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Response to reviewer #1 1 

We thank the reviewer for her/his in depth review comments that have help us to improve the clarity of 2 

the manuscript. Kindly find below our responses to each of the comments (quoted between []). We hope 3 

that our responses will address the main issues and that the changes made will convince that the IASI 4 

HNO3 dataset has the potential to contribute to stratospheric studies and, more particularly, to the time 5 

evolution of the polar processes.   6 

Major comments 7 
 8 
[The major part of the data (2008-2016) reported in this manuscript was already published in Ronsmans 9 

et al. (2018), also together with temperatures at 50 hPa. For example, Fig. 4 (top) of the actual manuscript 10 

is a zoom of Fig. 3 of Ronsmans et al. (2018) to the southern latitudes with one Antarctic winter added.] 11 

This paper indeed builds on the study of Ronsmans et al. (2018) but it goes a step further in 12 

showing the potential of the IASI-HNO3 dataset for polar stratospheric studies, which was not 13 

detailed in Ronsmans et al. (2018). If MLS allows resolving the HNO3 profile between 11 km and 14 

30 km, the potential of IASI lies in its exceptional spatial and temporal sampling. We demonstrate 15 

here that despite its limited vertical sensitivity forcing us to consider one total column, the 16 

information content that lies in the low-middle stratosphere is good enough to expand on polar 17 

stratospheric denitrification studies, usually performed using limb sounder measurements, and to 18 

continue their long-term record given the end of limb-observations in the microwave and thermal 19 

infrared spectral region. 20 

 21 

[While Ronsmans et al. (2016) provide a first validation of the observations by comparison with FTIR 22 

solar absorption measurements, a characterization given the extreme conditions within the dark Antarctic  23 

polar vortex is missing. This is one of the majors concerns why I think the paper should not be published 24 

in ACP in its present form. However, it should be quite straightforward to provide at least a first 25 

comparison with HNO3 observations by the Microwave Limb Sounder (MLS) which has a large 26 

temporal and spatial overlap with the IASI dataset.] 27 

The referee is kindly invited to refer to the figure 3 (top and bottom panels) of Ronsmans et al. (2016) 28 

that presents the global distributions of the degrees of freedom for signal (DOFS, top panels) and of the 29 

altitude of maximum sensitivity of IASI to the HNO3 profile, separately for January (left) and July (right) 30 

2011, when the strong HNO3 depletion occurs within the cold Antarctic winter. Figure 3 of Ronsmans 31 
et al. (2016) clearly shows DOFS of around 0.95-1.05 inside the Antarctic polar vortex, demonstrating 32 

the ability of IASI to measure a total column of HNO3 even above these coldest regions. It is also worth 33 

to note here that the measurements characterized by a low vertical resolution (DOFS < 0.9) or a poor 34 

spectral fit have been filtered out of this analysis. This is now better mentioned in Section 2 of the revised 35 

manuscript: 36 

 37 

“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were 38 

applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags 39 

rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less 40 

reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity 41 

characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a 42 

fractional cloud cover larger than 25 %).” 43 

 44 

Despite the fact that a validation of the IASI measurements within the Antarctic polar vortex against 45 

ground-based FTIR measurements could not be provided (these observations requiring sunlight), we 46 
agree that an evaluation of the IASI measurements in the Antarctic night was missing. Hence, as 47 
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suggested by the referee, we have preformed cross-comparison with observations by MLS in three 48 
equivalent latitude bands (see Figure 1 here below). We would like to point out that we here compare 49 

total columns measured by IASI with VMR measured by MLS at several pressure levels that cover the 50 

highest sensitivity of IASI (at ~50 hPa, ~70 hPa and ~30 hPa for the sake of the comparison). Hence, 51 

the comparison of IASI columns with MLS measurements is mostly qualitative at this stage and 52 

differences are expected for this reason. Note also that we have preferred comparing IASI HNO3 53 

columns with VMR measured by MLS at specific levels instead of integrated columns calculated from 54 

MLS, given the difference in the sensitivity profile between IASI and MLS, the non-negligible IASI 55 

sensitivity to HNO3 in the troposphere where MLS does not measure HNO3 etc, which makes the 56 

integrated columns from IASI vs MLS not directly comparable. It should be pointed out finally that part 57 

of the differences between IASI and MLS are likely due to the different number of co-located data within 58 

the 2.5°x2.5° grid cells considered here for the comparison, with a much larger number of observations 59 

for IASI (through the quality filtering) than for MLS. 60 

 61 

Despite this, the comparison shows similar spatial and seasonal variations between IASI total HNO3 62 

columns and MLS VMR between ~70 and 30 hPa in the different latitude bands, in particular, in the 63 
southernmost equivalent latitudes (see top panel). The strong HNO3 depletion is well captured by both 64 

IASI and MLS measurements with a perfect match for the onset of the depletion. It further supports the 65 

good sensitivity of IASI to HNO3 in the range of these pressure levels, justifying the methodology used 66 

in this study. 67 

 68 

The cross-comparison with MLS is indeed insightful and gives further credit on the IASI observations 69 

during the polar night. That comparison figure between IASI and MLS has therefore been included in 70 

Section 2 of the revised manuscript and the text was changed to: 71 

 “In order to expand on the comparisons against FTIR measurements which is impossible during the 72 
polar night, Figure 1 (top panel) presents the time series of daily IASI total HNO3 columns co-located 73 

with MLS VMR measurements within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa), 74 

averaged in the 70°S–90°S equivalent latitude band. Similar variations in HNO3 are captured by the two 75 

instruments with an excellent agreement for the timing of the strong HNO3 depletion within the inner 76 

vortex core. IASI HNO3 variations generally match well those of MLS HNO3 in each latitude band (see 77 

Figure 1 bottom panel for the 50°S–70°S equivalent latitude band; the other bands are not shown here).” 78 

 79 

Specific comments 80 
 81 

[L3, ‘good vertical sensitivity’: This has not been shown in this paper. It is necessary to demonstrate this 82 

for the dataset discussed here given the cold Antarctic stratosphere.] 83 

As stated in the text, we here refer to “a good vertical sensitivity in the low and middle stratosphere”, 84 

not to a good vertical resolution of the measurement.  85 

 86 

As mentioned in the manuscript, this paper builds on the previous studies of Ronsmans et al. (2016) and 87 

(2018). Despite a poor vertical resolution between the retrieved layers forcing us to consider a total 88 

column, the sensitivity of IASI to HNO3 was shown to vary with altitude and to be highest in the low-89 

middle stratosphere, even within the cold Antarctic polar vortex (Ronsmans et al. (2016)). This means 90 

that the variability in the measured total column is mainly representative of that layer. As said above, 91 

we recall here that similarly to the earlier studies, HNO3 measurements characterized by a poor spectral 92 

fit or by a low vertical sensitivity (DOFS < 0.9) have been filtered out of this analysis. This is now 93 
clearly mentioned in Section 2 of the revised manuscript: 94 

 95 



3 

 

“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were 96 
applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags 97 

rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less 98 

reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity 99 

characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a 100 

fractional cloud cover larger than 25 %).” 101 

 102 

[L8, ‘denitrification’: Are you certain, that ‘denitrification’ is also used for the uptake of HNO3 in 103 

particles? Perhaps ‘removal from the gas phase’.] 104 

We thank the referee for this remark. We are of course aware that the so-called “denitrification” defines 105 

the permanent removal of NOy from an airmass due to the gravitational sedimentation of NOy-106 

containing particles. We agree that, from IASI, we can only measure a “removal from the gas phase”, 107 

caused by sequestration into particles with or without sedimentation. Careful attention has now been 108 

made in the manuscript to avoid abusive use of the term “denitrification”. Hence, “onset of HNO3 109 

denitrification” has been changed to “the onset of HNO3 depletion” where appropriated in the revised 110 

manuscript. The title has also been changed accordingly to: 111 
“Polar stratospheric HNO3 depletion surveyed from a decadal dataset of IASI total columns”. 112 

 113 

[L59, ‘a maximum sensitivity in the mid-stratosphere around 50 hPa’: This must be shown here for the 114 

extreme conditions in the Antarctic vortex - also since all later analyses in the paper use temperatures at 115 

50 hPa. What is the vertical variability of this level of maximum sensitivity within the development 116 

inside the vortex, especially later in the winter when, due to sedimentation of PSC particles, HNO3 117 

concentrations at those levels are very low?] 118 

See our responses to the general comments. Here again, we refer to the figure 3 (top and bottom panels) 119 

of Ronsmans et al. (2016) that presents the global distributions of the degrees of freedom for signal 120 
(DOFS, top panels) and of the altitude of maximum sensitivity of IASI to the HNO3 profile (bottom 121 

panel), separately for January (left) and July (right) 2011, when the strong HNO3 depletion occurs within 122 

the cold Antarctic winter. It shows clearly that the altitude of maximum sensitivity of the total columns 123 

is invariant at equatorial and tropical latitudes, whereas it varies with seasons at middle and polar 124 

latitudes. Above the Antarctic, the altitude of maximum sensitivity varies between ~9 km in summer 125 

and ~22 km in winter. The variations of the altitude of maximum sensitivity follow the altitude variations 126 

of maximum HNO3 concentrations.  127 
 128 

This is now more explicit at several places in the revised manuscript; e.g. in Section 1: “IASI provides 129 

reliable total column measurements of HNO3 characterized by a maximum sensitivity in the low-middle 130 

stratosphere around 50 hPa (20 km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) …” 131 

and in Section 2: “… the largest sensitivity of IASI in the region of interest, i.e. in the low and mid-132 

stratosphere (from 70 to 30 hPa), where the HNO3 abundance is the highest (Ronsmans et al., 2016). 133 

 134 

In order to convince the referee that IASI measurements capture the expected variations of HNO3 within 135 

the polar night, we provide in Figure 2 below examples of vertical HNO3 profiles retrieved within the 136 

dark Antarctic vortex (above Arrival Height) and outside the vortex (above Lauder). The retrieved 137 

profiles are shown along with their associated total retrieval error and averaging kernels (the total column 138 

AvK and the so-called “sensitivity profile” are also represented). The sum of the averaging kernels 139 

indicates how the true state at a specific altitude changes the retrieved total column, i.e. the altitude to 140 

which the retrieved total column is mainly sensitive/representative. Above Arrival Height during the 141 

dark Antarctic winter, we clearly see depleted HNO3 levels in the low and mid-stratosphere and the 142 
altitude of maximum sensitivity at around 30 hPa. At Lauder on the contrary, HNO3 levels larger than 143 

the a priori are observed in the stratosphere with a larger range of maximum sensitivity. 144 
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 145 
[L79, ‘The total columns yield a total retrieval error of 10% and a low bias (10.5%) compared to ground-146 

based FTIR measurements (Hurtmans et al., 2012; Ronsmans et al., 2016).’: As these numbers are used 147 

also later in the manuscript, their validity has to be confirmed for the condition in the dark vortex, which 148 

cannot be achieved with comparisons to sun-dependent FTIR observations. As mentioned above, I 149 

strongly suggest to perform comparisons with the MLS dataset.] 150 

Figure 4 of Ronsmans et al. (2016) illustrates the global distribution of the total retrieval error for HNO3 151 

(integrated over 5 to 35 km) separately for January (left) and July (right) over the period of the IASI 152 

measurements. The mid- and polar latitudes are characterized by low total retrieval errors of around ~3-153 

5% - which corresponds to a reduction by a factor of 18-30 compared to the prior uncertainty (90%) and 154 

indicates a real gain of information – except above Antarctica during wintertime where the errors reach 155 

25%. They are explained by (1) a weaker sensitivity (i.e. a larger smoothing error which represents in 156 

all cases the larger source of the retrieval error) above such cold surface (DOFS of ~0.95 within the dark 157 

Antarctic vortex – see figure 3 of Ronsmans et al., 2016) and by (2) a misrepresentation of the 158 

wavenumber-dependent surface emissivity above ice surface (Hurtmans et al., 2012). This is made more 159 

explicit in Section 2 of the revised manuscript: 160 
 161 

“The total columns are associated with a total retrieval error ranging from around 3% at mid- and polar 162 

latitudes to 25% above cold Antarctic surface during winter (due to a weaker sensitivity above very cold 163 

surface with a DOFS of ~0.95 and to a poor knowledge of the seasonally and wavenumber-dependent 164 

emissivity above ice surfaces which induces larger forward model errors), and a low bias (lower than 165 

12%) in polar regions over the altitude range where the IASI sensitivity is largest, when compared to 166 

ground-based FTIR measurements (see Hurtmans et al., 2012; Ronsmans et al., 2016 for more details).” 167 

 168 

A validation against ground-based sun-dependent FTIR measurements could not be provided during the 169 
dark Antarctic winter, we refer on the good agreement with MLS (suggested by the referee) to underline 170 

the potentiality of IASI to detect the HNO3 variations as well within the Antarctic winter (see general 171 

comment). 172 

 173 

[L105, ‘These high HNO3 levels result from low sunlight…’: This is not the only, and probably not the 174 

central explanation for the increasing column amounts. Dynamical effects on total columns of 175 

stratospheric gases (downwelling within the vortex) have to be considered.] 176 
We thank the referee for this correction. The sentence has been rewritten as follows: 177 

 178 

“These high HNO3 levels result from low sunlight, preventing photodissociation, along with the 179 

heterogeneous hydrolysis of N2O5 to HNO3 during autumn before the formation of polar stratospheric 180 

clouds (Keys et al., 1993; Santee et al., 1999; Urban et al., 2009; DeZafra et al., 2001). This period also 181 

corresponds to the onset of the deployment of the southern polar vortex which is characterized by strong 182 

diabatic descent with weak latitudinal mixing across its boundary, isolating polar HNO3-rich air from 183 

lower latitudinal airmasses.” 184 

 185 

[Figure 2: I think the vertical dashed line ‘10Jun09’ does not fit to the minimum of the solid blue curve 186 

(?)] 187 

The referee is right; there was a bug for the automatically detection of the drop temperature, as well as 188 

for the detection of the corresponding dates in this figure. The figure has been corrected. The position 189 

of the drop temperatures does now perfectly match the yearly minima of the total HNO3 second 190 

derivative. An average drop temperature over the ten years of IASI of 194.2 +/- 3.8 K is now calculated, 191 
which is even closer to TNAT.    192 

 193 
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[L154, ‘in the areas of potential vorticity smaller than -10 …’: PV at which potential temperature level 194 
is used here?] 195 

As mentioned in Section 2 of the submitted manuscript, “the potential vorticity (PV) fields are taken 196 

from the ECMWF ERA Interim Reanalysis dataset at the potential temperature of 530 K (corresponding 197 

to ~20 km altitude where the IASI sensitivity to HNO3 is the highest during the Southern Hemisphere 198 

(S.H.) winter (Ronsmans et al., 2016)”. 199 

 200 

[L159, ‘Note that the HNO3 time series has been smoothed’: As the drop temperatures (and dates) are 201 

introduced as the central new method presented in the manuscript, it is necessary to explore their 202 

behaviour in more detail. Can you give an estimate of the error of this measure by considering e.g. the 203 

effect of the numerical smoothing. Please show also the 1st derivative to be able to judge on the 204 

uncertainties of the 2nd derivative. How do the drop temperatures vary when using different pressure 205 

levels (e.g. 70 hPa)?] 206 

As explained in the text, we actually only used a simple robust spline smoothing function to fill gaps in 207 

the time series, hence it has no particular impact on the detection of the drop temperature and its 208 

corresponding date.  209 
 210 

Figure 3 here below represents the figure 2 of the manuscript along with the 1st derivative of HNO3 total 211 

column with respect to time superimposed, as asked by the referee. We can clearly see that the minima 212 

of the 2nd derivative match or just precede those of the 1st derivative of total HNO3 with respect to time. 213 

 214 

Figure 4 below represents the figure 2 of the manuscript but for the temperature at 30 hPa (top panel) 215 

and 70 hPa (bottom panel) for the sake of comparison. As expected, the drop temperatures are the lowest 216 

when using the temperatures at 30 hPa. They vary from 185-195 K (~192K on average) at 30 hPa to 217 

195-204 K (~198 K on average) at 70 hPa with values of ~189-202 K (~194 K on average) at 50 hPa.  218 
 219 

As explained in the manuscript, the use of the 195 K at 50 hPa as single level for the analysis is justified 220 

by the fact that it corresponds best to the maximum of IASI vertical sensitivity during the polar night 221 

(see Figure 3 of Ronsmans et al. 2016 and responses to related comments above); another justification 222 

is found a posteriori by the consistency between the 195 K threshold temperature taken at 50 hPa and 223 

the onset of the strong total HNO3 depletion seen by IASI, which matches the NAT development that 224 

occurs in June around that level. However, we fully agree that the HNO3 abundances over a large part 225 
of the stratosphere (between 70 and 30 hPa) contribute to the total HNO3 variations detected by IASI 226 

and that this inevitably affects the drop temperature calculation at 50 hPa. In order to address this issue, 227 

we have added in the manuscript the range of drop temperatures when calculated at these two other 228 

pressure levels (from 185 K to 204 K); this indeed allows the reader to better judge on the uncertainty 229 

of the drop temperature at 50 hPa (189-202 K). We thank the referee for his suggestion. The text in the 230 

revised manuscript is changed to: 231 

 232 

“… Nevertheless, given the range of maximum IASI sensitivity to HNO3 around 50 hPa, typically 233 

between 70 and 30 hPa (Ronsmans et al., 2016), the drop temperatures are also calculated at these two 234 

other pressure levels (not shown here) to estimate the uncertainty of the calculated drop temperature 235 

defined in this study at 50 hPa. The 30 hPa and 70 hPa drop temperatures range respectively over 185.7 236 

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 (1σ 237 

standard deviation) over the ten years of IASI. The average values at 30 hPa and 70 hPa fall within the 238 

1σ standard deviation associated with the average drop temperature at 50 hPa. It is also worth noting the 239 

agreement between the drop temperatures and the NAT formation threshold at these two pressure levels 240 
(TNAT ~193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et al., 2016).” 241 

 242 
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[L184, ‘The calculated drop temperatures vary significantly between 180 and 210 K. These high 243 
extremes are only found in very few cases and should be considered with caution as they correspond to 244 

specific regions above ice shelves with emissivity features that are known to yield errors in the IASI 245 

retrievals’: I find the discussion around the deviations of the drop temperatures very confusing. At the 246 

beginning of the manuscript it is stated, that the error of the measured total column amounts is in the 247 

order of 10%. Here it is argued that ‘above ice shelves’ it might be higher. Also, in Fig. 5 one can see 248 

that there are large regions over eastern Antarctica where drop temperatures are often clearly above 249 

195K even inside the red circles. This is not explained satisfactorily in the manuscript. Here, again, it 250 

would be important to investigate on the reliability, consistency and homogeneity of the IASI HNO3 251 

values. As mentioned above, this could be accomplished with a comparison to MLS observations.] 252 

See our response above about the characterization of the HNO3 retrievals in terms of total retrieval error 253 

and of its spatial/temporal distribution: The largest errors (25%) are found above Antarctica during 254 

wintertime and are due to (1) a weaker sensitivity (i.e. a larger smoothing error which represents in all 255 

cases the larger source of the retrieval error) above such cold land surface (DOFS of ~0.95 within the 256 

dark Antarctic vortex – see figure 3 of Ronsmans et al., 2016) and to (2) a poor knowledge of the 257 

(seasonally and wavenumber-dependent) emissivity of ice surfaces (Hurtmans et al., 2012). This is now 258 
clearly mentioned in Section 2 of the revised manuscript.  259 

 260 

Bright land surface such as desert or ice might in some cases lead to poor HNO3 retrievals due to a poor 261 

knowledge of the wavenumber-dependent emissivity above such surfaces, which can alter the retrieval 262 

by compensation effects (Wespes et al., 2009). FORLI relies on the monthly climatology of surface 263 

emissivity built by Zhou et al. (2011) from several years of IASI measurements on a 0.5x0.5 grid and 264 

for each 8461 IASI spectral channels when available, or on the MODIS climatology that is unfortunately 265 

restricted to only 12 channels in the IASI spectral range; see Hurtmans et al. (2012) for more details. 266 

Although wavenumber-dependent surface emissivity atlases are used in FORLI, it is clear that this 267 
parameter remains critical and causes poorer retrievals that, in some instances, pass the posterior 268 

filtering. The total HNO3 columns over eastern Antarctica which show drop temperatures much above 269 

195K might precisely be related to this. We have made this clear in Section 4.2 of the revised version: 270 

 271 

“…emissivity features that are known to yield errors in the IASI retrievals (Hurtmans et al., 2012; 272 

Ronsmans et al., 2016). Indeed, bright land surface such as ice might in some cases lead to poor HNO3 273 

retrievals. Although wavenumber-dependent surface emissivity atlases are used in FORLI (Hurtmans et 274 
al., 2012), this parameter remains critical and causes poorer retrievals that, in some instances, pass 275 

through the series of quality filters and affect the drop temperature calculation.” 276 

 277 

[L195, ‘Overall, despite these limitations, the spatial variability in the drop 50 hPa temperatures for IASI 278 

total HNO3 is well in agreement with the natural variation in PSCs nucleation temperatures’: Given the 279 

extended areas where the drop temperatures are larger than 195K, this statement is not convincing.] 280 

The sentence has been rewritten for clarity:  281 

 282 

“Except above some parts of Antarctica which are prone to larger errors, the overall range in the drop 283 

50 hPa temperature for total HNO3, inside the isocontour for the averaged temperature of 195 K, 284 

typically extends from ~187 K to 195 K, which fall within the range of PSCs nucleation temperature at 285 

50 hPa …”. 286 

 287 

Furthermore, in response to G. Manney and M. Santee, the contour of −10×10-5K.m2.kg-1.s-1 based on 288 

the minimum PV encountered at 50 hPa over the 10 May to 15 July period as well as the isocontours of 289 
195 K at 50 hPa for the averaged temperatures and the minima over the same period are also now 290 
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represented in the revised Fig.5 and the distribution of the drop temperatures is much better described 291 
and explained in the revised version: 292 

 293 

“The averaged isocontour of 195 K encircles well the area of HNO3 drop temperatures lower than 195 294 

K, which means that the bins inside that area characterize airmasses that experience the NAT threshold 295 

temperature during a long time over the 10 May – 15 July period. That area encompasses the inner vortex 296 

core (delimited by the isocontour of −10×10-5K.m2.kg-1.s-1 for the averaged PV) and show pronounced 297 

minima (lower than -0.5 x1014 molec.cm-2.d-2) in the second derivative of the HNO3 total column with 298 

respect to time (not shown here), which indicate a strong and rapid HNO3 depletion. 299 

The area enclosed between the two isocontours of 195 K for the temperatures, the averaged one and the 300 

one for the minimum temperatures, show higher drop temperatures and weakest minima (larger than -301 

0.5 x1014 molec.cm-2.d-2) in the second derivative of the HNO3 total column (not shown). That area is 302 

also enclosed by the isocontour of −10×10-5K.m2.kg-1.s-1 for the minimum PV, meaning that the bins 303 

inside correspond, at least for one day over the 10 May – 15 July period, to airmasses located at the inner 304 

edge of the vortex and characterized by temperature lower than the NAT threshold temperature. The 305 

weakest minima in the second derivative of total HNO3 (not shown) observed in that area indicate a 306 
weak and slow HNO3 depletion and might be explained by a short period of the NAT threshold 307 

temperature experienced at the inner edge of the vortex. It could also reflect a mixing with strong HNO3-308 

depleted and colder airmasses from the inner vortex core. The mixing with these “already” depleted 309 

airmasses could also explained the higher drop temperatures detected in those bins. Finally, note also 310 

that these high drop temperatures are generally detected later (after the HNO3 depletion occurs, i.e. after 311 

the 10 May – 15 July period considered here – not shown), which supports the transport, in those bins, 312 

of earlier HNO3-depleted airmasses and the likely mixing at the edge of the vortex.” 313 

 314 

[L204, ‘denitrification phase’: See statement about ‘denitrification’ above.] 315 
See our response above. 316 

 317 

[L230, ‘To the best of our knowledge, it is the first time that such a large satellite observational data set 318 

of stratospheric HNO3 concentrations is exploited to monitor the evolution HNO3 versus temperatures.’: 319 

This sounds somehow exaggerated given all the previous work on HNO3/temperature/PSCs, e.g. by use 320 

of the MLS dataset and also since the correlation with temperature has already been shown in Ronsmans 321 

et al., 2018.] 322 
We here simply refer to the unprecedented potential of IASI in terms of its exceptional spatial and 323 

temporal sampling. Ronsmans et al. (2018) also referred to the IASI dataset and correlations with 324 

temperature were done but in a lesser extent. In order to avoid overselling, the sentence has been 325 

rewritten: 326 

“We show in this study that the IASI dataset allows capturing the variability of stratospheric HNO3 327 

throughout the year (including the polar night) in the Antarctic. In that respect, it offers a new 328 

observational means to monitor the relation of HNO3 to temperature and the related formation of PSCs.” 329 
 330 
Technical comments: 331 
 332 

L27, ‘(e.g. (Toon…))’: I think the inner bracket level is not necessary. 333 

L30, ‘sedimentation(Lambert …): Space missing 334 

L34, ‘temperature’: ‘temperatures’ 335 

L51: Bracket levels? 336 

L102, ‘The red vertical line in Fig. 1a and Fig. 1b’: There is no vertical red line in Fig. 1a. You mean 337 

horizontal? 338 

L106, references: Brackets seem wrong. 339 
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Figure 2, caption, ‘in the70—’: Space missing. 340 
L155, ‘and the total HNO3 depletion are the coldest’: Makes no sense. 341 

L164, ‘temperature are’: ‘temperatures are’ 342 

 343 

All the technical comments have been corrected. 344 

 345 

 346 

 347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

 355 
 356 

 357 

 358 

 359 
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 360 
 361 
Figure 1. Time series of daily IASI total HNO3 column (blue, left y-axis) co-located with MLS and of MLS VMR 362 
HNO3 within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa; right y-axis), averaged in the 70°S–363 
90°S (top panel), the 50°S–70°S (middle panel) and in the 30°S–50°S (bottom panel) equivalent latitude bands. 364 
The error bars (light blue) represents 3σ, where σ is the standard deviation around the IASI HNO3 daily average. 365 
 366 
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 367 

 368 
 369 
Figure 2. Examples of IASI HNO3 vertical profiles (in molec.cm−2) with corresponding averaging kernels (in 370 
molec.cm-2/molec.cm-2; with the total column averaging kernels (black) and the sensitivity profiles (grey)) above 371 
Arrival Height (77.49°S, 166.39°E, top panels) and Lauder (45.03°S, 169,40°E; bottom panels). The error bars 372 
associated with the HNO3 vertical profile represent the total retrieval error. The a priori profile is also represented. 373 
The total column and the DOFS values are indicated. 374 
 375 
 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 



11 

 

 386 
 387 
Figure 3. Time series of total HNO3 first derivative (green, left y-axis), of total HNO3 second derivative (blue, left 388 
y-axis) and of the temperature at 50 hPa (red, right y-axis), in the region of potential vorticity lower than -10 x10-389 
5 K.m2.kg-1.s-1. The red horizontal line corresponds to the 195 K temperature. The vertical dashed lines indicate 390 
the second derivative minimum in HNO3 for each year. The corresponding dates (in bold, on the x-axis) and 391 
temperatures are also indicated. The time series of total HNO3 second derivative (dashed blue) and of temperature 392 
at 50 hPa (grey) in the70–90°S Eqlat band are also represented. 393 
 394 
 395 
 396 
 397 
 398 
 399 
 400 
 401 
 402 
 403 
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 404 
 405 

 406 
Figure 4. Same as Figure 3 but for the temperature at 30 hPa (top panel) and 70 hPa (bottom panel).  407 
 408 
 409 
 410 
 411 
 412 
 413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
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Response to reviewer #3 423 

We thank the reviewer for her/his in depth review comments that have help us to improve the clarity of 424 

the manuscript. Kindly find below our responses to each of the comments (quoted between []). We hope 425 

that our responses will address the main issues and that the changes made will convince that the IASI 426 

HNO3 dataset has the potential to contribute to stratospheric studies and, more particularly, to the time 427 

evolution of the polar processes.    428 

Major comments 429 
 430 
[The description of the polar HNO3 variation presented in the paper is already well known from 431 

numerous other studies.]  432 

The purpose of this paper is to demonstrate the interest of IASI for HNO3 stratospheric studies 433 

(Ronsmans et al., 2018) after having undergone a rigorous validation exercise (Ronsmans et al., 2016). 434 

If limb measurements allows resolving the HNO3 profile in the stratosphere, the potential of IASI lies in 435 

its exceptional spatial and temporal sampling. We demonstrate here that despite its limited vertical 436 

resolution forcing us to consider one total column, the information content that actually lies in the low 437 

and middle stratosphere offers potential to expand on previous polar stratospheric denitrification studies, 438 

usually performed using limb sounder measurements, and to continue the long-term records of HNO3 439 

started with the latter. We have tried in this paper not to repeat too much of our earlier work but some 440 

duplication was unavoidable; in particular, with respect to vertical sensitivity and errors (these are two 441 

aspects that referee1 finds in fact insufficiently described here). 442 

 443 

[The lack of vertical resolution in the IASI HNO3 measurements severely limits the interpretation of the 444 

results and precludes differentiation between denitrification and renitrification e.g. consider the effect of 445 
the vertical integration through depleted higher layers overlaying lower enhanced layers.] 446 

We understand that the referee sees this as a limitation. However, despite the lack of vertical resolution, 447 

which is recognized in the paper and which forces us to consider total HNO3 columns, IASI is 448 

characterized by a good sensitivity to HNO3 at specific levels, in particular, in the range between ~70 449 

hPa to ~30 hPa in the southernmost latitude in winter and as such it provides an adequate means to 450 

investigate the stratospheric processes in the polar nights. 451 

 452 

In order to justify this further, we would like to refer to the figure 3 (top and bottom panels) of Ronsmans 453 

et al. (2016) that presents global distributions of the degrees of freedom for signal (DOFS, top panels) 454 

and of the altitude of maximum sensitivity of IASI to the HNO3 profile (bottom panel), separately for 455 

January (left) and July (right) 2011, when the strong HNO3 depletion occurs within the cold Antarctic 456 

winter. It shows clearly that the altitude of maximum sensitivity of the total columns is invariant at 457 

equatorial and tropical latitudes, whereas it varies with seasons at middle and polar latitudes. Above the 458 

Antarctic, the altitude of maximum sensitivity varies between ~9 km in summer and ~22 km in winter. 459 

The variations of the altitude of maximum sensitivity follow the altitude variations of maximum HNO3 460 
concentrations.  461 

 462 

We agree that the IASI sensitivity was insufficiently put forward in the text. We made it more explicit 463 

at several places in the revised manuscript; e.g. in Section 1: “IASI provides reliable total column 464 

measurements of HNO3 characterized by a maximum sensitivity in the low-middle stratosphere around 465 

50 hPa (20 km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) …” and in Section 2: 466 

“… the largest sensitivity of IASI in the region of interest, i.e. in the low and mid-stratosphere (from 70 467 

to 30 hPa), where the HNO3 abundance is the highest (Ronsmans et al., 2016).” 468 

 469 
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 470 
[Although the IASI HNO3 data has much better 2D horizontal resolution than any other measurement 471 

this has not been developed as a tool to provide information beyond that of satellite instruments that 472 

measure only along the orbit track.]  473 

We do not fully agree. The determination of the drop temperature using the second derivative exploits 474 

the large dataset of daily IASI measurements. Furthermore, the spatial distributions of the drop 475 

temperature calculated at 50hPa, which are presented in the figure 5 of the manuscript, do actually take 476 

advantage of the excellent spatial/temporal resolution of IASI to provide information throughout the 477 

entire vortex and outside. This would probably not be feasible with other types of measurements. 478 

 479 

[CALIOP PSC information is available for the same time frame, why was this not used? Certainly, PSC 480 

volumes vs time would be helpful in providing the underlying interannual variability of PSC types (NAT, 481 

STS, ice) to compare with the resulting drop temperatures derived from IASI. Similarly, at least some 482 

comparisons of the IASI HNO3 column with integrated column calculated from Aura MLS are 483 

necesssary to establish the validity of the measurements in the most severly depleted inner vortex core.] 484 

Thank you for this comment. It is certainly a good idea to use the CALIOP measurements in support but 485 
this goes beyond the goal of this paper, which is to demonstrate the capability of IASI to measure HNO3 486 

columns that are relevant for stratospheric studies. Using CALIOP PSC information and, in particular, 487 

comparing the spatial distributions of IASI derived drop temperatures (Figure 5 of the revised paper) 488 

with maps of CALIOP PSC would be very interesting in order to go a step further in the analyses of the 489 

underlying HNO3 condensation processes, but it will be challenging and add significant complexity 490 

given the high variability in the distribution of PSC types. 491 

 492 

Regarding the second point on a comparison with MLS, we fully agree that this is highly relevant; it was 493 

also a request of referee#1. We provide here below a comparison with observations by MLS in three 494 
equivalent latitude bands (see Figure 1). We would like to point out that we here compare total columns 495 

measured by IASI with VMR measured by MLS at several pressure levels that cover the highest 496 

sensitivity of IASI (at ~50 hPa, ~70 hPa and ~30 hPa for the sake of the comparison). Hence, the 497 

comparison of IASI columns with MLS measurements is mostly qualitative at this stage and differences 498 

are expected for this reason. Note also that we have preferred comparing IASI HNO3 columns with VMR 499 

measured by MLS at specific levels instead of integrated columns calculated from MLS, given the 500 

difference in the sensitivity profile between IASI and MLS, the non-negligible IASI sensitivity to HNO3 501 
in the troposphere where MLS does not measure HNO3 etc, which makes the integrated columns from 502 

IASI vs MLS not directly comparable. It should be pointed out finally that part of the differences between 503 

IASI and MLS are likely due to the different number of co-located data within the 2.5°x2.5° grid cells 504 

considered here for the comparison, with a much larger number of observations for IASI (through the 505 

quality filtering) than for MLS. 506 

 507 

Despite this, the comparison shows similar spatial and seasonal variations between IASI total HNO3 508 

columns and MLS VMR between ~70 and 30 hPa in the different latitude bands, in particular, in the 509 

southernmost equivalent latitudes (see top panel). The strong HNO3 depletion is well captured by both 510 

IASI and MLS measurements with a perfect match for the onset of the depletion. It further supports the 511 

good sensitivity of IASI to HNO3 in the range of these pressure levels, justifying the methodology used 512 

in this study. 513 

 514 

The cross-comparison with MLS is indeed insightful and gives further credit on the IASI observations 515 

during the polar night. That comparison figure between IASI and MLS has therefore been included in 516 
Section 2 of the revised manuscript and the text was changed to:  517 

 518 
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“In order to expand on the comparisons against FTIR measurements which is impossible during the polar 519 
night, Figure 1 (top panel) presents the time series of daily IASI total HNO3 columns co-located with 520 

MLS VMR measurements within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa), 521 

averaged in the 70°S–90°S equivalent latitude band. Similar variations in HNO3 are captured by the two 522 

instruments with an excellent agreement for the timing of the strong HNO3 depletion within the inner 523 

vortex core. IASI HNO3 variations generally match well those of MLS HNO3 in each latitude band (see 524 

Figure 1 bottom panel for the 50°S–70°S equivalent latitude band; the other bands are not shown here).” 525 

  526 

[Regarding the sensitivity of the IASI column HNO3 measurements, I suggest presenting a few examples 527 

of vertical HNO3 profiles (from a model or data), ranging from non-depleted to extreme depletion with 528 

calculations of the corresponding calculated integrated IASI column. This would help to indicate the 529 

sensitivity of the column measurement to changes in the vertical distribution of HNO3 ... i.e. generate 530 

profiles of the change in the IASI column HNO3 wrt the actual change in HNO3 at a level, j, 531 

d(column)/d(HNO3)j.] 532 

This is an example of information reported in earlier work and that we have tried not to repeat extensively 533 

here. To summarize, the validation study of Ronsmans et al. (2016) provides a complete characterization 534 
of the IASI HNO3 retrievals: it shows example of vertical HNO3 profiles along with the total retrieval 535 

error, the a apriori profiles and associated averaging kernels profiles (d(HNO3ret)i/d(HNO3true)j), along 536 

with the total column averaging kernel (d(columnret)/d(HNO3true)j) and the sensitivity profile 537 

(d(HNO3ret)i/d(columntrue)), were already given in Figures 1 and 2 of that study. Note that the averaging 538 

kernel profile describes how the true state changes the estimate at a specific altitude, i.e. how the retrieval 539 

smooths the true profile. The sum of the elements of an averaging kernel characterizing the retrieval at 540 

a specific altitude returns the sensitivity of the retrieval at that altitude, i.e. to which extent the retrieval 541 

at that specific altitude comes from the spectral measurement rather than the apriori, while the sum of 542 

the averaging kernels indicates how the true state at a specific altitude changes the retrieved total column, 543 
i.e. the altitude to which the retrieved total column is mainly sensitive/representative.  544 

 545 

Figure 3 (top and bottom panels) of Ronsmans et al. (2016) further presents the global distributions of 546 

the degrees of freedom for signal (DOFS, top panels) and of the altitude of maximum sensitivity of the 547 

retrieval to the HNO3 profile (bottom panel), separately for January (left) and July (right) 2011, when 548 

the strong HNO3 depletion occurs within the cold Antarctic winter. It clearly shows that above the 549 

Antarctic, the altitude of maximum sensitivity varies between ~9 km in summer and ~22 km in winter 550 
(~ 50 hPa) on average. 551 

 552 

To address the comment of the referee without repeating too much of the earlier results, we have 553 

carefully verified the manuscript with regard to unclear or incomplete statements about vertical 554 

sensitivity. The following has been added in Section 1: “IASI provides reliable total column 555 

measurements of HNO3 with a maximum sensitivity in the low-middle stratosphere around 50 hPa (20 556 

km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) …” and in Section 2: “… the largest 557 

sensitivity of IASI in the region of interest, i.e. in the low and mid-stratosphere (from  70 to 30 hPa), 558 

where the HNO3 abundance is the highest (Ronsmans et al., 2016). 559 

 560 

In order to convince the referee that IASI measurements capture the expected variations of HNO3 within 561 

the polar night, we provide in Figure 1 below examples of vertical HNO3 profiles retrieved within the 562 

dark Antarctic vortex (above Arrival Height) and outside the vortex (above Lauder). The retrieved 563 

profiles are shown along with their associated total retrieval error and averaging kernels (the total column 564 

AvK and the so-called “sensitivity profile” are also represented). Above Arrival Height during the dark 565 
Antarctic winter, we clearly see depleted HNO3 levels in the low and mid-stratosphere and the altitude 566 
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of maximum sensitivity at around 30 hPa. At Lauder on the contrary, HNO3 levels larger than the a priori 567 
are observed in the stratosphere with a larger range of maximum sensitivity. 568 

  569 

Specific comments 570 
 571 

[L2: "good vertical sensitivity" ... only column HNO3 measurements are discussed here - there is no 572 

vertical resolution in the measurements.] 573 

See our response to the second general comment above. 574 

 575 

As stated in the text, we here refer to “a good vertical sensitivity in the low and middle stratosphere”, 576 

not to a good vertical resolution of the measurement. Note that HNO3 vertical profile are retrieved from 577 

IASI measurements, not simply total columns; Hence, even if the sensitivity covers the entire altitude 578 

range from the troposphere to the stratosphere with no clear decorrelation (poor resolution) between the 579 

retrieved layers forcing us to consider a total column, it is shown to variate with the altitude and to be 580 

highest in the low-middle stratosphere, which means that the variability in the measured total column is 581 

mainly representative of that layer. 582 
 583 

As mentioned in the manuscript, this paper builds on the previous studies of Ronsmans et al. (2016) and 584 

(2018), where the vertical sensitivity of IASI to HNO3 measurements is shown to be highest in the low 585 

and mid-stratosphere, even within the cold Antarctic polar vortex, with the degrees of freedom for signal 586 

(DOFS) that ranges from 0.9 to 1.2 at all latitudes. Note also that similarly to these two previous studies, 587 

HNO3 measurements characterized by a poor spectral fit or by a low vertical sensitivity (DOFS < 0.9) 588 

have been filtered out of this analysis. This is now clearly mentioned in Section 2 of the revised 589 

manuscript: 590 

 591 
“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were 592 

applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags 593 

rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less 594 

reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity 595 

characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a 596 

fractional cloud cover larger than 25 %).” 597 

 598 
[L10: 191K is also consistent with STS temperatures (192 K) and is actually closer than TNAT (195 K)] 599 

Indeed but as stated in the manuscript: “… recent observational and modelling studies have shown that 600 

HNO3 starts to condense in early PSC season in liquid NAT mixtures well above Tice (~4 K below TNAT, 601 

close to TSTS)…”. The NAT nucleation temperature at 50 hPa range from slightly below TNAT to around 602 

3-4 K below Tice, depending on atmospheric conditions, on TTE and on the type of formation 603 

mechanisms (Pitts et al., 2011; Peter and GrooS, 2012; Hoyle et al., 2013). 604 

 605 

Note that in replying to referee#1 we have identified a bug for the automatically detection of the drop 606 

temperature, as well as for the detection of the corresponding dates in the figure 2 of the manuscript. It 607 

has been corrected. The position of the drop temperatures does now perfectly match the yearly minima 608 

of the total HNO3 second derivative. An average drop temperature over the ten years of IASI of 194.2 609 

+/- 3.8 K is now calculated, which is even closer to TNAT.  610 

 611 

Finally, as requested by referee #1, we also now clearly mention in Section 4.1 of the manuscript the 612 

range of drop temperatures when calculated at two other pressure levels to better judge on the uncertainty 613 
of the drop temperature at 50 hPa (see Figure 3 here below): 614 
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“… Nevertheless, given the range of maximum IASI sensitivity to HNO3 around 50 hPa, typically 615 
between 70 and 30 hPa (Ronsmans et al., 2016), the drop temperatures are also calculated at these two 616 

other pressure levels (not shown here) to estimate the uncertainty of the calculated drop temperature 617 

defined in this study at 50 hPa. The 30 hPa and 70 hPa drop temperatures range respectively over 185.7 618 

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 (1σ 619 

standard deviation) over the ten years of IASI. The average values at 30 hPa and 70 hPa fall within the 620 

1σ standard deviation associated with the average drop temperature at 50 hPa. It is also worth noting the 621 

agreement between the drop temperatures and the NAT formation threshold at these two pressure levels 622 

(TNAT ~193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et al., 2016).” 623 

 624 

[L18: add more recent references e.g. Peter and Gross (2012). L28: Much more has been done in the 625 

past decade with MIPAS and CALIOP that should be referenced] 626 

Thank you for this suggestion. Peter and GrooS (2012) was cited elsewhere in the manuscript but has 627 

been added here as well. Note that the goal of the introduction is not to provide an exhaustive list of all 628 

studies related to the PSC thermodynamics. Several general reference papers are cited and we have 629 

decided to put more focus here on HNO3. 630 
 631 

[L59: This section should explain what is meant by "maximum sensitivity" etc.] 632 

See our responses to the second major comment and specific comments above.  633 

 634 

[L79: Information on the data quality for IASI HNO3 is poor. Is the value of bias and uncertainty the 635 

same for depleted and non-depleted conditions?] 636 

The reader is here invited to refer to the figure 4 of Ronsmans et al. (2016) which illustrates the global 637 

distribution of the total retrieval error for HNO3 (integrated over 5 to 35 km) separately for January (left) 638 

and July (right) over the period of the IASI measurements. The mid- and polar latitudes are characterized 639 
by low total retrieval errors of around ~3-5% - which corresponds to a reduction by a factor of 18-30 640 

compared to the prior uncertainty (90%) and indicates a real gain of information – except above 641 

Antarctica during wintertime where the errors reach 25%. They are explained by (1) a weaker sensitivity 642 

(i.e. a larger smoothing error which represents in all cases the largest source of the retrieval error) above 643 

such cold surface (DOFS of ~0.95 within the dark Antarctic vortex – see figure 3 of Ronsmans et al., 644 

2016) and by (2) a poor knowledge of the wavenumber-dependent surface emissivity above ice surface, 645 

which also varies in time (Hurtmans et al., 2012). ). This is made more explicit in Section 2 of the revised 646 
manuscript: 647 

 648 

“The total columns are associated with a total retrieval error ranging from around 3% at mid- and polar 649 

latitudes to 25% above cold Antarctic surface during winter (due to a weaker sensitivity above very cold 650 

surface with a DOFS of ~0.95 and to an poor knowledge of the seasonally and wavenumber-dependent 651 

emissivity above ice surfaces which induces larger forward model errors), and a low bias (lower than 652 

12%) in polar regions over the altitude range where the IASI sensitivity is the largest, when compared 653 

to ground-based FTIR measurements (see Hurtmans et al., 2012; Ronsmans et al., 2016).” 654 

 655 

[L82: Yet, problems with the retrievals because of cloud contamination seem to remain even after the 656 

<25% cloud fraction filter is applied.] 657 

We do not understand the referee comment here. In this section of the manuscript, we only describe the 658 

quality flags used in our analysis.  659 

 660 

[L83: Cloud contamination? Tropospheric cloud only or also thick ice PSCs?] 661 
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The clouds that have most impact are clearly tropospheric water clouds. Cirrus clouds or PSCs are mostly 662 
transparent in the IR; thick cirrus however show up in the longwave part of the IASI spectrum, below 663 

900 cm-1. We have added “tropospheric cloud contamination” in the text. 664 

 665 

Note that the threshold of 25 % cloud cover was carefully chosen after a series of tests, which have 666 

shown that these scenes could be treated as cloud-free without significant impact on the retrievals 667 

(Hurtmans et al., 2012). 668 

 669 

[L102: Why was 2011 chosen?] 670 

As expected from figure 1c, any other year could have been chosen instead of the year 2011 to illustrate 671 

the HNO3 total columns versus temperatures (at 50 hPa) histogram in figure 1b. It is now clearly 672 

mentioned in the revised manuscript: 673 

 674 

“Similar histograms are observed for the ten years of IASI measurements (not shown).” 675 

 676 

[L106: Heterogeneous hydrolysis of N2O5 requires aerosol particles. So this process starts with cold 677 
binary aerosols (i.e. sulfates) before the formation of STS?] 678 

Indeed, previous studies have shown enhanced HNO3 columns during autumn in Antarctica and have 679 

attributed them to decreasing sunlight and conversion of N205 to HNO3 by the reaction of N205 with 680 

background aerosols, before the formation of polar stratospheric clouds (e.g. Keys et al., Nature, 1993). 681 

At these temperatures, the conversion may occur on binary sulfuric aerosols. 682 

 683 

The sentence has been rewritten as follows: 684 

 685 

“These high HNO3 levels result from low sunlight, preventing photodissociation, along with the 686 
heterogeneous hydrolysis of N2O5 to HNO3 during autumn before the formation of polar stratospheric 687 

clouds (Keys et al., 1993; Santee et al., 1999; Urban et al., 2009; DeZafra et al., 2001). This period also 688 

corresponds to the onset of the deployment of the southern polar vortex which is characterized by strong 689 

diabatic descent with weak latitudinal mixing across its boundary, isolating polar HNO3-rich air from 690 

lower latitudinal airmasses.” 691 

   692 

[L129: The onset of depletion seems to start when the temperatures fall substantially below 190K from 693 
inspection of Fig 1(c) and quite far below the red line marked at 195K.] 694 

The onset of HNO3 depletion starts in June at around 190K, which is in agreement with figure 1a. 695 

 696 

[L136-137: Why are two temperatures (180 and 185 K) quoted for 30hPa? Why is the actual value from 697 

Fig1(c) (I estimate this as about 188K) for the 50hPa temperature not given in L129?] 698 

The sentence has been rewritten for clarity: 699 

“The results (not shown here) exhibit a similar HNO3-temperature behaviour at the different levels with, 700 

as expected, lower and larger temperatures in R2, respectively, at 30 hPa (down to 180 K) and at 70 hPa 701 

145 (down to 185K), but still below the NAT formation threshold at these pressure levels (TNAT =193 K 702 

at 30 hPa and 197 K at 70 hPa) (Lambert et al., 2016).” 703 

 704 

[L138: "characterized by" seems the wrong description for the chance occurrence that the maximum 705 

sensitivity of IASI HNO3 falls in the same altitude range as the PSCs.] 706 

Changed to: “… the altitude range of maximum IASI sensitivity to HNO3 (see Section 2) is characterized 707 

by temperatures that are below the NAT formation threshold at these pressure levels, enabling the PSCs 708 
formation and the denitrification process.” 709 

 710 



19 

 

[L139-146: This section rather seems to belong in the conclusions.] 711 
L150-154 of the revised manuscript has been moved to the conclusions. 712 

 713 

[L148: Clearly this does not "go beyond the vertically integrated view" since the column HNO3 is all 714 

that is available. It could be reworded as "To identify the spatial and temporal variability of the column 715 

HNO3 ..."] 716 

Corrected as suggested. 717 

 718 

[L165-169: Denitrification is the term used to describe the permanent removal of some HNO3 from the 719 

gas phase by sedimentation of PSCs. Sequestration is the term used to describe the uptake of HNO3 720 

from the gas phase into PSCs. Denitrification by STS is a lengthy process compared to NAT since the 721 

smaller STS particles sediment slowly. STS can (and frequently does) form without the prior nucleation 722 

of NAT. IASI alone cannot discriminate between these processes and it should not be assumed that what 723 

is observed is the "onset of HNO3 denitrification".] 724 

We thank the referee for this remark. We are of course aware of the definition of the so-called 725 

“denitrification”. We agree that, from IASI, we can only measure a “removal from the gas phase”, caused 726 
by sequestration into particles with or without sedimentation. Careful attention has now been made in 727 

the manuscript to avoid abusive use of the term “denitrification”. Hence, “onset of HNO3 denitrification” 728 

has been changed to “the onset of HNO3 depletion” in L.169 and where appropriated in the revised 729 

manuscript and he title has also been changed accordingly to: 730 

“Polar stratospheric HNO3 depletion surveyed from a decadal dataset of IASI total columns”. 731 

  732 

[L185-187: 210K is much too high for PSC formation, but could possibly be NAT that is in process of 733 

melting? If these are observed over ocean then they warrant further investigation. However, why are 734 

specific regions with emissivity features not flagged as such? They should be discarded rather than 735 
"used with caution".] 736 

Bright land surface such as desert or ice might in some cases lead to poor HNO3 retrievals due to a poor 737 

knowledge of the wavenumber-dependent emissivity above such surfaces, which can alter the retrieval 738 

by compensation effects (Wespes et al., 2009). FORLI relies on the monthly climatology of surface 739 

emissivity built by Zhou et al. (2011) from several years of IASI measurements on a 0.5x0.5 grid and 740 

for each 8461 IASI spectral channels when available, or on the MODIS climatology that is unfortunately 741 

restricted to only 12 channels in the IASI spectral range; see Hurtmans et al. (2012) for more details. 742 
Although wavenumber-dependent surface emissivity atlases are used in FORLI, it is clear that this 743 

parameter remains critical and causes poorer retrievals that, in some instances, pass the posterior 744 

filtering. The total HNO3 columns over eastern Antarctica which show drop temperatures much above 745 

195K might precisely be related to this. We have made this clear in Section 4.2 of the revised version: 746 

 747 

“…emissivity features that are known to yield errors in the IASI retrievals. Indeed, bright land surface 748 

such as ice might in some cases lead to poor HNO3 retrievals. Although wavenumber-dependent surface 749 

emissivity atlases are used in FORLI (Hurtmans et al., 2012), this parameter remains critical and causes 750 

poorer retrievals that, in some instances, pass through the series of quality filters and could affect the 751 

drop temperature calculation.” 752 

  753 

We refer on the good agreement with MLS (suggested by the referee) to underline the potentiality of 754 

IASI to detect the HNO3 variations as well within the Antarctic winter (see general comment and Figure 755 

1 here below). 756 

 757 
[L189: Modern reanalysis temperatures (e.g. ERA-I) do not "feature large uncertainties" large enough 758 

to account for a 195K to 210K shift. L195-L201: The limitations of the reanalysis temperatures seems 759 
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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 760 
temperature" which simply necessitates finding the 50hPa reanalysis temperature that corresponds to 761 

the second derivative wrt time minimum in column HNO3.] 762 

We agree with the referee’s comment; the discussion about the potential role of the uncertainty of the 763 

ECMWF reanalysis temperature on the drop temperature has been removed from the section, hence, this 764 

paragraph has been strongly revised accordingly: 765 

 766 

“… while biases in ECMWF reanalysis are too small for explaining the spatial variation in drop 767 

temperatures. Thanks to the assimilation of an advanced Tiros Operational Vertical Sounder (ATOVS) 768 

around 1998–2000 in reanalyses, to the better coverage of satellite instruments and to the use of global 769 

navigation satellite system (GNSS) radio occultation (RO) (Schreiner et al., 2007; Wang et al., 2007; 770 

Lambert and Santee, 2018; Lawrence et al., 2018), the uncertainties have been vastly reduced. 771 

Comparisons of the ECMWF ERA Interim dataset used in this work with the COSMIC data (Lambert 772 

and Santee, 2018) found a small warm bias, with median differences around 0.5 K, reaching 0–0.25 K 773 

in the southernmost regions of the globe at ~68–21 hPa where PSCs form.” 774 

 775 
[What is meant by "spatial variability"? The plots in Fig 5 show the spatial distribution of the drop 776 

temperature over a number of years but what variability is being considered? Interannual? Why have 777 

these spatial maps of drop temperatures not been compared with published maps of PSC types made by 778 

CALIOP or MIPAS. Wouldn’t some correlation be expected according to the arguments made here? i.e. 779 

NAT PSCs at the higher temperature e.g. the highest temperatures (orange) appear downstream of the 780 

Palmar Peninsula in the "NAT ring" structure described by Hopfner et al (2006).] 781 

Corrected: “Figure 5 shows the spatial variability”  “Figure 5 shows the spatial distribution”. 782 

 783 

We do not understand the referee’s comment here. Figure 5 of the manuscript shows the spatial 784 
distribution of the drop temperature calculated inside a region enclosed by an isocontour PV of -8x10-5 785 

K.m2.kg-1.s-1, which, hence, encircles a region larger than the inner vortex core (see Figures 3 and 4 of 786 

the manuscript). The drop temperatures much above the NAT formation temperature, which are mostly 787 

found outside the averaged isocontour PV of -10x10-5 K.m2.kg-1.s-1, do not correspond to high minima 788 

(>-0.5 x1014 molec.cm-2.d-2) in the second derivative of HNO3 total column with respect to time. We 789 

cannot argue that it corresponds to the NAT belt of Höpfner et al. (2006) downstream of the Antarctic 790 

Peninsula, which was enclosed inside the region of the NAT threshold temperature; the highest drop 791 
temperatures from IASI are found on the contrary outside the isocontour of the NAT threshold 792 

temperature (see figure 5 of the revised manuscript). In addition, comparing the distributions of drop 793 

temperatures from IASI with PSC information from CALIPSO/MIPAS remain difficult given the 794 

difference in spatial coverage and, most importantly, the highly variable distribution of PSC types and 795 

of the NAT belt, temporally (daily) and spatially (Höpfner et al., 2006; Lambert et al., 2012). 796 

 797 

Finally, in response to G. Manney and M. Santee, the contour of −10×10-5K.m2.kg-1.s-1 based on the 798 

minimum PV encountered at 50 hPa over the 10 May to 15 July period as well as the isocontours of 195 799 

K at 50 hPa for the averaged temperatures and the minima over the same period are also now represented 800 

in the revised Fig.5 and the distribution of the drop temperatures is much better described and explained 801 

in the revised version: 802 

“The averaged isocontour of 195 K encircles well the area of HNO3 drop temperatures lower than 195 803 

K, which means that the bins inside that area characterize airmasses that experience the NAT threshold 804 

temperature during a long time over the 10 May – 15 July period. That area encompasses the inner vortex 805 

core (delimited by the isocontour of −10×10-5K.m2.kg-1.s-1 for the averaged PV) and show pronounced 806 
minima (lower than -0.5 x1014 molec.cm-2.d-2) in the second derivative of the HNO3 total column with 807 

respect to time (not shown here), which indicate a strong and rapid HNO3 depletion. 808 
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The area enclosed between the two isocontours of 195 K for the temperatures, the averaged one and the 809 
one for the minimum temperatures, show higher drop temperatures and weakest minima (larger than -810 

0.5 x1014 molec.cm-2.d-2) in the second derivative of the HNO3 total column (not shown). That area is 811 

also enclosed by the isocontour of −10×10-5K.m2.kg-1.s-1 for the minimum PV, meaning that the bins 812 

inside correspond, at least for one day over the 10 May – 15 July period, to airmasses located at the inner 813 

edge of the vortex and characterized by temperature lower than the NAT threshold temperature. The 814 

weakest minima in the second derivative of total HNO3 (not shown) observed in that area indicate a 815 

weak and slow HNO3 depletion and might be explained by a short period of the NAT threshold 816 

temperature experienced at the inner edge of the vortex. It could also reflect a mixing with strong HNO3-817 

depleted and colder airmasses from the inner vortex core. The mixing with these “already” depleted 818 

airmasses could also explained the higher drop temperatures detected in those bins. Finally, note also 819 

that these high drop temperatures are generally detected later (after the HNO3 depletion occurs, i.e. after 820 

the 10 May – 15 July period considered here – not shown), which supports the transport, in those bins, 821 

of earlier HNO3-depleted airmasses and the likely mixing at the edge of the vortex.” 822 

 823 

[L205: Nothing has been presented that demonstrates PSC occurrence. For that you would need to 824 
compare to actual data on PSCs from CALIOP and/or MIPAS.] 825 

Corrected: “PSCs occurrence”  “NAT formation temperature” 826 

 827 

[L224: Again, the suspect data should be discarded because of the detrimental impact on the scientific 828 

analysis. Also, if you cannot manage to work out and apply adequate quality control to your own data 829 

then you have no reason to expect anyone else to do so.] 830 

See our response to comment [L185-187] above. 831 

 832 

[L230: "To the best of our knowledge, it is the first time that such a large satellite observational data set 833 
of stratospheric HNO3 concentrations is exploited to monitor the evolution HNO3 versus temperatures" 834 

In fact you cite several papers that have done exactly this, but let’s take the one published over two 835 

decades ago by Santee et al (1999) titled "Six years of UARS Microwave Limb Sounder HNO3 836 

observations : Seasonal, interhemispheric, and interannual variations in the lower stratosphere". 837 

https://doi.org/10.1029/1998JD100089. Not only does this paper compare HNO3 with UKMO 838 

temperatures we are referred to a more complete paper on this topic on p8241 ... "The correlation of the 839 

HNO3 behavior with temperature during this time period, and its implications for PSC phase and 840 
composition, is explored in detail by Santee et al (1998). I noticed that the outside edge of the "HNO3 841 

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. 842 

This seems at odds with the 1E-4 value that is used for the second derivative minimum calculation in 843 

this paper and seemingly places the boundary quite far equatorward. Santee et al (1998) also includes a 844 

description of the heterogeneous hydration of N2O5 that would be helpful in response to the question 845 

above on L106.] 846 

We here simply refer to the unprecedented potential of IASI in terms of its exceptional spatial and 847 

temporal sampling. Ronsmans et al. (2018) also referred to the IASI dataset and correlations with 848 

temperature were done but in a lesser extent. In order to avoid overselling, the sentence has been 849 

rewritten: 850 

“We show in this study that the IASI dataset allows capturing the variability of stratospheric HNO3 851 

throughout the year (including the polar night) in the Antarctic. In that respect, it offers a new 852 

observational means to monitor the relation of HNO3 to temperature and the related formation of PSCs.” 853 

 854 

In this study, we use the PV fields taken from the ECMWF ERA Interim Reanalysis dataset at the 855 
potential temperature of 530 K (corresponding to ~20 km where the IASI sensitivity to HNO3 is the 856 

highest), while Santee et al. (1998) considered 465K. We clearly see from Figures 3a and 4 of the 857 
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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-858 
called HNO3 collar region. The PV value of -1e-4 K m2 kg-1 s-1 is used in this study to calculate the 859 

drop temperature based on the second derivative minimum as it clearly encompass the regions inside the 860 

inner polar vortex (see Figure 3a and 4 of the manuscript). 861 

 862 

[L231: "It could constitute a new accurate climatological parameter that could be inserted in the PSCs 863 

classification schemes." The analysis presented does not support this statement. Specifically, how could 864 

the HNO3 column amount be used in a classification scheme?] 865 

This sentence has been removed.  866 

 867 

Technical comments: 868 
 869 

L8: in [the] Antarctic 870 

L53: Studies of HNO3 depletion and PSC formation predate the sensors named in the paragraph e.g. the 871 

Santee et al (1999) reference used UARS/MLS launched in 1991, measurement using balloons should 872 

have been be referenced here. 873 
L108: extends 874 

Figure 1 caption: Each figure title in 1(b) needs to state the year e.g. "January - December 2011 or put a 875 

label "2011" above the whole figure. 876 

Figure 1 caption: 50 hpa => 50 hPa 877 

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 878 

the figures. Figures 1(a) and 1(c): Are the HNO3 and temperature structures (localized peaks and valleys) 879 

visible in the time series in 1(a) quite well correlated when plotted as a scatter diagram as in 1(c), but 880 

without the 7-day averaging? 881 

L123: 7-day 882 
L124 and Figure 1 caption: "in the range of" : only one value is given and not a range of values 883 

L130: Supplementary material - this does not appear to be available from the ACP website. 884 

L164: drop temperatures 885 

Figure 3 caption: sumperimposed => superimposed 886 

L170: Figures 3a and b 887 

L171: three isocontour levels 888 

L174: lines indicate 889 
L200: It underlines ... What does "it" refer to? The subject of the previous sentence is "the spatial 890 

variability" but that has not been defined. 891 

L201:critical denitrification phase 892 

L205: to PSCs occurrence to PSCs ?? 893 

L240: "All authors contributed to the writting of the text and reviewed the manuscript." 894 

writting => writing 895 

 896 

All the technical comments have been corrected. 897 

 898 

 899 

 900 

 901 

 902 

 903 
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 904 
 905 
Figure 1. Time series of daily IASI total HNO3 column (blue, left y-axis) co-located with MLS and of MLS VMR 906 
HNO3 within 2.5x2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa; right y-axis), averaged in the 70°S–907 
90°S (top panel), the 50°S–70°S (middle panel) and in the 30°S–50°S (bottom panel) equivalent latitude bands. 908 
The error bars (light blue) represents 3σ, where σ is the standard deviation around the IASI HNO3 daily average. 909 

 910 
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 911 
 912 

 913 

 914 
 915 
Figure 2. Examples of IASI HNO3 vertical profiles (in molec.cm−2) with corresponding averaging kernels (in 916 
molec.cm-2/molec.cm-2; with the total column averaging kernels (black) and the sensitivity profiles (grey)) above 917 
Arrival Height (77.49°S, 166.39°E, top panels) and Lauder (45.03°S, 169,40°E; bottom panels). The error bars 918 
associated with the HNO3 vertical profile represent the total retrieval error. The a priori profile is also represented. 919 
The total column and the DOFS values are indicated. 920 
 921 

 922 

 923 
 924 

 925 

 926 

 927 
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 928 
 929 

 930 
Figure 3. Time series of total HNO3 second derivative (blue, left y-axis) and of the temperature (red, right y-axis) 931 
at 30 hPa (top panel) and 70 hPa (bottom panel), in the region of potential vorticity lower than -10 x10-5 K.m2.kg-932 
1.s-1. The red horizontal line corresponds to the 195 K temperature. The vertical dashed lines indicate the second 933 
derivative minimum in HNO3 for each year. The corresponding dates (in bold, on the x-axis) and temperatures 934 
are also indicated. The time series of total HNO3 second derivative (dashed blue) and of temperature at 50 hPa 935 
(grey) in the70–90°S Eqlat band are also represented. 936 
 937 
 938 
 939 
 940 
 941 
 942 
 943 
 944 
 945 
 946 
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 947 

Response to Gloria Manney and Michelle Santee 948 

 949 
We thank Gloria Manney and Michelle Santee for their extensive comments. Kindly find below our 950 

responses to each (quoted between []). We hope that our responses will clarify the main issues they have 951 
addressed. In particular, we hope that with the changes made, also in reply to the two anonymous 952 

reviewers, we have made more convincing that the IASI HNO3 dataset has the potential to contribute to 953 

stratospheric studies in general, and to the time evolution of the polar processes in particular.   954 

 955 

General comment 956 

 957 
Throughout this manuscript, starting with its title, the term “denitrification” is taken to be synonymous 958 

with the uptake of gas-phase HNO3 through the formation of PSCs. Although not without precedent, 959 

this approach is contrary to common practice and may lead to confusion. Condensation of HNO3 in 960 

PSCs is usually referred to as “sequestration”, while the term “denitrification” is usually reserved for the 961 

permanent removal of HNO3 from the lower stratosphere through the sedimentation of PSCs. In the 962 

absence of analysis of direct PSC measurements (e.g., from an instrument such as CALIOP), the 963 

occurrence of true denitrification can only be inferred from space-borne measurements of gaseous HNO3 964 

when abundances do not rebound as PSCs dissipate at the end of winter, suggesting permanent removal. 965 

Thus the “drop temperature” derived in this study is indicative only of the onset of PSC formation, not 966 
the onset of denitrification, as is stated in numerous places in the paper. 967 

We agree that, from IASI, we can only detect a “removal from the gas phase”, caused by sequestration 968 

into particles with or without sedimentation. This misuse of the term “denitrification” was also 969 

highlighted by the two anonymous referees. Careful attention has been given in the manuscript to avoid 970 

abusive use of the term “denitrification”.  Hence, “onset of HNO3 denitrification” has been changed to 971 

“the onset of HNO3 depletion” in L.169 and where appropriate in the revised manuscript. The title has 972 

also been changed accordingly to: 973 

“Polar stratospheric HNO3 depletion surveyed from a decadal dataset of IASI total columns”. 974 

 975 

Specific comments 976 

 977 
[Abstract: L2: It is misleading (particularly for those who read only the abstract of the paper) to 978 

characterize the IASI HNO3 total columns as having “good vertical sensitivity”. Indeed, this optimistic 979 

assessment is directly contradicted in Section 2, where IASI is stated to have “low vertical sensitivity ... 980 

with only one independent piece of information” (L76).] 981 
As stated in the text, we here refer to “a good vertical sensitivity in the low and middle stratosphere”, 982 

not to a good vertical resolution of the measurement. Note that HNO3 vertical profiles are retrieved from 983 

IASI measurements, not simply total columns. Hence, even if the sensitivity covers the entire altitude 984 

range from the troposphere to the stratosphere with no clear decorrelation (DOFS~1) between the 985 

retrieved layers, it is shown in Ronsmans et al. (2016) that the highest sensitivity lies in the low-middle 986 

stratosphere, depending on latitude and season (from ~70 to 30 hPa within the cold Antarctic winter). 987 

This means that the variability in the measured total column is mainly representative of that layer. “low 988 

vertical sensitivity” in L76 has been changed to “low vertical resolution” to be more in line with the 989 

above.   990 

 991 

We agree that the IASI sensitivity was insufficiently put forward in the text. We made it more explicit 992 

at several places in the revised manuscript; e.g. in Section 1: “IASI provides reliable total column 993 

measurements of HNO3 characterized by a maximum sensitivity in the low-middle stratosphere around 994 

50 hPa (20 km) during the dark Antarctic winter (Ronsmans et al., 2016; 2018) …” and in Section 2: 995 
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“… the largest sensitivity of IASI in the region of interest, i.e. in the low and mid-stratosphere (from 70 996 
to 30 hPa), where the HNO3 abundance is the highest (Ronsmans et al., 2016). 997 

 998 

[Introduction: L48-49: It should be made more clear that this is by no means an exhaustive list of 999 

spaceborne instruments that have measured stratospheric HNO3.] 1000 

The study of Santee et al. (1999) on MLS/UARS measurements has been added: 1001 

 1002 

“Several satellite instruments measure stratospheric HNO3 (e.g. MLS/UARS (Santee et al., 1999), 1003 

MLS/Aura (Santee et al., 2007), MIPAS/ENVISAT (Piccolo 50 and Dudhia, 2007), ACE-FTS/SCISAT 1004 

(Sheese et al., 2017) and SMR/Odin (Urban et al., 2009)).” 1005 

 1006 

[Section 2: The information provided about the IASI HNO3 retrieval, data quality, and data screening is 1007 

insufficient. This information is critical to assessing the robustness of the reported results, and readers 1008 

should not be forced to refer to previous papers to find it.] 1009 

The reader is here invited to refer to the figure 4 of Ronsmans et al. (2016) which illustrates the global 1010 

distribution of the total retrieval error for HNO3 (integrated over 5 to 35 km) separately for January (left) 1011 
and July (right) over the period of the IASI measurements. The mid- and polar latitudes are characterized 1012 

by low total retrieval errors of around ~3-5% - which corresponds to a reduction by a factor of 18-30 1013 

compared to the prior uncertainty (90%) and indicates a real gain of information – except above 1014 

Antarctica during wintertime where the errors reach 25%. They are explained by (1) a weaker sensitivity 1015 

(i.e. a larger smoothing error which represents in all cases the largest source of the retrieval error) above 1016 

such cold surface (DOFS of ~0.95 within the dark Antarctic vortex – see figure 3 of Ronsmans et al., 1017 

2016) and by (2) a misrepresentation of the wavenumber-dependent surface emissivity above ice surface 1018 

(Hurtmans et al., 2012). As also required by the two anonymous referees, this is now made more explicit 1019 

in Section 2 of the revised manuscript: 1020 
 1021 

 “The total columns are associated with a total retrieval error ranging from around 3% at mid- and polar 1022 

latitudes to 25% above cold Antarctic surface during winter (due to a weaker sensitivity above very cold 1023 

surface with a DOFS of ~0.95 and to an poor knowledge of the seasonally and wavenumber-dependent 1024 

emissivity above ice surfaces which induces larger forward model errors), and a low bias (lower than 1025 

12%) in polar regions over the altitude range where the IASI sensitivity is largest, when compared to 1026 

ground-based FTIR measurements (see Hurtmans et al., 2012; Ronsmans et al., 2016 for more details).”  1027 
 1028 

Note also that similarly to these two previous studies, HNO3 measurements characterized by a poor 1029 

spectral fit or by a low information content (DOFS < 0.9) have been filtered out of this analysis. This is 1030 

now clearly mentioned in Section 2 of the revised manuscript: 1031 

 1032 

“Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were 1033 

applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags 1034 

rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less 1035 

reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity 1036 

characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a 1037 

fractional cloud cover larger than 25 %).” 1038 

 1039 

[In later sections (e.g., L186, L225), errors in IASI retrievals arising from issues with emissivity above 1040 

ice shelves are invoked to account for some dubious results, but no mention of these poor-quality 1041 

retrievals is made in the “Data” section, nor is it explained why quality-control measures fail to properly 1042 
filter out these suspect data points.] 1043 

See our response to the above comment.  1044 
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 1045 
Bright land surface such as desert or ice might in some cases lead to poor HNO3 retrievals due to a poor 1046 

knowledge of the wavenumber-dependent emissivity above such surfaces, which can alter the retrieval 1047 

by compensation effects (Wespes et al., 2009). FORLI relies on the monthly climatology of surface 1048 

emissivity built by Zhou et al. (2011) from several years of IASI measurements on a 0.5x0.5 grid and 1049 

for each 8461 IASI spectral channels when available, or on the MODIS climatology that is unfortunately 1050 

restricted to only 12 channels in the IASI spectral range; see Hurtmans et al. (2012) for more details. 1051 

Although wavenumber-dependent surface emissivity atlases are used in FORLI, it is clear that this 1052 

parameter remains critical and causes poorer retrievals that, in some instances, pass the posterior 1053 

filtering. The total HNO3 columns over eastern Antarctica which show drop temperatures much above 1054 

195K might precisely be related to this. We have made this clear in Section 4.2 of the revised version: 1055 

 1056 

 “…emissivity features that are known to yield errors in the IASI retrievals. Indeed, bright land surface 1057 

such as ice might in some cases lead to poor HNO3 retrievals. Although wavenumber-dependent surface 1058 

emissivity atlases are used in FORLI (Hurtmans et al., 2012), this parameter remains critical and causes 1059 

poorer retrievals that, in some instances, pass through the series of quality filters and could affect the 1060 
drop temperature calculation.” 1061 

 1062 

[L78: 10 km can hardly be characterized as the “mid-stratosphere”.] 1063 

It has been corrected: 1064 

“… in the low and mid-stratosphere (from ~70 to ~30 hPa),…” 1065 

 1066 

[L84: “normal” has a specific statistical meaning and is not the appropriate word here.] 1067 

The reviewers are right; “normal” has been removed. 1068 

 1069 
[L85-86: The validity of the analysis approach depends on the 50 hPa pressure surface and the 530 K 1070 

isentropic surface being in very close proximity during Antarctic winter. This implicit assumption should 1071 

be explicitly justified in the paper.] 1072 

Figure 1 below represents the figure 2 of the manuscript but for the temperature at 30 hPa (top panel) 1073 

and 70 hPa (bottom panel) for the sake of comparison. As expected, the drop temperatures are the lowest 1074 

when using the temperatures at 30 hPa. They vary from 185-195 K (~192K on average) at 30 hPa to 1075 

195-204 K (~198 K on average) at 70 hPa with values of ~189-202 K (~194 K on average) at 50 hPa.  1076 
As explained in the manuscript, the use of the 195 K at 50 hPa as single level for the analysis is justified 1077 

by the fact that it corresponds best to the maximum of IASI vertical sensitivity during the polar night 1078 

(see Figure 3 of Ronsmans et al. 2016 and responses to related comments above); another justification 1079 

is found a posteriori by the consistency between the 195 K threshold temperature taken at 50 hPa and 1080 

the onset of the strong total HNO3 depletion seen by IASI, which matches the NAT development that 1081 

occurs in June around that level. However, we fully agree that the HNO3 abundances over a large part 1082 

of the stratosphere (between 70 and 30 hPa) contribute to the total HNO3 variations detected by IASI 1083 

and that this inevitably affects the drop temperature calculation at 50 hPa. In order to address this issue 1084 

and as also requested by referee #1, we have added in the manuscript the range of drop temperatures 1085 

when calculated at these two other pressure levels (from 185 K to 204 K); this indeed allows the reader 1086 

to better judge on the uncertainty of the drop temperature at 50 hPa (189-202 K). The text in the revised 1087 

manuscript is changed to: 1088 

“… Nevertheless, given the range of maximum IASI sensitivity to HNO3 around 50 hPa, typically 1089 

between 70 and 30 hPa (Ronsmans et al., 2016), the drop temperatures are also calculated at these two 1090 

other pressure levels (not shown here) to estimate the uncertainty of the calculated drop temperature 1091 
defined in this study at 50 hPa. The 30 hPa and 70 hPa drop temperatures range respectively over 185.7 1092 

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 (1σ 1093 
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standard deviation) over the ten years of IASI. The average values at 30 hPa and 70 hPa fall within the 1094 
1σ standard deviation associated with the average drop temperature at 50 hPa. It is also worth noting the 1095 

agreement between the drop temperatures and the NAT formation threshold at these two pressure levels 1096 

(TNAT ~193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et al., 2016).” 1097 

 1098 

See comment here below for the justification of a single theta level (530 K) for the PV. 1099 

 1100 

[L89-91: It is highly problematic to use a single theta level to distinguish inside from outside vortex 1101 

regions for column measurements. This approach implicitly (and erroneously) assumes that the vortex 1102 

does not tilt, shrink, or expand with height over the altitude range considered. A better approach would 1103 

have been to check PV over a range of levels and discard measurements classified as outside the vortex 1104 

at any one of those levels. A similar comment can be made concerning the use of a single pressure level 1105 

for temperature. Again, it might have been better to use a range of T over the ~10–30 km layer where 1106 

IASI has most sensitivity. Some attempt is made to justify the latter choice (using 195 K at 50 hPa) in 1107 

Section 3 (L141-142) and Section 4 (L168-169), but the arguments are not convincing, as the authors 1108 

themselves appear to recognize when they state (L188-189) “hence, the use of temperature at a single 1109 
pressure level might be restrictive to some extent”.] 1110 

Here again, the approach that we have followed was to select the levels that correspond best to the 1111 

altitude of IASI maximum vertical sensitivity during the polar night (see Figure 3 of Ronsmans et al. 1112 

2016 and responses to related comments above). We agree, however, that considering PV over the range 1113 

of the largest IASI sensitivity (from ~30 to ~70 hPa during the polar night) would allow the reader to 1114 

better judge on the uncertainty of our approach. To that end, the figure 2 below compares the maps of 1115 

PV at 475 K (~65 hPa), 530 K (~50 hPa) and 600 K (~30 hPa) over the southern latitudes averaged over 1116 

the period 15 May – 15 July (period of drop temperatures detection inside the inner vortex core) for the 1117 

year 2008. They show quite similar shape of the vortex over the altitude of maximum IASI sensitivity 1118 
which, hence, has only small influence on our delimitation of the inner polar vortex (delimited by a PV 1119 

value of −10×10-5K.m2.kg-1.s-1 at 530 K) and, thus, on the detection of the drop temperature averaged 1120 

inside that region (see Figure 2 of the manuscript). Note, furthermore, that our approach has no influence 1121 

on the spatial distribution of the drop temperature illustrated in Fig.5 of the manuscript, which is 1122 

independent of the PV.  1123 

 1124 

See comment here above for the justification of the use of a single pressure level (50 hPa) for the 1125 
temperature. 1126 

 1127 

[Section 3: The definition of the three “regimes” in the T/HNO3 relationship seems arbitrary and not 1128 

well justified. For example, R1 is defined to begin in April, but Fig. 1a shows that HNO3 values start to 1129 

increase rapidly and temperatures start to decrease rapidly in March (or even February, as noted in L117), 1130 

not April. Only R2 encompasses a steep change in HNO3, but that regime also includes a lengthy period 1131 

during which HNO3 remains nearly constant. It might have been better to break R2 into an “onset of 1132 

PSC formation” phase and a “denitrification plateau” phase. Moreover, as defined in the paper, R2 1133 

extends through, not to, September as stated in L108. These problems are evident in the discussion in 1134 

this section, as in some cases the behavior ascribed to one regime actually occurs in another.] 1135 

The definition of the three “regimes” in the T/HNO3 relationship made here is actually based on changed 1136 

in both HNO3 and T, not only in HNO3. 1137 

 1138 

We did not stated in our manuscript that “HNO3 values start to increase rapidly and temperatures start 1139 

to decrease rapidly in March (or even February, as noted in L117), not April”. In the manuscript, it is 1140 
clearly stated in L117: “The plateau lasts until approximately February, where HNO3 total column 1141 
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slowly starts increasing, reaching the April-May maximum in R1”. Our statement specifically justified 1142 
the start of R1 in April.  1143 

 1144 

We changed “R2 extends from June to September” to “R2 extends from June to October” in L108. 1145 

 1146 

[L102 and Fig. 1 caption: The red line in Fig. 1a is horizontal, not vertical, and Fig. 1b contains no such 1147 

line – it is on Fig. 1c. Neither red line is defined in the caption.] 1148 

For Fig.1a: “horizontal” has been changed to “vertical”.  1149 

Fig. 1b and 1c do contain a red vertical line.  1150 

The red horizontal or vertical lines are now mentioned in the caption of the revised manuscript. 1151 

 1152 

[L102 and Fig. 1: 2011 was a particularly cold and long-lasting Antarctic winter, and thus it is arguably 1153 

not representative. Some explanation for why that year was selected for highlighting in Fig. 1b is 1154 

needed.] 1155 

As expected from figure 1c, any other year could have been chosen instead of the year 2011 to illustrate 1156 

the HNO3 total columns versus temperatures (at 50 hPa) histogram in figure 1b. It is now clearly 1157 
mentioned in the revised manuscript: 1158 

“Similar histograms are observed for the ten years of IASI measurements (not shown).” 1159 

 1160 

[L105-106: The contribution of confined descent inside the developing vortex bringing air rich in HNO3 1161 

from above into the domain where IASI is most sensitive has been ignored here – isn’t descent also a 1162 

factor leading to the observed high HNO3 total column values in early austral autumn?] 1163 

The domain where IASI is the most sensitive does actually cover the maximum HNO3 concentrations, 1164 

hence, the high HNO3 total column values cannot be explained by the descent of HNO3 rich air.  1165 

 1166 
However, in response to the two anonymous referees, the sentence has been rewritten as follows: 1167 

 1168 

“These high HNO3 levels result from low sunlight, preventing photodissociation, along with the 1169 

heterogeneous hydrolysis of N2O5 to HNO3 during autumn before the formation of polar stratospheric 1170 

clouds (Keys et al., 1993; Santee et al., 1999; Urban et al., 2009; DeZafra et al., 2001). This period also 1171 

corresponds to the onset of the deployment of the southern polar vortex which is characterized by strong 1172 

diabatic descent with weak latitudinal mixing across its boundary, isolating polar HNO3-rich air from 1173 
lower latitudinal airmasses.” 1174 

 1175 

[L115-116: In addition to a lack of citations of earlier papers on renitrification of the lowermost 1176 

stratosphere (LMS), this sentence is not a very clear expression of the fact that IASI is not sensitive to 1177 

the LMS and hence renitrification has little impact on the observed evolution of total column HNO3.] 1178 

The renitrification at lower stratospheric layers was merely mentioned here and it was not meant to be 1179 

extensively reviewed. To address the comment, Lambert et al. (2012) , which was already cited at several 1180 

places of the manuscript has been added here. It is clearly stated in the revised version that a likely 1181 

renitrification of the LMS could hardly be detected given the maximum sensitivity of IASI to HNO3 at 1182 

higher levels than those at which it occurs: 1183 

 1184 

“The likely renitrification of the lowermost stratosphere (Braun et al., 2019; Lambert et al., 2012), where 1185 

the HNO3 concentrations and the IASI sensitivity to HNO3 are lower (Ronsmans et al., 2016), cannot be 1186 

inferred from the IASI measurements.” 1187 

 1188 
[L119-121: Why is 2010 highlighted in Fig. 1a (green line)? Other recent Antarctic winters were also 1189 

disturbed with some minor SSW activity, e.g., 2012 and 2013. Did those episodes not affect the HNO3 1190 
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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? 1191 
More explanation for why the authors chose to show this particular level for this particular year is 1192 

needed.] 1193 

As explained in the text, 2010 is chosen because of its highest HNO3 levels and highest temperatures 1194 

within the Antarctic winter. No strong warming and related enhanced HNO3 levels are observed from 1195 

IASI for the years 2012 and 2013 (see Fig. 2a and Fig.5 of the revised manuscript). We have chosen to 1196 

illustrate the temperature at 20 hPa for 2010 (dotted green line) in addition to the ones at 50 hPa (dashed 1197 

lines) for each year simply because that level shows a distinct increase in temperature (cfr de Laat and 1198 

van Weele, 2011) reflecting the presence of a SSW during the winter of 2010, while at 50 hPa, the 1199 

increase in temperatures is smaller (dashed green line). 1200 

 1201 

[Fig. 1c: In general this plot is not well explained or well motivated. By showing the position in 1202 

temperature / HNO3 space of the bin with the maximum number of observations, important information 1203 

about the range of those values on a given day is omitted. The ranges in Fig. 1b suggest that the values 1204 

at a given time may span most of the HNO3 axis in Fig. 1c, rendering the curves shown less meaningful. 1205 

In addition, it is stated (L127) that this figure highlights the interannual variability in total HNO3, but 1206 
interannual variability is also clearly seen in panel (a), which is much easier to interpret. The discussion 1207 

relates the picture in Fig. 1c to the three regimes, but since they are not marked on this panel, it cannot 1208 

easily be examined without reference to Fig. 1a. It is therefore not obvious what additional value this 1209 

figure brings to the paper.] 1210 

We agree that figure 1c does not bring additional information in comparison with the figures 1a and 1b; 1211 

however, it is an original way to give insight into the HNO3/temperature cycle and, in that respect, it 1212 

nicely complements figure 1a. We would not be in favour of removing it. 1213 

 1214 

Regarding the other comment, it is true that the daily range of HNO3 values around those of highest 1215 
occurrence is not represented in Fig. 1c but note that it does not correspond to the range of HNO3 values 1216 

in Fig.1b which cover 3 months of IASI measurements. Hence, we do not agree with the comments that 1217 

“The ranges in Fig. 1b suggest that the values at a given time may span most of the HNO3 axis in Fig. 1218 

1c, rendering the curves shown less meaningful”. The daily variability associated with the HNO3 time 1219 

series in the equivalent latitude bands can be found in Ronsmans et al. (2018). 1220 

 1221 

In order to respond to the comment, the three regimes that were identified in Fig. 1a and Fig. 1b are now 1222 
also indicated in Fig. 1c of the revised manuscript. 1223 

 1224 

[L125: HNO3 columns are said to slowly increase as the T decreases over “February to May, i.e., R3 to 1225 

R1”. However, R3 is defined to start in October, and actually the slow increase in total HNO3 starts 1226 

before February, arguably even as early as December.] 1227 

Here again we would like to stress that we did not only consider the change in HNO3, but well the 1228 

changes in both HNO3 and temperature; HNO3 columns do indeed increase as the temperature decrease 1229 

over February to May but, before February, the HNO3 levels increase as temperature also increase.   1230 

 1231 

[L126: In the discussion of strong and rapid HNO3 depletion, “June (R1-R2)” should be “June-August 1232 

(R2)”.] 1233 

We indicate in the revised version: “… the strong and rapid HNO3 depletion occurring in June (R2)” 1234 

 1235 

[Section 4: Fig. 2 and its caption: More should be said about the agreement (or lack thereof) between the 1236 

dashed and solid HNO3 and the grey and red T lines when they both exist. Some readers may question 1237 
why the PV approach is used, given the gaps in those curves. Also, perhaps this is just an optical illusion, 1238 

but the solid blue line appears to be thicker in some years (2011, 2014, 2016, 2017) than in the others. 1239 
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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 1240 
value pertains (presumably 530 K) should be specified.] 1241 

The PV approach is indeed preferred for the calculation of the drop temperatures and the corresponding 1242 

dates because it better delimits the inner vortex core. The time series in the 70–90°S Eqlat band are only 1243 

represented for consistency with Fig.1a (Fig. 2a of the revised manuscript). Even if the time series in the 1244 

PV isocontour of −10×10-5K.m2.kg-1.s-1 or in the 70–90°S Eqlat band are very close during the Antarctic 1245 

winter, differences in the drop temperature calculation might be found.  1246 

 1247 

Only one blue solid line is plotted, hence, its width is the same over the IASI period. 1248 

 1249 

The potential temperature at which the PV is taken (530 K) is now mentioned in the caption of the 1250 

revised manuscript. 1251 

 1252 

[L155: It is not appropriate to characterize the total HNO3 depletion in the inner vortex as being the 1253 

“coldest”.] 1254 

Indeed a word was missing here. It has been corrected: “… the regions inside the inner polar vortex 1255 
where the temperatures are the coldest and the total HNO3 depletion occurs.” 1256 

 1257 

[L160: The wording in this sentence is garbled.] 1258 

It has been rewritten for clarity: “Note that the HNO3 time series has been smoothed with a simple spline 1259 

data interpolation function to avoid gaps in order to calculate the second derivative of HNO3 total column 1260 

with respect to time as the daily second-difference HNO3 total column”. 1261 

 1262 

[L162-163: 23 is more than “a few” days.] 1263 

It has been changed to: “…within some days…” 1264 
 1265 

[L174-179 and Fig. 3 caption: The description of the figure is confusing. It is stated in both in L174-175 1266 

and the caption that the vertical red dashed line indicates, at 90S, the 10-year average of the drop 1267 

temperatures (191.1 K) calculated from the HNO3 second derivative time series in the area delimited by 1268 

the −10×10-6 K.m2.kg-1.s-1 PV contour. It’s not clear how a vertical line on a time series plot can 1269 

represent a temperature value. Perhaps the authors meant to say the average date on which T dropped 1270 

below the 195 K threshold at 90S? Moreover, the discussion above indicated that the value of 191.1 K 1271 
was the average for the inner vortex (defined by either PV or EqL), not specifically at the South Pole 1272 

(90S). In addition, the scale for the PV contour should be 10-5, not 10-6. Then in L176-177, it is stated 1273 

that the “delay of 4-23 days between the maximum in total HNO3 and the start of the depletion is also 1274 

visible” – but how is a range of values (which arises from different years) visible in a climatological 1275 

plot?] 1276 

The red dashed vertical line indeed represents the average drop temperature of 194.2 K calculated in the 1277 

area delimited by the −10×10-5 K.m2.kg-1.s-1 PV contour; the position of the line matches the temperature 1278 

of 194.2 K at 90°S. We agree that the representation of the averaged drop temperature is not clear. We 1279 

now represent one isocontour for the averaged drop temperature and two vertical lines that encompass 1280 

the dates on which the drop temperature is calculated. The scale for the PV contour has been corrected. 1281 

We now state in the revised version that:  1282 

“The delay of some days between the maximum in total HNO3 and the start of the depletion (see Fig. 3) 1283 

is also visible in Fig. 4a.”  1284 

 1285 

[Fig. 4: Very little discussion is devoted to this figure; it is merely noted (L177-178) that it shows the 1286 
reproducibility of the IASI measurements of HNO3 depletion from year to year. Since Fig. 1 already 1287 

makes this point, the added value of Fig. 4 is not clear.] 1288 
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The figure 4 clearly illustrates the reproducibility, from year to year, of the edge of the collar HNO3 1289 
region delimited by the PV isocontour of −5×10-5K.m2.kg-1.s-1 and of the region of the strong HNO3 1290 

depletion delimited by the PV isocontour of −10×10-5K.m2.kg-1.s-1 taken at 50 hPa, the pressure level 1291 

considered in this study to derive the drop temperatures. This cannot be inferred from Figure 1 and this 1292 

is the main reason why we think that Figure 4 has to be kept.  1293 

 1294 

[Fig. 5: How relevant is the PV contour averaged over the May to October period, when the dates of the 1295 

onset of HNO3 depletion are May to June (or possibly July)? Why include August, September, and 1296 

October in this average?] 1297 

We fully agree with that comment. Initially, the May-October period was chosen because it encompasses 1298 

the dates of drop temperatures calculated in the region considered in Fig.5 (isocontour of −8×10-1299 
5K.m2.kg-1.s-1). However, outside the polar vortex (defined by an isocontour of −10×10-5K.m2.kg-1.s-1), 1300 

drop temperatures are found much above the NAT formation temperature and they do not correspond to 1301 

clear minima in the second derivative of HNO3 total column with respect to time. Hence, considering 1302 

that period for the PV contour is indeed not appropriate here.  1303 

 1304 
We now represent, in the revised version, the PV contour over the 10 May to 15 July period that 1305 

encompasses the dates of the onset of HNO3 depletion inside the inner vortex core. Note that, on the 1306 

contrary to the submitted version, we do not only consider the average of the PV over that period, but 1307 

also the minima, which we find more representative of the drop temperature given the rapid displacement 1308 

of the vortex: one bin can indeed be located inside the vortex one day and outside the vortex another 1309 

day. Hence, that particular bin can be characterized by a depletion in HNO3 with a specific drop 1310 

temperature but an averaged PV larger than the value considered here to delimit the vortex core. The 1311 

contour of −10×10-5K.m2.kg-1.s-1 based on the minimum PV encountered over the 10 May to 15 July 1312 

period as well as the isocontours of 195 K at 50 hPa for the averaged temperatures and the minima over 1313 
the same period are also now represented in the revised Fig.5 and the distribution of the drop 1314 

temperatures is much better described and explained in the revised version: 1315 

 1316 

“The averaged isocontour of 195 K encircles well the area of HNO3 drop temperatures lower than 195 1317 

K, which means that the bins inside that area characterize airmasses that experience the NAT threshold 1318 

temperature during a long time over the 10 May – 15 July period. That area encompasses the inner vortex 1319 

core (delimited by the isocontour of −10×10-5K.m2.kg-1.s-1 for the averaged PV) and show pronounced 1320 
minima (lower than -0.5 x1014 molec.cm-2.d-2) in the second derivative of the HNO3 total column with 1321 

respect to time (not shown here), which indicate a strong and rapid HNO3 depletion. 1322 

 1323 

The area enclosed between the two isocontours of 195 K for the temperatures, the averaged one and the 1324 

one for the minimum temperatures, show higher drop temperatures and weakest minima (larger than -1325 

0.5 x1014 molec.cm-2.d-2) in the second derivative of the HNO3 total column (not shown). That area is 1326 

also enclosed by the isocontour of −10×10-5K.m2.kg-1.s-1 for the minimum PV, meaning that the bins 1327 

inside correspond, at least for one day over the 10 May – 15 July period, to airmasses located at the inner 1328 

edge of the vortex and characterized by temperature lower than the NAT threshold temperature. The 1329 

weakest minima in the second derivative of total HNO3 (not shown) observed in that area indicate a 1330 

weak and slow HNO3 depletion and might be explained by a short period of the NAT threshold 1331 

temperature experienced at the inner edge of the vortex. It could also reflect a mixing with strong HNO3-1332 

depleted and colder airmasses from the inner vortex core. The mixing with these “already” depleted 1333 

airmasses could also explained the higher drop temperatures detected in those bins. Finally, note also 1334 

that these high drop temperatures are generally detected later (after the HNO3 depletion occurs, i.e. after 1335 
the 10 May – 15 July period considered here – not shown), which supports the transport, in those bins, 1336 

of earlier HNO3-depleted airmasses and the likely mixing at the edge of the vortex.” 1337 
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 1338 
[L181: “the drop 50 hPa temperatures” should be “the 50 hPa drop temperatures”.] 1339 

It has been corrected. 1340 

 1341 

[L183: Technically, the isocontour represents –10, not ≤ –10.] 1342 

It has been corrected. 1343 

 1344 

[L184-185: First, how does the range of dates corresponding to the onset of HNO3 depletion reported 1345 

here – mid-May to early July – relate to that reported (L163) in connection with Fig. 2, which was 17 1346 

May to 10 June? Does the difference in these estimates arise because the former is based on averages in 1347 

1°×1° bins, whereas the latter is based on a vortex average within the PV contour? July seems rather late 1348 

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 1349 

L164, whereas here drop Ts vary over a wider range, from 180 to 210 K. The values at both extremes of 1350 

this range are unrealistic. Indeed, the date and T ranges found in connection with Fig. 5 call into question 1351 

the analysis method.] 1352 

Indeed, the differences between the range in drop temperatures and corresponding dates shown in Fig.2 1353 
and in Fig.5 are simply due to the average (over the whole area delimited by a PV contour in Fig.2 vs in 1354 

1°x1° bins within the PV contour). 1355 

See our response to comment [L186, L225] above about the extreme unrealistic values of drop 1356 

temperature: The total HNO3 columns over eastern Antarctica which show drop temperatures much 1357 

above 195K might precisely be contaminated by strong surface emissivity features above ice; We have 1358 

made this clear in Section 4.2 of the revised version: 1359 

“…emissivity features that are known to yield errors in the IASI retrievals. Indeed, bright land surface 1360 

such as ice might in some cases lead to poor HNO3 retrievals. Although wavenumber-dependent surface 1361 

emissivity atlases are used in FORLI (Hurtmans et al., 2012), it is clear that this parameter remains 1362 
critical and causes poorer retrievals that, in some instances, pass through the series of quality filters and 1363 

could affect the drop temperature calculation.” 1364 

 1365 

[L189-196: The questionable results derived from this analysis cannot be pinned on biases in the ERA-1366 

Interim data. The statement is made that “Reanalysis data sets are, indeed, known to feature large 1367 

uncertainties”, but the uncertainty in modern reanalysis temperatures (typically less than ~1 K) is by no 1368 

means large enough to account for drop Ts as extreme as 180 and 210 K. The reliability of reanalysis 1369 
temperatures in the polar lower stratosphere (including those from ERA-Interim) has been conclusively 1370 

demonstrated in several recent papers, notably by Lawrence et al. [2018] and Lambert and Santee [2018]. 1371 

Although both papers are cited here, their implications have apparently been overlooked.] 1372 

We fully agree with that remark that was also made by the referee #2. The discussion about the potential 1373 

role of the uncertainty of the ECMWF reanalysis temperature on the drop temperature has been removed 1374 

from the section, hence, this paragraph has been strongly revised accordingly: 1375 

“… while biases in ECMWF reanalysis are too small for explaining the spatial variation in drop 1376 

temperatures. Thanks to the assimilation of an advanced Tiros Operational Vertical Sounder (ATOVS) 1377 

around 1998–2000 in reanalyses, to the better coverage of satellite instruments and to the use of global 1378 

navigation satellite system (GNSS) radio occultation (RO) (Schreiner et al., 2007; Wang et al., 2007; 1379 

Lambert and Santee, 2018; Lawrence et al., 2018), the uncertainties have been vastly reduced. 1380 

Comparisons of the ECMWF ERA Interim dataset used in this work with the COSMIC data (Lambert 1381 

and Santee, 2018) found a small warm bias, with median differences around 0.5 K, reaching 0–0.25 K 1382 

in the southernmost regions of the globe at ~68–21 hPa where PSCs form.” 1383 

 1384 
[L197-199: This sentence is confusing and its intended meaning is unclear. It appears to be comparing 1385 

apples (the spatial variability in drop T seen in the maps in Fig.5) to oranges (“natural” variations in PSC 1386 
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nucleation T, TTE, and PSC formation mechanism). Perhaps the authors meant the spatial variability in 1387 
those parameters (and not the values themselves), but that is not how the sentence is constructed. In any 1388 

case, further discussion of comparisons of Fig. 5 with previously published results is warranted.] 1389 

We here simply link the range in drop temperatures with that in PSCs nucleation temperatures (explained 1390 

by a series of parameters – atmospheric conditions, TTE, type of formation mechanisms), not the spatial 1391 

variability. The sentence has been rewritten for clarity:  1392 

 1393 

“Except above some parts of Antarctica which are prone to larger retrieval errors, the overall range in 1394 

the drop 50 hPa temperature for total HNO3, inside the isocontour for the averaged temperature of 195 1395 

K, typically extends from ~187 K to ~195 K, which fall within the range of PSCs nucleation temperature 1396 

at 50 hPa …”. 1397 

 1398 

Furthermore, nota also that comparing the distributions of drop temperatures from IASI with PSC 1399 

information from CALIPSO or MIPAS remains difficult given the difference in spatial coverage and, 1400 

most importantly, the highly variable distribution of PSC types temporally (daily) and spatially (e.g. 1401 

Höpfner et al., 2006; Lambert et al., 2012). 1402 
 1403 

[L199-200: A number of other satellite data sets have captured gas-phase HNO3 depletion (from both 1404 

sequestration and denitrification) on similarly large scales.] 1405 

Indeed and numerous references about HNO3 measurements in the polar regions during winter are 1406 

mentioned in the manuscript where appropriate.  1407 

  1408 

[Conclusions: L225-226: It is stated that “the range of drop temperatures is interestingly found in line 1409 

with the PSCs nucleation temperature that is known, from previous studies, to strongly depend on a 1410 

series a factors”. In fact, the derived range (180–210 K) is so large that it is arguably not in line with 1411 
previous work, and it is therefore difficult to see how the IASI total column HNO3 measurements 1412 

provide added value (as stated in L203) to studies of Antarctic PSC formation and the interannual 1413 

variability therein beyond that obtained from other satellite HNO3 datasets.] 1414 

Please refer to our response to comment (L186, L225) above about the impact of the misrepresentation 1415 

of the wavenumber-dependent surface emissivity above ice surface on the drop temperature calculation 1416 

with some extreme values. Except for these extrema, the range of drop temperature is indeed in line with 1417 

the PSCs nucleation temperature. This is now clearly mentioned in this section of the revised manuscript: 1418 
 1419 

“Except for extreme drop temperatures that were found from year to year above eastern Antarctica and 1420 

suspected to result from unfiltered poor quality retrievals in case of emissivity issues above ice, the range 1421 

of drop temperatures is interestingly found in line with the PSCs nucleation temperature…” 1422 

 1423 

[L230-231: The statement that this paper represents “the first time that such a large satellite observational 1424 

data set of stratospheric HNO3 concentrations is exploited to monitor the evolution HNO3 versus 1425 

temperatures” is wholly unsupportable. In fact, there is a substantial body of literature on the relationship 1426 

between HNO3 and temperature, including studies of long-term vertically resolved datasets. In 1427 

particular, Lambert et al. [2016] (which is cited in a number of places in this manuscript, but only 1428 

inpassing) examined 10 years of Aura MLS HNO3 in the Antarctic winter vortex and its relationship to 1429 

T – including temperature history (a factor that has been largely ignored here) and T with respect to 1430 

TICE – as well as PSC composition as determined by CALIOP. In general, discussion of how the current 1431 

results fit into the context of the findings from Lambert et al. [2016] and other relevant prior studies is 1432 

inadequate.] 1433 
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We wanted to highlight here the unprecedented exceptional spatial and temporal sampling of IASI for 1434 
HNO3 and certainly did not want to oversell the novelty of HNO3-temperature correlations. The sentence 1435 

has been rewritten: 1436 

“We show in this study that the IASI dataset allows capturing the variability of stratospheric HNO3 1437 

throughout the year (including the polar night) in the Antarctic. In that respect, it offers a new 1438 

observational means to monitor the relation of HNO3 to temperature and the related formation of PSCs.” 1439 

 1440 

[L233-234: More explanation of how HNO3 total column amounts could be used to inform PSC 1441 

classification schemes is needed to justify this statement, especially given how spatially heterogeneous 1442 

and layered PSCs have been shown to be.] 1443 

This sentence has been removed. 1444 

 1445 

[Finally, in addition to the serious substantive issues enumerated above and in the formal reviews of the 1446 

official referees, the manuscript suffers from the poor quality of the writing. If this paper were to be 1447 

eventually accepted for publication, it would require extensive copy-editing to improve the English.] 1448 

We hope that with the changes made in the revised manuscript, which now also includes a comparison 1449 
with MLS, G. Manney and M. Santee will not go against publication. A detailed reading of the paper 1450 

has been done to correct the English linguistic/grammar mistakes. 1451 

 1452 

 1453 

 1454 

 1455 

 1456 

 1457 

 1458 
 1459 

 1460 

 1461 

 1462 

 1463 

 1464 

 1465 
 1466 

 1467 

 1468 

 1469 

 1470 

 1471 

 1472 

 1473 

 1474 

 1475 

 1476 

 1477 

 1478 

 1479 

 1480 
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 1481 
 1482 

 1483 

Figure 1. Same as Figure 2 of the manuscript but for the temperature at 30 hPa (top panel) and 70 hPa 1484 
(bottom panel).  1485 

 1486 
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 1487 
Figure 2. Spatial distribution of PV (×10-5 K.m2. kg-1.s-1) taken at three potential temperatures (475 K, 1488 

530 K and 600 K) over the range of the maximum IASI sensitivity, averaged over the period 15 May – 1489 

15 July for the year 2008. The blue lines represented the isocontours PV of −5.25×10-5 K.m2. kg-1.s-1 (at 1490 

475 K), −10×10-5 K.m2. kg-1.s-1 (at 530 K) and −19.4×10-5 K.m2. kg-1.s-1 (at 600 K) averaged over the 1491 

considered period.  1492 
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Abstract 15 

 16 

In this paper, we exploit the first 10-year data-record (2008-2017) of nitric acid (HNO3) total columns 17 

measured by the IASI-A/Metop infrared sounder, characterized by an exceptional daily sampling and a 18 

good vertical sensitivity in the mid-stratosphere (around 50 hPa), to monitor the causal relationship 19 

between the temperature decrease and the observed HNO3 loss that occurs each year in the Antarctic 20 

stratosphere during the polar night. Since the HNO3 depletion results from the formation of polar 21 

stratospheric clouds (PSCs) which trigger the development of the ozone (O3) hole, its continuous 22 

monitoring is of high importance. We verify here, from the 10-year time evolution of the pair HNO3-23 

temperature (taken from reanalysis at 50 hPa), the recurrence of specific regimes in the cycle of IASI 24 

HNO3 and identify, for each year, the day and the 50 hPa temperature ("drop temperature") 25 

corresponding to the onset of strong HNO3 depletion in the Antarctic winter. Although the measured 26 

HNO3 total column does not allow differentiating the uptake of HNO3 by different types of PSC particles 27 

along the vertical profile, an average drop temperature of ~194.2 ± 3.8 K, consistent with the nitric acid 28 

trihydrate (NAT) formation temperature (close to 195 K at 50 hPa), is found in the region of potential 29 

vorticity lower than -10×10-5 K.m2.kg-1.s-1. The spatial distribution and inter-annual variability of the 30 

drop temperature are briefly investigated and discussed in the context of previous PSCs studies. This 31 

paper highlights the capability of the IASI sounder to monitor the long-term evolution of the polar 32 

stratospheric composition and processes involved in the depletion of stratospheric O3. 33 

 34 

1 Introduction 35 

 36 

The cold and isolated air masses found within the polar vortex during winter are associated with a strong 37 

denitrification of the stratosphere due to the formation of PSCs (composed of HNO3, sulphuric acid 38 

(H2SO4) and water ice (H2O)) (Peter, 1997; Voigt et al., 2000; von König, 2002; Schreiner et al., 2003; 39 

Peter and Grooß, 2012). These clouds strongly affect the polar chemistry by (1) acting as surfaces for 40 

the heterogeneous activation of chlorine and bromine compounds, in turn leading to enhanced O3 41 

destruction (Solomon, 1999; Wang and Michelangeli, 2006; Harris et al., 2010; Wegner et al., 2012) and 42 

by (2) removing gas-phase HNO3 temporarily or permanently through uptake by PSCs and 43 

sedimentation of large PSC particles to lower altitudes. The denitrification of the polar stratosphere 44 

during winter delays the reformation of chlorine reservoirs and, hence, intensifies the O3 hole (Solomon, 45 

1999; Harris et al., 2010). The heterogeneous reaction rates on PSCs surface and the uptake of HNO3 46 

strongly depend on the temperature and on the PSCs particle type. The PSCs are classified into three 47 

3different types based on their composition and optical properties: type Ia solid nitric acid trihydrate - 48 
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NAT (HNO3.(H2O)3), type Ib liquid supercooled ternary solution - STS (HNO3/H2SO4/H2O with 49 

variable composition) and type II, crystalline water-ice particles (likely composed of a combination of 50 

different chemical phases) (Toon et al., 1986; Koop et al., 2000; Voigt et al., 2000; Lowe and 51 

MacKenzie, 2008). In the stratosphere, they mostly consist of mixtures of liquid/solid STS/NAT 52 

particles in varying number densities, with HNO3 being the major constituent of these particles. The 53 

large-size NAT particles of low number density are the principal cause of sedimentation (Lambert et al., 54 

2012; Pitts et al., 2013; Molleker et al., 2014; Lambert et al., 2016). The formation temperature of STS 55 

(TSTS) and the thermodynamic equilibrium temperatures of NAT (TNAT) and ice (Tice), have been 56 

determined, respectively, as: ~192 K (Carslaw et al., 1995), ~195.7 K (Hanson and Mauersberger, 1988) 57 

and ~188 K (Murphy and Koop, 2005) for typical 50 hPa atmospheric conditions (5 ppmv H2O and 10 58 

ppbv HNO3). While the NAT nucleation was thought to require temperatures below Tice and pre-existing 59 

ice particles, recent observational and modelling studies have shown that HNO3 starts to condense in 60 

early PSC season in liquid NAT mixtures well above Tice (~4 K below TNAT , close to TSTS) even after a 61 

very short temperature threshold exposure (TTE) to these temperatures but also slightly below TNAT after 62 

a long TTE, whereas the NAT existence persists up to TNAT (Pitts et al., 2013; Hoyle et al., 2013; Lambert 63 

et al., 2016; Pitts et al., 2018). It has been recently proposed that the higher temperature condensation 64 

results from heterogeneous nucleation of NAT on meteoritic dust in liquid aerosol (Hoyle et al., 2013; 65 

Grooß et al., 2014; James et al., 2018). Further cooling below TSTS and Tice leads to nucleation of liquid 66 

STS, of solid NAT onto ice and of ice particles mainly from STS (type II PSCs) (Lowe and MacKenzie, 67 

2008). The formation of NAT and ice has also been shown to be triggered by stratospheric mountain-68 

waves (Carslaw et al., 1998; Hoffmann et al., 2017). Although the formation mechanisms and 69 

composition of STS droplets in stratospheric conditions are well described (Toon et al., 1986; Carslaw 70 

et al., 1995; Lowe and MacKenzie, 2008), the NAT and ice nucleation processes still require further 71 

investigation. This could be important as the chemistry-climate models (CCMs) generally oversimplify 72 

the heterogeneous nucleation schemes for the PSCs formation (Zhu et al., 2015; Spang et al., 2018; Snels 73 

et al., 2019) preventing an accurate estimation of O3 levels. The influence of HNO3 in modulating O3 74 

abundances in the stratosphere is furthermore underrepresented in CCMs (Kvissel et al., 2012).  75 

 76 

Several satellite instruments measure stratospheric HNO3 (e.g. MLS/UARS (Santee et al., 1999), 77 

MLS/Aura (Santee et al., 2007), MIPAS/ENVISAT (Piccolo and Dudhia, 2007), ACE-FTS/SCISAT 78 

(Sheese et al., 2017) and SMR/Odin (Urban et al., 2009)). The spaceborne lidars CALIOP/CALIPSO 79 

and the infrared instrument MIPAS/Envisat) are capable to detect and classify the PSC types, and to 80 

follow their formation mechanisms (Lambert et al., 2016; Pitts et al., 2018; Spang et al., 2018) and 81 

references therein, which complements in situ measurements (Voigt et al., 2005) and ground-based lidar 82 

(Snels et al., 2019). From these available observational datasets, the HNO3 depletion has been linked to 83 

the PSCs formation and detected below the TNAT threshold (Santee et al., 1999; Urban 55 et al., 2009; 84 

Lambert et al., 2016; Ronsmans et al., 2018), but its relationship to PSCs still needs further investigation 85 

given the complexity of the nucleation mechanisms that depends on a series of parameters (e.g. 86 

atmospheric temperature, water and HNO3 vapour pressure, time exposure to temperatures, temperature 87 

history).  88 

 89 

In contrast to the limb satellite instruments mentioned above, the infrared nadir sounder IASI offers a 90 

dense spatial sampling of the entire globe, twice a day (Section 2). While it cannot provide a vertical 91 

profile of HNO3 similar to the limb sounders, IASI provides reliable total column measurements of 92 

HNO3 characterized by a maximum sensitivity in the low-middle stratosphere around 50 hPa (20 km) 93 

during the dark Antarctic winter (Ronsmans et al., 2016, 2018) where the PSCs cloud form (Voigt et al., 94 

2005; Lambert et al., 2012; Spang et al., 2016, 2018). This study aims to explore the 10-years continuous 95 

HNO3 measurements from IASI for providing a long-term global picture of depletion and of its 96 

dependence to temperatures during polar winter (Section 3). The temperature corresponding to the onset 97 
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of the strong depletion in HNO3 records (here referred to as ‘drop temperature’) is identified in Section 98 

4 for each observed year and discussed in the context of previous studies. 99 

 100 

2 Data 101 

 102 

The HNO3 data used in the present study are obtained from measurements of the Infrared Atmospheric 103 

Sounding Interferometer (IASI) embarked on the Metop-A satellite. IASI measures the Earth’s and 104 

atmosphere’s radiation in the thermal infrared spectral range (645 - 2760 cm-1), with a 0.5 cm-1 apodized 105 

resolution and a low radiometric noise (Clerbaux et al., 2009; Hilton et al., 2012). Thanks to its polar 106 

sun-synchronous orbit with more than 14 orbits a day and a field of view of four simultaneous footprints 107 

of 12 km at nadir, IASI provides global coverage twice a day (9.30 AM and PM mean local solar time). 108 

That extensive spatial and temporal sampling in the polar regions is key to this study. 109 

 110 

The HNO3 vertical profiles are retrieved on a uniform vertical 1 km grid of 41 layers (from the surface 111 

to 40 km with an extra layer above to 60 km) in near-real-time by the Fast Optimal Retrieval on Layers 112 

for IASI (FORLI) software, using the optimal estimation method (Rodgers, 2000). Detailed information 113 

on the FORLI algorithm and retrieval parameters specific to HNO3 can be found in previous papers 114 

(Hurtmans et al., 2012; Ronsmans et al., 2016). For this study, only the total columns (v20151001) are 115 

used, considering (1) the low vertical resolution of IASI with only one independent piece of information, 116 

(2) the limited sensitivity of IASI to tropospheric HNO3, (3) the dominant contribution of the 117 

stratosphere to the HNO3 total column and (4) the largest sensitivity of IASI in the region of interest, i.e. 118 

in the low and mid-stratosphere (from ~70 to ~30 hPa), where the HNO3 abundance is the highest 119 

(Ronsmans et al., 2016). The total columns are associated with a total retrieval error ranging from around 120 

3% at mid- and polar latitudes to 25% above cold Antarctic surface during winter (due to a weaker 121 

sensitivity above very cold surface with a DOFS of 0.95 and to an poor knowledge of the seasonally and 122 

wavenumber-dependent emissivity above ice surfaces which induces larger forward model errors), and 123 

a low bias (lower than 12%) in polar regions over the altitude range where the IASI sensitivity is the 124 

largest, when compared to ground-based FTIR measurements (see Hurtmans et al., 2012 and Ronsmans 125 

et al., 2016 for more details). In order to expand on the comparisons against FTIR measurements which 126 

is impossible during the polar night, Figure 1 (top panel) presents the time series of daily IASI total 127 

HNO3 columns co-located with MLS VMR measurements within 2.5×2.5 grid boxes at three pressure 128 

levels (at 30, 50 and 70 hPa), averaged in the 70° - 90° S equivalent latitude band. Similar variations in 129 

HNO3 are captured by the two instruments with an excellent agreement for the timing of the strong 130 

HNO3 depletion within the inner vortex core. IASI HNO3 variations generally match well those of MLS 131 

HNO3 in each latitude band (see Figure 1 bottom panel for the 50° - 70° S equivalent latitude band; the 132 

other bands are not shown here). 133 

 134 

Quality flags similar to those developed for O3 in previous IASI studies (Wespes et al., 2017) were 135 

applied a posteriori to exclude data (i) with a corresponding poor spectral fit (e.g. based on quality flags 136 

rejecting biased or sloped residuals, fits with maximum number of iteration exceeded), (ii) with less 137 

reliability (e.g. based on quality flags rejecting suspect averaging kernels, data with less sensitivity 138 

characterized by a DOFS lower than 0.9) or (iii) with tropospheric cloud contamination (defined by a 139 

fractional cloud cover ≥ 25 %). Note that the HNO3 total column distributions illustrated in sections 140 

below use the median as a statistical average since it is more robust against the outliers than the mean. 141 

 142 

Temperature and potential vorticity (PV) fields are taken from the ECMWF ERA Interim Reanalysis 143 

dataset, respectively at 50 hPa and at the potential temperature of 530 K (corresponding to ~20 km 144 

altitude where the IASI sensitivity to HNO3 is the highest during the Southern Hemisphere (S.H.) winter 145 

(Ronsmans et al., 2016). Because the HNO3 uptake by PSCs starts a few degrees or slightly below TNAT 146 
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(~195.7 K at 50 hPa (Hanson and Mauersberger, 1988)) depending on the meteorological conditions 147 

(Pitts et al., 2013; Hoyle et al., 2013; Lambert et al., 2016; Pitts et al., 2018), a threshold temperature of 148 

195 K is considered in the sections below to identify the PSCs-containing regions. The potential vorticity 149 

is used to delimit dynamically consistent areas in the polar regions. In what follows, we use either the 150 

equivalent latitudes ("eqlat", calculated from PV fields at 530 K) or the PV values to characterize the 151 

relationship between HNO3 and temperatures in the cold polar regions. Uncertainties in ERA-Interim 152 

temperatures will also be discussed below. 153 

 154 

3 Annual cycle of HNO3 vs temperatures 155 

 156 

Figure 2a shows the yearly HNO3 cycle (solid lines, left axis) in the southernmost equivalent latitudes 157 

(70° - 90° S), as measured by IASI over the whole period of measurements (2008–2017). The total HNO3 158 

variability in such equivalent latitudes has already been discussed in a previous IASI study (Ronsmans 159 

et al., 2018) where the contribution of the PSCs into the HNO3 variations was highlighted. The 160 

temperature time series, taken at 50 hPa, is here represented as well (dashed lines, right axis). From this 161 

figure, different regimes of HNO3 total columns vs temperature can be observed throughout the year and 162 

from one year to another. In particular, we define here three main regimes (R1, R2 and R3) along the 163 

HNO3/temperature cycle. The full cycle and the main regimes in the 70° - 90° S eqlat region are further 164 

represented in Fig. 2b that shows a histogram of the HNO3 total columns as a function of temperature 165 

for the year 2011. Similar histograms are observed for the ten years of IASI measurements (not shown). 166 

The red horizontal and vertical lines in Fig. 2a and Fig. 2b, respectively, represent the 195 K threshold 167 

temperature used to identify the onset of HNO3 uptake by PSCs (see Section 2). The three identified 168 

regimes correspond to: 169 

 170 

- R1 is defined by the maxima in the total HNO3 abundances covering the months of April and 171 

May (~3×1016 molec.cm-2, R1 in Figures 2a and b), when the 50 hPa temperature strongly 172 

decreases (from ~220 to ~195 K). These high HNO3 levels result from low sunlight, preventing 173 

photodissociation, along with the heterogeneous hydrolysis of N2O5 to HNO3 during autumn 174 

before the formation of polar stratospheric clouds (Keys et al., 1993; Santee et al., 1999; Urban 175 

et al., 2009; de Zafra and Smyshlyaev, 2001). This period also corresponds to the onset of the 176 

deployment of the southern polar vortex which is characterized by strong diabatic descent with 177 

weak latitudinal mixing across its boundary, isolating polar HNO3-rich air from lower latitudinal 178 

airmasses. 179 

 180 

- R2 which extends from June to October is characterized by the onset of the strong decrease in 181 

HNO3 total columns at the beginning of June, when the temperatures fall below 195 K, followed 182 

by a plateau of total HNO3 minima. In this regime, the HNO3 total columns average below 2×1016 183 

molec.cm-2 and the 50 hPa temperatures range mostly between 180 and 190 K. 184 

 185 

- R3 starts in October when sunlight returns and the 50 hPa temperatures rise above 195 K. Despite 186 

the stratospheric warming with 50 hPa temperatures up to 240 K in summer, the HNO3 total 187 

columns stagnate at the R2 plateau levels (around 1.5×1016 molec.cm-2). This regime likely 188 

reflects the photolysis of NO3 and HNO3 itself (Ronsmans et al., 2018) as well as the permanent 189 

denitrification of the mid-stratosphere, caused by the PSCs sedimentation. The likely 190 

renitrification of the lowermost stratosphere (Braun et al., 2019; Lambert et al., 2012) where the 191 

HNO3 concentrations and the IASI sensitivity to HNO3 are lower (Ronsmans et al., 2016) cannot 192 

be inferred from the IASI measurements.The plateau lasts until approximately February, where 193 

HNO3 total column slowly starts increasing, reaching the April-May maximum in R1. 194 

 195 
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As illustrated in Fig. 2a, the three regimes are observed each year with, however, some interannual 196 

variations. For instance, the sudden stratospheric warming (SSW) that occurs in 2010 (see the 197 

temperature time series at 20 hPa for the year 2010; green dotted line) yielded higher HNO3 total columns 198 

(see green solid line in July and August) (de Laat and van Weele, 2011; Klekociuk et al., 2011; WMO, 199 

2014; Ronsmans et al., 2018). 200 

 201 

Figure 2c shows the evolution of the relationship between the daily averaged HNO3 (calculated from a 202 

7-day moving average) with the highest occurrence (in bins of 0.1×1016 molec.cm-2 and of 2K) and the 203 

50 hPa temperature, over the 10 years of IASI. The red vertical line represents the 195 K threshold 204 

temperature. Figure 2c clearly illustrates the slow increase in HNO3 columns as the temperatures 205 

decrease (February to May, i.e. R3 to R1), the strong and rapid HNO3 depletion occurring in June (R2), 206 

the plateau of low HNO3 abundances in winter and spring (from August to November; R2 to R3). Figure 207 

2c also highlights the interannual variability in total HNO3, which is found to be the largest in R3, and 208 

shows a strong consistency in the onset of the depletion between each year (beginning of June when the 209 

temperatures fall below 195 K as indicated by the red vertical line). Given the span of PSCs formation 210 

over a large range of altitudes (typically between 10 and 30 km) (Höpfner et al., 150 2006, 2009; Spang 211 

et al., 2018; Pitts et al., 2018) and that of maximum IASI sensitivity to HNO3 around 50 hPa (Hurtmans 212 

et al., 2012; Ronsmans et al., 2016), the temperatures at two other pressure levels, namely 70 and 30 hPa 213 

(i.e. ~15 and ~25 km), have also been tested to investigate the relationship between HNO3 and 214 

temperature in the low and mid-stratosphere. The results (not shown here) exhibit a similar HNO3-215 

temperature behavior at the different levels with, as expected, lower and larger temperatures in R2, 216 

respectively, at 30 hPa (down to ~180 K) and at 70 hPa (down to ~185 K), but still below the NAT 217 

formation threshold at these pressure levels (TNAT ~193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et 218 

al., 2016). Therefore, the altitude range of maximum IASI sensitivity to HNO3 (see Section 2) is 219 

characterized by temperatures that are below the NAT formation threshold at these pressure levels, 220 

enabling the PSCs formation and the denitrification process. Furthermore, the consistency between the 221 

195 K threshold temperature taken at 50 hPa and the onset of the strong total HNO3 depletion seen in 222 

IASI data (see Fig. 2a and Fig. 2c) is in agreement with the largest NAT area that starts to develop in 223 

June around 20 km (Spang et al., 2018), which justifies the use of the 195 K temperature at that single 224 

representative level in this study. 225 

 226 

4 Onset of HNO3 depletion and drop temperature detection 227 

 228 

To identify the spatial and temporal variability of the onset of the depletion phase, the daily time 229 

evolution of HNO3 during the first 10 years of IASI measurements and the temperatures at 50 hPa are 230 

explored. In particular, the second derivative of HNO3 total column with respect to time is calculated to 231 

detect the strongest rate of decrease seen in the HNO3 time series and to identify its associated day and 232 

50 hPa temperature. 233 

 234 

4.1 HNO3 vs temperature time series 235 

 236 

Figure 3 shows the time series of the second derivative of HNO3 total column with respect to time (blue) 237 

and of the temperature (red) averaged in the areas of potential vorticity smaller than -10×10-5 K.m2.kg-238 
1.s-1 to encompass the regions inside the inner polar vortex where the temperatures are the coldest and 239 

the total HNO3 depletion occurs (Ronsmans et al., 2018). The use of that PV threshold value explains 240 

the gaps in the time series during the summer when the PV does not reach such low levels, while the 241 

time series averaged in the 70°- 90° S Eqlat band (dashed blue for the second derivative of HNO3 and 242 

grey for the temperature) covers the full year. Note that the HNO3 time series has been smoothed with a 243 

simple spline data interpolation function to avoid gaps in order to calculate the second derivative of 244 



6 

 

HNO3 total column with respect to time as the daily second-difference HNO3 total column. The 245 

horizontal red line shows the 195 K threshold.  246 

 247 

As already illustrated in Fig. 2a and Fig. 2c, the strongest rate of HNO3 depletion (i.e. the second 248 

derivative minimum) is found around the 195 K threshold temperature, within some days (4 to 23 days) 249 

after total HNO3 reaches its maximum, i.e. typically between the 11th of May (2013) and the 8th of June 250 

(2009). The 50 hPa drop temperatures are detected between 189.2 K and 202.8 K, with an average of 251 

194.2 ± 3.8 K (1σ standard deviation) over the ten years. Knowing that TNAT can be higher or lower 252 

depending on the atmospheric conditions and that NAT starts to nucleate from_2–4 K below TNAT (Pitts 253 

et al., 2011; Hoyle et al., 2013; Lambert et al., 2016), the results here demonstrate the consistency 254 

between the 50 hPa drop temperature, i.e. the temperature associated with the strongest HNO3 depletion 255 

detected from IASI, and the NAT formation temperature in the mid-stratosphere at polar latitudes. It 256 

further justifies the use of the single 50 hPa level for characterizing and investigating the onset of HNO3 257 

depletion from IASI. Nevertheless, given the range of maximum IASI sensitivity to HNO3 around 50 258 

hPa, typically between 70 and 30 hPa (Ronsmans et al., 2016), the drop temperatures are also calculated 259 

at these two other pressure levels (not shown here) to estimate the uncertainty of the calculated drop 260 

temperature defined in this study at 50 hPa. The 30 hPa and 70 hPa drop temperatures range respectively 261 

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 ± 3.2 262 

K (1σ standard deviation) over the ten years of IASI. The average values at 30 hPa and 70 hPa fall within 263 

the 1σ standard deviation associated with the average drop temperature at 50 hPa. It is also worth noting 264 

the agreement between the drop temperatures and the NAT formation threshold at these two pressure 265 

levels (TNAT ~ 193 K at 30 hPa and ~197 K at 70 hPa) (Lambert et al., 2016). 266 

 267 

Figures 4a and b show the zonal distribution of HNO3 total columns and of the temperature at 50 hPa, 268 

respectively, spanning 55° - 90° S over the whole IASI period, with, superimposed, three isocontour 269 

levels of potential vorticity (-10, -8 and -5×10-5 K.m2.kg-1.s-1 in blue, cyan and black, respectively) and 270 

one isocontour for the 50 hPa temperature. The PV isocontour of -10×10-5 K.m2.kg-1.s-1 is clearly shown 271 

to separate well the region of strong depletion in total HNO3 according to the latitude and the time. The 272 

red vertical dashed lines indicates the average date for the drop temperatures calculated in the area of PV≤ -273 

10×10-5 K.m2.kg-1.s-1 (194.2 ± 3.8 K; see Fig. 3) over the IASI period. It shows that the strongest rate in 274 

HNO3 depletion occurs on average a few days before June. The delay of some days between the 275 

maximum in total HNO3 and the start of the depletion (see Fig. 3) is also visible in Fig. 4a. The yearly 276 

zonally averaged time series over the ten years of IASI can be found in Fig. 5; it shows the reproducibility 277 

of the edge of the collar HNO3 region and of the region of the strong HNO3 depletion, respectively 278 

delimited by the PV isocontours of -5×10-5 K.m2.kg-1.s-1 and of -10×10-5 K.m2.kg-1.s-1 at 50 hPa, 279 

measured by IASI from year to year. 280 

 281 

4.2 Distribution of drop temperatures 282 

 283 

To explore the capability of IASI to monitor the onset of HNO3 depletion at a large scale from year to 284 

year, figure 6 shows the spatial distribution of the 50 hPa drop temperatures (based on the second 285 

derivative minima of total HNO3 averaged in 1°×1° grid cells) inside a region delimited by a PV value 286 

of -8×10-5 K.m2.kg-1.s-1, for each year of the IASI period. The greenred contour represents the PV 287 

isocontour of -10×10-5 K.m2.kg-1.s-1, averaged over the period 10 May – 15 July for each year, which 288 

delimits our region of interest. The isocontours of 195 K for the average temperatures and the minimum 289 

temperatures, as well as the isocontour of -10×10-5 K.m2.kg-1.s-1 for the minimum PV encountered at 50 290 

hPa over the 10 May to 15 July period are also represented. The calculated drop temperatures 291 

corresponding to the onset of HNO3 depletion inside the averaged PV isocontour are found to vary  292 

between ~180 and ~210 K and the corresponding dates range between ~mid-May and mid-July (not 293 
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shown here). Note that the high extremes in the drop temperature, which are found in some cases above 294 

eastern Antarctica, should be considered with caution:. they correspond to specific regions above ice 295 

surface with emissivity features that are known to yield errors in the IASI retrievals (Hurtmans et al., 296 

2012; Ronsmans et al., 2016). Indeed, bright land surface such as ice might in some cases lead to poor 297 

HNO3 retrievals. Although wavenumber-dependent surface emissivity atlases are used in FORLI 298 

(Hurtmans et al., 2012), this parameter remains critical and causes poorer retrievals that, in some 299 

instances, pass through the series of quality filters and could affect the drop temperature calculation. 300 

 301 

The averaged isocontour of 195 K encircles well the area of HNO3 drop temperatures lower than 195 K 302 

(typically from ~187 K to ~195 K), which means that the bins inside that area characterize airmasses 303 

that experience the NAT threshold temperature during a long time over the 10 May – 15 July period. 304 

That area encompasses the inner vortex core (delimited by the isocontour of -10×10-5 K.m2.kg-1.s-1 for 305 

the PV averaged over the 10 May – 15 July period) and show pronounced minima (lower than -0.5×1014 306 

molec.cm-2.d-2) in the second derivative of the HNO3 total column with respect to time (not shown here), 307 

which indicate a strong and rapid HNO3 depletion. The area enclosed between the two isocontours of 308 

195 K for the temperatures, the averaged one and the one for the minimum temperatures, show generally 309 

higher drop temperatures and weakest minima (larger than -0.5×1014 molec.cm-2.d-2) in the second 310 

derivative of the HNO3 total column (not shown). That area is also enclosed by the isocontour of -10×10-311 
5 K.m2.kg-1.s-1 for the minimum PV, meaning that the bins inside correspond, at least for one day over 312 

the 10 May – 15 July period, to airmasses located at the inner edge of the vortex and characterized by 313 

temperature lower than the NAT threshold temperature. The weakest minima in the second derivative 314 

of total HNO3 (not shown) observed in that area indicate a weak and slow HNO3 depletion and might be 315 

explained by a short period of the NAT threshold temperature experienced at the inner edge of the vortex. 316 

It could also reflect a mixing with strong HNO3-depleted and colder airmasses from the inner vortex 317 

core. The mixing with these already depleted airmasses could also explained the higher drop 318 

temperatures detected in those bins. These high drop temperatures are generally detected later (after the 319 

HNO3 depletion occurs, i.e. after the 10 May – 15 July period considered here – not shown), which 320 

supports the transport, in those bins, of earlier HNO3-depleted airmasses and the likely mixing at the 321 

edge of the vortex. Finally, these spatial variations might also partly reflect the range of maximum 322 

sensitivity of IASI to HNO3, while biases in ECMWF reanalysis are too small for explaining the spatial 323 

variation in drop temperatures. Thanks to the assimilation of an advanced Tiros Operational Vertical 324 

Sounder (ATOVS) around 1998–2000 in reanalyses, to the better coverage of satellite instruments and 325 

to the use of global navigation satellite system (GNSS) radio occultation (RO) (Schreiner et al., 2007; 326 

Wang et al., 2007; Lambert and Santee, 2018; Lawrence et al., 2018), the uncertainties have been vastly 327 

reduced. Comparisons of the ECMWF ERA Interim dataset used in this work with the COSMIC data 328 

(Lambert and Santee, 2018) found a small warm bias, with median differences around 0.5 K, reaching 329 

0–0.25 K in the southernmost regions of the globe at ~68–21 hPa where PSCs form. 330 

 331 

Except above some parts of Antarctica which are prone to larger retrieval errors, the overall range in the 332 

drop 50 hPa temperature for total HNO3 inside the isocontour for the averaged temperature of 195 K, 333 

typically extends from ~187 K to ~195 K, which falls within the range of PSCs nucleation temperature 334 

at 50 hPa: from slightly below TNAT to around 3-4 K below the ice frost point - Tice - depending on 335 

atmospheric conditions, on TTE and on the type of formation mechanisms (Pitts et al., 2011; Peter and 336 

Grooß, 2012; Hoyle et al., 2013). This underlines well the benefit of the excellent spatial and temporal 337 

coverage of IASI that allows to capture the rapid and critical depletion phase over a large scale. 338 

 339 

5 Conclusions 340 

 341 
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In this paper, we have explored the added value of the dense HNO3 total columns dataset provided by 342 

the IASI/Metop satellite over a full decade (2008–2017) for monitoring the stratospheric depletion phase 343 

that occurs each year in the S.H. and for investigating its relationship to the NAT formation temperature. 344 

To that end, we focused on and delimited the coldest polar region of the S.H. using a specific PV value 345 

at 530 K (~50 hPa, PV of -10×10-5 K.m2.kg-1.s-1) and stratospheric temperatures at 50 hPa, taken from 346 

the ECMWF ERA Interim reanalysis. That single representative pressure level has been considered in 347 

this study given the maximum sensitivity of IASI to HNO3 around that level over a range where the 348 

PSCs formation/denitrification process occur. 349 

 350 

The annual cycle of total HNO3, as observed from IASI, has first been characterized according to the 351 

temperature evolution. Three various regimes (R1 to R3) in the total HNO3 - 50 hPa temperature 352 

relationship were highlighted from the time series over the S.H. polar region and described along the 353 

cycle: R1 is defined at play during April and May and characterized by a rapid decrease in 50 hPa 354 

temperatures while HNO3 accumulates in the poles; R2, from June to September, shows the onset of the 355 

depletion when the 50 hPa temperatures fall below 195 K (considered here as the onset of PSCs 356 

nucleation phase at that level), with a strong consistency between each year; R3, defined from November 357 

until March when total HNO3 remains at low R2 plateau levels, despite the return of sunlight and heat, 358 

characterizes the strong denitrification of the stratosphere, likely due to PSCs sedimentation at lower 359 

levels where the IASI sensitivity is low. For each year over the IASI period, the use of the second 360 

derivative of the HNO3 column versus time was then found particularly valuable to detect the onset of 361 

the HNO3 condensation to PSCs. It is captured, on average from IASI, a few days before June with a 362 

delay of 4–23 days after the maximum in total HNO3. The corresponding temperatures (’drop 363 

temperatures’) were detected between 189.2 K and 202.8 K (194.2 ± 3.8 on average over the 10 years), 364 

which demonstrated the good consistency between the 50 hPa drop temperature and the PSCs formation 365 

temperatures in that altitude region. Finally, the annual and spatial variability (within 1°× 1°) in the drop 366 

temperature was further explored from IASI total HNO3. Inside the isocontours of 195 K for the average 367 

temperatures and of -10×10-5 K.m2.kg-1.s-1 for the averaged PV at 50 hPa, the drop temperatures are 368 

detected between ~mid-May and mid-July, typically range between ~187 K to ~195 K and are associated 369 

with the highest minima (lower than -0.5×1014 molec.cm-2.d-2) in the second derivative of the HNO3 total 370 

column with respect to time, indicating a strong and rapid HNO3 depletion. Except for extreme drop 371 

temperatures (~210 K) that were found from year to year above eastern Antarctica and suspected to 372 

result from unfiltered poor quality retrievals in case of emissivity issues above ice, the range of drop 373 

temperatures is interestingly found in line with the PSCs nucleation temperature that is known, from 374 

previous studies, to strongly depend on a series a factors (e.g. meteorological conditions, HNO3 vapour 375 

pressure, temperature threshold exposure, presence of meteoritic dust). At the edge of the vortex, 376 

considering the isocontours of 195 K for the minimum temperatures or of -10×10-5 K.m2.kg-1.s-1 for the 377 

minimum PV, higher and later drop temperatures along with weakest minima in the second derivative 378 

of the HNO3 total column with respect to time, indicating a slow HNO3 depletion, are found. It likely 379 

results from a short temperature threshold exposure or a mixing with already depleted airmasses from 380 

the inner vortex core. The results of this study highlight the ability of IASI to measure the variations in 381 

total HNO3 and, in particular, to capture and monitor the rapid depletion phase over the whole polar 382 

regions. 383 

 384 

We show in this study that the IASI dataset allows capturing the variability of stratospheric HNO3 385 

throughout the year (including the polar night) in the Antarctic. In that respect, it offers a new 386 

observational means to monitor the relation of HNO3 to temperature and the related formation of PSCs. 387 

Despite the limited vertical resolution of IASI which does not allow to investigate the HNO3 uptake by 388 

the different types of PSCs during their formation and growth along the vertical profile, the HNO3 total 389 

column measurements from IASI constitute an important new dataset for exploring the strong polar 390 
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depletion over the whole stratosphere. This is particularly relevant considering the mission continuity, 391 

which will span several decades with the planned follow-on missions. Indeed, thanks to the three 392 

successive instruments (IASI-A launched in 2006 and still operating, IASI-B in 2012, and IASI-C in 393 

2018) that demonstrate an excellent stability of the Level-1 radiances, the measurements will soon 394 

provide an unprecedented long-term dataset of HNO3 total columns. Further work could also make use 395 

of this unique data set to investigate the relation between HNO3, O3, and meteorology in the changing 396 

climate. 397 
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Figure captions 440 

 441 

 442 

 443 

 444 

Figure 1. Time series of daily IASI total HNO3 column (blue, left y-axis) co-located with MLS and of MLS VMR 445 

HNO3 within 2.5×2.5 grid boxes at three pressure levels (at 30, 50 and 70 hPa; right y-axis), averaged in the 70°S–446 

90°S (top panel) and in the 50°S–70°S (bottom panel) equivalent latitude bands. The error bars (light blue) 447 

represents 3σ, where σ is the standard deviation around the IASI HNO3 daily average. 448 

 449 
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 455 

 456 

Figure 2. (a) Time series of daily averaged HNO3 total columns (solid lines) and temperatures taken at 50 hPa 457 

(dashed lines) in the 70° - 90° S equivalent latitude band, for the years 2008 – 2017. The green dotted line 458 

represents the temperatures at 20 hPa for the year 2010. (b) HNO3 total columns versus temperatures (at 50 hPa) 459 

histogram for the whole year (top) and for the 3 defined regimes (R1 - R3) separated in (a) for the year 2011. The 460 

colors refer to the number of gridded measurements in each cell. (c) Evolution of daily averaged HNO3 total 461 

columns with the highest occurrence (in bins of 0.1×1016 molec.cm-2 and 2 K) as a function of the 50 hPa 462 

temperature for the years 2008 – 2017. The red horizontal or vertical lines represent the 195 K threshold 463 

temperature. 464 

 465 
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 471 

 472 

 473 

Figure 3. Time series of total HNO3 second derivative (blue, left y-axis) and of the temperature (red, right y-axis), 474 

in the region of potential vorticity at 530 K lower than -10×10-5 K.m2.kg-1.s-1. The red horizontal line corresponds 475 

to the 195 K temperature. The vertical dashed lines indicate the second derivative minimum in HNO3 for each 476 

year. The corresponding dates (in bold, on the x-axis) and temperatures are also indicated. The time series of total 477 

HNO3 second derivative (dashed blue) and of temperature (grey) in the 70° – 90° S Eqlat band are also represented. 478 

 479 
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 483 

Figure 4. Zonal distributions of (a) HNO3 total columns (in molec.cm-2) from IASI and (b) temperatures at 50 484 

hPa from ERA Interim (in K) between 55° to 90° south and averaged over the years 2008 – 2017. Three 485 

isocontours for PV of -5 (black), -8 (cyan) and -10 (blue) (×10-5 K.m2.kg-1.s-1) at 530 K, the isocontours for the 486 

195 K temperature (pink) and for the averaged 194.2 K drop temperature (purple) at 50 hPa are superimposed. 487 

The vertical grey dashed lines encompass the period of the second derivative minima and the red one indicates 488 

the average date for the drop temperatures calculated in the area delimited by a -10×10-5 K.m2.kg-1.s-1 PV contour. 489 

 490 
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 491 

Figure 5. Zonally averaged distributions of (top) HNO3 total columns (in molec.cm-2) from IASI and (bottom) 492 

temperatures at 50 hPa from ERA Interim (in K). The latitude range is from 55° to 90° south and the isocontours 493 

are PVs of -5 (black), -8 (cyan) and -10 (blue) (× 10-5 K.m2.kg-1.s-1 at 530 K). The vertical red dashed lines 494 

correspond to the second derivative minima each year in the area delimited by a -10×10-5 K.m2.kg-1.s-1 PV contour. 495 
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 498 

Figure 6. Spatial distribution (1°×1°) of the drop temperature at 50 hPa (K) (calculated from the total HNO3 499 

second derivative minima) for each year of IASI (2008–2017), in a region defined by a PV of -8×10-5 K.m2.kg-
500 

1.s-1. The isocontours of -10×10-5 K.m2.kg-1.s-1 at 530 K for the averaged PV (in green) and the minimum PV (in 501 

cyan) encountered over the period 10 May –15 June for each year and the isocontours of 195 K at 50 hPa for the 502 

averaged (in red) and the minimum (in pink) temperatures over the same period are represented. 503 
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