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Abstract. Version 8 infrared limb emission spectra provided by the Michelson Interferometer for Passive Atmospheric Sound-
ing (MIPAS) on Envisat were used to infer global distributions of HNO3, CIONO2, HNOy, and N3 Oj in the altitude range from
about 6 to 80 km. Here we describe in detail the analysis of the spectral data by means of constrained non-linear least-squares
fitting, and provide information about the averaging kernels, the vertical and horizontal resolutions, and the error budgets of the
derived trace gas profiles. For HNO3 and N5Ops, the error budgets are dominated by systematic errors, mainly spectroscopic un-
certainties, in the relevant altitude range, while for HNO4 and CIONOs, they are dominated by spectral noise. This implies that
systematic biases of up to 20% and <10% cannot be excluded for HNO3 and N2 Os, respectively, while the information about
spatial and temporal variability is quite certain. Random uncertainties of HNO,4 and CIONO5 can be favourably reduced by
averaging, while systematic uncertainties in the order of 3% (CIONOs) and 20% (HNO,) will remain. The vertical resolution is
in the order of 2 to 6 km in the lower and middle stratosphere, depending on the species and the atmospheric situation. Besides
the four nitrogen reservoir species, we also present NO,, as a derived data product. It is constructed from [HNO3z] + [CIONO;]
+ [HNOy4] + 2 x [N2Os] + [NO] + [NOs] and characterised in terms of its random and systematic error budget. Along with the
regular data product of the four nitrogen reservoir species, an additional representation of the data on a coarser vertical grid is
offered. These data can be used without consideration of the averaging kernels. The new trace gas distributions are compared
to the previous data version, and they are discussed along the most relevant signatures of processes to be observed. We find
that the new data products provide improved consistency between the full- and reduced-resolution mission periods of MIPAS,
as well as between the observation modes covering different altitude ranges, and they exhibit all the analysed features caused

by known atmospheric processes.

1 Introduction

The main source of nitrogen in the stratosphere is nitrous oxide (N2O) which has its own main sources at the surface (McElroy

and McConnell, 1971; Crutzen, 1971; Minschwaner and Siskind, 1993; Volk et al., 1997; McLinden et al., 2003; Morgan et al.,
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2004). In the stratosphere N2O is photolyzed and oxidized with an atmospheric lifetime of about 114 years (Montzka and
Fraser, 2003), forming NO5 and finally a series of further reactive nitrogen compounds, namely NO, HNO3, CIONOs, N5Os,
HNOy (also known as HO2NO3), and BrONO,. All these reactive nitrogen species are commonly summarized as NO,. NO,,
concentrations in the stratosphere are expected to increase with time due to increasing tropospheric NoO with an approximately
linear rate of 0.26% per year for the past few decades (Forster et al., 2007, Section 2.3.3), mainly due to enhanced microbial
production from agricultural expansion. Because NO,, is formed at the expense of N2 O, an anticorrelation is expected between
NO, and N2O spatial distributions (Fahey et al., 1990). More recently, the lifetime of N2 O in the atmosphere has been assessed
from observational data to be 116 £ 9 years (Prather et al., 2015), while in the same study four independent chemistry-transport
models were found to consistently overestimate its lifetime because of too low abundances in the critical loss region of N>O.
N> O has been reported to be the single most important ozone depleting substance emitted and is expected to remain so during
the 21st century (Ravishankara et al., 2009). The World Meteorological Organization suggested that observed N5O increases
and ozone decreases explained a trend in the NOs total column of 5 £1% per decade (Ennis, 2003). However, Stolarski et al.
(2015) studied the interaction of global warming due to CO; increase and NO,, changes with the two- dimensional Goddard
Space Flight Center coupled chemistry-radiation—dynamics model (GSFC2D). They found that under an accelerating Brewer-
Dobson circulation, as a consequence of global warming, total global NO,, can even decrease in future despite constant NoO
entry from the surface. These findings were confirmed by Funke et al. (2019) by making use of future projections from the
WACCM chemistry-climate model; they found that the future trend of NO,, can be both positive or negative, depending on the
status of the Brewer-Dobson circulation in a changing climate.

NO,, species play a crucial role in stratospheric ozone destruction. While NO, (N, NO, NO,, NOs3) species are directly
involved in the catalytic cycles of ozone destruction, stratospheric nitrogen is also available as HNO3, N2O5, CIONO2, HNOy,
and BrONO-, which are so-called nitrogen reservoir gases. During polar night, at very low temperatures, polar stratospheric
cloud particles (PSCs) containing nitrogen in the form of solid NAT (nitric acid trihydrate) and NAD (nitric acid dihydrate),
are formed. Because of the lower temperatures in the Antarctic polar vortex and its stronger confinement compared to the
Arctic, Antarctic polar stratospheric air is largely denitrified by the formation of these nitrogen-containing ice particles and
subsequent sedimentation. As a consequence, there is not much NOs left to form CIONOs, and the main pathway of chlorine
deactivation is the formation of HCl. The situation is different in the Arctic, where CIONOy formation is the predominant
pathway of chlorine deactivation at the end of the polar winter (von Clarmann et al., 1993).

Persistent gas phase chemistry and heterogeneous chemistry on the ice particle surfaces convert nitrogen species into each
other, which plays a major role in polar ozone depletion (Granier and Brasseur, 1992). However, not only the catalytic cycles
based on the nitrogen-containing species, but also chlorine-based catalytic cycles are important. They are linked to each other
by the formation of CIONO: (e.g. Chipperfield et al., 1997; von Clarmann and Johansson, 2018), and are therefore both
affected.

Further contributions to stratospheric NO,, are due to air subsiding from the thermosphere and mesosphere, where reactive
nitrogen is produced by dissociation of molecular nitrogen by solar photons and energetic particles, and subsequent reaction

with oxygen to form NO. These energetic particles are principally auroral and precipitating electrons from the outer trapping
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region of the magnetosphere. In polar night regions this NO,-enriched air is transported downward by the downwelling branch
of the mesospheric overturning pole-to-pole circulation. Here, reactive nitrogen survives the transport through the mesosphere
because of the absence of sunlight under polar winter conditions.

NO, species have their maxima typically in the lower stratosphere of high latitudes (Mengistu Tsidu et al., 2005). In the
upper troposphere of lower latitudes, other nitrogen-containing species like PAN (= peroxyacetyl nitrate), HONO, HCN, or
NHjs and ammonium nitrate and -sulphate aerosols are found in relevant concentrations. However, compared to the main
reactive nitrogen species in the stratosphere, the mixing ratios of these species are low and they rarely survive the transport
deep into the stratosphere; thus, they do not contribute by relevant amounts to the budget of reactive nitrogen species there.

Since the 1970s a multitude of ground-based as well as balloon- and satellite-borne techniques have been used to remotely
measure stratospheric abundances of nitrogen species. Pioneering work includes measurement of NO by Ridley and Hastie
(1981), NO2 by Noxon (1979), HNO3 by Murcray et al. (1968, 1973), CIONO, by Murcray et al. (1979) and Zander et al.
(1986), N2O5 by Toon et al. (1986) and by Rinsland et al. (1989), and HNOy4 by Rinsland et al. (1987).

The Michelson Interferometer for Passive Sounding (MIPAS, Fischer et al., 2008) on Envisat has been the only satellite
instrument so far that could measure all relevant NO,, species (NO, NO2, HNO3, N2O5, CIONO,, HNOy4, and BrONO,)
in the stratosphere, upper troposphere and mesosphere during day and night. Hegglin and Tegtmeier (2017) reported about an
intercomparison of HNO3, HNO4, N2Os, CIONO3, NO, NO3, NO,, and NO,, of data records from several satellite instruments.
The comparisons were updated with more recent data versions of all instruments by Hegglin et al. (2021).

MIPAS NO, data were used within the analysis of several special events during its mission, and contributed to basic un-
derstanding of atmospheric processes. The first observed Antarctic vortex split in Austral spring 2002 was studied on basis of
CIONO; (Hopfner et al., 2004), NoO5 (Mengistu Tsidu et al., 2004) and NO,, distributions (Mengistu Tsidu et al., 2005).

In October/November 2003 a strong solar proton event (SPE), the so-called Halloween SPE, affected the Earth’s atmosphere,
and the strongest effects were observed over the poles. Lopez-Puertas et al. (2005a), Lopez-Puertas et al. (2005b), Jackman
et al. (2008), Verronen et al. (2008), Baumgaertner et al. (2010), Funke et al. (2011) and Friederich et al. (2013) analysed the
impact on NO,,, HNO3, N2O5 and CIONO,. Triggered by this event, the impact of energetic particle precipitation in general,
i.e. also from electrons and galactic cosmic rays, were studied on basis of early versions of MIPAS data (Funke et al., 2005a;
Stiller et al., 2005; Funke et al., 2014a, b, and references therein). Further SPEs during the mission lifetime of MIPAS were
also studied on basis of its data (Jackman et al., 2011; Damiani et al., 2012; von Clarmann et al., 2013). The downward
transport of enhanced NO, produced by high-energetic particles in polar winters with strong stratospheric warmings and
elevated stratopause events was studied by Funke et al. (2005a), Damiani et al. (2014), Sinnhuber et al. (2014), Funke et al.
(2017), and Sinnhuber et al. (2018). Friederich et al. (2014) correlated the A, index and NO; in the upper stratosphere and
mesosphere at high latitudes and found direct impact of electron precipitation on NO,,. From the polar winters covered by
MIPAS, Funke et al. (2016) derived a semi-empirical model that related the produced and subsided NO,, in polar winters to
the geomagnetic A, index measuring the geomagnetic activity. The impact on ozone via NO, was studied by Fytterer et al.

(2015), and a direct correlation to indices of solar and geomagnetic activity was derived.
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Adams et al. (2017) used NO5 and NoOj5 data from MIPAS to study the impact of aerosols from strong volcanic eruptions
on nitrogen compounds in the atmosphere and found that they decreased in consonance with a photochemical model. Processes
of stratospheric ozone depletion chemistry related to HNO,4, NoO5 and NO,, were studied in detail, and MIPAS data served
for model validation studies (Tilmes et al., 2003; Stiller et al., 2007; Konopka et al., 2007; Briihl et al., 2007). Formation of
polar stratospheric clouds and related denitrification was studied by GrooB et al. (2014), and Khosrawi et al. (2018), as well
as Hopfner et al. (2006b, a, 2018) for the Antarctic. The first global distribution of BrONO, was also provided from MIPAS
(Hopfner et al., 2009).

In this paper we present recent updates of the retrieval of nitrogen reservoir species HNO3, NoO5, CIONO-, and HNOy,
from the nominal (NOM), middle atmosphere (MA), upper atmosphere (UA), noctilucent clouds (NLC) and UTLS modes of
MIPAS observations. The version 8 data of BrONO,, including a complete climatology covering the mission lifetime, have
already been presented and discussed by Hopfner et al. (2021), while the version 8 NO and NO; data products are presented
by Funke et al. (2023) and Funke et al. (2026), respectively. Along with the version 8 retrievals, we present an extensive error
analysis for the four NO,, species that is compliant with most recent recommendations by the APARC activity “Towards Unified
Error Reporting” (TUNER, von Clarmann et al., 2020, 2022). After summarizing the MIPAS instrument characteristics that
are relevant for the retrieval of the title species (Section 2), we discuss for each species the retrieval set-up (Section 3), their
horizontal and vertical resolutions, and their error budgets (Section 4). Since we provide the aggregated NO,, (including NO,
NO3, HNO3, N>Os, CIONO,, and HNOy) as an additional data product, we discuss the construction of NO,, and its properties
in Section 5. A critical discussion of the improvements compared to the previous data versions is provided in Section 6.
Section 7 presents the new data sets and discuss their latitudinal distributions, and their seasonal and inter-annual variations.
A special data version for all four species, the so-called maximum-likelihood or coarse-grid retrieval version, is presented in

Section 8. In Section 9 we conclude with a summary.

2 MIPAS
2.1 Mission, instrument, and spectral data

MIPAS was an infrared Fourier transform spectrometer observing the infrared emission of the Earth’s limb. MIPAS was hosted
by the Envisat research satellite, which was launched on 1 March 2002 into a polar sun-synchronous orbit with 10 a.m.
and 10 p.m. equatorial crossing time. Envisat performed about 14 orbits per day. Data acquisition of MIPAS started in July
2002. MIPAS took about 1000 radiance profiles per day until an instrument failure in March 2004. Operation was resumed
in January 2005. The maximum optical path difference of the interferometer had to be reduced. This went along with an
improved spatial sampling pattern with about 1300 profiles per day until communication with Envisat was lost in April 2012.
The spectral resolution was 0.025 cm ™' (unapodized) before and 0.0625 cm™" after the instrument failure. We refer to the
first mission phase as full resolution (FR) and to the second mission phase as reduced resolution (RR). The vertical sampling
was 3 km before the failure, while it reached 1.5 km at some altitudes after the failure. The spectral coverage was 4.1 to

14.7 pm (685-2410 cm~1). During the second mission phase, several observation modes with different horizontal spacings,
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altitude coverages, and vertical tangent altitude spacings were run. An overview on the observation modes can be found on
https://eodg.atm.ox.ac.uk/MIPAS/rrmodes.html. Here we refer to the RR NOM, RR UTLS-1, RR MA, RR UA, and RR NLC
mode (see Table 1). For the FR NOM and RR NOM observation modes, the horizontal along-orbit sampling was 500 km and
410 km, respectively. Further technical details on the instrument and the mission are documented by Fischer et al. (2008) and
references therein.

For this work, we used level-1 spectra version 8.03 distributed by ESA. A thorough assessment of the uncertainties of these
level-1 data has been provided by Kleinert et al. (2018). Kiefer et al. (2021) discussed the consequences of the most recent
calibration for the level-2 data. Major changes refer to the nonlinearity correction. The data version numbers of our HNO3,
CIONO3, N2O5 and HNOy4 data are compiled in Table 1 for the relevant MIPAS observation modes, Nominal (FR or RR
NOM), Upper Troposphere and Lower Stratosphere (RR UTLS-1), Middle Atmosphere (RR MA), Upper Atmosphere (RR
UA) and Noctilucent Cloud (RR NLC) measurement modes. To complete the NO,, budget, we also use NO and NO, data from
Funke et al. (2023) and Funke et al. (2026).

2.2 Performance of previous data versions
2.2.1 HNOj;

MIPAS NO,, species of previous data versions have been frequently compared to other satellite measurements and balloon-
borne data. If not mentioned explicitly, these were all from the FR or RR NOM observation modes.

Comparisons of an early data version of HNO3 to MLS (Wang et al., 2007) indicated a positive bias of MIPAS that was,
however, almost constant over various atmospheric situations; structures in global distributions and time series appeared to
be similar. Wolff et al. (2008) compared ACE-FTS HNO3 data v2.2 to MIPAS HNOj3 version V30_HNO3_8 data and found
mean differences of about 0.2 ppbv between 10 and 31 km (with MIPAS being larger), while above 31 km MIPAS was biased
negative against ACE-FTS with differences between 5 and 17%. Hegglin and Tegtmeier (2017) reported about monthly mean
comparisons of MIPAS V30O_HNO3_9 and MIPAS V40_HNO3_220 with Odin/SMR, Aura-MLS, ACE-FTS, and HIRDLS.
While the MIPAS data agreed within 5% with the multi-instrument mean in mid-latitudes, they showed a negative bias of up to -
40% in the tropics around 50 hPa, and a pronounced positive bias of more than 50% between 20 and 50 hPa in the Southern polar
winter. At least the latter bias, under Antarctic winter conditions, could be explained as a sampling bias: since MIPAS cannot
measure in the presence of clouds, it probed the PSC-free and most probably less processed and thus HNOjs-richer air masses
only. In an update of this work, Hegglin et al. (2021) compared the seasonal cycle at 10 hPa for three latitude bands of MIPAS
V5H_HNO3_22 and VSR_HNO3_224 to more recent data versions of the same other instruments. The agreement to the multi-
instrument mean is best among all instruments, both in absolute values and in amplitudes. The findings by Wang et al. (2007)
were confirmed by Khosrawi et al. (2018) for the MIPAS IMK-IAA data version VSH_HNO3_20/V5R_HNO3_224/225.
Khosrawi et al. (2018) used both MLS and MIPAS HNOg data to validate the PSC formation scheme in the chemistry-climate
model ECHAMS/MESSy Atmospheric Chemistry (EMAC). Sheese et al. (2016) and Sheese et al. (2017) compared the same
data version to ACE-FTS HNOj3 v3.5 data and found agreement within 10% between 10 and 40 km altitude.
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2.2.2 CIONO;

MIPAS CIONO; comparisons were reported by Hopfner et al. (2007), Wolff et al. (2008), Virolainen et al. (2015),
and Sheese et al. (2016). Hegglin et al. (2021) compared monthly zonal means of data version V30O_CLONO2_12 and
V40_CLONO2_220 with ACE-FTS v2.2 data and found agreement within + 10% relative to the multi-instrument mean
around the stratospheric maximum. In the lower stratosphere, however, where the CIONO» profiles decrease again, relative
differences were far larger. Hopfner et al. (2007) compared MIPAS data of version V30O_CLONO2_10/11, covering the first
phase of MIPAS, 2002 - 2004, only, to a large number of ground-based, balloon-borne, airborne and satellite instruments.
Because of the photochemically induced diurnal variation of CIONO, above about 26 km, the observed CIONO- amounts
were corrected for the time difference of the otherwise coincident observations by a chemical transport model. The only other
satellite data set available for comparisons was ACE-FTS v2.2. Differences to balloon-borne measurements remained, except
for FIRS, below 0.1 ppbv, while differences to ACE-FTS were smaller than 0.03 ppbv below 26 km; the photochemical cor-
rection above 26 km turned a negative daytime bias of MIPAS into a positive bias in the order of 0.1 ppbv (and vice versa for
nighttime observations), i.e. the photochemical correction over-corrected the differences. Partial columns compared to ground-
based FTIR measurements agreed within less than 1%. Wolff et al. (2008) repeated the comparison of ACE-FTS CIONO,
v2.2 to MIPAS V30_CLONO2_10/11 and confirmed the findings by Hopfner et al. (2007). Virolainen et al. (2015) compared
CIONOs, partial columns between 13 and 45 km measured by ground-based FTIR instruments in St. Petersburg with MIPAS
of the version VSR_CLONO2_220. They found no systematic biases, an average 0.8% discrepancy, and high correlation (R =
0.8) for the seasonality of the measurements. Sheese et al. (2016) compared MIPAS V5R_CLONO2_222 to ACE-FTS version
3.5, accounting for the diurnal cycle by a photochemical correction. Differences were between 0 and 10% (with MIPAS being

higher) between about 17 and 35 km. Below 17 km, relative differences became larger with rapidly decreasing CIONOs vmrs.
2.2.3 N2Oj

The only other satellite instrument that provides N2 Os is ACE-FTS. Previous versions of MIPAS N5 O3 were compared to ACE-
FTS by Wolff et al. (2008) and Sheese et al. (2016). Wolff et al. (2008) compared ACE-FTS v2.2 data to MIPAS V30O_N205_9
that were measured within #+ 9h, 800 km, and PV values of £ 3x 1076 K m? kg—! s~! at 475 K. At the altitude of the Ny O3 vmr
maximum at 25 to 30 km, ACE-FTS vmrs were appr. 0.5 ppbv (75%) smaller than MIPAS daytime and appr. 0.4 ppbv (70%)
smaller than nighttime observations. After correction of potential biases caused by differing local observation times and the
diurnal cycle of NyO5 by CTM calculations, the differences at the vmr maximum were reduced by a factor of 2 to 4. In relative
units, ACE-FTS N»O5 was about 40% smaller than MIPAS near the vmr maximum. Adjustment of the vertical resolution of
ACE-FTS to that of MIPAS further reduced the differences in the lower part of the profiles. Convolved ACE-FTS vmrs differed
by 5 to 10% from the MIPAS CTM-corrected daytime vmrs and by 30 to 40% from the MIPAS CTM-corrected nighttime vmrs.
Sheese et al. (2016) compared ACE-FTS v3.5 N5 O5 profiles to MIPAS VSR_N205_222/223. They applied a diurnal correction
for the differing observation times from a box model and adjusted the vertical resolution of ACE-FTS to MIPAS by a Gaussian

kernel function. They found large discrepancies for evening observations of ACE-FTS and MIPAS with differences between
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Table 1. Observation modes and version numbering

Observation mode FR NOM RR NOM RR UTLS-1 RR MA RR UA RR NLC
Spectral version V8H_ V8R_ V8R_ V8R_ V8R_ V8R_
Altitude range! 6-68 km 7-72 km? 8.5-49 km 18-102km 42-172km  39-102 km
HNO3 HNO3_61 HNO3_261 HNO3_161 HNO3_561 HNO3_661 HNO3_761
CIONO, CIONO2_61 CIONO2_261 CIONO2_161 CIONO2_561

N>Os5 N205_61 N205_261 N205_161 N205_561

HNO4 HNO4_62 HNO4_262 HNO4_162 HNO4_562

NO NO_61 NO_261 NO_161 NO_561 NOT_662 NO_761
NO- NO2_62/63 NO2_261 NO2_161 NO2_561 NO2_661 NO2_761
BrONO, BrONO2_M?® BrONO2_M?

! The altitude range is given from the lowest to the highest tangent altitude.
2 The altitude range is shifted along with the tropopause height versus latitude.
3 BrONO;, results are not available as individual profiles but as 3-day 10° zonal averages.

-130 to +200%. In contrast, comparisons between morning ACE-FTS and both morning and evening MIPAS measurements
were within +10% between 22 and 40 km altitude, while large positive deviations far beyond +50% (ACE-FTS being larger
than MIPAS) were observed below 22 km, and up to +35% between 40 and 50 km. Hegglin and Tegtmeier (2017) compared
zonal means of ACE-FTS v2.2 and MIPAS V40_N205_220 observations, however without consideration of the diurnal cycle.
As expected, ACE-FTS N,Os abundances at sunrise were highest and those at sunset the lowest, while MIPAS measurement
were in between, except for the 60 to 65° latitude band in both hemispheres. This finding is in contradiction to the expected

diurnal cycle and was explained by sampling issues.
2.24 HNO4

Similar to NoOg, HNOy is another product that is available from MIPAS and ACE-FTS satellite instruments only. Stiller et al.
(2007) compared early MIPAS data versions V30O_HNO4_9 and V30_HNO4_10 of the 2002 to 2004 MIPAS mission phase to
balloon-borne observations in a climatological manner, while Hegglin and Tegtmeier (2017) compared zonal mean distributions
of MIPAS V5R_HNO4_220 and ACE-FTS v2.2. Data versions V30_HNO4_9 and V30O_HNOA4_10 differ only with respect
to the spectroscopic data used. Although version 10, using absorption cross sections and providing larger abundances by a
factor of about 1.5, has been considered as the more reliable one, version 9 has been compared to MkIV and MIPAS-B balloon
observations because of the use of the same spectroscopic data. The diurnal cycle of HNO4 complicates the comparison in this
case, too. MKIV sunset profiles at 35°N of September 2003 were found to be higher by 11 pptv in the vmr peak, compared to
a September 2003 monthly mean of MIPAS 10 p.m. measurements within a 5° latitude band around 35° N, while at the upper
end of the profile, MIPAS-measured abundances were about 30 pptv higher. Other comparisons, also those to MIPAS-B, were
less conclusive since the observation times were years apart, and the profiles showed a large inter-annual variation, particularly
in polar regions. The differences found in the zonal mean comparisons performed by Hegglin and Tegtmeier (2017) could be
interpreted below 10 hPa only, where the diurnal cycle of HNO, is week. In this case, MIPAS VSR_HNO4_220 and ACE-FTS
v2.2 data versions were compared. Differences up to £ 50% were found, with MIPAS larger than ACE-FTS almost everywhere.
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3 Retrieval

The general approach to MIPAS level-2 processing is constrained nonlinear least-squares fitting as reported by von Clarmann
et al. (2003), von Clarmann et al. (2009b) and Chauhan et al. (2009). Each retrieval analyzes measured radiances from one
limb scan. A sequential approach is employed in the sense that one (or a small number) of species is analyzed after the other.
In the retrieval of one certain gas, abundance information on the gas mixing ratios from preceding retrieval steps are used for
spectrally interfering species. For interfering gases for which no results from preceding V8 retrievals are available, data from
older MIPAS versions (typically V5) are used. Occasionally, gases causing strong mutual interference are retrieved jointly
in the same retrieval step. For mixing ratio estimates for interfering gases on which no other data are available, mixing ratio
profiles from Kiefer et al. (2002) and updates thereof are used (Figure 1).

The forward model used to simulate radiance spectra and evaluate Jacobians is the Karlsruhe Optimized and Precise
Radiative Transfer Algorithm (KOPRA, Stiller, 2000; Stiller et al., 2002). Ill-conditionedness and instabilities of the retrieval
are fought by regularization involving a smoothing constraint. The implementation relies on a squared first-order finite differ-
ence matrix (Tikhonov, 1963; Twomey, 1963; Phillips, 1962). A formalism to control the altitude dependence of the regular-
ization strength as described by Kiefer et al. (2021, their Eq. (3)) replaces the approach by Steck and von Clarmann (2001)
used for older data versions. For reasons discussed in von Clarmann et al. (2003), in all retrievals, a background continuum
and a radiance offset are fitted along with the target gas concentrations. In the following, we discuss the gas-specific retrieval

settings according to the target gas position in the retrieval chain.
3.1 The retrieval of HNO3

Earlier versions of MIPAS HNOj3 retrievals have been reported by Stiller et al. (2005) and von Clarmann et al. (2009b) for
FR and RR NOM measurements, respectively. The validation of these data versions (Hegglin and Tegtmeier, 2017; Hegglin
et al., 2021; Sheese et al., 2017, 2016) did not provide hints at serious problems with these data; thus, the V8 retrieval setup is
essentially the same as that of V5.

In the retrieval chain, the retrievals of temperature along with elevation pointing and 3-D information of the temperature
field, O3 and HyO precede the retrieval of HNO3 (Fig. 1). The HNOj retrieval uses lines in the MIPAS A band in the region
of the v5 and 2vg bands near 880 cm 1. For measurements with tangent altitudes higher than 44.5 km also lines in the MIPAS
B band around 1320 cm~! are used. The spectral region used for the retrieval, the so-called microwindows, are summarized in
Table 2.

The spectroscopic dataset used for HNOj is based on HITRAN2008 (Rothman et al., 2009). In addition, and different to
version 5 data, updates by A. Perrin for the 1320 cm™! spectral region that were included in the dedicated MIPAS spectro-
scopic database v4.45 (Flaud et al., 2015) have been used. In the 860 cm ™" region, this spectroscopic dataset is identical to
HITRAN2016 (Gordon et al., 2017). The updates by A. Perrin in the 1320 cm ™! region, however, have not found their way
into HITRAN.
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Figure 1. Processing sequence and related data flow. N2 and O2 mixing ratios are taken from the MSIS2 model (Emmert et al., 2020), while
CO2 mixing ratios are generated using WACCM model output (Marsh, 2011; Marsh et al., 2013; Garcia et al., 2017) as described by (Kiefer
et al., 2021). The origin of the other trace gases used for spectral modelling is colour coded. Green: V5 data, pink: V8 data, and light brown:

climatology database Kiefer et al. (2002). Retrieving NO and CO concentrations prior to those of HCFC-22 is a merely pragmatic choice,
since these are not needed as input of the HCFC-22 retrieval.
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Table 2. Microwindows used in the MIPAS HNO3 retrieval

Wavenumber in cm ™

FR

T
RR

862.5000-864.0000
865.8000-868.0000
868.2500-871.0000
871.8500-874.0000
878.8500-881.3000
881.6250-883.6250
1310.0000-1311.1500
1311.6250-1312.2000
1312.8000-1313.3000
1313.9500-1314.5000
1315.0000-1316.6000
1317.2500-1318.5000
1319.1250-1319.8750
1320.2500-1320.7000
1321.0000-1321.8750
1322.3000-1323.2000
1324.3000-1326.8750
1327.6250-1329.7000
1330.0000-1331.8750
1333.0000-1336.3750

862.5000-864.0000
865.8125-868.0000
868.2500-871.0000
871.8125-874.0000
878.8125-881.3125
881.6250-883.6250
1310.0000-1311.1875
1311.6250-1312.1875
1312.8125-1313.3125
1313.9375-1314.5000
1315.0000-1316.5625
1317.2500-1318.5000
1319.1250-1319.8750
1320.2500-1320.6875
1321.0000-1321.8750
1322.3125-1323.1875
1324.3125-1326.8750
1327.6250-1329.6875
1330.0000-1331.8750
1333.0000-1336.3750

EGUsphere\

1 1

Microwindows below 1300 cm™" are used for all tangent altitudes, while microwindows above 1300 cm™" are used for

tangent altitudes above 44.5 km only.

The temperature profile and the 2D-distribution of the temperature field along with the line of sight pointing information
from a previous retrieval step in the processing chain (Kiefer et al., 2021) have been used in the retrievals. Interfering species
that have been considered in the radiative transfer calculation but not retrieved are H,O, O3, NoO, CH,4, SO2, NO,, CIO, OCS,
HCN, C3Hs, C3Hg, CFC-11, CFC-12, HCFC-22, CIONO,, CO5, NH3, HOCI, and H>Os. Information on CO5 abundances
has been taken from WACCM (for details see Kiefer et al. (2021)), and for NH3, HOCI, and H2O5 from our climatological
database (Kiefer et al., 2002), while the profiles for all other species have been taken from the previous V5 version. In case of
RR MA, UA and NLC retrievals, if profiles for interfering species were not available from V5 RR MA/UA/NLC processing,
climatologies were built from V5 RR NOM retrievals and used in the respective latitude bands.

For data versions before V5, a continuum emission, assumed to be mainly made up by aerosols in the stratosphere and far
line wings of atmospheric gases, was considered up to 32 km, because it was believed sufficient to cover the Junge aerosol layer
(Junge and Manson, 1961). Unlike in these earlier HNOj3 data versions, and similar to the V5 data version, the atmospheric
continuum is now retrieved up to 58 km altitude (except for the UTLS-1 measurement mode, where the highest altitude of the
continuum is 44 km because of the altitude coverage of this observation mode) in order to account for aerosols higher up, e.g.

meteoric dust (Neely III et al., 2011).

10
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Table 3. Microwindows used in the MIPAS FR and RR CIONO., retrieval

Wavenumber Altitude
range
(cm™') (km)

779.5-781.0 0-120
1291.0-1293.5 34.5-120

The retrieval gridwidth is 1 km between 4 and 44 km. Between 44 and 70 km the gridwidth is 2 km. Additional gridpoints are
75.0, 80.0, 90.0, 100.0, and 120.0 km. The retrieval is regularized with a smoothing constraint (see above). The a priori profile
is chosen as constant zero over the full altitude range in order not to imprint any altitude structure on the retrieved profile. For
the uppermost four altitudes of the retrieval grid, a diagonal term is added to the Tikhonov smoothing regularization matrix
which pushes mixing ratios there towards zero. This avoids systematic negative mixing ratios that would often be encountered

otherwise and which would propagate downward.
3.2 The retrieval of CIONO-

Beyond the pre-retrieved data mentioned in Section 3.1, and HNOs, the retrieval of CH4 along with N2 O, and of NOs, precedes
that of CIONOs, (Fig. 1). In order to minimize error crosstalk due to spectroscopic inconsistencies, Oj is fitted together with
the target gas CIONOs. Resulting O3 mixing ratios, however, are not considered as scientifically useful and are thus discarded.
As for HNOg, the continuum is retrieved up to and altitude of 58 km for FR/RR NOM and RR MA measurements, and up to
44 km for RR UTLS-1 measurements.

For the retrieval we use the spectral region from 779.5 to 781.0 cm ™! in the MIPAS A band, which contains the Q-branch of
the v4 band. Above 34 km, the spectral region from 1291.0 to 1293.5 cm~! in the MIPAS B band, which includes the v band,
is now also used for V8, in order to increase the sensitivity at higher altitudes. Interfering gases included in the simulation of
the spectra but not fitted are H,O, CO2, NO2, HNOj3 in both analysis windows, and additionally NoO and CHy4 in the MIPAS
B band. Except for COs profiles, which are taken from WACCM, profiles from the preceding steps in the V8 processing chain
are used for all other interfering species. Absorption cross-sections by Wagner and Birk (2003) are used for CIONOs.

While for former data versions the same vertical grid was used as described for the retrieval of HNOg, for V8 a finer grid is
used in order to avoid an artificial kink in the profiles showing up earlier. The grid width is 1 km up to 60 km altitude. Between
60 and 70 km the grid width is 2 km. Further grid points are 75, 80, 90, 100, and 120 km.

Up to 42 km, the Tikhonov-type regularization matrix is set altitude-constant. Above, the regularization strength is increasing
with altitude. In addition, the profile points at 100 and 120 km are regularized with a diagonal term, which serves the purpose

to avoid excessive negative mixing ratios due to retrieval instabilities. A constant zero profile is used as a priori.
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3.3 The retrieval of HNO4

Between the retrieval of CIONO; and that of HNO,4, CFC-12, CIO, CFC-11 along with COCl; and NO are retrieved (Fig. 1).
The V8 retrieval of HNO,4 used the same finer vertical grid as CIONO,. The spectral microwindow used for the retrieval is
802.0 to 804.0 cm™!, similar to previous data versions, and contains lines of the 5 band. Absorption cross-sections used are
based on laboratory measurements by May and Friedl (1993) at 220 K. For V8, they are now complemented by additional cross-
section spectra at 298 K, using information from Friedl et al. (1994), as documented in Wetzel et al. (2017). To minimize error
propagation caused by spectroscopic inconsistencies, O3 and CIONO, are fitted jointly with the target gas HNOy4. Resulting
mixing ratios of these gases, however, are not used any further. As for the gases discussed above, the continuum is retrieved
up to an altitude of 58 km, except for the UTLS-1 mode where the uppermost altitude is 44 km. Further interferents that
are considered in the spectra simulation but not jointly retrieved are H,O, HNOj3, ClO, NOs (from previous steps in the V8
retrieval chain), OCS, HCN, CyH,, CoHg, COF,, HCFC-22, CCly, CFC-113, Acetone, PAN (from VS5 retrievals), CO5 (from
WACCM), and NH3, CH3Cl, CoH4, CHCl3, CH3OH, and BrONO- (from our climatological database). In case of RR MA
retrievals, if profiles for interfering species were not available from V5 RR MA processing, climatologies were built from V5
RR NOM retrievals and used in the respective latitude bands, as described above.

To stabilize the retrieval a Tikhonov-type smoothing constraint is used with an equal regularization strength throughout all
altitudes. The a priori profile is zero at all altitudes. Similarly as for CIONO-, the regularization matrix contains diagonal
elements for the altitudes of 100 and 120 km in order to avoid excessive negative mixing ratios that would trigger unphysical

profile oscillations if not suppressed.
3.4 The retrieval of NoOs5

The validation of previous N»Os data versions remained somewhat inconclusive and left several questions open (see Section
2). In particular, the differences to ACE-FTS measurements above and below the NoO5 vmr maximum remained a concern.
Since another broad-band emitting species in the spectral vicinity of N2 Oys is the HoSO,4 aerosol, and spectroscopic information
and a dedicated retrieval approach has become available now (Giinther et al., 2018) we included the retrieval of HySO, total
aerosol volume densities into the retrieval approach for NoOs.

With HNO,4 mixing ratios available, CO, CoHg and HCFC-22 are retrieved before the retrieval of N2Oj5 together with
H,S0y is started (Fig. 1). The spectral window used is 1217.0 — 1276.0 cm™—! in MIPAS channel B which covers a larger
part of the 112 band of N2Os. Spectroscopic information for NoOj is from the HITRAN2016 data base (Gordon et al., 2017),
while for HoSO, total aerosol volume densities, imaginary parts of refractive indices as provided by Niedziela et al. (1999)
have been used. Because of their spectral interference, NoO, CHy, and H,O are fitted along with the target species NoO5 and
H3SOy4. While resulting mixing ratios of NoO, CHy, and H2O are not used any further, the analysis of resulting H>SO,4 volume
densities is interesting in its own right but deferred to a future publication. Further interferents considered in the radiative
transfer calculations but not fitted are O3, HNO3, CIONO,, NO, (from previous steps of the V8 processing chain), SO, CoHo,
COF;, CFC-113, acetone (from previous V5 retrievals), COs (from WACCM), and NH3, HOCI, H,O4, CF4, and CH3COOH

12
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(from our climatological database). In case of RR MA retrievals, if profiles for interfering species were not available from V5
RR MA processing, climatologies were built from V5 RR NOM retrievals and used in the respective latitude bands.

The continuum is retrieved at altitudes up to 80 km, except for the UTLS-1 mode where it is limited to 44 km. The offset
is retrieved against an a priori profile, while the diagonal constraint has been increased by a factor of four, compared to other
trace gas retrievals in this wavenumber range, in order to stabilize the retrieval in presence of the exceptionally high-reaching
continuum retrieval. For V8, the retrieval of NoOg uses the same new vertical grid as used for CIONOs and HNO,.

Similar to the other gases described above, the retrieval is stabilized with Tikhonov-type smoothing constraints with equal
regularization strengths throughout all altitudes, and the a priori profiles are zero at all altitudes. Diagonal terms in the regular-

ization matrices are used for 100 and 120 km altitudes to constrain the retrieved profiles to zero.

4 Data characterization
4.1 Averaging kernels and vertical resolution

Averaging kernel matrices are an appropriate means to characterize the vertical resolution of a retrieval and its content of prior
information (Rodgers, 2000). Figures 2 to 7 show the averaging kernels of HNO3, CIONO2, HNO,, and NyO5 for one specific
profile each, and the vertical resolutions along an example orbit, for the FR NOM, RR NOM, and RR MA observation modes.
The vertical resolutions are derived from the full widths at half maximum of the averaging kernel rows.

The vertical resolution of FR NOM HNOs retrievals varies between 2 and 4 km in the lower and middle stratosphere (Fig. 3).
In the upper stratosphere the vertical resolution is around 6 km, with two lower-resolved thin layers in between. The vertical
resolution is generally better at altitudes where the vertical grid point is close to a tangent altitude of the measurement, and
slightly coarser between two tangent altitudes. Conversely, retrieval noise is larger where a grid point is close to a tangent
altitude, because the retrieved value depends largely on this particular measurement; in turn, retrieval noise is smaller for data
points between two tangent altitudes, because the retrieved value depends largely on two measurements. This is a feature of
all retrievals performed on retrieval grids finer than the tangent altitude spacing. Below 55 km, the averaging kernels peak at
the nominal altitudes (Fig. 2). V8 HNO3 from the FR NOM observation mode is recommended for use between 5 and 55 km
altitude.

For RR NOM HNOjs retrievals, the vertical resolution is better than for FR NOM in the lower to middle stratosphere, but
worse in the mesosphere (Fig. 5). It varies between 2 and 3 km up to 35 km, is around 4 to 6 km up to 55 km, but worse than
8 km above. The averaging kernels peak at the nominal altitudes up to about 60 km (Fig. 4). The recommended altitude range
is 5 to 55 km.

V8 RR MA HNOs; profiles start around 16 km and provide a vertical resolution of about 3 to 4 km in the lower to middle
stratosphere (Fig. 7). Similar to RR NOM observations, it increases to around 6 km in the upper stratosphere and lower
mesosphere, and to beyond 8 km above 60 km. The recommended altitude range is 16 to 55 km.

The behaviour of CIONOs for the various observation modes is quite similar to that of HNOg3, except that the useful altitude

range is restricted to below 45 km, and averaging kernels peak typically at their nominal tangent altitude up to 40 km (Figs. 2,

13
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Figure 2. Profile averaging kernels of MIPAS HNO3, CIONO2, HNO4, and N2Os retrievals from FR NOM spectra. Some of the averaging
kernels are coloured to make them easier to distinguish. The averaging kernels refer to a limb sequence recorded at 46.1°N, 41.0°E during

Envisat orbit 06974 on 1 July 2003.
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Figure 3. Vertical resolution of MIPAS HNO3, CIONO2, HNO4, and N2Os retrievals from FR NOM spectra along Envisat orbit 06974
recorded on 1 July 2003. The crosses and plus signs at the bottom of the panels mark the ascending (10 pm) and descending (10 am) orbit
legs, respectively.

350 4, and 6). The vertical resolution in the lower to middle atmosphere up to ~30 km is typically 3—5 km/2—4.5 km/4-5 km in the
FR NOM/RR NOM/RR MA observation modes, and deteriorates to 6—9 km in the upper stratosphere/lower mesosphere for all
observation modes (Figs. 3, 5, and 7).

The vertical resolution of HNOy in the stratosphere below 30 km is 3-5 km/2—4.5 km/4-5 km for the FR NOM/RR NOM/RR
MA observation modes (Figs. 3, 5, and 7). Above that altitude, it deteriorates to 8§ km and more, with polar winter conditions

355 leading to even stronger deterioration. The averaging kernels peak at their nominal tangent altitudes up to altitudes of 35 km
(Figs. 2, 4, and 6). Above about 40 km, no relevant information is available, and we recommend not to use the data above this
height.

From the FR NOM observation mode, N5 Oj is retrieved with a vertical resolution of 2 to 5 km over almost the full altitude

range up to 60 km, with slightly worse vertical resolution around 6-8 km under polar winter conditions (Fig. 3). For the RR
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Figure 4. Profile averaging kernels of MIPAS HNO3, CIONO2, HNOy, and N2Os retrievals from RR NOM spectra. Some of the averaging
kernels are coloured to make them easier to distinguish. The averaging kernels refer to a limb sequence recorded at 47.5°N, 103.8°W during
Envisat orbit 38371 on 2 July 2009.
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Figure 5. Vertical resolution of MIPAS HNO3, CIONO2, HNOy, and N2Os retrievals from RR NOM spectra along Envisat orbit 38371
recorded on 2 July 2009. The crosses and plus signs at the bottom of the panels mark the ascending (10 pm) and descending (10 am) orbit
legs, respectively.

360 NOM observation mode, the vertical resolution is better than 3.5 km below 30 km altitude, 4 to 6 km in the upper stratosphere,
and beyond 8 km in the mesosphere (Fig. 5). For the RR MA mode, the vertical resolution is 3 to 5 km up to about 45 km,
better than 8 km up to 55 km, and beyond 8 km above (Fig. 7). For all observation modes, the averaging kernels peak at their
nominal tangent altitudes up to about 60 km (Figs. 2, 4, and 6). The use of V8 NOj data is therefore recommended between

5 and 60 km.
365 4.2 Horizontal information smearing and displacement

For the characterization of the horizontal smearing and displacement of information, we use the horizontal averaging kernel
matrix, following the concept proposed by von Clarmann et al. (2009a). The horizontal distance between the averaging-kernel-

weighted mean of the horizontal coordinate and the nominal geolocation of the limb scan (set at 30 km for FR NOM and RR
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Figure 6. Profile averaging kernels of MIPAS HNOj3, CIONOg, HNO4, and N2Os retrievals from RR MA spectra. Some of the averaging
kernels are coloured to make them easier to distinguish. The averaging kernels refer to a limb sequence recorded at 45.6°N, 74.1°E during
Envisat orbit 38550 on 15 July 2009.
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Figure 7. Vertical resolution of MIPAS HNO3, CIONO2, HNOy4, and N2Os retrievals from RR MA spectra along Envisat orbit 38550
recorded on 2 July 2009. The crosses and plus signs at the bottom of the panels mark the ascending (10 pm) and descending (10 am) orbit
legs, respectively.

NOM modes, and at 60 km for the RR MA mode) is used as a metric of the horizontal information displacement. Positive signs
370 indicate information displacements towards the satellite. The respective standard deviation multiplied by 2v/2In2 is used as a
metric of information smearing. As long as the information distribution follows a normal distribution, this metric is equivalent
with the full width at half maximum of the vertically integrated 2D averaging kernels. It is, however, much more robust for bi-
or multi-modal information distributions.
In Tables 4-6, the information displacements for the target gases are shown for an FR NOM (orbit 6075, 47.9°S, 39.8°W,
375 29 April 2003, 22° solar elevation) an RR NOM (orbit 39483, 57.1°S, 176.1°W, 18 September 2009, -32.5° solar elevation),
and an RR MA (orbit 39520, 45.0°N, 15.1°W, 20 September 2009, -39.0° solar elevation) measurement. Tables 7-9 show the

horizontal information smearing for the measurements mentioned above.
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Table 4. Information displacement, FR NOM observation mode. Positive values mean displacement towards the satellite.

Altitude HNO3; CIONO; HNO, N5O5
/km /km /km /km /km
60 -126.2
54  -126.6 -122.3
50 -112.7 -113.0
44 -86.6 -75.9 -87.3
40 -68.2 -60.1 -48.4 -70.0
35 -21.5 -22.9 -18.2 -22.0
30 17.0 14.1 14.5 18.2
25 56.0 54.0 52.5 58.4
20 94.2 90.9 89.6 89.9
15 1240 121.9  119.1 123.5
10 1489 1439 1424  169.9

Table 5. Information displacement, RR NOM observation mode. Positive values mean displacement towards the satellite.

Altitude HNO3; CIONOs; HNO, N>Oj
/km /km /km /km /km
60 -64.4
54 -62.2 -59.1
50 -57.6 -57.3
44 -42.4 -41.8 -49.5
40 -28.9 -34.7 -309 -359
35 -21.6 -16.6 -17.1  -244
30 2.6 1.8 1.6 1.1
25 23.5 21.5 25.6 25.1
20 58.8 53.7 56.8 60.8
15 88.9 83.7 84.3 97.5
10 1054 100.6 104.1 1262
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Table 6. Information displacement, RR MA observation mode. Positive values mean displacement towards the satellite.

Altitude HNO; CIONO; HNO, N3Oj5
/km /km /km /km /km

60 18.4

54 25.2 27.6

50 37.0 37.7

44 52.5 57.2 53.2

40 68.3 67.1 70.9 68.7

35 77.8 77.9 80.5 77.5

30 89.7 88.4 91.1 89.0

25 107.3 104.9 103.6  105.7

20 117.4 114.5 113.3  116.2

Table 7. Information smearing, FR NOM observation mode.

Altitude HNO3; CIONOs; HNO, N>Oj
/km /km /km /km /km

60 480.8

54 4749 479.2

50 425.1 483.7

44 3995 506.8 432.1

40  363.1 5054 5215 381.2

35 3303 4348 483.0 336.8

30  328.6 3584 399.2 331.1

25 3477 328.9 3522 335.1

20 359.1 320.3 328.0 329.8

15 3747 330.9 307.0 3394

10 376.7 3533  310.8 3574

For all species and for FR and RR NOM observation modes, information is displaced towards the satellite for altitudes

up to above 30 km, and beyond the tangent altitude above. The displacement is generally larger for FR NOM measurements
than for RR NOM measurements. Largest values are found for FR NOM N»Os (170 km at 10 km altitude). All information
displacement values are significantly smaller than the horizontal sampling of MIPAS (FR NOM: 510 km; RR NOM; 410 km;
RR MA: 430 km). For the RR MA mode, all displacements are positive, i.e. towards the satellite. This is because the nominal

geolocation of RR MA limb scans refers to a tangent point at about 60 km altitude. As for FR and RR NOM modes, the

information displacement values are again far smaller than the horizontal sampling.
The information smearing takes values between 290 km (RR NOM HNOy4 at 10 km) and 535 km (RR NOM HNOy, at

40 km). In some cases, the information smearing exceeds the horizontal sampling. However, in the lower stratosphere the

horizontal resolution is still dominated by the horizontal sampling and not by the information smearing.
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Table 8. Information smearing, RR NOM observation mode.

Altitude HNO3; CIONO; HNO4; N>Oj
/km /km /km /km /km

60 458.4

54  458.0 476.9

50 403.5 449.1

44 369.7 501.8 361.9

40 375.8 513.1 535.0 362.0

35 324.3 455.0 503.4  330.7

30 313.9 3784  423.0 3245

25 310.7 344.3 366.7 308.9

20 312.8 314.5 326.3 301.0

15 308.1 305.7 3049 320.3

10 294.6 290.0 289.8 3244

Table 9. Information smearing, RR MA observation mode.

Altitude HNO3; CIONO; HNO; N3Oj
/km /km /km /km /km

60 418.2

54 407.8 4248

50 356.0 387.8

44 338.2 497.7 336.5

40 338.6 489.8 515.8 331.3

35 318.7 418.2 461.5 3243

30 314.5 358.8 395.2  323.0

25 327.8 3322 365.1 330.3

20 337.8 311.6 315.0 335.2

4.3 Error budget

EGUsphere\

MIPAS errors have been analyzed following the recommendations published by the ”Atmospheric Processes And their Role

in Climate — Towards Unified Error Reporting (APARC-TUNER)” activity (von Clarmann et al., 2020) and described by

von Clarmann et al. (2022). Random and systematic uncertainties are calculated for classes of atmospheric conditions that

are set up from latitude bands, seasons and day-and-night conditions for all relevant observation modes, on basis of a subset

of representative observations for each class (see Supplements for the list of classes). In the data repository, every profile

is assigned to one of the classes, and respective uncertainties are provided for the profiles, including scaling to the actual

profile values in case the uncertainties are of relative nature. In the following, we provide a species-by-species discussion of

the ingoing uncertainties and the resulting error components for the example class of RR NOM Southern polar winter night

22
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Figure 8. HNO3 error budget for RR NOM Northern polar winter night conditions.

measurements. The error information for all other classes and observation modes, in terms of tables and figures, are collected

in the supplements for all species separately.
4.3.1 The HNOj error budget

Error sources affecting the retrieval of HNOg3 are summarized and quantified in Table 10 for the RR NOM observation mode.
Similar tables for the FR NOM and RR MA observation modes are presented in the Supplement.

Figure 8 presents the resulting error budget of HNO3 for RR NOM Northern polar winter night observations. Error budgets
for all other atmospheric conditions and observation modes are collected in the Supplement. Below 10 km altitude the random
error, dominated by measurement noise, and the systematic error, dominated by spectroscopic uncertainty, contribute roughly
equally to a total error of far beyond 100%. In the altitude range of the stratospheric HNO3 maximum, the total random error
amounts to 3 to 10%, while the systematic error, again dominated by spectroscopic uncertainty, increases the total (random +
systematic) error to about 20 — 30%. Above 40 km, the HNOjs total error increases strongly, mainly due to measurement noise.
This means that while the absolute stratospheric HNOg abundances below 40 km are rather uncertain and may be biased,

variability studies will benefit from the rather good precision of the observations.
4.3.2 The CIONO- error budget

Ingoing uncertainties used for the CIONO; error analysis are compiled in Table 11 for the RR NOM observation mode. Similar
Tables for the MIPAS FR NOM and RR MA observation modes are presented in the Supplement.

Figure 9 presents the resulting error budget of CIONO;, for RR NOM Northern polar winter night observations. Error
budgets for all other atmospheric conditions and observation modes are collected in the Supplement. The leading uncertainty

in the troposphere below 10 km is the measurement noise. In the stratosphere, below 35 km, the total (random + systematic)

23
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Table 10. Assumed 1o uncertainties affecting the retrieval of HNO3 (RR NOM)

Type of Uncertainty Value / typical value® Source? Propagation Method®
noise (A band) 20 nW/(cm? st cm™ 1) Kleinert et al. (2018) G(16)
noise (B band) 10 nW/(cm? srem™ 1) Kleinert et al. (2018) G(16)
offset (A band) 3 nW/ (cm? srem™ 1) Kleinert et al. (2018) G(5;13)
offset (B band) 1.5 nW/ (cm? srcm™1) Kleinert et al. (2018) G(5;13)
gain random (A and B band) 0.21% Kleinert et al. (2018) P(21;22)
gain systematic (A band) 1.15% Kleinert et al. (2018) P(21;22)
gain systematic (B band) 1.03% Kleinert et al. (2018) P(21;23)
spectral shift 0.00029 cm™! preceding V8 retrieval (Kiefer et al., 2021) P(7)

ILS 3% Hase (2000, 2003) P(7;14;15)
Temp., noise 0.22-1.23K preceding V8 retrieval Kiefer et al. (2021) G(6)
Tang. alt., noise 29-52m preceding VS8 retrieval Kiefer et al. (2021) G(6)
Temp. spectral shift 0.01-0.10K preceding V8 retrieval Kiefer et al. (2021) P(17)
Tang. alt., spectral shift 1-15m preceding V8 retrieval Kiefer et al. (2021) P(17)
Temp., offset 0.03-045K preceding VS8 retrieval Kiefer et al. (2021) P(7)

Tang. alt., offset 8-16m preceding V8 retrieval Kiefer et al. (2021) P(7)
Temp., ILS 0.05-1.16 K preceding V8 retrieval Kiefer et al. (2021) P(7)

Tang. alt., ILS 8-113m preceding VS8 retrieval Kiefer et al. (2021) P(7)
Temp., CO2 intensities 0.03-0.18K preceding VS8 retrieval Kiefer et al. (2021) P(7;26;27)
Tang. alt., CO- intensities 26 -34m preceding V8 retrieval Kiefer et al. (2021) P(7;26;27)
Temp., CO2 broadening 0.14-147K preceding VS8 retrieval Kiefer et al. (2021) P(7;28;29)
Tang. alt., CO2 broadening 198 - 252 m preceding VS8 retrieval Kiefer et al. (2021) P(7;28;29)
Temp., gain, syst. 0.22-0.81K preceding V8 retrieval Kiefer et al. (2021) P(21)
Tang. alt., gain, syst. 1-49m preceding VS8 retrieval Kiefer et al. (2021) P(21)
Temp., gain, random 0.04-0.15K preceding VS8 retrieval Kiefer et al. (2021) P(21)
Tang. alt., gain, random 02-9m preceding V8 retrieval Kiefer et al. (2021) P(21)
vmr(C2Hs) 3.22E-06 - 9.55E-06 ppmv V5 retrieval (Wiegele et al., 2012) G(6)
vmr(C2He) 2.77E-07 - 7.56E-05 ppmv V5 retrieval (Wiegele et al., 2012) G(6)
vmr(CHy) 1.03E-02 - 1.44E-01 ppmv V5 retrieval (Plieninger et al., 2015) G(6)
vmr(CO2) 7.56E-01 - 7.51E+00 ppmv WACCM model calc. (Kiefer et al., 2021) P(20)
vmr(ClO) 1.50E-05 - 6.60E-04 ppmv V5 retrieval (von Clarmann et al., 2013) G(6)
vmr(HCN) 1.54E-05 - 4.41E-05 ppmv V5 retrieval (Wiegele et al., 2012) G(6)
vmr(H202) 3.03E-06 - 1.12E-04 ppmv database (Kiefer et al., 2002) P(7;11)
vmr(H20) 1.87E-01 - 2.24E-00 ppmv preceding V8 retrieval (Kiefer et al., 2024) G(6)
vmr(HOCI) 2.12E-06 - 7.27E-05 ppmv database (Kiefer et al., 2002) P(7;11)
vmr(O3) 2.48E-02 - 8.52E-02 ppmv preceding V8 retrieval (Kiefer et al., 2023) G(6)
vmr(N2O) 3.14E-04 - 1.59E-02 ppmv V5 retrieval (Plieninger et al., 2015) G(6)
vmr(SO2) 5.95E-05 - 4.24E-04 ppmv V5 retrieval (Hopfner et al., 2015) G(6)
vmr(NH3) 7.18E-12 - 3.75E-05 ppmv database (Kiefer et al., 2002) P(7;11)
vmr(NO2) 7.49E-08 - 3.77E-04 ppmv V5 retrieval (Funke et al., 2005b) G(6)
vmr(OCS) 3.37E-05 - 2.14E-04 ppmv VS5 retrieval (Glatthor et al., 2017) G(6)
vmr(CFC-11) 2.64E-08 - 5.94E-06 ppmv VS5 retrieval (Kellmann et al., 2012) G(6)
vmr(CFC-12) 1.09E-05 - 1.57E-04 ppmv V5 retrieval (Kellmann et al., 2012) G(6)
vmr(HCFC-22) 4.78E-06 - 1.46E-05 ppmv V5 retrieval (Chirkov et al., 2016) G(6)
vmr(CIONO2) 7.38E-06 - 1.04E-04 ppmv VS5 retrieval (von Clarmann et al., 2013) G(6)

line intensities 25% Flaud et al. (2015); Rothman et al. (2009) P(7)
broadening coeff. 7.5% Flaud et al. (2015); Rothman et al. (2009) P(7)

L For variable uncertainties typical values are reported. Some errors in Kleinert et al. (2018) given in terms of 2¢° were re-scaled them to 1o. 2 In some cases
unpublished V5 data were used. In these cases, reference to an earlier data version is made. 3 Temperature and tangent altitude errors due to noise, spectral
shift, and offset are propagated separately. The notation is as follows: “G” refers to generalized Gaussian error propagation in a matrix formalism, while “P”
refers to perturbation studies. The numbers in parentheses are the respective equation numbers in von Clarmann et al. (2022).
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Table 11. Assumed 1o uncertainties affecting the retrieval of CIONO2 (RR NOM)

Type of Uncertainty Value / typical value! Source? Propagation
Method?
noise (A band) 20 nW/(cm? srcm™ 1) Kleinert et al. (2018) G(16)
noise (B band) 10 nW/(cm? srem™1) Kleinert et al. (2018) G(16)
offset (A band) 3nW/ (cm? srem™1) Kleinert et al. (2018) G(5;13)
offset (B band) 1.5 nW/ (cm? srcm™1) Kleinert et al. (2018) G(5;13)
gain random (A and B band) 0.21% Kleinert et al. (2018) P(21;22)
gain systematic (A band) 1.15% Kleinert et al. (2018) P(21;22)
gain systematic (B band) 1.03% Kleinert et al. (2018) P(21;23)
spectral shift 0.00029 cm™! preceding V8 retrieval (Kiefer et al., 2021) P(7)
ILS 3% Hase (2000, 2003) P(7;14;15)
Temp., noise 022-123K preceding V8 retrieval Kiefer et al. (2021) G(6)
Tang. alt., noise 29-52m preceding V8 retrieval Kiefer et al. (2021) G(6)
Temp., spectral shift 0.01-0.10K preceding V8 retrieval Kiefer et al. (2021) P(17)
Tang. alt., spectral shift 1-15m preceding V8 retrieval Kiefer et al. (2021) P(17)
Temp., offset 0.03-045K preceding V8 retrieval Kiefer et al. (2021) P(7)
Tang. alt., offset 8§-16m preceding V8 retrieval Kiefer et al. (2021) P(7)
Temp., ILS 005-1.16 K preceding V8 retrieval Kiefer et al. (2021) P(7)
Tang. alt., ILS 8§-113m preceding V8 retrieval Kiefer et al. (2021) P(7)
Temp., CO; intensities 0.03-0.18K preceding V8 retrieval Kiefer et al. (2021) P(7;26;27)
Tang. alt., CO, intensities 26 - 34 m preceding V8 retrieval Kiefer et al. (2021) P(7;26;27)
Temp., CO, broadening 0.14-147K preceding V8 retrieval Kiefer et al. (2021) P(7;28;29)
Tang. alt., CO5 broadening 198 - 252 m preceding V8 retrieval Kiefer et al. (2021) P(7;28;29)
Temp., gain, syst. 0.22-0.81 K preceding V8 retrieval Kiefer et al. (2021) P(21)
Tang. alt., gain, syst. 1-49m preceding V8 retrieval Kiefer et al. (2021) P(21)
Temp., gain, random 0.04-0.15K preceding V8 retrieval Kiefer et al. (2021) P(21)
Tang. alt., gain, random 0.2-9m preceding V8 retrieval Kiefer et al. (2021) P(21)
vmr(CHy) 7.76E-03 - 9.78E-02 ppmv preceding V8 retrieval (Glatthor et al., 2024a)  G(6)
vmr(COs) 7.56E-01 - 7.51E+00 ppmv ~ WACCM model calc. (Kiefer et al., 2021) P(20)
vmr(HO) 1.87E-01 - 2.24E+00 ppmv  preceding V8 retrieval (Kiefer et al., 2024) G(6)
vmr(N5O) 3.73E-04 - 1.03E-02 ppmv preceding V8 retrieval (Glatthor et al., 2024a)  G(6)
vmr(NOy) 2.03E-07 - 2.88E-04 ppmv preceding V8 retrieval (Funke et al., 2026) G(6)
vmr(HNO3) 5.54E-05 - 4.51E-04 ppmv preceding V8 retrieval (this paper) G(6)
spectroscopic data 2.5% Wagner and Birk (2003) P(7)

1 For variable uncertainties typical values are reported. Some errors in Kleinert et al. (2018) are given in terms of 20; we have re-scaled them to 1o. 2 In some
cases V5 data were used of which no journal publication is available. In these cases, reference to an earlier data version is made. 3 Temperature and tangent
altitude errors due to noise, spectral shift, and offset are propagated separately. The notation is as follows: “G” refers to generalized Gaussian error propagation
in a matrix formalism, while “P” refers to perturbation studies. The numbers in parentheses are the respective equation numbers in von Clarmann et al. (2022).

uncertainty of CIONOs is between 6 and about 15 %. Below about 20 km, random uncertainties, dominated by measurement

noise, result in the leading error contributions. Between 20 and 35 km, both random and systematic uncertainties, the latter

dominated by spectroscopic uncertainties, contribute about equally to the total error budget. Above 35 km, the total error is

again largely dominated by measurement noise. Overall, with random errors dominating the error budget below 20 and above

35 km, CIONO; uncertainties can be favourably reduced by averaging, without introducing a significant bias.
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Figure 10. HNO4 error budget for RR NOM Northern polar winter night conditions.

4.3.3 The HNO4 error budget

HNO, error estimation relies on estimates of ingoing uncertainties as listed in Table 12 for the RR NOM observation mode.
Similar Tables for the MIPAS FR NOM and RR MA observation modes are presented in the Supplement.

We discuss the total error budget of HNO, at the example of RR NOM Northern polar winter night conditions (Fig. 10 (for all
other atmospheric conditions and observation modes see the Supplement). The total error budget is dominated by measurement
noise over the entire altitude range. The uncertainty is lowest with about 40 % in the altitude range between 20 and 30 km and
increases to more than 100 % above and below. The systematic error, dominated by spectroscopic uncertainties, contributes

with about 10 to 20 % to the total error budget.
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Table 12. Assumed 1o uncertainties affecting the retrieval of HNO4 (RR NOM)

Type of Uncertainty Value / typical value’ Source? Propagation
Method?
noise (A band) 20 nW/(cm? stcm™ 1) Kleinert et al. (2018) G(16)
offset (A band) 3 nW/ (cm? srem™ 1) Kleinert et al. (2018) G(5;13)
gain random (A band) 0.21% Kleinert et al. (2018) P(21;22)
gain systematic (A band) 1.15% Kleinert et al. (2018) P(21;22)
spectral shift 0.00029 cm™* preceding V8 retrieval (Kiefer et al., 2021) P(7)
ILS 3% Hase (2000, 2003) P(7;14;15)
Temp., noise 0.22-1.23K preceding V8 retrieval Kiefer et al. (2021) G(6)
Tang. alt., noise 29-52m preceding VS8 retrieval Kiefer et al. (2021) G(6)
Temp., spectral shift 0.01-0.10K preceding V8 retrieval Kiefer et al. (2021) P(17)
Tang. alt., spectral shift 1-15m preceding V8 retrieval Kiefer et al. (2021) P(17)
Temp., offset 0.03-045K preceding VS8 retrieval Kiefer et al. (2021) P(7)
Tang. alt., offset 8-16m preceding V8 retrieval Kiefer et al. (2021) P(7)
Temp., ILS 0.05-1.16 K preceding V8 retrieval Kiefer et al. (2021) P(7)
Tang. alt., ILS 8-113m preceding VS8 retrieval Kiefer et al. (2021) P(7)
Temp., CO2 intensities 0.03-0.18K preceding V8 retrieval Kiefer et al. (2021) P(7;26;27)
Tang. alt., CO- intensities 26 -34m preceding VS8 retrieval Kiefer et al. (2021) P(7;26;27)
Temp., CO2 broadening 0.14-147K preceding VS8 retrieval Kiefer et al. (2021) P(7;28;29)
Tang. alt., CO2 broadening 198 - 252 m preceding V8 retrieval Kiefer et al. (2021) P(7;28;29)
Temp., gain, syst. 0.22-0.81K preceding V8 retrieval Kiefer et al. (2021) P(21)
Tang. alt., gain, syst. 1-49m preceding VS8 retrieval Kiefer et al. (2021) P(21)
Temp., gain, random 0.04-0.15K preceding VS8 retrieval Kiefer et al. (2021) P(21)
Tang. alt., gain, random 02-9m preceding V8 retrieval Kiefer et al. (2021) P(21)
vmr(BrONO3) 3.73E-18 - 5.16E-06 ppmv climatology Hopfner et al. (2021) P(7;11)
vmr(C2Hsz) 3.22E-06 - 9.55E-06 ppmv V5 retrieval (Glatthor et al., 2007) G(6)
vmr(C2Hy) 1.00E-24 - 1.32E-06 ppmv database Kiefer et al. (2002) P(7;11)
vmr(CaHg) 2.77E-07 - 7.56E-05 ppmv V5 retrieval (Glatthor et al., 2007) G(6)
vmr(CCly) 3.05E-08 - 2.41E-06 ppmv V5 retrieval (Eckert et al., 2017) G(6)
vmr(COF3) 7.02E-07 - 3.70E-05 ppmv V5 FR climatology (unpublished data) G(6)
vmr(CHCl3) 3.19E-14 - 5.56E-05 ppmv database Kiefer et al. (2002) P(7;11)
vmr(CHsCl) 4.05E-07 - 5.88E-04 ppmv database Kiefer et al. (2002) P(7;11)
vmr(CH3zOH) 1.00E-24 - 2.95E-04 ppmv database Kiefer et al. (2002) P(7;11)
vmr(COz) 7.56E-01 - 7.51E+00 ppmv WACCM model calc. (Kiefer et al., 2021) P(20)
vmr(ClO) 7.42E-05 - 6.51E-04 ppmv preceding V8 retrieval(Glatthor et al., 2024b) G(6)
vmr(HCN) 1.54E-05 - 4.41E-05 ppmv V5 retrieval (Glatthor et al., 2009) G(6)
vmr(H20) 1.87E-01 - 2.24E+00 ppmv preceding V8 retrieval (Kiefer et al., 2024) G(6)
vmr(HNO3) 5.54E-05 - 4.51E-04 ppmv preceding V8 retrieval (this paper) G(6)
vmr(NH3) 7.18E-12 - 3.75E-05 ppmv database Kiefer et al. (2002) P(7;11)
vmr(NO2) 2.03E-07 - 2.88E-04 ppmv preceding VS8 retrieval (Funke et al., 2026) G(6)
vmr(OCS) 3.37E-05 - 2.14E-04 ppmv VS5 retrieval (Glatthor et al., 2017) G(6)
vmr(acetone) 5.01E-07 - 8.07E-05 ppmv V5 retrieval (unpublished data) G(6)
vmr(PAN) 5.92E-07 - 1.55E-05 ppmv V5 retrieval (Glatthor et al., 2007) G(6)
vmr(CFC-113) 2.26E-07 - 1.14E-05 ppmv V5 retrieval (unpublished data) G(6)
vmr(HCFC-22) 4.78E-06 - 1.46E-05 ppmv V5 retrieval (Chirkov et al., 2016) G(6)
spectroscopic data 15% May and Friedl (1993) P(7)

1 For variable uncertainties typical values are reported. Some errors in Kleinert et al. (2018) are given in terms of 2¢7; we have re-scaled them to 1. 2 In some
cases V5 data were used of which no journal publication is available. In these cases, reference to an earlier data version is made. 3 Temperature and tangent
altitude errors due to noise, spectral shift, and offset are propagated separately. The notation is as follows: “G” refers to generalized Gaussian error propagation
in a matrix formalism, while “P” refers to perturbation studies. The numbers in parentheses are the respective equation numbers in von Clarmann et al. (2022).
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Figure 11. N2Os error budget for RR NOM Northern polar winter night conditions.

4.3.4 The N2Os5 error budget

Assumed uncertainties used for the error propagation of the NoOj retrievals are listed in Table 13 for the RR NOM observation
mode. Similar Tables for the MIPAS FR NOM and RR MA observation modes are presented in the Supplement.

Figure 11 presents the resulting error budget of NoO5 for RR NOM Northern polar winter night observations. Error budgets
for all other atmospheric conditions and observation modes are collected in the Supplement. In the relevant altitude range
between 20 and 40 km, the total error budget of N2Oj5 is dominated by a number of sources that all contribute to significant
amounts. The spectroscopic uncertainty contributes with about 7 to 12 % to the overall uncertainty of 8 to 20 %. Other contri-
butions in this altitude range come from measurement noise (1 to 5 %), interfering species (<1 to 5 %), and the uncertainties
of the instrumental line shape and the offset. Among the interfering species, the COF; uncertainty contributes most to the
error budget. In hindsight, it would have been better to jointly fit this trace gas with NoO5. Above 40 km, the measurement
noise is again the dominating contribution to the total error budget. For some atmospheric conditions, large COF5 uncertainties
contribute as well to a significant amount. Below 20 km, measurement noise, spectroscopic uncertainties, temperature and
line-of-sight uncertainties, and gain and offset uncertainties contribute almost equally to the total error that is in the 100 to

1000 % range there.

5 Generation of the NO,, data product

The total concentration of [NO, ] is computed from the sum [HNO3z] + [CIONOz] + [NO] + [NO2] + 2x[N205] + [HNOy4],
thus considering six of the most abundant reactive nitrogen constituents (“Big 6”). The retrieval and description of the NO
data product can be found in Funke et al. (2023), while the NO, retrieval and data product is described by Funke et al.
(2026). Uncertainties of individual components are considered uncorrelated for both random and systematic contributions.

This assumption is justified because random uncertainties of all constituents are dominated by measurement noise, while
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Table 13. Assumed 1o uncertainties affecting the retrieval of N2Os (RR NOM)

Type of Uncertainty Value / typical value® Source? Propagation
Method?
noise (B band) 10 nW/(cm? srcm™ 1) Kleinert et al. (2018) G(16)
offset (B band) 1.5 nW/ (cm? srcm™1) Kleinert et al. (2018) G(5;13)
gain random (B band) 0.21% Kleinert et al. (2018) P(21;23)
gain systematic (B band) 1.03% Kleinert et al. (2018) P(21;23)
spectral shift 0.00029 cm~! preceding V8 retrieval (Kiefer et al., 2021) P(7)
ILS 3% Hase (2000, 2003) P(7;14;15)
Temp., noise 0.22-123K preceding V8 retrieval Kiefer et al. (2021) G(6)
Tang. alt., noise 29-52m preceding V8 retrieval Kiefer et al. (2021) G(6)
Temp., spectral shift 0.01-0.10K preceding V8 retrieval Kiefer et al. (2021) P(17)
Tang. alt., spectral shift 1-15m preceding V8 retrieval Kiefer et al. (2021) P(17)
Temp., offset 0.03-045K preceding V8 retrieval Kiefer et al. (2021) P(7)
Tang. alt., offset 8§-16m preceding V8 retrieval Kiefer et al. (2021) P(7)
Temp., ILS 0.05-1.16 K preceding V8 retrieval Kiefer et al. (2021) P(7)
Tang. alt., ILS 8§-113m preceding V8 retrieval Kiefer et al. (2021) P(7)
Temp., CO; intensities 0.03-0.18 K preceding V8 retrieval Kiefer et al. (2021) P(7;26;27)
Tang. alt., COq intensities 26 - 34 m preceding V8 retrieval Kiefer et al. (2021) P(7;26;27)
Temp., CO, broadening 0.14-147K preceding V8 retrieval Kiefer et al. (2021) P(7;28;29)
Tang. alt., CO, broadening 198 - 252 m preceding V8 retrieval Kiefer et al. (2021) P(7;28;29)
Temp., gain, syst. 0.22-0.81K preceding V8 retrieval Kiefer et al. (2021) P(19)
Tang. alt., gain, syst. 1-49m preceding V8 retrieval Kiefer et al. (2021) P(19)
Temp., gain, random 0.04-0.15K preceding V8 retrieval Kiefer et al. (2021) P(19)
Tang. alt., gain, random 02-9m preceding V8 retrieval Kiefer et al. (2021) P(19)
vmr(CoHs) 3.22E-06 - 9.55E-06 ppmv VS5 retrieval (Glatthor et al., 2007) G(6)
vmr(CH3COOH) 1.00E-24 - 2.01E-04 ppmv database (Kiefer et al., 2002) P(7;11)
vmr(CIONOs) 9.99E-06 - 8.28E-05 ppmv preceding V8 retrieval (this paper) G(6)
vmr(COF5) 7.02E-07 - 3.79E-04 ppmv V5 FR climatology (unpublished data) G(6)
vmr(CO,) 7.56E-01 - 7.51E+00 ppmv ~ WACCM model calc. (Kiefer et al., 2021) P(20)
vmr(H;05) 3.03E-06 - 1.12E-04 ppmv database (Kiefer et al., 2002) P(7;11)
vmr(HNO3) 5.54E-05 - 4.51E-04 ppmv preceding V8 retrieval (this paper) G(6)
vmr(HOCI) 2.12E-06 - 7.27E-05 ppmv database (Kiefer et al., 2002) P(7;11)
vmr(NH3) 7.18E-12 - 3.75E-05 ppmv database (Kiefer et al., 2002) P(7;11)
vmr(NOs) 2.03E-07 - 2.88E-04 ppmv preceding V8 retrieval (Funke et al., 2026) G(6)
vmr(O3) 2.48E-02 - 8.52E-02 ppmv preceding V8 retrieval (Kiefer et al., 2023) G(6)
vmr(SOs) 5.95E-05 - 4.24E-04 ppmv V5 retrieval (Hopfner et al., 2015) G(6)
vmr(acetone) 5.01E-07 - 8.07E-05 ppmv V5 retrieval (unpublished data) G(6)
vmr(CF,) 5.51E-06 - 1.33E-05 ppmv database Kiefer et al. (2002) P(7;11)
vmr(CFC-113) 2.26E-07 1.14E-05 ppmv V5 retrieval (unpublished data) G(6)
spectroscopic data (N2Os) 5% Wagner and Birk (2003) P(7)

1 For variable uncertainties typical values are reported. Some errors in Kleinert et al. (2018) are given in terms of 2¢7; we have re-scaled them to 1o 2 In some
cases V5 data were used of which no journal publication is available. In these cases, reference to an earlier data version is made. 3 Temperature and tangent
altitude errors due to noise, spectral shift, and offset are propagated separately. The notation is as follows: “G” refers to generalized Gaussian error propagation
in a matrix formalism, while “P” refers to perturbation studies. The numbers in parentheses are the respective equation numbers in von Clarmann et al. (2022).
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Figure 12. NO, error budget (total random, total systematic, and total error) for RR NOM Northern polar winter night conditions.

systematic uncertainties are dominated by either spectroscopic or — in the case of nitric oxide - non-LTE errors. Reported NO,,
uncertainty estimates (random, systematic and total) have been calculated from the quadratic sum of those of all contributing
constituents (see Fig. 12), similarly as described in Funke et al. (2014b). For the vertical resolution €, however, we use a slightly

revised approach

—1 1!
EZ{EQVMRZ] ’ 1)

>, VMR,

considering that the resolution is inversely proportional to the averaging kernel diagonal.

6 Comparison to the V5 data version

In this section, we compare the new version 8 data to previous data versions in the sense of a ‘delta validation’. MIPAS data
products of nitrogen species of previous data versions have already been compared to data from independent measurement
systems. Thus, we do not provide a full validation to reference data here. Instead, we check if the differences between MIPAS

V8 and MIPAS VS5 data help to remove the issues identified in the validation studies of preceding MIPAS data versions.
6.1 HNOs

Compared to the previous data version of HNO3, VSH/R_HNO3_22/224/225, the new V8 data version provides higher volume
mixing ratios for large latitude regions at almost all altitudes (Fig. 13). The vmrs are increased by less than 5% over most areas,
but by up to 20% around the tropical tropopause, where, however, the absolute abundances are rather low (see Fig. 13 and
Fig. 22, top left panel, in the next section). Below 25 km, reduced abundances in V8 data are found for the Northern tropics
and mid-latitudes during the FR period (Fig. 13, middle panel), in Northern and Southern mid-latitudes during hemispheric

winters, and Antarctic polar winters. For Southern subpolar latitudes (50 to 80°S) at 35 km, above the main stratospheric HNO3
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Figure 13. Time series of relative differences between V8 and V5 HNO3 data (in terms of (V8-V5)/V5) over all latitudes at 17 km (top),
22 km (middle) and 35 km altitude (bottom) (FR and RR NOM data only). White areas are missing data due to clouds and polar stratospheric
clouds (PSCs), or due to filter criteria. White stripes are missing data due to inactivity of MIPAS.
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maximum, the V8 HNO3 vmrs are lower than V5 all year round (see Fig. 13, bottom panel). The reduced concentrations in
the FR period compared to the enhanced concentrations during the RR period in the Northern hemispheric lower stratosphere
make the time series in this altitude range more consistent than they were before.

MIPAS VS5 data of HNO3 were intercompared to other satellite data on a zonal mean basis by Hegglin and Tegtmeier (2017).
They were found to have a negative bias (up to -20%) in the tropics up to +=30° below 20 hPa and a positive bias up to 10%
elsewhere. The negative bias in the tropical lower stratosphere seems to be reduced by the new V8 data, while the high bias
elsewhere has rather increased. An assessment in the polar winter regions was found to be difficult due to sampling effects on
MIPAS data caused by polar stratospheric clouds.

Compared to the previous validation of MIPAS V5 HNOj3 versus ACE-FTS v3.5 data based on coincident profiles, the new
data version appears to further reduce some of the differences observed previously, which were, however, already small. Sheese
et al. (2016, 2017) found almost perfect agreement for the two data sets between 20 and 28 km, and a negative bias of MIPAS
versus ACE-FTS of less than 10% for 8 to 20 km and 28 to 40 km altitude. While the agreement around the stratospheric
HNO3; maximum might now be a little worse (with a MIPAS positive bias of 2 to 4%), the negative bias in the flanks of the
stratospheric maximum seems to be reduced to almost zero. However, a proper validation would require a comparison to the

most recent data version of ACE-FTS, and other satellite data. This is beyond the scope of this paper.
6.2 CIONO:

Compared to the previous data version, VSH_CLONO2_21, the new V8 FR CIONO- abundances at 20 km are lower by about
5% in the Northern and Southern mid-latitudes and the Northern Arctic without any seasonal variation, and higher by 5 to 20%
in the tropics and polewards of 50°S (Fig. 14, top panel). During the RR phase from 2005 on, the new V8 CIONOs mixing
ratios show about the same behavior, except that they are higher in the Arctic region as well, by up to 5%. For higher altitudes
(25 and 40 km, Fig. 14, middle and bottom panels), the different behaviour for the FR and RR phases is remarkable: while the
retrieved CIONO;, amounts have decreased for the FR phase over large latitude regions (except in polar regions at 25 km and
partly in the tropics at 40 km), they have increased for RR NOM by up to 5% over almost all latitudes except polar winters at
25 km. At 40 km, they increased for RR NOM by up to 50% for low to mid-latitudes and more than 100% in polar summers,
but not in polar winters, in both hemispheres. As shown in the next section in Figs. 23 and 24 (top right panels), these opposite
changes bring the complete time series from 2002 to 2012 in better consistency and reduce the step between the two periods
that was observed previously.

With respect to profile-by-profile validation against ACE-FTS version 3.5 data (Sheese et al., 2016), the changes between
the V5 and V8 data versions result generally in enlarged discrepancies. V5 data had a high bias between 17 and 35 km relative
to ACE-FTS in the order of 10% that is now further increased, at least in the RR phase, by 5 to 50%. Below 20 km, where
MIPAS V5 data had a low bias of up to 35% with respect to ACE-FTS, this low bias is now considerably reduced (not shown).
In the comparison of zonal mean data by Hegglin and Tegtmeier (2017), MIPAS V5 and ACE-FTS v2.2 data showed a general
agreement within + 10% in the lower to middle stratosphere with a tendency of MIPAS providing larger values. Only in the

lower stratosphere, where CIONOg vmrs become small, the relative differences were larger. With respect to this comparison,
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Figure 14. Time series of relative differences between V8 and V5 CIONO- data (in terms of (V8-V5)/V5) over all latitudes at 20 km (top),
25 km (middle) and 40 km altitude (bottom) (FR and RR NOM data only). White areas are missing data due to clouds and polar stratospheric

clouds (PSCs), or due to filter criteria. White stripes are missing data due to inactivity of MIPAS.
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the new V8 CIONO,, data set seems to increase the differences to ACE-FTS v2.2 zonal mean data previously identified. While
these comparisons may provide a first hint on the consistency with other satellite data sets, a proper validation — that is beyond

the scope of this paper — should be done with the most recent data version of ACE-FTS.
6.3 HNO,

For both FR and RR data, V8 HNO4 vmrs are smaller than the respective V5 data in the stratospheric HNO, maximum at
25 km and below over almost all latitudes and seasons. The only exception are the late springs/early polar winters in both
hemispheres, for which slightly increased vmrs, up to 10%, are retrieved in version V8 (Fig 15, top panel). Slightly above the
stratospheric maximum, around 30 km, V8 FR NOM data are lower than V5 data, while V8 RR NOM data are higher by up to
15% (Fig 15, middle panel). Together with the reduction in and below the stratospheric maximum, this indicates a shift of the
retrieved altitude of the stratospheric HNOy layer to slightly higher altitudes in V8 for the MIPAS RR period. Above the HNO,
layer, around 40 km, we observe a strong reduction of HNO4 vmrs, by appr. 60% during the FR period, and around 80% during
the RR period. This reduction is due to an unphysical feature in V5 data with strongly enhanced values in this altitude range.
This unphysical feature was first identified in MIPAS HNO, V5 data for nighttime observations by Hegglin and Tegtmeier
(2017). We assign it to a less than optimal handling of spectral continua in the V5 retrievals, e.g. from aerosols. Hegglin and
Tegtmeier (2017) found in their comparisons that V5 HNO4 monthly zonal mean data from MIPAS were generally higher than
ACE-FTS v2.2 data by up to 50%, also in the stratospheric main layer. This comparison was performed below 10 hPa in order
to avoid the effects of the diurnal cycle of HNO,4. With respect to this comparison, the MIPAS V8 HNO, data for the RR period
seem to have increased the differences to ACE-FTS between 25 and 30 km altitude, and have reduced them below 25 km. A
full validation should be carried out with the most recent data version of ACE-FTS, which, however, is beyond the scope of
this paper.

It should be noted that the current data version has an issue after the interruption of MIPAS’ operation in 2004 until end
of May of 2005. Icing of the detectors during the interruption led to increasing detector noise over this period which resulted
in inferior retrieval quality with increased noise error and reduced vertical resolution. Detector decontamination at the end of
May 2005 resolved this problem, but the consequences of this deterioration can be seen in the retrieval results above the main
HNOy layer in the stratosphere (Fig. 16). The main stratospheric layer of HNO,4 and the data below seem not to be affected
(see Figs. 22, 23, and 24).

6.4 N2Os

Figure 17 presents typical relative zonal mean differences between the previous data version, VSH/R_N205_21_222_223, and
the new V8 data version for a NH late winter situation. With the V8 data version, the stratospheric vmrs at NH polar winter
become larger by up to 20%, while at SH polar summer, they are reduced by up to -60%. In the reverse situation (polar summer
in the NH, polar winter in the SH), we observe the decrease in the polar summer situation as well, but not the increase for polar
winter (not shown). Below the main stratospheric NoOj5 layer, the stratospheric V8 values become considerably larger than

V5, while the tropospheric values decrease on average. The V8 N,Oj values at the NoO5 maximum around 30 km and above
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change in the order of +5% at the lower part to -20% at the higher part, indicating a downward shift of the stratospheric NoOs5
layer in the V8 data.

Figure 18 shows time series of relative differences between MIPAS V5 and V8 (in terms of (V8-V5)/V5) for all latitudes at
17 km (top), 25 km (middle), and 44 km (bottom). At 17 km, the differences (decreases in the low and mid-latitudes and in
polar summers, increases during polar winters ) are dramatic, up to -1000 and +200%, however, the absolute vmrs are very low
at this altitude. A specific artifact in V5 data related to volcanic sulphate emissions has now been removed. In version 5 data,
sulphate aerosol signatures in the spectra not accounted for (due to not joint-fitting HoSOy4) caused strongly negative NoOg
vmrs erroneously retrieved in the upper troposphere - lower stratosphere region. The strong artifacts appearing particularly
after volcanic eruptions have now been removed, demonstrated by positive differences between V8 and V5 N2O5 vmrs (see
Fig. 19, upper panel). The strongest differences appear at latitudes and times similar to SOy enhancements previously related
to volcanic emissions (Hopfner et al., 2015) (see Fig. 19, lower panel).

At 25 km, V8 is higher than V5 in the tropics by up to 40% on average, and around 50 — 70° S by up to 10%. In 2007, there
is a unique enhancement in the tropics where V8 vmrs are higher than V5 by up to 100%, the cause of which is not yet known.
In polar summers, the V8 NoOg vmrs are lower than the V5 data by 40 to more than 100%. Differences between V5 and V8
are consistent for the FR and RR period of MIPAS observations.

At 44 km, we see a seasonal pattern of positive differences between V8 and V5 data during early polar winters when
enhanced NO,, is subsiding into the polar vortex from above and N2O5 forms. These events appear to be stronger in the V8
data than before. At other latitudes and seasons, the changes between V8 and V5 are mostly negative and range from 0 to
-100% (V8 being lower than V5). They are strongest negative during NH polar summer and SH polar spring.

The only comparison to other satellite data that was available so far was to ACE-FTS data of version 3.5 (Sheese et al.,
2016) and version 2.2 (Hegglin and Tegtmeier, 2017). The zonal-mean comparisons by Hegglin and Tegtmeier (2017) were
complicated by the diurnal cycle of NoOj5 and difficult to interpret. Sheese et al. (2016) found agreement between ACE-FTS
sunrise data and MIPAS am and pm data in the order of 10% between 22 and 40 km, with MIPAS having a slight high bias
versus ACE-FTS. Below and above this altitude range, ACE-FTS was higher than MIPAS by 30% and more, in particular in the
lower stratosphere. ACE-FTS sunset data were far off which was explained by a low signal-to-noise ratio of these observations
with very low N2 Oj data because of their diurnal cycle. The negative changes towards MIPAS V8 data in the lower stratosphere
described above seem to further worsen the discrepancy with ACE-FTS version 3.5 data. With V8 changes by +5 to -20% in the
range of the stratospheric NoOj layer it is difficult to assess if the new data version provides an improvement of the agreement
with ACE-FTS. A dedicated validation, using most recent ACE-FTS data, is required, that is, however, beyond the scope of
this paper.

65 NO,

Figure 20 shows time series of relative differences between MIPAS V5 and V8 (in terms of (V8-V5)/V5) for all latitudes at
25 km, 40 km, and 55 km. Below approximately 30 km, V8 data are about 2-10% larger than V5 data with largest differences
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Figure 19. Upper panel: Time series of absolute differences between MIPAS V5 and V8 (in terms of (V8 - V5)) for all latitudes at 17 km
altitude. Lower panel: Time series of MIPAS V5 SO2 vmrs (Hopfner et al., 2015) over all latitudes at 16, 18, and 20 km altitude. Triangle
symbols mark the latitude and time of major volcanic eruptions. For more details, see Hopfner et al. (2015) (their Table 3) White areas are
missing data.

found in the tropics. Above, V8 is generally lower by the same amount (except for the FR period where V8-V5 differences
remain positive). Around the stratopause and above, V8 polar NO,, is on average larger again compared to V5.

Although individual NO,, compounds exhibit pronounced diurnal variability due to fast photochemistry, NO, itself is chem-
ically very stable in the stratosphere. The most important sink is NO photolysis which is relevant only above approximately
50 km. Therefore, NO,, is an excellent dynamical tracer in the stratosphere. Here, we use the chemical stability of stratospheric
NO,, to test the self-consistency of MIPAS V8 data by comparing observations taken during morning (am) and evening (pm)
overpasses which should give similar NO, concentrations despite the differences of the partitioning of the individual com-
pounds. Figure 21 (upper panel) shows the absolute am-pm differences for V8 NO,,, which are mostly well below 1 ppbv in

the 20-50 km range. In the stratosphere around 40 km, V5 (see Fig. 21, lower panel) exhibits significantly larger am-pm dif-
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Figure 20. Time series of relative differences between V8 and V5 NO,, data (in terms of (V8-V5)/V5) over all latitudes at (a) 25 km, (b)

40 km and (c) 55 km altitude (bottom). White areas are missing data due to clouds and polar stratospheric clouds (PSCs), or due to filter
criteria. White stripes are missing data due to inactivity of MIPAS.

ferences, indicative for inconsistencies of the retrieved individual NO,, compounds, compared to the new version 8. Therefore,

we conclude that V8 retrievals are more self-consistent than previous versions.
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Figure 21. (a) Absolute differences between morning (am) and evening (pm) V8 NO, observations taken in the NH spring season (March-
April-May, MAM) during 2002-2012. (b) as (a) but for MIPAS V5 NO,,.

7 Results

In this section we provide a number of examples for zonal mean distributions and time series of the four nitrogen reservoir
gases and the NO,, budget.

Figure 22 presents the monthly zonal mean altitude-latitude cross-sections of the four gases and NO, for August 2010,
which is representative for an Austral midwinter case. All four gases exhibit a moderate diurnal cycle in the middle and
upper stratosphere. However, here we present, as an overview, altitude-latitude cross-sections and time series constructed from
monthly zonal means averaged over all existing illumination conditions. It is to be noted, however, that polar night conditions
are present poleward of about 70°S.

The zonal mean distribution of HNOg (see Fig. 22, top left panel) for Antarctic polar midwinter reveals the denitrification
in the core of the Southern polar vortex due to the uptake of reactive nitrogen in polar stratospheric clouds (low HNOg3 values
between 90 and 70°S around 20 km) (e.g. Salawitch et al., 1989), the collar of high HNOg3 values at the vortex edge and
outside of the vortex (e.g. Roche et al., 1993) and enhanced abundances of HNOj3 above the altitude range of active ozone
depletion (at and above 30 km). In the altitude range between 10 and 15 km between 80 and 70°S some enhancement of HNOg3
is also detectable which comes from sedimentation and re-evaporation of HNOs-loaded PSC particles (e.g. Khosrawi et al.,

2018). The enhanced values above 30 km stem from HNOs3 production following high amounts of NO,, being continuously
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Figure 22. Monthly zonal mean distributions for August 2010 of HNO3 (top left), CIONO> (top right), HNO4 (middle left), NoOs (middle
right), and NO,, (bottom). White areas are missing data due to clouds and polar stratospheric clouds (PSCs), or due to filter criteria.

transported downwards from the lower thermosphere in polar winter (Stiller et al., 2005; Verronen et al., 2008). Near the North

Pole, the stratospheric HNO3 maximum reaches its lowest values over the year during summer under permanent illumination
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conditions. The overall lowest stratospheric HNO3 abundances are found in the tropics. In the upper troposphere and lower
stratosphere, we find enhanced values of HNO3 from about 40° to the poles in both hemispheres with maxima in hemispheric
spring (not shown), however not in the tropics.

Chlorine nitrate plays also a relevant role in polar winter ozone depletion as it forms from NO5 and CIO in a three-body
reaction (Brasseur and Solomon, 2005; Rowland et al., 1976; von Clarmann and Johansson, 2018) and thus, deactivates two of
the major players in the catalytic ozone depletion cycle (see, e.g. Solomon, 1999). This deactivation, however, is not possible
if NO,, is removed from the gas phase by the formation of polar stratospheric clouds, as it happens in the Antarctic winter.
Similar to HNOg, the denitrified area in the Antarctic winter polar vortex that hinders the (re-)formation of CIONO;, is obvious
Fig. 22, top right panel. The CIONOs-poor area is surrounded by a lid at the top and a latitudinal collar of high CIONO, were
NO,, is more abundant.

Within polar winter stratospheric ozone depletion, HNO,4 couples the HO,, and NO,, catalytic cycles (Brasseur and Solomon,
2005; Salawitch et al., 2002). Further, HNO, is destroyed by photolysis, leading to daytime reduction, and by reaction with
OH, which represents a significant sink of odd- hydrogen radicals in the stratosphere. Similar to results from earlier MIPAS
data versions (Stiller et al., 2007), we find a stratospheric maximum in the midlatitudes of the summer hemisphere, and a
minimum near the Antarctic winter pole (see Fig. 22, middle left panel).

N,Oj5 is a nighttime reservoir for NO,, and as such, also involved in polar ozone depletion. During illumination it is de-
stroyed by photolysis, leading to daytime and polar summer reduction. In consequence we observe stratospheric maxima of
N> Oj5 at the hemispheric winter pole above the altitude range of PSC formation, and deep minima at the spring-to-autumn pole
under permanent sunlit conditions (Fig. 22, middle right panel).

The zonal mean distribution of NO,, for August 2010 shows the characteristics of a largely inert tracer, representing the
stratospheric global circulation with uplift over the tropics and subsidence at high latitudes. The increase with altitude up to
the middle stratosphere reflects the formation of NO, from the photolysis of N2O. Denitrification of the atmosphere due to
PSC formation can be identified at the South Pole at around 20 km altitude. Large enhancements of NO,, due to descent of odd
nitrogen produced by energetic particles from Ny is visible in the polar winter mesosphere and upper stratosphere.

Latitude-time cross sections of all four gases and NO,, at an altitude of 24 km are displayed in Fig. 23. The HNOj3 time
series at 24 km (Fig. 23, top left panel) confirms the regular denitrification in Southern polar winter after the preceding yearly
maximum of HNOs in fall. In the Northern hemisphere, the stratospheric HNO3 maximum reaches its lowest values over the
year during summer. Denitrification cannot be observed regularly in the Northern polar winter, or at least not in an equally
remarkable amount, since PSC formation is less frequent there due to higher temperatures. The late Arctic winters in 2011
and, to a smaller amount, 2007, were disturbed, however (Manney et al., 2011; Sinnhuber et al., 2011), and some sign of
denitrification is visible, followed by unusually high HNO3 abundances during the next spring and summer. The lowest HNOg3
abundances at 24 km are observed in the tropics, with regular minima during boreal winter.

CIONO,, time series at 24 km (Fig. 23, top right panel) reveal minima during polar summer and fall and in the tropics. The
formation of the CIONO; enhancements at the edge and outside of the Antarctic polar vortex is also visible in the time series at

24 km. Following the breakdown of the Antarctic polar vortex in November, high amounts of CIONOs, reach the South Pole. In
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contrast, in the Arctic, high CIONO- amounts are observed up to the North Pole during longer periods during the winter, since
denitrification occurs far less frequently than in Antarctic winters. Enhanced abundances are also observed during mid-latitude
spring in both hemispheres, with unusually high values recorded in the northern hemisphere in spring 2003 and 2011, and in
the southern hemisphere in spring 2002 and 2006.

The 24-km time series of HNO, (Fig. 23, middle left panel) shows regular maxima in the mid-latitudes in hemispheric
summer, and minima during polar night. The respective minimum is less pronounced in the Arctic winter due to higher abun-
dances of NO,, available there. Inter-annual variations of the hemispheric mid-latitude maxima seem to be related to the global
stratospheric dynamical situation. For example, the unusually low South hemispheric maximum around and after January 2011
occurs at the same time as the exceptionally persistent late Arctic winter vortex of 2011 (Ardra et al., 2022), which seems to
demonstrate an event of inter-hemispheric dynamical coupling.

The NyOg time series at 24 km (Fig. 23, middle right panel) is difficult to interpret since it represents the conditions at the
lower edge of the stratospheric maximum (compare Fig. 22, middle right panel), and it is shown for completeness only. The
variations observed are mainly due to inter-annual variations in the stratospheric circulation. We observe a polar fall to early
winter maximum at this altitude in both hemispheres, and a minimum in spring and summer, the latter due to photolysis in
permanent sunlight. In mid-latitudes, maxima at this altitude occur around spring equinox. While at higher altitudes, a strato-
spheric maximum is present in the tropics during all seasons (compare Fig. 22, middle right panel), the tropical abundances of
N>Os at 24 km are always low.

NO,, time series at 24 km (Fig. 23, bottom panel) are characterized by the meridional transport and simultaneous subsidence
of the stratospheric tropical NO, maximum around 40 km (see Fig. 22, bottom panel) by the Brewer-Dobson circulation.
The enhancements are more pronounced and more regular in the Antarctic winter because of the more stable vortex there,
providing more effective subsidence than in the Arctic. After the subsidence phase, denitrification is clearly visible in all
Antarctic winters, while it is less pronounced in the Arctic where it is obvious in the winters 2003, 2007, 2010, and 2011
only. The end of the year 2010 and all the year 2011 are exceptional both in the Northern and the Southern hemisphere with
relatively low NO, amounts in the Southern mid to high latitudes during end of 2010, and very high amounts in the Northern
mid to high latitudes from spring 2011 on. This seems to be related to the unusual dynamical situation in spring 2011, leading
to the unprecedented Arctic ozone loss in 2011 (Manney et al., 2011). At 24 km, the stratospheric NO,, abundances are lowest
in the tropics.

Altitude-time cross sections for 70°S to 90°S of HNO3, CIONO,, HNOy, N2Os, and NO,, are displayed in Fig. 24. The
NO,, time series (bottom panel) is characterized by strong intrusions from the mesosphere lasting from late fall to midwinter,
resulting from the subsidence of high mesospheric NO, abundances that are regularly produced by high energetic particles
precipitating into the upper atmosphere (Funke et al., 2014a, b). The intrusions shown here are in good agreement with those
from an earlier MIPAS data version shown in Funke et al. (2014b) (their Fig.1). The denitrification due to PSC formation that
takes place during mid and late winter leads to the strong reduction of NO,, abundances that can be seen below about 25 km.
The middle atmosphere summer maximum is consistent with the zonal mean distribution shown in Fig. 22. The NO,, intrusions

from the mesosphere can also be seen in the time series of HNO3, CIONOs, and N2Os5. As discussed in Stiller et al. (2005),
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N,O5 is formed earliest in winter at 40 km and above from the NO,, intrusions, beginning approximately in May. N2Oj is
then converted into HNOj3 via reactions on water ion clusters, and, at lower altitudes, at sulfate aerosols. CIONO, forms at the
altitude of the upper maximum of CIO around 40 km (Glatthor et al., 2025). The NO,, reservoir gases are converted into each
other, by photolysis and further chemical reactions, during their further downward transport, and reach finally the main NO,,
layer in the middle stratosphere.

Denitrification is visible both in the HNO3 and CIONO- time series below about 25 km. Sedimentation of PSC particles
and re-evaporation causes HNO3 enhancements between 10 and 15 km from midwinter on. The summertime tropospheric

enhancement of HNO,4 (compare also Fig. 22, middle left panel) is remarkable but has not been analyzed so far.

8 Coarse grid representation

The regularization used in our retrieval implies that for quantitative analysis of the data averaging kernels have to be used.
Not all data users are familiar with the averaging kernel concept, provision of averaging kernels causes heavy data traffic, and
there are applications, such as time series of data of varying vertical resolution, where even averaging kernels do not offer an
obvious straightforward solution. To overcome these problems, we offer an alternative representation of the data on a fixed
vertical grid that is coarser than the original retrieval grid, and where all information on the vertical resolution is provided by
the grid itself. That means that with this representation, oversampling is avoided, and, thus, no averaging kernels are needed
(von Clarmann et al., 2015). However, there is a price to pay: the vertical grid has to comply with the coarsest resolution of
the entire set of measurements and is, thus, too coarse to represent the independent pieces of information of a profile recorded
under more favourable conditions.

The method, applied to FR and RR NOM data only, analyses the averaging kernels of the original retrieval to identify a
vertical grid on which the retrieval is stable even without regularization. This new grid is then used for a maximum likelihood
retrieval without regularization. For a given species, this grid is the same for all latitudes and times, while the grids may differ
from one species to another. As one advantage of the coarse grid representation on a fixed pressure grid, time series at certain
pressure levels do not suffer from a varying vertical resolution over time, that might, in case of the original retrievals, lead to
some misrepresentation of temporal variability.

To further ease the comparison to model simulations, the volume mixing ratios are provided as layer means, with grid
levels selected from the pressure gridpoints CCMVal/CCMI model data are represented on (see, e.g. https://www.pa.op.dlr.
de/CCM Val/DataRequests/CCM Val-2_Datarequest_FINAL.pdf; Eyring et al. (2013)). The layer boundaries lie half way (in
pressure) in between adjacent levels of the original CCM Val/CCMI grid. With this representation we come as close as possible
to the representation of trace gas distributions in Eulerian atmospheric models. The coarse grid data version is available in

addition to the regular one and is not meant to supersede it.
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Figure 25. Coarse grid representation of MIPAS RR NOM HNOg3 data for orbit 36319, recorded on 9 February 2009. The top panel shows
the regular retrieval, and the lower panel the result of the coarse grid retrieval after transformation to layers. The crosses and plus signs at the
bottom of the two panels mark the ascending (10 pm) and descending (10 am) orbit legs, respectively. White areas are missing data, due to
cloud interference or filter criteria, or negative values.

8.1 The coarse grid representation of HNO3

An example of a coarse grid representation of HNOg along orbit 36319 measured on 9 February 2009 is shown in Figure 25.
The respective data are provided as layer means around the following nominal pressures: 400, 300, 200, 150, 100, 70, 50, 30,
20, 15, 10, 5, 3, 1.5, and 0.7 hPa.

Since no regularization smooths the profiles, the vertical resolution in this representation is entirely defined by the grid width,
and the averaging kernels are, by definition, unity. While the regular retrieval (Fig. 25, top panel) is richer in details, the coarse
grid representation has the advantage that no averaging kernels are needed for quantitative data analysis, and that the vertical

resolution is fully defined by the pressure grid and does not change with time.
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Figure 26. Coarse grid representation of MIPAS RR NOM CIONO., data for orbit 36319, recorded on 9 February 2009. The top panel shows
the regular retrieval, and the lower panel the result of the coarse grid retrieval after transformation to layers. For more details, see Fig. 25.

8.2 The coarse grid representation of CIONO-

The coarse grid representation of CIONOs is illustrated at the example of orbit 36319 measured on 9 February 2009 (Fig. 26).
The pressure grid for CIONOs layer means is 400, 300, 200, 130, 80, 50, 30, 15, 7, 3, and 1 hPa.
While the vertical resolution appears to be higher in the original regularized retrieval for most of the profiles, the main

features of the CIONOy, distribution along the orbit is reproduced in the coarse grid retrieval as well.
8.3 The coarse grid representation of HNO4

Figure 27 shows the coarse grid representation of HNO,4 in comparison to the original retrieval for the same orbit as for HNO3
and CIONO,. The pressure grid had to be selected rather coarse in order to allow for a non-regularized retrieval on a fixed

grid for all seasons and latitudes during the full mission period. The HNOy data in the coarse grid are provided as layer means
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Figure 27. Coarse grid representation of MIPAS RR NOM HNO, data for orbit 36319, recorded on 9 February 2009. The top panel shows
the regular retrieval, and the lower panel the result of the coarse grid retrieval after transformation to layers. For more details, see Fig. 25.

around the following nominal pressures: 250, 150, 90, 50, 20, 7, and 2 hPa. Because of the rather coarse vertical grid, some of

the fine structure of the original retrievals is lost.

8.4 The coarse grid representation of N2O5

The coarse grid representation of NoOj is provided in Fig. 28, together with the original retrieval, for the same example orbit

as for the other gases. The pressure grid (layer centers) for N2Os is 400, 200, 100, 50, 30, 20, 10, 5, 3, and 1.5 hPa. Again,

the grid had to be selected quite coarse in order to allow for a non-regularized retrieval even under the most unfavourable

conditions, where the original retrieval suffered from a coarse vertical resolution. Nevertheless, the main structures along the

orbit are conserved.
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Figure 28. Coarse grid representation of MIPAS RR NOM N;Os data for orbit 36319, recorded on 9 February 2009. The top panel shows
the regular retrieval, and the lower panel the result of the coarse grid retrieval after transformation to layers. For more details, see Fig. 25.

9 Conclusions

We have presented the final IMK/IAA data version, V8, of MIPAS-Envisat global distributions of HNO3, CIONO,, HNOy,
N3Os, and the derived product NO,, (generated from [HNO3] + [CIONO2] + [HNO4] + 2x[N2O5] + [NO] + [NO2]). The
data sets cover 10 years (although with some short gaps), have a global latitude coverage, from pole to pole during day and
night, and an altitude coverage from about 6 to 80 km. We have described in detail the assumptions incorporated into the
retrieval set-ups, the data characterization in terms of averaging kernels and spatial (vertical and horizontal) resolution, and the
full TUNER-compliant error budget. We have compared the data version 8 data with the previous fully processed data version
(V5), and have discussed changes in biases that were derived in validation efforts involving earlier data versions of both MIPAS
and the reference data sets. As discussed along time series, the new data version provides improved consistency between the

full- and reduced-resolution mission period of MIPAS, as well as between the observation modes covering different altitude
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ranges. Finally, we have discussed the global distributions at the examples of zonal mean distributions and time series, and
identified the most relevant signatures of processes that are expected to be observed, for example in polar winter.

The retrieval has been done on basis of all knowledge and experience gained during about 20 years of data processing and
results, as we believe, in the best possible data product from MIPAS satellite observations we can produce. The data sets are
publicly available and will hopefully be useful to the community in further scientific studies.

The supplement related to this article is available on-line at: https://doi.org/10.5194/amt-0-1-2026-supplement

Data availability. HNO3, CIONO2, HNO4, N2Os, and NO,, data can be downloaded after registration from https://www.imk-asf kit.edu/
english/308.php (last access: 22 April 2026).
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