 K at 70 hPa) (Lambert et al., 2016).”

[L138: "characterized by" seems the wrong description for the chance occurrence that the maximum
sensitivity of IASI HNO3 falls in the same altitude range as the PSCs.]

Changed to: “... the altitude range of maximum IASI sensitivity to HNOs (see Section 2) is characterized
by temperatures that are below the NAT formation threshold at these pressure levels, enabling the PSCs
formation and the denitrification process.”
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[L139-146: This section rather seems to belong in the conclusions.]
L150-154 of the revised manuscript has been moved to the conclusions.

[L148: Clearly this does not "go beyond the vertically integrated view" since the column HNO3 is all
that is available. It could be reworded as "To identify the spatial and temporal variability of the column
HNO3 ..."]

Corrected as suggested.

[L165-169: Denitrification is the term used to describe the permanent removal of some HNO3 from the
gas phase by sedimentation of PSCs. Sequestration is the term used to describe the uptake of HNO3
from the gas phase into PSCs. Denitrification by STS is a lengthy process compared to NAT since the
smaller STS particles sediment slowly. STS can (and frequently does) form without the prior nucleation
of NAT. IASI alone cannot discriminate between these processes and it should not be assumed that what
is observed is the "onset of HNO?3 denitrification".]

We thank the referee for this remark. We are of course aware of the definition of the so-called
“denitrification”. We agree that, from IASI, we can only measure a “removal from the gas phase”, caused
by sequestration into particles with or without sedimentation. Careful attention has now been made in
the manuscript to avoid abusive use of the term “denitrification”. Hence, “onset of HNOj3 denitrification”
has been changed to “the onset of HNOj3 depletion” in L.169 and where appropriated in the revised
manuscript and he title has also been changed accordingly to:

“Polar stratospheric HNOs depletion surveyed from a decadal dataset of IASI total columns”.

[L185-187: 210K is much too high for PSC formation, but could possibly be NAT that is in process of
melting? If these are observed over ocean then they warrant further investigation. However, why are
specific regions with emissivity features not flagged as such? They should be discarded rather than
"used with caution".]

Bright land surface such as desert or ice might in some cases lead to poor HNOj retrievals due to a poor
knowledge of the wavenumber-dependent emissivity above such surfaces, which can alter the retrieval
by compensation effects (Wespes et al., 2009). FORLI relies on the monthly climatology of surface
emissivity built by Zhou et al. (2011) from several years of IASI measurements on a 0.5x0.5 grid and
for each 8461 IASI spectral channels when available, or on the MODIS climatology that is unfortunately
restricted to only 12 channels in the TASI spectral range; see Hurtmans et al. (2012) for more details.
Although wavenumber-dependent surface emissivity atlases are used in FORLI, it is clear that this
parameter remains critical and causes poorer retrievals that, in some instances, pass the posterior
filtering. The total HNO3 columns over eastern Antarctica which show drop temperatures much above
195K might precisely be related to this. We have made this clear in Section 4.2 of the revised version:

“...emissivity features that are known to yield errors in the IASI retrievals. Indeed, bright land surface
such as ice might in some cases lead to poor HNOs retrievals. Although wavenumber-dependent surface
emissivity atlases are used in FORLI (Hurtmans et al., 2012), this parameter remains critical and causes
poorer retrievals that, in some instances, pass through the series of quality filters and could affect the
drop temperature calculation.”

We refer on the good agreement with MLS (suggested by the referee) to underline the potentiality of
IASI to detect the HNO3 variations as well within the Antarctic winter (see general comment and Figure
1 here below).

[L189: Modern reanalysis temperatures (e.g. ERA-I) do not "feature large uncertainties" large enough
to account for a 195K to 210K shift. .195-1.201: The limitations of the reanalysis temperatures seems
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to be an accuracy of better than 1K and clearly this in no way limits the derivation of the "50hPa drop
temperature" which simply necessitates finding the S0hPa reanalysis temperature that corresponds to
the second derivative wrt time minimum in column HNO3.]

We agree with the referee’s comment; the discussion about the potential role of the uncertainty of the
ECMWEF reanalysis temperature on the drop temperature has been removed from the section, hence, this
paragraph has been strongly revised accordingly:

“... while biases in ECMWF reanalysis are too small for explaining the spatial variation in drop
temperatures. Thanks to the assimilation of an advanced Tiros Operational Vertical Sounder (ATOVS)
around 1998-2000 in reanalyses, to the better coverage of satellite instruments and to the use of global
navigation satellite system (GNSS) radio occultation (RO) (Schreiner et al., 2007; Wang et al., 2007,
Lambert and Santee, 2018; Lawrence et al., 2018), the uncertainties have been vastly reduced.
Comparisons of the ECMWF ERA Interim dataset used in this work with the COSMIC data (Lambert
and Santee, 2018) found a small warm bias, with median differences around 0.5 K, reaching 0-0.25 K
in the southernmost regions of the globe at ~68-21 hPa where PSCs form.”

[What is meant by "spatial variability"? The plots in Fig 5 show the spatial distribution of the drop
temperature over a number of years but what variability is being considered? Interannual? Why have
these spatial maps of drop temperatures not been compared with published maps of PSC types made by
CALIOP or MIPAS. Wouldn’t some correlation be expected according to the arguments made here? i.e.
NAT PSCs at the higher temperature e.g. the highest temperatures (orange) appear downstream of the
Palmar Peninsula in the "NAT ring" structure described by Hopfner et al (2006).]

Corrected: “Figure 5 shows the spatial variability” = “Figure 5 shows the spatial distribution”.

We do not understand the referee’s comment here. Figure 5 of the manuscript shows the spatial
distribution of the drop temperature calculated inside a region enclosed by an isocontour PV of -8x107
K.m?.kg'.s”!, which, hence, encircles a region larger than the inner vortex core (see Figures 3 and 4 of
the manuscript). The drop temperatures much above the NAT formation temperature, which are mostly
found outside the averaged isocontour PV of -10x10-°> K.m?.kg!.s™!, do not correspond to high minima
(>-0.5 x10'* molec.cm™.d?) in the second derivative of HNO3 total column with respect to time. We
cannot argue that it corresponds to the NAT belt of Hopfner et al. (2006) downstream of the Antarctic
Peninsula, which was enclosed inside the region of the NAT threshold temperature; the highest drop
temperatures from IASI are found on the contrary outside the isocontour of the NAT threshold
temperature (see figure 5 of the revised manuscript). In addition, comparing the distributions of drop
temperatures from IASI with PSC information from CALIPSO/MIPAS remain difficult given the
difference in spatial coverage and, most importantly, the highly variable distribution of PSC types and
of the NAT belt, temporally (daily) and spatially (Hopfner et al., 2006; Lambert et al., 2012).

Finally, in response to G. Manney and M. Santee, the contour of —10x10°K.m2.kg"'.s! based on the
minimum PV encountered at 50 hPa over the 10 May to 15 July period as well as the isocontours of 195
K at 50 hPa for the averaged temperatures and the minima over the same period are also now represented
in the revised Fig.5 and the distribution of the drop temperatures is much better described and explained
in the revised version:

“The averaged isocontour of 195 K encircles well the area of HNO3 drop temperatures lower than 195
K, which means that the bins inside that area characterize airmasses that experience the NAT threshold
temperature during a long time over the 10 May — 15 July period. That area encompasses the inner vortex
core (delimited by the isocontour of —10x10°K.m2.kg!.s! for the averaged PV) and show pronounced
minima (lower than -0.5 x10'* molec.cm™.d?) in the second derivative of the HNOj total column with
respect to time (not shown here), which indicate a strong and rapid HNO3 depletion.
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The area enclosed between the two isocontours of 195 K for the temperatures, the averaged one and the
one for the minimum temperatures, show higher drop temperatures and weakest minima (larger than -
0.5 x10™ molec.cm™.d?) in the second derivative of the HNOj3 total column (not shown). That area is
also enclosed by the isocontour of —10x10°K.m?kg™'.s"! for the minimum PV, meaning that the bins
inside correspond, at least for one day over the 10 May — 15 July period, to airmasses located at the inner
edge of the vortex and characterized by temperature lower than the NAT threshold temperature. The
weakest minima in the second derivative of total HNO3 (not shown) observed in that area indicate a
weak and slow HNO; depletion and might be explained by a short period of the NAT threshold
temperature experienced at the inner edge of the vortex. It could also reflect a mixing with strong HNO:-
depleted and colder airmasses from the inner vortex core. The mixing with these “already” depleted
airmasses could also explained the higher drop temperatures detected in those bins. Finally, note also
that these high drop temperatures are generally detected later (after the HNOs depletion occurs, i.e. after
the 10 May — 15 July period considered here — not shown), which supports the transport, in those bins,
of earlier HNOs-depleted airmasses and the likely mixing at the edge of the vortex.”

[L205: Nothing has been presented that demonstrates PSC occurrence. For that you would need to
compare to actual data on PSCs from CALIOP and/or MIPAS.]
Corrected: “PSCs occurrence” = “NAT formation temperature”

[L224: Again, the suspect data should be discarded because of the detrimental impact on the scientific
analysis. Also, if you cannot manage to work out and apply adequate quality control to your own data
then you have no reason to expect anyone else to do so.]

See our response to comment [L185-187] above.

[L230: "To the best of our knowledge, it is the first time that such a large satellite observational data set
of stratospheric HNO3 concentrations is exploited to monitor the evolution HNO3 versus temperatures"
In fact you cite several papers that have done exactly this, but let’s take the one published over two
decades ago by Santee et al (1999) titled "Six years of UARS Microwave Limb Sounder HNO3
observations : Seasonal, interhemispheric, and interannual variations in the lower stratosphere".
https://doi.org/10.1029/1998JD100089. Not only does this paper compare HNO3 with UKMO
temperatures we are referred to a more complete paper on this topic on p8241 ... "The correlation of the
HNO3 behavior with temperature during this time period, and its implications for PSC phase and
composition, is explored in detail by Santee et al (1998). I noticed that the outside edge of the "HNO3
collar region" at 465K was defined by these authors as inside the 0.25 x E-4 K m2 kg-1 s-1 PV contour.
This seems at odds with the 1E-4 value that is used for the second derivative minimum calculation in
this paper and seemingly places the boundary quite far equatorward. Santee et al (1998) also includes a
description of the heterogeneous hydration of N2OS5 that would be helpful in response to the question
above on L106.]

We here simply refer to the unprecedented potential of IASI in terms of its exceptional spatial and
temporal sampling. Ronsmans et al. (2018) also referred to the IASI dataset and correlations with
temperature were done but in a lesser extent. In order to avoid overselling, the sentence has been
rewritten:

“We show in this study that the IASI dataset allows capturing the variability of stratospheric HNOj3
throughout the year (including the polar night) in the Antarctic. In that respect, it offers a new
observational means to monitor the relation of HNOj3 to temperature and the related formation of PSCs.”

In this study, we use the PV fields taken from the ECMWF ERA Interim Reanalysis dataset at the
potential temperature of 530 K (corresponding to ~20 km where the TASI sensitivity to HNOs is the
highest), while Santee et al. (1998) considered 465K. We clearly see from Figures 3a and 4 of the
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manuscript that PV contours at -0.5e-4 K m2 kg-1 s-1 and at -0.8e-4 K m2 kg-1 s-1 encompass the so-
called HNOs collar region. The PV value of -1e-4 K m2 kg-1 s-1 is used in this study to calculate the
drop temperature based on the second derivative minimum as it clearly encompass the regions inside the
inner polar vortex (see Figure 3a and 4 of the manuscript).

[L231: "It could constitute a new accurate climatological parameter that could be inserted in the PSCs
classification schemes." The analysis presented does not support this statement. Specifically, how could
the HNO3 column amount be used in a classification scheme?]

This sentence has been removed.

Technical comments:

L8: in [the] Antarctic

L53: Studies of HNO3 depletion and PSC formation predate the sensors named in the paragraph e.g. the
Santee et al (1999) reference used UARS/MLS launched in 1991, measurement using balloons should
have been be referenced here.

L108: extends

Figure 1 caption: Each figure title in 1(b) needs to state the year e.g. "January - December 2011 or put a
label "2011" above the whole figure.

Figure 1 caption: 50 hpa => 50 hPa

Figure 1 caption: it is not clear to what 0.1E16 molec. cm-2. This low value is not even on the y-axis of
the figures. Figures 1(a) and 1(c): Are the HNO3 and temperature structures (localized peaks and valleys)
visible in the time series in 1(a) quite well correlated when plotted as a scatter diagram as in 1(c), but
without the 7-day averaging?

L123: 7-day

L124 and Figure 1 caption: "in the range of" : only one value is given and not a range of values

L130: Supplementary material - this does not appear to be available from the ACP website.

L164: drop temperatures

Figure 3 caption: sumperimposed => superimposed

L170: Figures 3a and b

L171: three isocontour levels

L174: lines indicate

L200: It underlines ... What does "it" refer to? The subject of the previous sentence is "the spatial
variability" but that has not been defined.

L201:critical denitrification phase

L205: to PSCs occurrence to PSCs ??

L.240: "All authors contributed to the writting of the text and reviewed the manuscript."

writting => writing

All the technical comments have been corrected.
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Figure 1. Time series of daily IASI total HNO3 column (blue, left y-axis) co-located with MLS and of MLS VMR
HNO; within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa; right y-axis), averaged in the 70°S—
90°S (top panel), the 50°S—70°S (middle panel) and in the 30°S—-50°S (bottom panel) equivalent latitude bands.
The error bars (light blue) represents 3o, where ¢ is the standard deviation around the IAST HNOj daily average.
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Figure 2. Examples of IASI HNO; vertical profiles (in molec.cm™) with corresponding averaging kernels (in
molec.cm-*/molec.cm-%; with the total column averaging kernels (black) and the sensitivity profiles (grey)) above
Arrival Height (77.49°S, 166.39°E, top panels) and Lauder (45.03°S, 169,40°E; bottom panels). The error bars
associated with the HNOs3 vertical profile represent the total retrieval error. The a priori profile is also represented.
The total column and the DOFS values are indicated.
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Figure 3. Time series of total HNOs second derivative (blue, left y-axis) and of the temperature (red, right y-axis)
at 30 hPa (top panel) and 70 hPa (bottom panel), in the region of potential vorticity lower than -10 x10° K.m* kg"
!.s". The red horizontal line corresponds to the 195 K temperature. The vertical dashed lines indicate the second
derivative minimum in HNO; for each year. The corresponding dates (in bold, on the x-axis) and temperatures
are also indicated. The time series of total HNOs second derivative (dashed blue) and of temperature at 50 hPa
(grey) in the70-90°S Eqlat band are also represented.
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Response to Gloria Manney and Michelle Santee

We thank Gloria Manney and Michelle Santee for their extensive comments. Kindly find below our
responses to each (quoted between []). We hope that our responses will clarify the main issues they have
addressed. In particular, we hope that with the changes made, also in reply to the two anonymous
reviewers, we have made more convincing that the IAST HNOj3 dataset has the potential to contribute to
stratospheric studies in general, and to the time evolution of the polar processes in particular.

General comment

Throughout this manuscript, starting with its title, the term “denitrification” is taken to be synonymous
with the uptake of gas-phase HNO3 through the formation of PSCs. Although not without precedent,
this approach is contrary to common practice and may lead to confusion. Condensation of HNO3 in
PSCs is usually referred to as “sequestration”, while the term “denitrification” is usually reserved for the
permanent removal of HNO3 from the lower stratosphere through the sedimentation of PSCs. In the
absence of analysis of direct PSC measurements (e.g., from an instrument such as CALIOP), the
occurrence of true denitrification can only be inferred from space-borne measurements of gaseous HNO3
when abundances do not rebound as PSCs dissipate at the end of winter, suggesting permanent removal.
Thus the “drop temperature” derived in this study is indicative only of the onset of PSC formation, not
the onset of denitrification, as is stated in numerous places in the paper.

We agree that, from IASI, we can only detect a “removal from the gas phase”, caused by sequestration
into particles with or without sedimentation. This misuse of the term ‘“denitrification” was also
highlighted by the two anonymous referees. Careful attention has been given in the manuscript to avoid
abusive use of the term “denitrification”. Hence, “onset of HNO3 denitrification” has been changed to
“the onset of HNO3 depletion” in L.169 and where appropriate in the revised manuscript. The title has
also been changed accordingly to:

“Polar stratospheric HNOs depletion surveyed from a decadal dataset of IASI total columns”.

Specific comments

[Abstract: L2: It is misleading (particularly for those who read only the abstract of the paper) to
characterize the IAST HNOj3 total columns as having “good vertical sensitivity”. Indeed, this optimistic
assessment is directly contradicted in Section 2, where IASI is stated to have “low vertical sensitivity ...
with only one independent piece of information” (L76).]

As stated in the text, we here refer to “a good vertical sensitivity in the low and middle stratosphere”,
not to a good vertical resolution of the measurement. Note that HNOj3 vertical profiles are retrieved from
IASI measurements, not simply total columns. Hence, even if the sensitivity covers the entire altitude
range from the troposphere to the stratosphere with no clear decorrelation (DOFS~1) between the
retrieved layers, it is shown in Ronsmans et al. (2016) that the highest sensitivity lies in the low-middle
stratosphere, depending on latitude and season (from ~70 to 30 hPa within the cold Antarctic winter).
This means that the variability in the measured total column is mainly representative of that layer. “low
vertical sensitivity” in L76 has been changed to “low vertical resolution” to be more in line with the
above.

We agree that the IASI sensitivity was insufficiently put forward in the text. We made it more explicit
at several places in the revised manuscript; e.g. in Section 1: “IASI provides reliable total column
measurements of HNO3 characterized by a maximum sensitivity in the low-middle stratosphere around
50 hPa (20 km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) ...” and in Section 2:
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“... the largest sensitivity of IASI in the region of interest, i.e. in the low and mid-stratosphere (from 70
to 30 hPa), where the HNOj3 abundance is the highest (Ronsmans et al., 2016).

[Introduction: [48-49: It should be made more clear that this is by no means an exhaustive list of
spaceborne instruments that have measured stratospheric HNO?3.]
The study of Santee et al. (1999) on MLS/UARS measurements has been added:

“Several satellite instruments measure stratospheric HNOs; (e.g. MLS/UARS (Santee et al., 1999),
MLS/Aura (Santee et al., 2007), MIPAS/ENVISAT (Piccolo 50 and Dudhia, 2007), ACE-FTS/SCISAT
(Sheese et al., 2017) and SMR/Odin (Urban et al., 2009)).”

[Section 2: The information provided about the IASI HNO3 retrieval, data quality, and data screening is
insufficient. This information is critical to assessing the robustness of the reported results, and readers
should not be forced to refer to previous papers to find it.]

The reader is here invited to refer to the figure 4 of Ronsmans et al. (2016) which illustrates the global
distribution of the total retrieval error for HNOs3 (integrated over 5 to 35 km) separately for January (left)
and July (right) over the period of the IASI measurements. The mid- and polar latitudes are characterized
by low total retrieval errors of around ~3-5% - which corresponds to a reduction by a factor of 18-30
compared to the prior uncertainty (90%) and indicates a real gain of information — except above
Antarctica during wintertime where the errors reach 25%. They are explained by (1) a weaker sensitivity
(i.e. a larger smoothing error which represents in all cases the largest source of the retrieval error) above
such cold surface (DOFS of ~0.95 within the dark Antarctic vortex — see figure 3 of Ronsmans et al.,
2016) and by (2) a misrepresentation of the wavenumber-dependent surface emissivity above ice surface
(Hurtmans et al., 2012). As also required by the two anonymous referees, this is now made more explicit
in Section 2 of the revised manuscript:

“The total columns are associated with a total retrieval error ranging from around 3% at mid- and polar
latitudes to 25% above cold Antarctic surface during winter (due to a weaker sensitivity above very cold
surface with a DOFS of ~0.95 and to an poor knowledge of the seasonally and wavenumber-dependent
emissivity above ice surfaces which induces larger forward model errors), and a low bias (lower than
12%) in polar regions over the altitude range where the TASI sensitivity is largest, when compared to
ground-based FTIR measurements (see Hurtmans et al., 2012; Ronsmans et al., 2016 for more details).”

Note also that similarly to these two previous studies, HNOs measurements characterized by a poor
spectral fit or by a low information content (DOFS < 0.9) have been filtered out of this analysis. This is
now clearly mentioned in Section 2 of the revised manuscript:

“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were
applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags
rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less
reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity
characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a
fractional cloud cover larger than 25 %).”

[In later sections (e.g., L186, L225), errors in IASI retrievals arising from issues with emissivity above
ice shelves are invoked to account for some dubious results, but no mention of these poor-quality
retrievals is made in the “Data” section, nor is it explained why quality-control measures fail to properly
filter out these suspect data points.]

See our response to the above comment.
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Bright land surface such as desert or ice might in some cases lead to poor HNOj retrievals due to a poor
knowledge of the wavenumber-dependent emissivity above such surfaces, which can alter the retrieval
by compensation effects (Wespes et al., 2009). FORLI relies on the monthly climatology of surface
emissivity built by Zhou et al. (2011) from several years of IASI measurements on a 0.5x0.5 grid and
for each 8461 IASI spectral channels when available, or on the MODIS climatology that is unfortunately
restricted to only 12 channels in the TASI spectral range; see Hurtmans et al. (2012) for more details.
Although wavenumber-dependent surface emissivity atlases are used in FORLI, it is clear that this
parameter remains critical and causes poorer retrievals that, in some instances, pass the posterior
filtering. The total HNO3 columns over eastern Antarctica which show drop temperatures much above
195K might precisely be related to this. We have made this clear in Section 4.2 of the revised version:

“...emissivity features that are known to yield errors in the IASI retrievals. Indeed, bright land surface
such as ice might in some cases lead to poor HNOjs retrievals. Although wavenumber-dependent surface
emissivity atlases are used in FORLI (Hurtmans et al., 2012), this parameter remains critical and causes
poorer retrievals that, in some instances, pass through the series of quality filters and could affect the
drop temperature calculation.”

[L78: 10 km can hardly be characterized as the “mid-stratosphere”.]
It has been corrected:
“... in the low and mid-stratosphere (from ~70 to ~30 hPa),...”

[L84: “normal” has a specific statistical meaning and is not the appropriate word here.]
The reviewers are right; “normal” has been removed.

[L85-86: The validity of the analysis approach depends on the 50 hPa pressure surface and the 530 K
isentropic surface being in very close proximity during Antarctic winter. This implicit assumption should
be explicitly justified in the paper.]

Figure 1 below represents the figure 2 of the manuscript but for the temperature at 30 hPa (top panel)
and 70 hPa (bottom panel) for the sake of comparison. As expected, the drop temperatures are the lowest
when using the temperatures at 30 hPa. They vary from 185-195 K (~192K on average) at 30 hPa to
195-204 K (~198 K on average) at 70 hPa with values of ~189-202 K (~194 K on average) at 50 hPa.
As explained in the manuscript, the use of the 195 K at 50 hPa as single level for the analysis is justified
by the fact that it corresponds best to the maximum of IASI vertical sensitivity during the polar night
(see Figure 3 of Ronsmans et al. 2016 and responses to related comments above); another justification
1s found a posteriori by the consistency between the 195 K threshold temperature taken at 50 hPa and
the onset of the strong total HNO3 depletion seen by IASI, which matches the NAT development that
occurs in June around that level. However, we fully agree that the HNO3; abundances over a large part
of the stratosphere (between 70 and 30 hPa) contribute to the total HNO; variations detected by IASI
and that this inevitably affects the drop temperature calculation at 50 hPa. In order to address this issue
and as also requested by referee #1, we have added in the manuscript the range of drop temperatures
when calculated at these two other pressure levels (from 185 K to 204 K); this indeed allows the reader
to better judge on the uncertainty of the drop temperature at 50 hPa (189-202 K). The text in the revised
manuscript is changed to:

“... Nevertheless, given the range of maximum IASI sensitivity to HNO3 around 50 hPa, typically
between 70 and 30 hPa (Ronsmans et al., 2016), the drop temperatures are also calculated at these two
other pressure levels (not shown here) to estimate the uncertainty of the calculated drop temperature
defined in this study at 50 hPa. The 30 hPa and 70 hPa drop temperatures range respectively over 185.7
K -194.9 K and over 194.8 K —203.7 K, with an average of 192.0 +/- 2.9 K and 198.0 +/- 3.2 K (lo
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standard deviation) over the ten years of IASI. The average values at 30 hPa and 70 hPa fall within the
lo standard deviation associated with the average drop temperature at 50 hPa. It is also worth noting the
agreement between the drop temperatures and the NAT formation threshold at these two pressure levels
(TnaTt ~193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et al., 2016).”

See comment here below for the justification of a single theta level (530 K) for the PV.

[L89-91: It is highly problematic to use a single theta level to distinguish inside from outside vortex
regions for column measurements. This approach implicitly (and erroneously) assumes that the vortex
does not tilt, shrink, or expand with height over the altitude range considered. A better approach would
have been to check PV over a range of levels and discard measurements classified as outside the vortex
at any one of those levels. A similar comment can be made concerning the use of a single pressure level
for temperature. Again, it might have been better to use a range of T over the ~10-30 km layer where
IASI has most sensitivity. Some attempt is made to justify the latter choice (using 195 K at 50 hPa) in
Section 3 (LL141-142) and Section 4 (LL168-169), but the arguments are not convincing, as the authors
themselves appear to recognize when they state (LL188-189) “hence, the use of temperature at a single
pressure level might be restrictive to some extent”.]

Here again, the approach that we have followed was to select the levels that correspond best to the
altitude of IASI maximum vertical sensitivity during the polar night (see Figure 3 of Ronsmans et al.
2016 and responses to related comments above). We agree, however, that considering PV over the range
of the largest IASI sensitivity (from ~30 to ~70 hPa during the polar night) would allow the reader to
better judge on the uncertainty of our approach. To that end, the figure 2 below compares the maps of
PV at 475 K (~65 hPa), 530 K (~50 hPa) and 600 K (~30 hPa) over the southern latitudes averaged over
the period 15 May — 15 July (period of drop temperatures detection inside the inner vortex core) for the
year 2008. They show quite similar shape of the vortex over the altitude of maximum IASI sensitivity
which, hence, has only small influence on our delimitation of the inner polar vortex (delimited by a PV
value of —10x10~°K.m?.kg!.s! at 530 K) and, thus, on the detection of the drop temperature averaged
inside that region (see Figure 2 of the manuscript). Note, furthermore, that our approach has no influence
on the spatial distribution of the drop temperature illustrated in Fig.5 of the manuscript, which is
independent of the PV.

See comment here above for the justification of the use of a single pressure level (50 hPa) for the
temperature.

[Section 3: The definition of the three “regimes” in the T/HNO3 relationship seems arbitrary and not
well justified. For example, R1 is defined to begin in April, but Fig. 1a shows that HNO3 values start to
increase rapidly and temperatures start to decrease rapidly in March (or even February, as noted in L117),
not April. Only R2 encompasses a steep change in HNO3, but that regime also includes a lengthy period
during which HNO3 remains nearly constant. It might have been better to break R2 into an “onset of
PSC formation” phase and a “denitrification plateau” phase. Moreover, as defined in the paper, R2
extends through, not to, September as stated in L108. These problems are evident in the discussion in
this section, as in some cases the behavior ascribed to one regime actually occurs in another.]

The definition of the three “regimes” in the T/HNOjs relationship made here is actually based on changed
in both HNOs3 and T, not only in HNOs.

We did not stated in our manuscript that “HNO3 values start to increase rapidly and temperatures start

to decrease rapidly in March (or even February, as noted in 1.117), not April”. In the manuscript, it is
clearly stated in L117: “The plateau lasts until approximately February, where HNOs3 total column
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slowly starts increasing, reaching the April-May maximum in R1”. Our statement specifically justified
the start of R1 in April.

We changed “R2 extends from June to September” to “R2 extends from June to October” in L108.

[L102 and Fig. 1 caption: The red line in Fig. 1a is horizontal, not vertical, and Fig. 1b contains no such
line — it is on Fig. 1c. Neither red line is defined in the caption.]

For Fig.1a: “horizontal” has been changed to “vertical”.

Fig. 1b and Ic do contain a red vertical line.

The red horizontal or vertical lines are now mentioned in the caption of the revised manuscript.

[L102 and Fig. 1: 2011 was a particularly cold and long-lasting Antarctic winter, and thus it is arguably
not representative. Some explanation for why that year was selected for highlighting in Fig. 1b is
needed. ]

As expected from figure 1c, any other year could have been chosen instead of the year 2011 to illustrate
the HNO; total columns versus temperatures (at 50 hPa) histogram in figure 1b. It is now clearly
mentioned in the revised manuscript:

“Similar histograms are observed for the ten years of IASI measurements (not shown).”

[L105-106: The contribution of confined descent inside the developing vortex bringing air rich in HNO3
from above into the domain where IASI is most sensitive has been ignored here — isn’t descent also a
factor leading to the observed high HNO3 total column values in early austral autumn?]

The domain where IASI is the most sensitive does actually cover the maximum HNO3 concentrations,
hence, the high HNOjs total column values cannot be explained by the descent of HNO3 rich air.

However, in response to the two anonymous referees, the sentence has been rewritten as follows:

“These high HNO; levels result from low sunlight, preventing photodissociation, along with the
heterogeneous hydrolysis of N2Os to HNO3 during autumn before the formation of polar stratospheric
clouds (Keys et al., 1993; Santee et al., 1999; Urban et al., 2009; DeZafra et al., 2001). This period also
corresponds to the onset of the deployment of the southern polar vortex which is characterized by strong
diabatic descent with weak latitudinal mixing across its boundary, isolating polar HNOs-rich air from
lower latitudinal airmasses.”

[L115-116: In addition to a lack of citations of earlier papers on renitrification of the lowermost
stratosphere (LMS), this sentence is not a very clear expression of the fact that IASI is not sensitive to
the LMS and hence renitrification has little impact on the observed evolution of total column HNO3.]
The renitrification at lower stratospheric layers was merely mentioned here and it was not meant to be
extensively reviewed. To address the comment, Lambert et al. (2012) , which was already cited at several
places of the manuscript has been added here. It is clearly stated in the revised version that a likely
renitrification of the LMS could hardly be detected given the maximum sensitivity of IASI to HNOs3 at
higher levels than those at which it occurs:

“The likely renitrification of the lowermost stratosphere (Braun et al., 2019; Lambert et al., 2012), where
the HNOs3 concentrations and the IASI sensitivity to HNOs3 are lower (Ronsmans et al., 2016), cannot be
inferred from the IASI measurements.”

[L119-121: Why is 2010 highlighted in Fig. 1a (green line)? Other recent Antarctic winters were also
disturbed with some minor SSW activity, e.g., 2012 and 2013. Did those episodes not affect the HNO3
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distribution? Also, why does the green line show T at 20 hPa, when the other curves show T at 50 hPa?
More explanation for why the authors chose to show this particular level for this particular year is
needed. ]

As explained in the text, 2010 is chosen because of its highest HNOs levels and highest temperatures
within the Antarctic winter. No strong warming and related enhanced HNO3 levels are observed from
IASI for the years 2012 and 2013 (see Fig. 2a and Fig.5 of the revised manuscript). We have chosen to
illustrate the temperature at 20 hPa for 2010 (dotted green line) in addition to the ones at 50 hPa (dashed
lines) for each year simply because that level shows a distinct increase in temperature (cfr de Laat and
van Weele, 2011) reflecting the presence of a SSW during the winter of 2010, while at 50 hPa, the
increase in temperatures is smaller (dashed green line).

[Fig. 1c: In general this plot is not well explained or well motivated. By showing the position in
temperature / HNO3 space of the bin with the maximum number of observations, important information
about the range of those values on a given day is omitted. The ranges in Fig. 1b suggest that the values
at a given time may span most of the HNO3 axis in Fig. 1c, rendering the curves shown less meaningful.
In addition, it is stated (LL127) that this figure highlights the interannual variability in total HNO3, but
interannual variability is also clearly seen in panel (a), which is much easier to interpret. The discussion
relates the picture in Fig. 1c to the three regimes, but since they are not marked on this panel, it cannot
easily be examined without reference to Fig. 1a. It is therefore not obvious what additional value this
figure brings to the paper.]

We agree that figure 1c¢ does not bring additional information in comparison with the figures 1a and 1b;
however, it is an original way to give insight into the HNOs/temperature cycle and, in that respect, it
nicely complements figure 1a. We would not be in favour of removing it.

Regarding the other comment, it is true that the daily range of HNOs3 values around those of highest
occurrence is not represented in Fig. 1¢ but note that it does not correspond to the range of HNO3 values
in Fig.1b which cover 3 months of IASI measurements. Hence, we do not agree with the comments that
“The ranges in Fig. 1b suggest that the values at a given time may span most of the HNOs3 axis in Fig.
lc, rendering the curves shown less meaningful”. The daily variability associated with the HNO3 time
series in the equivalent latitude bands can be found in Ronsmans et al. (2018).

In order to respond to the comment, the three regimes that were identified in Fig. 1a and Fig. 1b are now
also indicated in Fig. 1c of the revised manuscript.

[L125: HNO3 columns are said to slowly increase as the T decreases over “February to May, i.e., R3 to
R1”. However, R3 is defined to start in October, and actually the slow increase in total HNO3 starts
before February, arguably even as early as December. ]

Here again we would like to stress that we did not only consider the change in HNOs3, but well the
changes in both HNOj3 and temperature; HNOs3; columns do indeed increase as the temperature decrease
over February to May but, before February, the HNOs; levels increase as temperature also increase.

[L126: In the discussion of strong and rapid HNO3 depletion, “June (R1-R2)” should be “June-August
(R2)".]
We indicate in the revised version: “... the strong and rapid HNOj3 depletion occurring in June (R2)”

[Section 4: Fig. 2 and its caption: More should be said about the agreement (or lack thereof) between the
dashed and solid HNO3 and the grey and red T lines when they both exist. Some readers may question
why the PV approach is used, given the gaps in those curves. Also, perhaps this is just an optical illusion,
but the solid blue line appears to be thicker in some years (2011, 2014, 2016, 2017) than in the others.
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If that is the case, then that also needs to be explained. In the caption, the level to which the stated PV
value pertains (presumably 530 K) should be specified.]

The PV approach is indeed preferred for the calculation of the drop temperatures and the corresponding
dates because it better delimits the inner vortex core. The time series in the 70-90°S Eqlat band are only
represented for consistency with Fig.1a (Fig. 2a of the revised manuscript). Even if the time series in the
PV isocontour of —10x10°K.m?.kg!'.s™! or in the 70-90°S Eqlat band are very close during the Antarctic
winter, differences in the drop temperature calculation might be found.

Only one blue solid line is plotted, hence, its width is the same over the IASI period.

The potential temperature at which the PV is taken (530 K) is now mentioned in the caption of the
revised manuscript.

[L155: It is not appropriate to characterize the total HNO3 depletion in the inner vortex as being the
“coldest™.]

Indeed a word was missing here. It has been corrected: ... the regions inside the inner polar vortex
where the temperatures are the coldest and the total HNO3 depletion occurs.”

[L160: The wording in this sentence is garbled.]

It has been rewritten for clarity: “Note that the HNO3 time series has been smoothed with a simple spline
data interpolation function to avoid gaps in order to calculate the second derivative of HNOjs total column
with respect to time as the daily second-difference HNO3 total column”.

[L162-163: 23 is more than “a few” days.]
It has been changed to: ““...within some days...”

[L174-179 and Fig. 3 caption: The description of the figure is confusing. It is stated in both in L174-175
and the caption that the vertical red dashed line indicates, at 90S, the 10-year average of the drop
temperatures (191.1 K) calculated from the HNO3 second derivative time series in the area delimited by
the —10x10-6 K.m2.kg-1.s-1 PV contour. It’s not clear how a vertical line on a time series plot can
represent a temperature value. Perhaps the authors meant to say the average date on which T dropped
below the 195 K threshold at 90S? Moreover, the discussion above indicated that the value of 191.1 K
was the average for the inner vortex (defined by either PV or EqL), not specifically at the South Pole
(90S). In addition, the scale for the PV contour should be 10-5, not 10-6. Then in LL176-177, it is stated
that the “delay of 4-23 days between the maximum in total HNO3 and the start of the depletion is also
visible” — but how is a range of values (which arises from different years) visible in a climatological
plot?]

The red dashed vertical line indeed represents the average drop temperature of 194.2 K calculated in the
area delimited by the —10x10~ K.m?.kg!.s"! PV contour; the position of the line matches the temperature
of 194.2 K at 90°S. We agree that the representation of the averaged drop temperature is not clear. We
now represent one isocontour for the averaged drop temperature and two vertical lines that encompass
the dates on which the drop temperature is calculated. The scale for the PV contour has been corrected.
We now state in the revised version that:

“The delay of some days between the maximum in total HNOs and the start of the depletion (see Fig. 3)
is also visible in Fig. 4a.”

[Fig. 4: Very little discussion is devoted to this figure; it is merely noted (L177-178) that it shows the
reproducibility of the IASI measurements of HNO3 depletion from year to year. Since Fig. 1 already
makes this point, the added value of Fig. 4 is not clear.]
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The figure 4 clearly illustrates the reproducibility, from year to year, of the edge of the collar HNO3
region delimited by the PV isocontour of —5x10K.m?>.kg!.s! and of the region of the strong HNO3
depletion delimited by the PV isocontour of —10x10°K.m?.kg!.s"! taken at 50 hPa, the pressure level
considered in this study to derive the drop temperatures. This cannot be inferred from Figure 1 and this
is the main reason why we think that Figure 4 has to be kept.

[Fig. 5: How relevant is the PV contour averaged over the May to October period, when the dates of the
onset of HNO3 depletion are May to June (or possibly July)? Why include August, September, and
October in this average?]

We fully agree with that comment. Initially, the May-October period was chosen because it encompasses
the dates of drop temperatures calculated in the region considered in Fig.5 (isocontour of —8x10-
SK.m?.kg'.s"). However, outside the polar vortex (defined by an isocontour of —10x10°K.m2.kg!.s™"),
drop temperatures are found much above the NAT formation temperature and they do not correspond to
clear minima in the second derivative of HNOs3 total column with respect to time. Hence, considering
that period for the PV contour is indeed not appropriate here.

We now represent, in the revised version, the PV contour over the 10 May to 15 July period that
encompasses the dates of the onset of HNOs depletion inside the inner vortex core. Note that, on the
contrary to the submitted version, we do not only consider the average of the PV over that period, but
also the minima, which we find more representative of the drop temperature given the rapid displacement
of the vortex: one bin can indeed be located inside the vortex one day and outside the vortex another
day. Hence, that particular bin can be characterized by a depletion in HNOs3; with a specific drop
temperature but an averaged PV larger than the value considered here to delimit the vortex core. The
contour of —10x10°K.m2.kg"'.s! based on the minimum PV encountered over the 10 May to 15 July
period as well as the isocontours of 195 K at 50 hPa for the averaged temperatures and the minima over
the same period are also now represented in the revised Fig.5 and the distribution of the drop
temperatures is much better described and explained in the revised version:

“The averaged isocontour of 195 K encircles well the area of HNO3 drop temperatures lower than 195
K, which means that the bins inside that area characterize airmasses that experience the NAT threshold
temperature during a long time over the 10 May — 15 July period. That area encompasses the inner vortex
core (delimited by the isocontour of —10x10°K.m?.kg!.s™! for the averaged PV) and show pronounced
minima (lower than -0.5 x10' molec.cm™2.d?) in the second derivative of the HNO3 total column with
respect to time (not shown here), which indicate a strong and rapid HNOj3 depletion.

The area enclosed between the two isocontours of 195 K for the temperatures, the averaged one and the
one for the minimum temperatures, show higher drop temperatures and weakest minima (larger than -
0.5 x10'" molec.cm™.d?) in the second derivative of the HNOj3 total column (not shown). That area is
also enclosed by the isocontour of —10x10 K.m?>.kg'.s"! for the minimum PV, meaning that the bins
inside correspond, at least for one day over the 10 May — 15 July period, to airmasses located at the inner
edge of the vortex and characterized by temperature lower than the NAT threshold temperature. The
weakest minima in the second derivative of total HNO3 (not shown) observed in that area indicate a
weak and slow HNO; depletion and might be explained by a short period of the NAT threshold
temperature experienced at the inner edge of the vortex. It could also reflect a mixing with strong HNOs-
depleted and colder airmasses from the inner vortex core. The mixing with these “already” depleted
airmasses could also explained the higher drop temperatures detected in those bins. Finally, note also
that these high drop temperatures are generally detected later (after the HNO3 depletion occurs, i.e. after
the 10 May — 15 July period considered here — not shown), which supports the transport, in those bins,
of earlier HNOs-depleted airmasses and the likely mixing at the edge of the vortex.”

33



1338
1339
1340
1341
1342
1343
1344
1345
1346
1347
1348
1349
1350
1351
1352
1353
1354
1355
1356
1357
1358
1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386

[L181: “the drop 50 hPa temperatures” should be “the 50 hPa drop temperatures”.]
It has been corrected.

[L183: Technically, the isocontour represents —10, not <—10.]
It has been corrected.

[L184-185: First, how does the range of dates corresponding to the onset of HNO3 depletion reported
here — mid-May to early July — relate to that reported (L163) in connection with Fig. 2, which was 17
May to 10 June? Does the difference in these estimates arise because the former is based on averages in
1°x1° bins, whereas the latter is based on a vortex average within the PV contour? July seems rather late
for the onset of PSC formation. Similarly, the range in 50 hPa drop T is quoted as 188.2 K to 196.6 K in
L164, whereas here drop Ts vary over a wider range, from 180 to 210 K. The values at both extremes of
this range are unrealistic. Indeed, the date and T ranges found in connection with Fig. 5 call into question
the analysis method.]

Indeed, the differences between the range in drop temperatures and corresponding dates shown in Fig.2
and in Fig.5 are simply due to the average (over the whole area delimited by a PV contour in Fig.2 vs in
1°x1° bins within the PV contour).

See our response to comment [LL186, L.225] above about the extreme unrealistic values of drop
temperature: The total HNO3 columns over eastern Antarctica which show drop temperatures much
above 195K might precisely be contaminated by strong surface emissivity features above ice; We have
made this clear in Section 4.2 of the revised version:

“...emissivity features that are known to yield errors in the IASI retrievals. Indeed, bright land surface
such as ice might in some cases lead to poor HNOs retrievals. Although wavenumber-dependent surface
emissivity atlases are used in FORLI (Hurtmans et al., 2012), it is clear that this parameter remains
critical and causes poorer retrievals that, in some instances, pass through the series of quality filters and
could affect the drop temperature calculation.”

[L189-196: The questionable results derived from this analysis cannot be pinned on biases in the ERA-
Interim data. The statement is made that “Reanalysis data sets are, indeed, known to feature large
uncertainties”, but the uncertainty in modern reanalysis temperatures (typically less than ~1 K) is by no
means large enough to account for drop Ts as extreme as 180 and 210 K. The reliability of reanalysis
temperatures in the polar lower stratosphere (including those from ERA-Interim) has been conclusively
demonstrated in several recent papers, notably by Lawrence et al. [2018] and Lambert and Santee [2018].
Although both papers are cited here, their implications have apparently been overlooked.]

We fully agree with that remark that was also made by the referee #2. The discussion about the potential
role of the uncertainty of the ECMWF reanalysis temperature on the drop temperature has been removed
from the section, hence, this paragraph has been strongly revised accordingly:

“... while biases in ECMWF reanalysis are too small for explaining the spatial variation in drop
temperatures. Thanks to the assimilation of an advanced Tiros Operational Vertical Sounder (ATOVS)
around 1998-2000 in reanalyses, to the better coverage of satellite instruments and to the use of global
navigation satellite system (GNSS) radio occultation (RO) (Schreiner et al., 2007; Wang et al., 2007;
Lambert and Santee, 2018; Lawrence et al., 2018), the uncertainties have been vastly reduced.
Comparisons of the ECMWEF ERA Interim dataset used in this work with the COSMIC data (Lambert
and Santee, 2018) found a small warm bias, with median differences around 0.5 K, reaching 0-0.25 K
in the southernmost regions of the globe at ~68-21 hPa where PSCs form.”

[L197-199: This sentence is confusing and its intended meaning is unclear. It appears to be comparing
apples (the spatial variability in drop T seen in the maps in Fig.5) to oranges (“natural” variations in PSC
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nucleation T, TTE, and PSC formation mechanism). Perhaps the authors meant the spatial variability in
those parameters (and not the values themselves), but that is not how the sentence is constructed. In any
case, further discussion of comparisons of Fig. 5 with previously published results is warranted.]

We here simply link the range in drop temperatures with that in PSCs nucleation temperatures (explained
by a series of parameters — atmospheric conditions, TTE, type of formation mechanisms), not the spatial
variability. The sentence has been rewritten for clarity:

“Except above some parts of Antarctica which are prone to larger retrieval errors, the overall range in
the drop 50 hPa temperature for total HNOs3, inside the isocontour for the averaged temperature of 195
K, typically extends from ~187 K to ~195 K, which fall within the range of PSCs nucleation temperature
at 50 hPa ...”.

Furthermore, nota also that comparing the distributions of drop temperatures from IASI with PSC
information from CALIPSO or MIPAS remains difficult given the difference in spatial coverage and,
most importantly, the highly variable distribution of PSC types temporally (daily) and spatially (e.g.
Hopfner et al., 2006; Lambert et al., 2012).

[L199-200: A number of other satellite data sets have captured gas-phase HNO3 depletion (from both
sequestration and denitrification) on similarly large scales.]

Indeed and numerous references about HNO3; measurements in the polar regions during winter are
mentioned in the manuscript where appropriate.

[Conclusions: 1.225-226: It is stated that “the range of drop temperatures is interestingly found in line
with the PSCs nucleation temperature that is known, from previous studies, to strongly depend on a
series a factors”. In fact, the derived range (180-210 K) is so large that it is arguably not in line with
previous work, and it is therefore difficult to see how the IASI total column HNO3 measurements
provide added value (as stated in L.203) to studies of Antarctic PSC formation and the interannual
variability therein beyond that obtained from other satellite HNO3 datasets.]

Please refer to our response to comment (L186, L.225) above about the impact of the misrepresentation
of the wavenumber-dependent surface emissivity above ice surface on the drop temperature calculation
with some extreme values. Except for these extrema, the range of drop temperature is indeed in line with
the PSCs nucleation temperature. This is now clearly mentioned in this section of the revised manuscript:

“Except for extreme drop temperatures that were found from year to year above eastern Antarctica and
suspected to result from unfiltered poor quality retrievals in case of emissivity issues above ice, the range
of drop temperatures is interestingly found in line with the PSCs nucleation temperature...”

[L230-231: The statement that this paper represents “the first time that such a large satellite observational
data set of stratospheric HNO3 concentrations is exploited to monitor the evolution HNO3 versus
temperatures” is wholly unsupportable. In fact, there is a substantial body of literature on the relationship
between HNO3 and temperature, including studies of long-term vertically resolved datasets. In
particular, Lambert et al. [2016] (which is cited in a number of places in this manuscript, but only
inpassing) examined 10 years of Aura MLS HNO3 in the Antarctic winter vortex and its relationship to
T — including temperature history (a factor that has been largely ignored here) and T with respect to
TICE - as well as PSC composition as determined by CALIOP. In general, discussion of how the current
results fit into the context of the findings from Lambert et al. [2016] and other relevant prior studies is
inadequate. ]
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We wanted to highlight here the unprecedented exceptional spatial and temporal sampling of IASI for
HNO3 and certainly did not want to oversell the novelty of HNOs-temperature correlations. The sentence
has been rewritten:

“We show in this study that the IASI dataset allows capturing the variability of stratospheric HNO3
throughout the year (including the polar night) in the Antarctic. In that respect, it offers a new
observational means to monitor the relation of HNOj3 to temperature and the related formation of PSCs.”

[L233-234: More explanation of how HNO3 total column amounts could be used to inform PSC
classification schemes is needed to justify this statement, especially given how spatially heterogeneous
and layered PSCs have been shown to be.]

This sentence has been removed.

[Finally, in addition to the serious substantive issues enumerated above and in the formal reviews of the
official referees, the manuscript suffers from the poor quality of the writing. If this paper were to be
eventually accepted for publication, it would require extensive copy-editing to improve the English.]
We hope that with the changes made in the revised manuscript, which now also includes a comparison
with MLS, G. Manney and M. Santee will not go against publication. A detailed reading of the paper
has been done to correct the English linguistic/grammar mistakes.
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Figure 2. Spatial distribution of PV (x10 K.m?. kg'!.s™!) taken at three potential temperatures (475 K,
530 K and 600 K) over the range of the maximum IASI sensitivity, averaged over the period 15 May —
15 July for the year 2008. The blue lines represented the isocontours PV of —5.25x10> K.m?. kg'.s! (at
475 K), —10x10 K.m?. kg''.s”! (at 530 K) and —19.4x10° K.m?. kg''.s! (at 600 K) averaged over the
considered period.
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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 Kconsistent with the nitric acid
trinydrate (NAT) formation temperature (close t1 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 afieriefly investigated and discussed in the context of pte/iPSCs studies. This
paper highlights the capability of the IASI soundermonitor the long-term evolution of the polar
stratospheric composition and processes involveddrdepletion 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 HhNGsulphuric acid
(H2SQy) and water ice (ED)) (Peter, 1997; Voigt et al., 2000; von KonigP20Schreiner et al., 2003;
Peter and Grool3, 20)1.ZThese clouds strongly affect the polar chemibiry1) 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@Cxl
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 iracates 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., 2014mibeert et al., 2016). The formation temperature 6 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 stratosphd#X®s (e.g. MLS/UARS (Santee et al., 1999),
MLS/Aura (Santee et al., 2007), MIPAS/ENVISAT (RPote and Dudhia, 2007), ACE-FTS/SCISAT
(Sheese et al., 2017) and SMR/Odin (Urban et 809P. 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.g.
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 HNG; similar to the limb sounder$ASI| provides reliable total column measuremerfts o
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., 2016820his study aims to explore the 10-years contilsuou
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 HNfecords (here referred to as ‘drop temperatusafientified in Section
4 for each observed year and discussed in thexdooftprevious 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 chy, with a 0.5 crt 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 coveragéceva day (9.30 AM and PM mean local solar time).
That extensive spatial and temporal sampling imptiar 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) inraeal-time by the Fast Optimal Retrieval on Layers
for IASI (FORLI) software, using the optimal estitimam method (Rodgers, 2000). Detailed information
on the FORLI algorithm and retrieval parameterscsjgeto HNOz 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@otal column and (4he largest sensitivity of IASI in the region oferest, 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 areciésd with a total retrieval error ranging fronoand

3% at mid- and polar latitudes to 25% above coldafgiic 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 &ltitude range where the IASI 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 IASlltota
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 B0° S equivalent latitude band. Similar variafon
HNOs are captured by the two instruments with an egoelagreement for the timing of the strong
HNOs depletion within the inner vortex core. IASI HN@ariations generally match well those of MLS
HNOs in each latitude band (see Figure 1 bottom pamehie 50° - 70° S equivalent latitude band; the
other bands are not shown here).

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

rejecting biased or sloped residuals, fits with immasm number of iteration exceeded), (ii) with less
reliability (e.q. based on quality flags rejectisgspect averaging kernels, data with less serigitivi
characterized by a DOFS lower than 0.9) or (iijhwtropospheric cloud contamination (defined by a
fractional cloud cover 25 %).Note that the HN@total 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.jSviiter
(Ronsmans et al., 2016). Because the HIN@ake by PSCs starts a few degrees or slightnb@&nar
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(~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 HNOg3 vstemperatures

Figure 2ashows the yearly HN&cycle (solid lines, left axis) in the southernmegtiivalent latitudes
(70°-90° S), as measured by IASI over the whekegol of measurements (2008—-2017). The total EINO
variability in such equivalent latitudes has alng@éen 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 ifrig. 2bthat shows a histogram of the Hil@tal columns as a function of temperature
for the year 2011Similar histograms are observed for the ten yeBl8S| measurements (not shown)
The red horizontal and vertical lines in Fig. 2a &ig. 21 respectively, represent the 195 K threshold
temperature used to identify the onset of RN/Ptake 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)bwhen the 50 hPa temperature strongly
decreases (from ~220 to ~195 Khese high HN®levels result from low sunlight, preventing
photodissociation, along with the heterogeneousdiysis of NOs to HNGs during autumn
before the formation of polar stratospheric clo(Kisys et al., 1993; Santee et al., 1999: Urban
et al., 2009; de Zafra and Smyshlyaev, 2001). phisod also corresponds to the onset of the
deployment of the southern polar vortex which iaralsterized by strong diabatic descent with
weak latitudinal mixing across its boundary, isimlgipolar HNQ-rich air from lower latitudinal
airmasses.

- R2 which extends from June to Octolscharacterized by the onset of the strong deergas
HNO:s 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 the PSCs sedimentationihe likely
renitrification of the lowermost stratosphere (Braat al., 2019; Lambert et al., 2012) where the
HNOs concentrations and the IASI sensitivity to HN&e lower (Ronsmans et al., 2016) cannot
be inferred from the IASI measuremefitse plateau lasts until approximately February, iehe
HNO:z total column slowly starts increasing, reaching April-May maximum in R1.
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As illustrated inFig. 23 the three regimes are observed each year witheVer, some interannual
variations. For instance, the sudden stratospheemming (SSW) that occurs in 2010 (see the
temperature time series at 20 hPa for the year;20p&6n dotted line) yielded higher Hhl@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 2cshows the evolution of the relationship betweendhiéy averaged HN&Ycalculated 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
temperatureFigure 2cclearly illustrates the slow increase in HN®olumns as the temperatures
decrease (February to May, i.e. R3 to Ri¢, strong and rapid HNQIlepletion occurring in June (R2)
the plateau of low HN@abundances in winter and spring (from August teétiober; R2 to R3figure

2c also highlights the interannual variability in tol#NO3, 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 betwé&érand 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-stratosphéiee results (not shown here) exhibit a similar HNO
temperature behavior at the different levels wéb,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 maximum IASI sensitivity HNO3 (see Section 2) is
characterized by temperatures that are below th& k#mation threshold at these pressure levels,
enabling the PSCs formation and the denitrificapoocessFurthermore, the consistency between the
195 K threshold temperature taken at 50 hPa andriket of the strong total HN@epletion seen in
IASI| data (sed-ig. 2a and Fig. Jds in agreement with the largest NAT area thaitstto develop in
June around 20 km (Spang et al., 2018), whichfjestthe use of the 195 K temperature at that sing|
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 @redtemperatures 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@ Hime series and to identify its associated day and
50 hPa temperature.

4.1 HNOg3 vstemperaturetime series

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

1.s! to encompasthe regions inside the inner polar vortex wheretémeperatures are the coldest and
the total HNQG depletion occur§Ronsmans et al., 2018). The use of that PV thidskadue 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 Eglat bdadhed blue for the second derivative of HN@d
grey for the temperature) covers the full yééote that the HN@time series has been smoothed with a
simple spline data interpolation function to avga@ps in order to calculate the second derivative of
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HNOs total column with respect to time as the dailyosekdifference HN® total column The
horizontal red line shows the 195 K threshold.

As already illustrated irFig. 2a and Fig. 2cthe strongest rate of HNQlepletion (i.e. the second
derivative minimum) is found around the 195 K tiv@d temperatureyithin some day$4 to 23 days)
after total HNQ reaches its maximum, i.e. typically between thit bf May (2013) and the 8th of June
(2009). The 50 hPa drop temperaturesaaie@cted between 189.2 K and 202.8 K, with an awecd
194.2 + 3.8 K (& standard deviatiomver the ten years. Knowing thataf 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 aQ1@), 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 hPalléwecharacterizing and investigating theset of HNQ
depletionfrom IASI. Nevertheless, given the range of maximum IASI gefityi to HNOs around 50
hPa, typically between 70 and 30 hPa (Ronsmaris 046), the drop temperatures are also calallate
at these two other pressure levels (not shown herejtimate the uncertainty of the calculated drop
temperature defined in this study at 50 hPa. TheF0and 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 Kand 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 I 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 (Tlnat~ 193 K at 30 hPa and ~197 K at 70 hPa) (Lambeat €2016).

Figures 4a and show the zonal distribution of HN@otal columns and of the temperature at 50 hPa,
respectively, spanning 55° - 90° S over the whélSlIperiod, 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. ThesB¥bintour of -10x1BK.m?.kg'.stis clearly shown

to separate well the region of strong depletiototal HNG; according to the latitude and the timée

red vertical dashed lines indicates average date for the drop temperatures cadclilatthe area of PV -
10x10° K.m?.kg?t.s! (194.2 + 3.8 K; see Fig. 3) over the IASI periticshows that the strongest rate in
HNOs depletion occurs on average a few days before. Jime delay of some days between the
maximum in total HN@and the start of the depletion (see Fig. 3) ie gisible in Fig. 4aThe yearly
zonally averaged time series over the ten yed&Sifcan be found itfrig. 5 it shows the reproducibility
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?2.kg'.s! and of -10x10 K.m?2.kg'l.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 theset of HNG depletionat a large scale from year to
year, figure 6 shows the spatial distributiaf the 50 hPa drop temperatur@mmsed 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?2.kg'.s?, for each year of the IASI period. Theeenredcontour represents the PV
isocontour of -10x1® K.m?.kg'.s?, averaged over the peridd May — 15 Julyfor each year, which
delimits our region of interesthe isocontours of 195 K for the average tempeeatand the minimum
temperatures, as well as the isocontour of -1&KL.0n?.kg'.s* for the minimum PV encountered at 50
hPa over the 10 May to 15 July period are alsoessmted.The calculated drop temperatures
corresponding to thenset of HNQ depletioninside the averaged PV isocontour are found to vary
between ~180 and ~210 K and the corresponding datee between ~mid-May and mid-July (not
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shown here). Note that the high extremes in thp temperature, which are foundsome caseabove
eastern Antarctica, should be considered with oautthey correspond to specific regions above ice
surface withemissivity features that are known to yield erriorshe 1ASI retrievals (Hurtmans et al.,
2012; Ronsmans et al., 2016). Indeed, bright lamfhse such as ice might in some cases lead to poor
HNOs retrievals. Although wavenumber-dependent surfacgssivity atlases are used in FORLI
(Hurtmans et al., 2012), this parameter remainscaliand causes poorer retrievals that, in some
instances, pass through the series of qualitydiléed could affect the drop temperature calcutatio

The averaged isocontour of 195 K encircles welldtea of HNQ drop temperatures lower than 195 K
(typically from ~187 K to ~195 K), which means thhé bins inside that area characterize airmasses
that experience the NAT threshold temperature dugiong time over the 10 May — 15 July period.
That area encompasses the inner vortex core (detirbiy the isocontour of -10x2K.m?.kg?.s? for

the PV averaged over the 10 May — 15 July periad)show 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 here)
which indicate a strong and rapid Hi@epletion. The area enclosed between the two idoaos of
195 K for the temperatures, the averaged one andrté for the minimum temperatures, show generally
higher drop temperatures and weakest minima (lattogm -0.5%x18 molec.cn?.d?) in the second
derivative of the HN®total column (not shown). That area is also emaldsy the isocontour of -10x10

5 K.m?.kgl.s? for the minimum PV, meaning that the bins insiderespond, 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 ve@akslow 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 aisegascould also explained the higher drop
temperatures detected in those bins. These hightdrmperatures are generally detected later (difeer
HNOs depletion occurs, i.e. after the 10 May — 15 Jdyiod considered here — not shown), which
supports the transport, in those bins, of earliBiOstdepleted airmasses and the likely mixing at the
edge of the vortexFinally, these spatial variations might also pargflect the range of maximum
sensitivity of IASI to HNQ, while biases in ECMWEF reanalysis are too smalkfaplaining the spatial
variation in drop temperatures. Thanks to the atdiion of an advanced Tiros Operational Vertical
Sounder (ATOVS) around 1998-2000 in reanalysetheadbetter coverage of satellite instruments and
to the use of global navigation satellite systemM8S) radio occultation (RO) (Schreiner et al., 2007
Wang et al., 2007; Lambert and Santee, 2018; Laverehal., 2018), the uncertainties have beenwastl
reduced. Comparisons of the ECMWEF ERA Interim dettased in this work with the COSMIC data
(Lambert and Santee, 2018) found a small warm kdh, median differences around 0.5 K, reaching
0-0.25 K in the southernmost regions of the gldbe58—21 hPa where PSCs form.

Except above some parts of Antarctica which are@to larger retrieval errors, the overall rangthin
drop 50 hPa temperature for total HNi@side the isocontour for theeveraged temperature of 195 K,
typically extends from ~187 K to ~195 K, which &ailithin the range of PSCs nucleation temperature
at 50 hPafrom slightly below Rar to around 3-4 K below the ice frost point e depending on
atmospheric conditions, on TTE and on the typeoohftion mechanisms (Pitts et al., 2011; Peter and
GrooRk 2012; Hoyle et al., 2013). This underlines wk# benefit of the excellent spatial and temporal
coverage of IASI that allows to capture the rapid eritical 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 thBIAT formation temperature

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 (RR®) 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 HNEaccumulates in the poles; R2, from June to Sepgershows 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 particularlyuahle 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 HN@he corresponding temperatures (‘drop
temperatures’) were detected betwé&0.2 K and 202.8 K (194.2 + 3.8 on averager 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 IASI total ®§NInside the isocontours of 195 K for the average
temperatures and of -10x31K.m?.kg'.s* for the averaged PV at 50 hPhetdrop temperaturese
detected between ~mid-May and mid-July, typicediyge betweenl187 K to ~195 K and are associated
with the highest minima (lower than -0.5%4 tolec.cn?.d?) in the second derivative of the HN®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 gquality retrievals inse of emissivity issues above ice, the range apb dr
temperatures is interestingly found in line witle tASCs nucleation temperatihat is known, from
previous studies, to strongly depend on a serfastars (e.g. meteorological conditions, HiN@pour
pressure, temperature threshold exposure, presgEhoeesteoritic 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 @hith weakest minima in the second derivative
of the HNQ total column with respect to time, indicating avglHNOs depletion, are found. It likely
results from a short temperature threshold exposuesemixing with already depleted airmasses from
the inner vortex corelhe results of this study highlight the abilityl8fSI to measure the variations in
total HNG: and, in particular, to capture and monitor thadajepletionphase over the whole polar
regions.

We show in this study that the |IASI| dataset alla&pturing the variability of stratospheric HNO
throughout the year (including the polar night) thee Antarctic. In that respect, it offers a new
observational means to monitor the relation of Httemperature 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 HpOtal
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 klf§@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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45 Figure 1. Time series of daily IASI total HNgZzolumn (blue, left y-axis) co-located with MLS apidMLS VMR
46  HNOswithin 2.5%2.5 grid boxes at three pressure leal80, 50 and 70 hPa; right y-axis), averageteér/0°S—
47  90°S (top panel) and in the 50°S—70°S (bottom pagmlivalent latitude bands. The error bars (lighie)
48 represents@ wheres is the standard deviation around the IAS| HMaily average.
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457  Figure 2. (a) Time series of daily averaged Hjttal columns (solid lines) and temperatures takeb0 hPa
458 (dashed lines) in the 70° - 90° S equivalent ldgtioand, for the years 2008 — 2017. The greendititte
459 represents the temperatures at 20 hPa for the2gd#x. (b) HNQ total columns versus temperatures (at 50 hPa)
460 histogram for the whole year (top) and for the Bral regimes (R1 - R3) separated in (a) for trer @911. The
461  colors refer to the number of gridded measuremiengach cell. (c) Evolution of daily averaged HNtotal
462  columns with the highest occurrence (in bins ofx@@° molec.cn? and 2 K) as a function of the 50 hPa
463  temperature for the years 2008 — 2017. The reczdwatdl or vertical lines represent the 195 K thoédh
464  temperature.
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474  Figure3. Time series of total HNEsecond derivative (blue, left y-axis) and of theperature (red, right y-axis),
475  inthe region of potential vorticitgt 530 Klower than -10x18 K.m?kg.s™. The red horizontal line corresponds
476  to the 195 K temperature. The vertical dashed lindsate the second derivative minimum in HNfOr each
477  year. The corresponding dates (in bold, on theig}and temperatures are also indicated. The tariesof total
478  HNOjssecond derivative (dashed blue) and of temperé&jueg) in the 70° — 90° S Eqglat band are alsocasgmted.
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484  Figure 4. Zonal distributions of (a) HN©total columns (in molec.cR) from IASI and (b) temperatures at 50
485 hPa from ERA Interim (in K) between 55° to 90° douind averaged over the years 2008 — 2017. Three
86  isocontours for PV of -5 (black), -8 (cyan) and {blue) (x1°K.m?kg™.s?) at 530 K the isocontours for the
87 195 K temperature (pink) arfdr the averaged 194.2 K drop temperature (purglié)0 hPa are superimposed.
88  The vertical grey dashed lines encompass the pefitite second derivative minima and the red odeates
89 the average date for the drop temperatures cadcliatthe area delimited by a -101K.m*kg™.s* PV contour.
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