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Abstract. Nitric acid (HNO3) is one of the key products that
are operationally retrieved by the European Space Agency
(ESA) from the emission spectra measured by the Michel-
son Interferometer for Passive Atmospheric Sounding (MI-
PAS) onboard ENVISAT. The product version 4.61/4.62 for
the observation period between July 2002 and March 2004 is
validated by comparisons with a number of independent ob-
servations from ground-based stations, aircraft/balloon cam-
paigns, and satellites. Individual HNO3 profiles of the ESA
MIPAS level-2 product show good agreement with those of
MIPAS-B and MIPAS-STR (the balloon and aircraft ver-
sion of MIPAS, respectively), and the balloon-borne infrared
spectrometers MkIV and SPIRALE, mostly matching the
reference data within the combined instrument error bars. In
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most cases differences between the correlative measurement
pairs are less than 1 ppbv (5–10%) throughout the entire alti-
tude range up to about 38 km (∼6 hPa), and below 0.5 ppbv
(15–20% or more) above 30 km (∼17 hPa). However, dif-
ferences up to 4 ppbv compared to MkIV have been found
at high latitudes in December 2002 in the presence of po-
lar stratospheric clouds. The degree of consistency is further
largely affected by the temporal and spatial coincidence, and
differences of 2 ppbv may be observed between 22 and 26 km
(∼50 and 30 hPa) at high latitudes near the vortex bound-
ary, due to large horizontal inhomogeneity of HNO3. Simi-
lar features are also observed in the mean differences of the
MIPAS ESA HNO3 VMRs with respect to the ground-based
FTIR measurements at five stations, aircraft-based SAFIRE-
A and ASUR, and the balloon campaign IBEX. The mean
relative differences between the MIPAS and FTIR HNO3
partial columns are within±2%, comparable to the MIPAS

Published by Copernicus Publications on behalf of the European Geosciences Union.



4906 D. Y. Wang et al.: MIPAS Operational Nitric Acid

systematic error of∼2%. For the vertical profiles, the biases
between the MIPAS and FTIR data are generally below 10%
in the altitudes of 10 to 30 km. The MIPAS and SAFIRE
HNO3 data generally match within their total error bars for
the mid and high latitude flights, despite the larger atmo-
spheric inhomogeneities that characterize the measurement
scenario at higher latitudes. The MIPAS and ASUR compar-
ison reveals generally good agreements better than 10–13%
at 20–34 km. The MIPAS and IBEX measurements agree
reasonably well (mean relative differences within±15%) be-
tween 17 and 32 km. Statistical comparisons of the MIPAS
profiles correlated with those of Odin/SMR, ILAS-II, and
ACE-FTS generally show good consistency. The mean dif-
ferences averaged over individual latitude bands or all bands
are within the combined instrument errors, and generally
within 1, 0.5, and 0.3 ppbv between 10 and 40 km (∼260
and 4.5 hPa) for Odin/SMR, ILAS-II, and ACE-FTS, respec-
tively. The standard deviations of the differences are between
1 to 2 ppbv. The standard deviations for the satellite com-
parisons and for almost all other comparisons are generally
larger than the estimated measurement uncertainty. This is
associated with the temporal and spatial coincidence error
and the horizontal smoothing error which are not taken into
account in our error budget. Both errors become large when
the spatial variability of the target molecule is high.

1 Introduction

Space-based measurements are essential for monitoring the
behaviour and trends of chemical species in the atmosphere
since a global set of simultaneously derived atmospheric pa-
rameters can be obtained. Nitric acid (HNO3) is formed in
the atmosphere either by gas phase reaction (Austin et al.,
1986) and ion cluster reactions (Böhringer et al., 1983) or,
less probable in the higher stratosphere, by heterogeneous
reactions on sulphate aerosols (de Zafra et al., 2001). Early
HNO3 observations from space were performed by the At-
mospheric Trace Molecule Spectroscopy (ATMOS) experi-
ment in a series of Space Shuttle-based missions during 1985
to 1994 (Gunson et al., 1996; Abrams et al., 1996).

The existence of HNO3 is found to be a key compo-
nent in the photochemistry of stratospheric ozone destruction
through its role in the formation of Type I Polar Stratospheric
Clouds (PSCs) and as a main reservoir for the reactive nitro-
gen oxides (World Meteorological Organization, 2003). The
global distribution of HNO3 concentration has been mea-
sured from satellite observations, such as the Limb Infrared
Monitor of the Stratosphere (LIMS) instrument, mounted on
the Nimbus-7 satellite (Gille and Russell, 1984), the Cryo-
genic Limb Array Etalon Spectrometer (CLAES) (Kumer et
al., 1996) and the Microwave Limb Sounder (MLS) onboard
the Upper Atmosphere Research Satellite (UARS) (Santee
et al., 1999, 2004) and on Aura (Santee et al., 2005), the

Cryogenic Infrared Spectrometers and Telescopes for the At-
mosphere (CRISTA) experiment aboard the Shuttle Pallet
Satellite (SPAS) (Riese et al., 2000), the Improved Limb
Atmospheric Spectrometer (ILAS) onboard the Advanced
Earth Observing Satellite (ADEOS) (Koike et al., 2000and
Irie et al., 2002) and ILAS-II on ADEOS-II (Irie et al.,
2006), and the Sub-Millimetre Radiometer (SMR) on Odin
(Murtagh et al., 2002; Urban et al., 2005), as well as the
high-resolution Fourier Transform Spectrometer (FTS) on
SCISAT-1, also known as Atmospheric Chemistry Experi-
ment (ACE) (Bernath et al., 2005).

Recent measurements of HNO3 volume mixing ratios
(VMRs) in the troposphere and stratosphere are also pro-
vided by the Michelson Interferometer for Passive Atmo-
spheric Sounding (MIPAS) (Fischer et al., 1996; European
Space Agency, 2000) onboard the ENVISAT satellite. The
instrument is a high resolution Fourier transform spectrom-
eter and measures vertical profiles of temperature and vari-
ous gas species by limb observations of mid-infrared emis-
sions. The operational Level 1B and level 2 data have been
produced by ESA using the operational retrieval algorithm
(Raspollini et al., 2006; Carli et al., 2004).

The updated ESA version 4.61 HNO3 data have been
validated successfully against balloon-borne, aircraft and
ground-based measurements (Oelhaf et al., 2004), though
the reported validation cases have been confined to the re-
analyzed operational MIPAS data almost only for the year
2002 and to mid-latitudes. The ESA MIPAS HNO3 pro-
files are also validated by comparison with the measurements
from the far Infrared Balloon Experiment (IBEX) (Mencar-
aglia et al., 2006). Recently,Vigouroux et al.(2007) com-
pared the ESA MIPAS HNO3 profiles with regular ground-
based Fourier Transform InfraRed (FTIR) measurements for
the year 2003 at 5 stations in both hemispheres, i.e. Jungfrau-
joch (46.5◦ N) and Kiruna (68◦ N), Wollongong (34◦ S),
Lauder (45◦ S), and Arrival Heights (78◦ S). After making
some corrections to take into account the known bias due to
the use of different spectroscopic parameters, the compar-
isons of HNO3 partial columns show biases below 3% and
standard deviations below 15% for all the stations except Ar-
rival Heights (bias of 5%, standard deviation of 21%). The
results at this latter station, where HNO3 has a larger spa-
tial variability, highlight the necessity of defining appropri-
ate collocation criteria and of accounting for the spread of
the observed airmasses.

Complementary to the ESA operational data products,
there are six different off-line data processors at five institu-
tions for science-oriented data analysis of the high resolution
limb viewing infrared spectra (von Clarmann et al., 2003a).
The HNO3 VMR profiles produced by the MIPAS data pro-
cessor developed at the Institut für Meteorologie und Kli-
maforschung (IMK) and complemented by the component of
non-local thermodynamic equilibrium (non-LTE) treatment
from the Instituto de Astrofı́sica de Andalućıa (IAA) have
been validated byMengistu Tsidu et al.(2005), Stiller et al.
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(2005), andWang et al.(2007). The ESA operational HNO3
data are also compared with the IMK-IAA profiles taken on
42 days between September 2002 and December 2003 (Wang
et al., 2007) and covering the whole latitude range of MIPAS.
Both datasets generally show good consistency.

Increasing amount and enhanced diversity of MIPAS
HNO3 products demand for even increased efforts in vali-
dation. A validation meeting was held on 29–30 Novem-
ber 2005 at Karlsruhe, Germany, to coordinate the activi-
ties. The validation data sets have been reprocessed after
the meeting so the results are different from those reported
in the previous documents (e.g.Vigouroux et al., 2007). This
study focuses on the validation of the ESA operational HNO3
data version 4.61/4.62 and, in particular, on the compar-
isons with other coincident satellite observations for cross
check. The profiles of the ESA-retrieved MIPAS operational
HNO3 data are compared with 1) the ground-based FTIR
measurements at five stations at mid and high latitudes of
both hemispheres (Sect.4); 2) the MIPAS STRatospheric
(MIPAS-STR) (aircraft-based version of MIPAS) measure-
ments and the Spectroscopy of the Atmosphere by using Far-
InfraRed Emission – Airborne (SAFIRE-A) measurements
(Sect.5.1), as well as the Airborne Sub-millimetre Radiome-
ter (ASUR) observations (Sect.5.2); 3) field campaign data
obtained from the balloon-borne version of MIPAS (MIPAS-
B, Sect.6.1), the infrared spectrometer MkIV (Sect.6.2), the
tunable diode laser instrument SPIRALE (Spectromètre In-
fra Rouge pour l’́etude de l’Atmosph̀ere par diodes Laser
Embarqúees, Sect.6.3), and the Infrared Balloon Experi-
ment (IBEX, Sect.6.4); and 4) other satellite observations,
such as from the SMR instrument on Odin (Sect.7.1), from
ILAS-II on ADEOS-II (Sect.7.2), as well as from the FTS
on ACE (Sect.7.3). The characteristics of the ESA MIPAS
data are outlined in Sect.2, while our comparison method is
described in Sect.3. The reference data sets and their com-
parison results with the MIPAS data are presented in Sects.4
to 7. Our conclusions are contained in Sect.8.

2 The MIPAS operational data

Data to be validated here are the vertical profiles of abun-
dances of HNO3 measured by MIPAS/ENVISAT during the
period July 2002 to March 2004. The data sets are version
4.61/4.62 retrieved with the ESA operational data processor
from the MIPAS spectra. The MIPAS observations provide
global coverage with 14.4 orbits per day. The standard obser-
vation mode covers nominal tangent altitudes in a scanning
sequence from the top 68 km down to 60, 52, and 47 km, and
between 42 and 6 km at a step width of∼3 km. The horizon-
tal sampling interval is∼500 km along-track and∼2800 km
across-track at the equator. The operational HNO3 profiles
are retrieved based on the most recent re-processed L1B data
version 4.61/4.62, with a vertical resolution of∼3 km.

The tangent altitudes are registered by the engineering
measurements. These are based on the satellite’s orbit and
attitude control system using star tracker information as a ref-
erence (called engineering data henceforth). The calibrated
L1B spectra are analyzed using a global fit approach (Car-
lotti, 1988) by varying the input parameters of the forward
model according to a non-linear Gauss-Newton procedure.
In a first step, temperature and pressure at the engineering
tangent altitudes are retrieved simultaneously (p, T retrieval),
then the VMR profiles of the primary target species O3, H2O,
CH4, N2O, HNO3 and NO2 are retrieved individually in se-
quence. Detailed descriptions of the operational retrieval al-
gorithm have been reported byRidolfi et al.(2000), Carli et
al. (2004), andRaspollini et al.(2006).

Details about the retrieval error budget for the ESA op-
erational HNO3 data have been reported byDudhia et al.
(2002). The MIPAS noise error is the covariance matrix
given in the MIPAS level 2 operational products. We have
taken the systematic errors from the Oxford web page (http:
//www.atm.ox.ac.uk/group/mipas/err). The error analysis for
the nominal sets of microwindows used in both Near Real
Time (NRT) and Off-Line (OFL) processing in normal MI-
PAS operations has been evaluated for 5 different atmo-
spheric conditions, i.e. mid-latitude day-time (similar to the
U.S. Standard Atmosphere), mid-latitude night-time, polar
summer day-time, polar winter night-time, and equatorial
day-time. A global composite of results for the five atmo-
spheres, with twice the weight given to results from the polar
winter case, is also provided. For HNO3 VMR profiles, the
global random, systematic, and total errors are about 3.8%,
6.2%, and 7.3%, respectively, at 24 km altitude near the con-
centration peak, but increase to 35–50%, 20–25%, and 40–
55% at 9 km and 42 km altitudes. In the present analysis,
contrary to the approach of Oxford, we have considered the
PT-error as a systematic error with random variability and
added this to the noise error term. We decided to handle the
error propagation from MIPAS-retrieved temperature pro-
files into HNO3 volume mixing ratios in this way since for
statistical comparisons over a large number of profiles the
temperature error is also mainly of a random nature. This
procedure is in agreement with other MIPAS validation pa-
pers, e.g.Wetzel et al.(2007).

3 Comparison methods

For comparisons between individual profiles, the MIPAS and
other data sets are searched for coincident measurements.
The coincidence criteria of horizontal separation less than
300 km and time difference less than 3 h are used. This
choice is based on our empirical knowledge of satellite data
validation, and is to reduce the influence of small-scale grav-
ity waves and large horizontal gradients at high latitudes.
However, due to the characteristics of the data sampling
scenarios, other more or less restricted coincidence criteria
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have also been applied. Nevertheless, the numbers of avail-
able coincidence profiles vary from case to case from several
hundreds to low tens, or even far less for most of the bal-
loon measurements. This implies different statistical signif-
icance for the comparisons. Details will be discussed later
in Sects.4 to 7. Also, to avoid the influence of the error in
the ESA MIPAS altitude registration (von Clarmann et al.,
2003b; Wang et al., 2005; Kiefer et al., 2007), the compar-
isons are conducted in pressure coordinates.

When two correlative profiles with different vertical res-
olutions are compared, some small structures of the atmo-
spheric field could be resolved by the higher resolution mea-
surement, but not by the lower one. To account for this ef-
fect, the altitude (or pressure level) resolution should be ad-
justed using the averaging kernels. The method used is that
described byRodgers and Connor(2003), and its simplified
application to our study is outlined below. Without loss of
generality, the MIPAS data are assumed to have low resolu-
tion. The correlative high-resolution profiles are interpolated
to a common grid, in this case to the pressure grid of the
MIPAS data. The vertical resolution of the correlative pro-
filesx is adjusted by applying the averaging kernel of MIPAS
Amipas. Also, the correlative profiles, which are assumed to
be free of a priori information, are transformed to the a pri-
ori xa

mipas that is used by the MIPAS data. Both the a priori
transformation and smoothing are done by

x̃ = Amipasx + (I − Amipas)xa
mipas, (1)

whereI is the unit matrix, and̃x is the result derived with
the MIPAS inverse model, ifx happens to be the true profile.
More discussions about this transformation can be found in
the paper ofWang et al.(2007).

The difference between the MIPAS measurementxmipas
and the transformed other profilex̃ is

δ = xmipas− x̃

= (xmipas− x) + (I − Amipas)(x − xa
mipas), (2)

where the negative of the last term represents the differ-
ences originated from different vertical resolution and a pri-
ori. These contribute to the(xmipas−x) difference, but not to
δ. Thus, the residualδ is taken as proxy for the discrepancy
between the two measurements. For theith pair of correla-
tive profiles, the individual elements of the difference profile
vector δi at each pressure levelz will be denoted asδi(z)

hereafter. The residualsδi(z) are assembled in several ways
(details are described in Sects.4 to 7) for statistical analysis.

For each ensemble withN number of coincidence pairs,
mean difference profiles1(z) and their standard deviations
σ(z) are calculated;σ(z) allows the precision of MIPAS pro-
files to be assessed. The statistical uncertainty in the mean
difference1(z) is quantified byσ(z)/N1/2, which represents
the uncertainty of1(z) due to random-type errors. In the
case of1(z) being larger thanσ(z)/N1/2, their difference
is an indicator of systematic errors between the comparison

data sets. We also compute the mean difference, standard de-
viation, andσ/N1/2 uncertainty averaged over pressure lev-
els. These averaged quantities are directly evaluated accord-
ing to the statistical definitions by assembling data points
available at all pressure levels.

4 Comparisons with ground-based FTIR measure-
ments

The ESA MIPAS operational HNO3 data v4.61 recorded in
the period of 26 July 2002 to 26 March 2004 were compared
with the ground-based FTIR measurements at five stations
at Jungfraujoch, Switzerland (46.5◦ N, 8.0◦ E), Wollongong,
Australia (34.4◦ S, 150.5◦ E), Lauder, New Zealand (45.0◦ S,
169.7◦ E), Arrival Heights, Antarctica (77.5◦ S, 166.4◦ E),
and Kiruna, Sweden (67.8◦ N, 20.4◦ E). All stations agreed
in using the HITRAN2004 database in order to avoid bi-
ases due to different spectroscopic parameters. In the HI-
TRAN2004 database (Rothman et al., 2005) and the MI-
PAS database (MIPAS pf3.1 for the v4.61/4.62 products; see
Raspollini et al., 2006), the HNO3 line positions and inten-
sities in the 11-µm region that is used for the retrievals, are
indeed following the same improvements based on labora-
tory measurements (Flaud et al., 2003). The present work
is an update of a previous validation paper (Vigouroux et
al., 2007) where the FTIR retrievals were made using the
HITRAN2000 database. A high bias of about 14% was
found between MIPAS and FTIR partial columns, which is
in agreement with the differences in HNO3 line intensities
in the HITRAN2000 and MIPAS pf3.1 databases. HNO3
profiles – with low vertical resolution – are retrieved from
the absorption line shapes using a semi-empirical implemen-
tation of the Optimal Estimation Method (Rodgers, 1990,
2000). At Kiruna, the retrieval is performed with the in-
version code PROFFIT (PROFile FIT) (Hase, 2000) and the
forward model KOPRA (Karlsruhe Optimized Precise Ra-
diative transfer Algorithm) (Höpfner et al., 1998) while the
other stations use the retrieval algorithm SFIT2 (Pougatchev
and Rinsland, 1995; Pougatchev et al., 1995; Rinsland et al.,
1998). It has been shown inHase et al.(2004) that both
algorithms give similar results (within 1% for HNO3 total
columns amount) under similar retrieval conditions.

The correlative measurements of FTIR and MIPAS were
selected by coincidence criterions of time difference less than
3 h and horizontal distance less than 300 km at the MIPAS
nominal tangent height of 21 km. Only at the Kiruna station
have we applied an additional coincidence criterion of poten-
tial vorticity (PV) difference smaller than 15%. The MIPAS
profiles have been degraded to the lower vertical resolution
of the ground-based FTIR measurements using the FTIR av-
eraging kernels (see Sect.3, but in contrast to the case de-
scribed there, MIPAS profiles have a higher resolution than
those of FTIR). The MIPAS partial columns have been cal-
culated from the smoothed profiles. We have evaluated the
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combined random error covariance matrix of the difference
(MIPAS – FTIR) (seeVigouroux et al., 2007, for more de-
tails). The FTIR random error budget has been estimated for
a typical measurement at Kiruna. The error covariance ma-
trix due to the noise is given in the MIPAS level 2 products
for each profile. We have chosen to use, as the noise contri-
bution to the MIPAS random error matrix, the mean of the
covariance matrices of the coincident MIPAS profiles. Fol-
lowing the approach adopted for the MIPAS comparison with
other satellite measurements, we have added the systematic
errors with random variability to the MIPAS random error
budget (i.e. PT-error; see Sect.2).

Figure1 shows the time series of partial columns at the
ground-based stations, except for Wollongong where only
one coincidence occurs. For both instruments seasonal vari-
ations are captured well at the four ground-based stations
Jungfraujoch, Lauder, Arrival Heights, and Kiruna. The
pressure ranges defining the partial columns and the numbers
of coincidences for these comparisons are given in Table1.
The low pressure limits are chosen based on the ground-
based FTIR sensitivity which varies from station to station,
and which is good up to∼28, 32, 36, and 43 km (18, 9, 5,
and 2 hPa, resp.), for Jungfraujoch, Lauder, Arrival Heights,
and Kiruna, respectively. The high pressure limits of partial
columns are determined by the lowest altitudes of the MIPAS
profiles, which have a mean value of about 12 km. MIPAS
profiles for which the lowest altitude is higher than 12 km
have not been used for the calculation of partial columns. Ta-
ble 1 also gives the means (M), standard deviations (STD),
and the combined random errors and standard errors on the
means (SEM) of the relative partial column differences at the
five stations. For calculation of mean relative differences,
the mean absolute difference of (MIPAS – FTIR) has been
divided by the mean FTIR partial column. The SEM are
calculated as 3×STD/

√
N with N being the number of co-

incidences, in order to distinguish with 99% of confidence
whether the biases are statistically significant.

As shown in Table1, the mean relative differences be-
tween the MIPAS and FTIR HNO3 partial columns are
within ±2%, and the statistical standard errors on the means
are 6–11% for the Jungfraujoch, Arrival Heights, Lauder, and
Kiruna stations. The MIPAS systematic error for the par-
tial columns is around 2%. Considering these factors, we
can conclude that there is no statistically significant bias be-
tween the MIPAS and FTIR partial columns in the consid-
ered pressure ranges, for the Jungfraujoch, Lauder, Arrival
Heights, and Kiruna stations. The statistical standard devi-
ations of Jungfraujoch, Arrival Heights, Lauder, and Kiruna
stations (where the number of coincidences is reasonable for
statistical conclusions) are 13%, 11%, 5%, and 9%, respec-
tively. These values are larger than the estimated random
error of about 3% on the relative difference of the partial
columns. These large standard deviations, compared to the
estimated random error, should be explained by the temporal
and spatial coincidence errors and the horizontal smoothing

error which are not taken into account in our error budget.
Both errors become large when the spatial variability of the
target molecule is high (seevon Clarmann, 2006; Cortesi et
al., 2007). No conclusions can be drawn for the Wollongong
station because there is only one coincidence. Nevertheless,
considering the SEM obtained for the other stations, the ob-
served bias at Wollongong of –5.7% may be assumed to be
non-significant.

Figure 2 displays the means and the 1-σ standard devi-
ations of the relative differences between the ground-based
FTIR and the MIPAS profiles at the five ground-based sta-
tions. The given combined random error (shaded area) is a
combination of the random error of FTIR with the noise error
and the systematic error with random variability of MIPAS.
The 3-σ standard error on the mean is also indicated to fa-
cilitate the discussion of the statistical significance of the ob-
served bias. The profile comparisons confirm what has been
seen for the partial columns comparisons. The bias is statis-
tically insignificant and below 10% at Kiruna and Jungfrau-
joch in the whole altitude range and at Arrival Heights for
altitudes lower than 15 hPa.

The result of Kiruna shows much smaller bias than those
of Jungfraujoch, Wollongong, Lauder and Arrival Heights.
The reason is not fully clear at the moment. The mean dif-
ference profiles show strong oscillations at Wollongong and
Lauder. One should remember that the detailed shape of the
FTIR profiles depends on the choice of retrieval parameters.
In the present exercise Lauder and Wollongong used simi-
lar retrieval parameters. This could explain why we observe
similar oscillations in the profile differences at these stations.
Regarding the standard deviations, we can see in Fig.2, that
they are always larger than the combined random error, prob-
ably for the same reason than for partial column compar-
isons: the coincidence errors of the sounded airmasses and
the horizontal smoothing errors are not taken into account in
the error budget.

5 Comparisons with aircraft-borne instruments

5.1 SAFIRE-A and MIPAS-STR

SAFIRE-A (Spectroscopy of the Atmosphere by using Far-
InfraRed Emission – Airborne) is a high-resolution FT in-
strument, performing limb emission measurements in nar-
row bands (∼1–2 cm−1) within the far-infrared spectral re-
gion (10–250 cm−1), as described byBianchini et al.(2004).
MIPAS-STR (MIPAS STRatospheric aircraft) is an aircraft
version of the MIPAS satellite spectrometer and operates in
the middle infrared spectral region with similar characteris-
tics and performances (Piesch et al., 1996). Both instruments
obtain HNO3 profiles from the upper troposphere up to the
flight altitude and the total HNO3 column above. SAFIRE-A
mean profiles have been calculated over fixed pressure levels,
corresponding approximately to a regular altitude grid with
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Fig. 1. Time series of ground-based FTIR (red circles) and ESA operational MIPAS (blue stars) HNO3 partial columns (large panels)
and their relative differences (small panels) at four stations: Kiruna (top-left), Jungfraujoch (top-right), Lauder (bottom-left), and Arrival
Heights (bottom-right). The pressure ranges used for the partial columns are given in the titles. The relative differences are calculated as
(MIPAS-FTIR)/mean(FTIR).

Table 1. Statistical means (M) and standard deviations (STD) of the relative differences (FTIR-MIPAS)/mean(FTIR) (in percent) of the
HNO3 partial columns in the given pressure ranges. The numbers of coincidences between the MIPAS and collocated ground-based FTIR
measurements within 3 h and 300 km for the statistical comparisons are given in parentheses behind each station name. The combined
random errors on the differences and 3-σ standard errors on the means (SEM) are also listed.

Station Pressure Range M±STD Random Error Standard Error on M (SEM)
(hPa) % % (3σ ) %

Jungfraujoch (12) 18–224 −1.5±13.2 2.8 11.4
Wollongong (1) 12–196 −5.7 2.9 –
Lauder (7) 9–185 +0.0±5.4 2.7 6.1
Arrival Heights (26) 5–161 +1±10.7 2.4 6.3

Kiruna (24) 2–168 +2.3±9.4 3.0 5.8

steps of 1.0 km. MIPAS-STR profiles have been retrieved on
a fixed altitude grid (Höpfner et al., 2001andKeim et al.,
2004). Their vertical resolution (approximately 1–2 km) is
slightly better, but still comparable with the one of MIPAS
ESA operational v4.61/v4.62 data. Therefore, the data are
directly compared with the satellite measurements without
correcting for the vertical smoothing effects.

The error budget estimates are reported for both instru-
ments. For a single profile, the random errors for MIPAS-

STR and SAFIRE-A are between 4 and 2% (1σ ). The sys-
tematic error in MIPAS-STR profiles is about 6%, mainly
due to temperature used to obtain the trace gases. No HI-
TRAN error is considered for MIPAS-STR since the same
spectral bands are used as in case of MIPAS/ENVISAT. The
estimate of the systematic error in the SAFIRE-A profiles
takes into account the contribution of the assumed (not re-
trieved from the measurements) pressure and temperature
profile (∼2%) and the spectroscopic error (∼5% as an upper

Atmos. Chem. Phys., 7, 4905–4934, 2007 www.atmos-chem-phys.net/7/4905/2007/
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Fig. 2. Statistical means (blue line) and standard deviations (er-
ror bars) of the relative differences (FTIR-MIPAS)/FTIR (in per-
cent) of the �'� �x� profiles, where MIPAS are the ESA operational
data and FTIR measurements are taken at 5 stations: Kiruna (top-
left), Jungfraujoch (top-right), Lauder (middle-left), Arrival Heights
(middle-right), Wollongong (bottom). The red dots indicate the 3-� standard error on the mean, and the shaded areas correspond to
the estimated random error on the relative differences. The two
black horizontal bars show the pressure ranges used for the partial
columns listed in Table 1.

Fig. 2. Statistical means (blue line) and standard deviations (error bars) of the relative differences (FTIR-MIPAS)/FTIR (in percent) of the
HNO3 profiles, where MIPAS are the ESA operational data and FTIR measurements are taken at 5 stations: Kiruna (top-left), Jungfraujoch
(top-right), Lauder (middle-left), Arrival Heights (middle-right), Wollongong (bottom). The red dots indicate the 3-σ standard error on the
mean, and the shaded areas correspond to the estimated random error on the relative differences. The two black horizontal bars show the
pressure ranges used for the partial columns listed in Table1.

limit and a better estimate around 2%). Effects such as non-
LTE, uncertainties in the pointing of the instrument, horizon-
tal atmospheric inhomogeneity along the line of sight can
cause further errors, which were considered of minor impor-
tance.

The two FT spectrometers flew aboard the M-55 Geophys-
ica stratospheric high altitude aircraft. A total of 11 flights
and about 45 flight hours was performed for the validation of
the ENVISAT chemistry payload in the frame of the 2002–
2003 ESABC (ENVISAT Stratospheric Aircraft and Balloon
Campaign) field campaigns at mid-latitude (Forlı̀, Italy, July
and October 2002) and in the Arctic region (Kiruna, Swe-
den, February–March 2003), as reported in details byCortesi

et al. (2004). Figures3 and 4 show the SAFIRE obser-
vation configurations for two flights on 24 October 2002
and 2 March 2003, respectively. The aircraft measurements
conducted in the polar region (Fig.4) aimed at validating
MIPAS/ENVISAT products in presence of strong vertical
and horizontal gradients; consequently, the corresponding
datasets (February–March 2003 data) generally includes data
acquired at the border of the polar vortex, with vertical and
horizontal inhomogeneities much larger than those encoun-
tered at mid-latitude (July and October 2002 data). To avoid
strong gradients along the line of sight of the remote sens-
ing instruments, which decrease the quality of the measured
profiles, the flights were planned with long north-south legs.

www.atmos-chem-phys.net/7/4905/2007/ Atmos. Chem. Phys., 7, 4905–4934, 2007
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Fig. 3. Map of M-55 Geophysica route (blue) during the ENVISAT
validation flights at Forlı̀, Italy (42◦ N, 12◦ E) on 24 October 2002.
The geolocations and tangent altitudes of MIPAS/ENVISAT tan-
gent points for the selected overpasses (numbered as scans 14–16
of orbit 3403) are indicated by the color codes. The geographical
coverage (black circles) and the scan sequence numbers (red) of col-
located aircraft measurements by SAFIRE, in coincidence with MI-
PAS/ENVISAT are also denoted. For the coincident measurements,
their differences in time, latitude and longitude, and horizontal dis-
tance see Table2.

The aircraft measurements have been performed in west-east
direction, while the MIPAS/ENVISAT measured north-south
along the gradients.

Using these data, multiple coincidences can be identified
– based on the matching criteria (1s <300 km,1t <3 h) –
between MIPAS/ENVISAT and the remote sensing and in
situ aircraft observations, thus obtaining a comprehensive set
of collocated HNO3 profiles to be considered for validation
purposes. We have selected a subset of the above compari-
son pairs by choosing, for each MIPAS/ENVISAT scan, the
HNO3 profiles measured with the best spatial and temporal
coincidence by SAFIRE-A and MIPAS-STR. The resulting
validation data sets have very high quality coincidences, both
in the spatial and in the temporal domain, as listed in Ta-
bles2 and 3 for SAFIRE and in Table4 for MIPAS-STR
during three high latitude campaigns at Kiruna, Sweden on
28 February, 2 March, and 12 March of year 2003.

Results of the comparison between MIPAS/ENVISAT
HNO3 profiles and the SAFIRE-A correlative measurements
obtained during northern mid-latitude flights (Forlı̀, Italy, 24
October 2002) and during the Arctic campaign (Kiruna, Swe-
den, 2 March 2003) are shown in Figs.5 and6, respectively.

Fig. 4. Same as Fig.3, but for the SAFIRE measurements on the M-
55 Geophysica flight at Kiruna, Sweden (68◦ N, 20◦ E) on 2 March
2003. The MIPAS/ENVISAT observations are numbered as scans
19–21 of orbit 5250. For the coincident measurements, their dif-
ferences in time, latitude and longitude, and horizontal distance see
Table3.

Each plot displays the HNO3 vertical distribution retrieved
by MIPAS/ENVISAT for one of the selected overpasses,
which is compared with the mean VMR profile of SAFIRE-A
obtained by averaging over all the limb scanning sequences
collocated with the selected satellite overpass. The com-
parisons cover the altitude range between∼25 km (slightly
above the maximum flight altitude) and MIPAS/ENVISAT
lowest tangent altitude. The error bars on MIPAS/ENVISAT,
and SAFIRE-A profiles indicate the total uncertainty on the
corresponding HNO3 values.

Very good agreement is found at mid-latitude (Fig.5). The
SAFIRE HNO3 measurements and satellite data are gener-
ally matched within their total error bars. The only excep-
tion is the profile of MIPAS/ENVISAT orbit 3402/scan 16,
that compared with a single profile of SAFIRE. Reasonably
good results are found, on the other hand, also from the com-
parison of the SAFIRE HNO3 profiles from the Arctic flight
Fig. 6, despite the larger atmospheric inhomogeneities that
characterize the measurement scenario at higher latitudes.
The occurrence of strong vertical gradients is highlighted
in the comparison with SAFIRE measurements (see, for in-
stance, the profile of MIPAS/ENVISAT orbit 5250/scan 21)
and can account for the observed differences with the satellite
data, whilst horizontal gradients encountered at the border of
the polar vortex might at least partially justify the discrep-
ancy in HNO3 values retrieved by the airborne and satellite
limb-sounders.

Atmos. Chem. Phys., 7, 4905–4934, 2007 www.atmos-chem-phys.net/7/4905/2007/
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Table 2. Coincident measurements between SAFIRE and MIPAS scans of orbit 3403 on 24 October 2002. See Fig.3 for the absolute
geolocations.

MIPAS scan SAFIRE scan 1t [min] 1lat [degree] 1lon [degree] 1s [km]

14 5 102 –1.85 0.05 205.9
14 6 95 –1.07 –0.07 119.8
14 7 86 –1.33 –1.47 196.3
14 8 62 –1.17 0.59 140
14 9 53 –1.84 0.27 205.7
14 10 46 –2.39 0.89 277.4
15 1 135 –0.17 –0.39 37.8
15 2 128 0.16 –0.52 46.3
15 3 119 1.09 –0.62 132.1
15 4 112 1.89 –0.73 218.6
15 10 47 2.31 –0.07 257.7
15 11 38 1.53 0.64 178.6
15 12 30 0.91 1.24 144.6
15 13 21 0.21 1.97 164.4
15 14 14 –0.39 2.43 204.8
15 15 5 –0.67 2.05 184
15 16 –1 –1.49 1.89 226.7
15 18 –18 –1.84 2.47 287.4
15 19 –27 –1.87 1.00 223.1
15 20 –34 –1.85 –0.10 206.6
16 17 –9 2.42 0.83 277.1

Comparisons between MIPAS/ENVISAT and MIPAS-
STR also show very good agreement at the northern mid lat-
itude campaigns, as shown in Fig.7 for three MIPAS mea-
surements. The reason for the profile measured at 09:19 UTC
(blue line) being too high might be a strong N-S gradi-
ent of HNO3 VMRs as indicated by the MIPAS/ENVISAT
observations. Results of the comparisons between MI-
PAS/ENVISAT HNO3 profiles and the MIPAS-STR correl-
ative measurements obtained during the three Arctic cam-
paigns at Kiruna on 28 February, 2 March and 12 March in
2003 are shown in Figs.8 to 10, respectively. Also shown
in these figures are flight routes and observation configura-
tions (top panels) of each campaign. The HNO3 vertical dis-
tribution retrieved by MIPAS/ENVISAT for one of the se-
lected overpasses has been compared with the single VMR
profile of MIPAS-STR collocated with the selected satel-
lite overpass. We can notice from Figs.8 to 10 that MI-
PAS/ENVISAT normally tends to be in a very good agree-
ment with MIPAS-STR and only occasionally to show some-
what large differences, mostly in terms of a slight overesti-
mate of the HNO3 VMR. The latter tendency is more pro-
nounced in comparison with SAFIRE-A mean profiles, that
are almost constantly lower than MIPAS/ENVISAT HNO3
values.

The observed differences could be explained by the fact
that the selected collocated HNO3 profiles, satisfying the
spatial and temporal coincidence criteria, can sample differ-

ent air masses across a region of strong horizontal (and verti-
cal) gradients. From in-situ observations onboard the NASA
ER-2 (Kawa et al., 1990), one can derive maximum values
of the horizontal gradient for the Arctic of NOy (which is
mainly in the form of HNO3 at these latitudes) of up to
0.02 ppbv/km, which makes around 8 ppbv variation along
the line-of-sight within a 3 km thick tangent layer of MIPAS.
In NASA DC-8 in-situ observations of the lowest strato-
sphere in the Arctic winter 1988/89 even gradients of up
to 0.13 ppbv/km are observed over short distances (Hübler
et al., 1990). Over longer paths (200 km) a mean gradient
of NOy of about 0.05 ppbv/km is visible. As displayed in
Fig. 9 for the potential vorticity field on the isentropic sur-
face 2 =400 K (approximately 16 km) in the region cov-
ered by the M-55 flight on 2 March 2003, the geoloca-
tion of the collocated measurements from MIPAS/ENVISAT
(UT=20:37) and MIPAS-STR (UT=22:08) mostly overlaps
on a region with PV values of about (15±1) pvu. In con-
trast, as seen in Fig.4, the same MIPAS/ENVISAT scan (or-
bit 5250 – scan 21) was compared with the mean SAFIRE
profile averaged over scans 21–24, which cover a more ex-
tended area including air masses with PV values as low as
∼11 pvu. Correspondingly, we observe matching HNO3 val-
ues retrieved at 16 km by MIPAS/ENVISAT and MIPAS-
STR with differences less than 0.5 ppbv (Fig.9), but signifi-
cantly lower (by 3 ppbv) HNO3 VMR measured by SAFIRE-
A (Fig. 6). Similar checks have been performed using

www.atmos-chem-phys.net/7/4905/2007/ Atmos. Chem. Phys., 7, 4905–4934, 2007



4914 D. Y. Wang et al.: MIPAS Operational Nitric Acid

Table 3. Coincident measurements between SAFIRE and MIPAS scans of orbit 5250 on 2 March 2003. See Fig.4 for the absolute
geolocations.

MIPAS scan SAFIRE scan 1t [min] 1lat [degree] 1lon [degree] 1s [km]

19 6 51 –2.59 0.99 292.6
19 7 43 –1.89 1.23 219.4
19 8 34 –1.14 1.52 149.2
19 9 27 –0.63 1.82 118.1
19 10 18 –0.51 2.16 126.4
19 11 11 –0.21 2.7 143.7
19 12 2 -0.15 –0.2 20.1
19 13 –4 –0.83 –0.28 93.6
19 14 –13 –1.7 –0.45 190.1
19 15 –21 –2.34 –0.57 262.1
20 1 93 –0.7 –1.33 97.8
20 2 84 –1.35 0.22 150.4
20 3 77 –0.55 0.2 62.2
20 4 68 0.46 0.1 51.2
20 5 61 1.26 0.09 140.5
20 6 52 2.12 –0.04 235.8
20 7 44 2.82 0.2 314
20 15 –20 2.37 –1.59 273.9
20 16 –29 1.47 –1.65 179.9
20 17 –36 0.8 –1.71 118.5
20 18 –45 -0.1 –1.83 82.1
20 19 –52 -0.77 –1.83 117.4
20 20 –61 –1.6 –1.98 197.2
20 21 –69 –2.3 –1.98 269.2
21 21 –67 2.54 –1.95 292.9
21 22 –76 1.76 –2.05 210.1
21 23 –83 1.08 –2.15 144
21 24 –92 –0.46 0.19 52.1

Table 4. Best temporal and spatial coincidences selected for MIPAS/ENVISAT HNO3 validation with the MIPAS-STR measurements from
M-55 Geophysica aircraft flights at Kiruna, Sweden (67.8◦ N, 20.4◦ E) in year of 2003. Each selected coincidence pair is specified by their
UTC time. The corresponding latitude and longitude (in degrees) are given for altitude of 16 km. Also reported are their differences in time
(1t in hours), horizontal distance (1s in kilometers), and potential vorticity (1PV in 10−6 K m2 kg−1 s−1) at 400 K potential temperature.

MIPAS-STR MIPAS
Date/UTC lat/lon Date/UTC lat/lon 1t 1s 1PV

28 Feb/07:56 69.7/22.8 28 Feb/08:26 69.6/28.3 0.5 212 1
28 Feb/08:59 75.3/28.7 28 Feb/08:25 74.9/30.9 –0.6 79 0

2 March/19:20 66.6/23.7 2 March/20:35 66.6/22.7 1.2 42 0
2 March/20:30 61.8/24.7 2 March/20:34 61.9/23.7 0.1 52 0
2 March/22:08 70.9/26.8 2 March/20:37 71.5/22.8 –1.5 157 –1

12 March/07:59 69.6/18.6 12 March/08:49 69.6/22.5 0.8 151 –1
12 March/08:55 75.2/21.2 12 March/08:48 74.9/25.1 –0.1 114 0
12 March/09:17 78.3/17.7 12 March/08:46 79.6/22.8 –0.5 179 0
12 March/09:56 75.1/4.3 12 March/10:28 74.9/–0.0 0.5 126 –2

Atmos. Chem. Phys., 7, 4905–4934, 2007 www.atmos-chem-phys.net/7/4905/2007/
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Fig. 5. Comparisons of �'� �x� VMR (in �l�l��� ) profiles (right pan-
els) between MIPAS ESA operational data and correlative aircraft-
based SAFIRE measurements (red) during the mid-latitude flight on
24 October 2002 from Forlı̀, Italy (42 � � , 12 � � ). The horizontal
red dashed lines indicate the flight altitude of the airplane. The left
panels show the differences (in �l�l��� of MIPAS minus SAFIRE
(blue), and the combined random (white circles) and systematic
(black circles) errors.

Fig. 5. Comparisons of HNO3 VMR (in ppbv) profiles (right pan-
els) between MIPAS ESA operational data and correlative aircraft-
based SAFIRE measurements (red) during the mid-latitude flight
on 24 October 2002 from Forlı̀, Italy (42◦ N, 12◦ E). The horizon-
tal red dashed lines indicate the flight altitude of the airplane. The
left panels show the differences (in ppbv of MIPAS minus SAFIRE
(blue), and the combined random (white circles) and systematic
(black circles) errors.
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Fig. 6. Same as Fig. 5, but for the high latitude flight on 2 March
2003 from Kiruna, Sweden (68 �d� , 20 �d� )

Fig. 6. Same as Fig.5, but for the high latitude flight on 2 March
2003 from Kiruna, Sweden (68◦ N, 20◦ E).

different combinations of coincident data, and confirmed that
a significant difference between simultaneous HNO3 mea-
surements of MIPAS/ENVISAT and one of the M-55 Geo-
physica sensors is mostly due to sampling of different air

www.atmos-chem-phys.net/7/4905/2007/ Atmos. Chem. Phys., 7, 4905–4934, 2007
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Fig. 7. Comparison of HNO3 volume mixing ratio (in ppbv)
profiles observed by MIPAS/ENVISAT(solid) and aircraft-based
MIPAS-STR measurements (dotted) at mid-latitudes (Forlı̀, Italy)
on 22 July 2002. The top panel shows the flight and satellite tangent
point tracks for the MIPAS-STR and MIPAS/ENVISAT measured
sequences. The numbers indicate the altitudes (in kilometers) of se-
lected flight and satellite tangent points. The bottom panels show
the profiles (left) and their differences (right). In the difference pan-
els, the combined noise error is red dotted and the combined total
error (without errors from HITRAN) is red solid.

masses across a region of strong horizontal (and vertical) gra-
dients.

5.2 ASUR

The Airborne Submillimeter Radiometer (ASUR) is a pas-
sive heterodyne sensor that operates in a tunable frequency
range of 604.3−662.3 GHz (Mees et al., 1995; von König et
al., 2000) The receiver carries two spectrometers, an Acousto
Optical Spectrometer (AOS) and a Chirp Transform Spec-
trometer (CTS). Stratospheric measurements with the AOS
are analyzed for this comparison study. The total band-
width of the AOS is 1.5 GHz and its resolution is 1.27 MHz.
The observations are performed onboard a research aircraft
to avoid signal absorption due to tropospheric water vapor.
The instrument looks upward at a constant zenith angle of
78◦. Thermal emissions from the rotational states of the
molecule (a rotational line band at 606.8 GHz for HNO3) are
detected by the sensor and the shape of the pressure broad-
ened lines can be related to its vertical distribution. The
measured single spectra are integrated over 90 s to obtain a
sufficient signal-noise-ratio. The horizontal resolution of the
profile is∼20 km, which depends on the aircraft speed and
the integration time. The vertical profiles are retrieved on a
2 km grid applying the optimal estimation method (Rodgers,
1976). Altitude resolution of the HNO3measurement is 6–
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Fig. 8. Comparison of HNO3 volume mixing ratio (in ppbv)
profiles observed by MIPAS/ENVISAT(solid) and aircraft-based
MIPAS-STR measurements (dotted) at Kiruna, Sweden (68◦ N,
20◦ E) on 28 February 2003. The top panel shows the flight
and satellite tangent point tracks for the MIPAS-STR and MI-
PAS/ENVISAT measured sequences. The numbers indicate the al-
titudes (in kilometers) of selected flight and satellite tangent points.
Overlaid violet contour lines are potential vorticity (in 10−6 K
m2 kg−1 s−1) at 400 K potential temperature. The bottom panels
show the profiles (the first and third column from the left) and their
differences (the second and fourth column). In the difference pan-
els, the combined noise error is the red dotted line and the combined
total error (without errors from HITRAN) is the red solid line.

10 km in the lower stratosphere and the vertical range is
14–35 km (16–32 km for the tropical measurements). The
precision of a typical measurement is 0.3 ppb and the esti-
mated accuracy is about 0.6 ppb or 15%, whichever is higher
(Kleinböhl et al., 2003, andvon König et al., 2002). Further
details about the ASUR HNO3 retrieval is given inKuttippu-
rath (2005).

The ASUR HNO3 measurements during the SCIAVALUE
(SCIAMACHY Validation and Utilization Experiment) (Fix
et al., 2005) and EuPLEx (European Polar Leewave Exper-
iment) (Kleinböhl et al., 2005) campaign are taken for the
comparison with MIPAS v4.61 data. The predefined crite-
rion that the airborne measurements must be within 300 km
and 3 h of the satellite observations is considered for the
validation analysis. However, since the number of collo-
cated measurements were too small (23 coincidences spread
over a large latitudinal area), statistics were enhanced sig-
nificantly by choosing also another more relaxed criterion,
∼1000 km and within±12 h, for the intercomparisons. This
criterion resulted in a total of 768 collocated measurements
from 21 ASUR measurement flights in September 2002, and
in January, February, and March 2003. The date and flight
track of these collocated measurements are given in Table5.

Atmos. Chem. Phys., 7, 4905–4934, 2007 www.atmos-chem-phys.net/7/4905/2007/



D. Y. Wang et al.: MIPAS Operational Nitric Acid 4917

Table 5. The date and flight track of the ASUR collocated measurements. More relaxed criterion,∼1000 km and within±12 h, is chosen
for the intercomparisons. The number of colocated measurements for the criterion +/–300 km in 3 h is shown in parenthesis.

Date Flight Track Number of Coincidences

Sep 2002
17 Sep 2002 Palma de Mallorca-Niamey 04 (06)
18 Sep 2002 Niamey-Nairobi 03
25 Sep 2002 Nairobi-Niamey-Djerba 05
26 Sep 2002 Djerba-Palma de Mallorca 35 (08)

Jan 2003
14 Jan 2003 Munich-Kiruna 44
19 Jan 2003 In the Arctic 93
23 Jan 2003 In the Arctic 90
26 Jan 2003 In the Arctic 04
Feb 2003

7 Feb 2003 In the Arctic 138
8 Feb 2003 In the Arctic 138
9 Feb 2003 In the Arctic 19
19 Feb 2003 Munich-Basel-Tozeur 02
24 Feb 2003 Nairobi-Mombasa-Seychelles 01
26 Feb 2003 Seychelles-Nairobi 02
28 Feb 2003 Nairobi-Douala 07
March 2003

10 March 2003 Munich-Kiruna 47 (01)
12 March 2003 Kiruna-NyAalesund-Kiruna 97 (07)
13 March 2003 Kiruna-Keflavik 26 (01)
14 March 2003 Keflavik-Kangerlussuaq‘ 03
15 March 2003 Kangerlussuaq-Keflavik 02
19 March 2003 Munich Local flight 08

Total 768 (23)

The MIPAS HNO3 VMRs are convolved with the ASUR
HNO3 averaging kernels to account for lower vertical res-
olution of the ASUR profiles. The differences (1VMR =
MIPAS VMR − ASUR VMR) are calculated from the indi-
vidual MIPAS and ASUR profile comparisons (an example is
shown in Fig.11). The resulting delta profiles are averaged
over the low latitudes (5 S–30 N), mid-latitudes (30 N–60 N),
and high latitudes (60 N–90 N). The analysis results are pre-
sented in terms of these latitude sections separately.

Figure12 (blue curves) shows the results from the com-
parison between ASUR and MIPAS profiles with the pre-
defined criterion, 300 km and 3 h. There are 6 coinci-
dent measurements in the tropics, 9 in mid-latitudes and 8
in high-latitudes. Between 20 and 34 km, the differences
range from−0.4 to+0.7 ppb or−25 to +30% in the trop-
ics, up to 0.7 ppb or 15% in the mid-latitudes and−0.3 to
+0.1 ppb or−5 to +2% in the high latitudes. The aver-
age MIPAS−ASUR deviation is−0.1 to+0.4 ppb or−5 to
+13% above 20 km. The differences are highest in the trop-
ics and lowest in the high-latitudes.

Figure 12 (red curves) also shows the results from the
comparison between ASUR and MIPAS profiles with the
additional criterion of 1000 km and 12 h. There are 36

Table 6. Numbers of correlative profiles used for HNO3 compari-
son: data from balloon-borne MIPAS-B and MkIV measurements,
as well as other satellite observations. See the text for coincidence
criteria. One MIPAS profile may have multiple coincidences. This
is indicated by paired numbers with the first for MIPAS and the
second for the correlative measurements.

Data Set Time Period Coincidences

MIPAS-B 24 Sep 2002 1/1
2/1

MIPAS-B 20/21 March 2003 3/1
3/1

MIPAS-B 3 July 2003 3/1
3/1

MkIV 16 Dec 2002 3/1
MkIV 1 April 2003 4/1
MkIV 20 Sep 2003 6/1

Odin/SMR 19 Sep 02–28 Feb 2003 706/960
ILAS-II 12 Feb 2003–24 Oct 2003 867/905
ACE-FTS 9 Feb–25 March 2004 598/341
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Fig. 9. Same as Fig.8, but for MIPAS-STR flight at Kiruna, Swe-
den (68◦ N, 20◦ E) on 2 March 2003.

coincident measurements in the tropics, 67 in mid-latitudes
and 665 in high-latitudes. In the low latitudes, the deviation
is within ∼0.3 ppb or−10 to+15% at 20–34 km. The differ-
ence in the mid-latitudes is up to 1.4 ppb or 18%, whereas
in the Arctic the difference between the profiles is up to
0.4 ppb or 3%, above 20 km. The mean MIPAS−ASUR de-
viation for the entire latitude band is up to 0.6 ppb or 10%.
The MIPAS−ASUR difference is found to be largest in the
mid latitudes and is lowest in the high latitudes with a peak
around 23 km.

Beside the fact that the standard deviation of the differ-
ences for the predefined criterion (not shown) is greater than
for the relaxed criterion, the shape of the delta profiles are
alike in both analyses. It reveals that the largest deviation is
in the 20–30 km region, where the MIPAS profiles generally
exceed the ASUR profiles. Below 20 km, the ASUR values
appear to be relatively small and thus give rise to large dif-
ferences and high spread (1-σ deviation of the values). The
agreements between the profiles are very good above 30 km.

0 10 20 30

0 10203040

70
75

70
75

MIPAS-STR: 12 Mar 2003

14.0
15.0

15
.0

16.0

16
.0

16.0
16

.0

17.0

18.0

16 0812

67

05

29

MIPAS-STR: 12 Mar 2003

17
0712

67

05

29

MIPAS-STR: 12 Mar 2003

17

07
12

67

05

29

MIPAS-STR: 12 Mar 2003

17
1114

67

05

29

0 5 10
VMR [ppb]

100

10

P
re

ss
u

re
 [

h
P

a]

-2 0 2
∆VMR [ppb]

100

10

MS12Mar07:59
MI12Mar08:49
MS12Mar07:59
MI12Mar08:49

0 5 10
VMR [ppb]

100

10

-2 0 2
∆VMR [ppb]

100

10

MS12Mar08:55
MI12Mar08:48
MS12Mar08:55
MI12Mar08:48

0 5 10
VMR [ppb]

100

10

P
re

ss
u

re
 [

h
P

a]

-2 0 2
∆VMR [ppb]

100

10

MS12Mar09:17
MI12Mar08:46
MS12Mar09:17
MI12Mar08:46

0 5 10
VMR [ppb]

100

10

-2 0 2
∆VMR [ppb]

100

10

MS12Mar09:56
MI12Mar10:28
MS12Mar09:56
MI12Mar10:28

Fig. 10. Same as Fig.8, but for MIPAS-STR flight at Kiruna,
Sweden (68◦ N, 20◦ E) on 12 March 2003.

Nevertheless, the general overall agreement between the MI-
PAS and ASUR profiles is better than 10–13% at 20–34 km.

6 Comparisons with balloon-borne instruments

6.1 MIPAS-B

Balloon-borne observations are a very useful tool to obtain
distributions of HNO3 with sufficiently high vertical reso-
lution over most of the stratospheric altitude region. Three
validation campaigns were carried out with MIPAS-B, the
balloon-borne version of MIPAS (Friedl-Vallon et al., 2004)
(see Table6), whose vertical resolution is typically between 2
to 3 km. They were conducted on 24 September 2002, 20/21
March 2003, and 3 July 2003. Figures13to 15show compar-
isons of HNO3 VMR profiles between the MIPAS/ENVISAT
ESA retrieval and balloon-borne MIPAS-B measurements on
24 September 2002, 20/21 March 2003, and 3 July 2003, to-
gether with the satellite and balloon flight tracks. As shown
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in Fig. 13, the two September MIPAS-B profiles were ob-
tained from sequences measured near 40◦ N and 46◦ N on
24 September 2002. The MIPAS/ENVISAT coincident mea-
surement for the sequence near 46◦ N covered nearly the
same latitudes and longitudes along track of the flight while
the sequence near 40◦ N is slightly different from the location
of the MIPAS/ENVISAT observation. The two March 2003
measurements (Fig.14) were taken in the late winter Arc-
tic vortex near 66◦ N, 15◦ E over Kiruna (67.8◦ N, 20.4◦ E),
Sweden and covered a wide range of longitudes (greater than
10◦). The two sequences measured during the July flight
(Fig. 15) were performed under polar summer conditions
near 70◦ N around 10◦ E and 25◦ E with a longitudinal cov-
erage of 10◦ to 15◦ respectively.

The agreement between ESA MIPAS and MIPAS-B
HNO3 profiles derived from the September radiance mea-
surements at 40◦ N and 46◦ N is good (Fig.13). During
the northern sequence at 46◦ N the collocation was better
than 20 min in time and better than 100 km in horizontal
distance. The comparison between MIPAS-B (northern se-
quence) and MIPAS/ENVISAT reveals a good agreement
with only slightly larger values of the MIPAS ESA data be-
tween 15 and 22 km (∼130 and 50 hPa). The deviations
are below 1 ppbv throughout the entire height range up to
38 km (∼6 hPa), and below 0.5 ppbv above 26 km (∼30 hPa).
During the southern sequence at 40◦ N, the spatial mis-
match between the MIPAS-B and MIPAS/ENVISAT mea-
surements became slightly larger, and the difference of the
measured HNO3 VMR slightly increased, with a maximum
of ∼1.5 ppbv around the HNO3 peak at 26 km (∼30 hPa)
and in the lower stratosphere at 18 km (∼90 hPa). This dif-
ference is attributed to less perfect coincidence. However,
parts of the disagreement can be attributed to some retrieval
instabilities in the MIPAS profile measured at 22:05 UT
exhibiting an unrealistic VMR double peak. Nevertheless,
above 30 km (∼17 hPa) no substantial difference between
MIPAS and MIPAS-B HNO3 profiles was found.

The HNO3 profiles derived from the March flight at 66◦ N
have shown larger differences of 1 to 3 ppbv between 17 and
22 km (∼100 and 50 hPa) (Fig.14). The discrepancies in
the March measurements are attributed to horizontal inho-
mogeneities within a wide range of longitudes (larger than
10◦) covered by MIPAS-B. Moreover, the March measure-
ments were made near the vortex boundary (see violet con-
tours in Fig.14) where the variation of NOy species is highly
pronounced due to differences in chemical processes on ei-
ther side of the vortex edge. As shown byMengistu Tsidu et
al. (2005) the disagreements, which are more pronounced for
HNO3 than N2O5, are mainly caused by the horizontal inho-
mogeneity since HNO3 exhibits a stronger latitudinal gradi-
ent than N2O5, particularly near the vortex edge.

In contrast, the HNO3 profiles from the ESA MIPAS and
MIPAS-B measurements near 70◦ N in July 2003 show better
agreement, even the MIPAS-B July flight covered nearly the
same wide longitude range, in comparison with the March

observations (Fig.15). The deviations are less than 1 ppbv
throughout the entire altitude range between 10 and 40 km
(∼260 and 4.5 hPa), and below 0.5 ppbv at the lower and
higher altitudes. This reflects much smaller horizontal varia-
tions of the HNO3 distributions during polar summer.

6.2 MkIV

Three balloon campaigns were made with the Jet Propulsion
Laboratory (JPL) MkIV instrument (Toon, 1991) (see Ta-
ble 6). It is a Fourier transform spectrometer and measures
high signal-to-noise ratio solar occultation spectra through-
out the mid-infrared region (650 to 5650 cm−1) at high spec-
tral resolution (0.01 cm−1) at sunrise or sunset. Two sunrise
MkIV measurements (Figs.16 and17) were taken over Es-
range located 45 km from the town of Kiruna in 16 December
2002 and 1 April 2003 during SOLVE2/VINTERSOL cam-
paigns (http://mark4sun.jpl.nasa.gov/solve2a.htmland http:
//mark4sun.jpl.nasa.gov/solve2b.html). The December mea-
surement has a wide latitude coverage while the April one
extends over a wide longitude range. They have 3 and 4 co-
incident MIPAS/ENVISAT HNO3 profiles, respectively. The
third sunrise MkIV measurement (Fig.18) was conducted in
20 September 2003 at a mid-latitude of 35◦ N with a wide
longitude range. There are 6 coincident MIPAS/ENVISAT
HNO3 profiles available for this MkIV flight.

Figures16 and17 compare two sunrise MkIV measure-
ments taken at high northern latitudes over Esrange during
2002 winter and 2003 spring with respect to their 3 and 4 co-
incident MIPAS/ENVISAT ESA profiles, respectively. The
local time differences are small for these correlative profiles.
Thus, their solar zenith angle differences are not adjusted.

The comparison of the December measurements (Fig.16)
shows substantial differences (e.g. zigzag in orange and blue
curves), as large as±(2 to 4) ppbv. Only the green curve,
measured about one day earlier at similar latitudes shows a
relatively good agreement with the MkIV result. A compar-
ison with the HNO3 results by the IMK-IAA data processor
(seeWang et al., 2007, Fig. 4) shows that data below 24–
25 km are not reported there for the orange and blue curves.
The reason for this is that those tangent altitudes have been
discarded from the IMK-IAA retrievals due to cloud contam-
ination. These polar stratospheric clouds (PSCs) have not
been detected with the ESA cloud index limit (Spang et al.,
2004) but with the more stringent IMK index (Glatthor et al.,
2006). Cloud-clearing is a general source of problems for all
comparisons of ESA MIPAS trace gas retrievals at lower al-
titudes. In case of HNO3, which may be used to infer denitri-
fication/uptake processes by polar stratospheric clouds in the
polar stratophere, it is especially important to exclude such
erroneous retrievals by, e.g., checking the cloud index val-
ues. Thus, there are two explanations for the strong zigzag
in the ESA results: 1) the profiles are correctly representing
the gas-phase depletion of HNO3 due to uptake into PSCs
and possible denitrification/renitrification at lower altitudes,
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Fig. 11. A MIPAS and ASUR coincident measurement in the Arc-
tic. Latitude, longitude, time and date of the measurements are
noted in the figure. The shaded area indicates the estimated ac-
curacy of the ASUR HNO3 retrieval. The MIPAS data convolved
with the ASUR altitude resolution is indicated by the “smoothed”
profile.

or 2) due to the interfering cloud signal the retrieval might
have become unstable. We assume that both factors con-
tribute to the observed profile shapes since 1) PSCs must
have been present as indicated by the IMK-IAA cloud detec-
tion and, thus, an uptake of HNO3 is probable and 2) there
is also a zigzag in the ESA retrieved MIPAS ozone profiles
(not shown here) at the same geolocations as the orange and
blue curves which is in phase with the zigzag of the HNO3
results, however, with an amplitude of about 20% compared
to up to 70% in case of HNO3. Since ozone is not known
to be influenced directly by PSCs, we conclude that the ob-
served instability is an artefact of the retrieval in presence of
clouds.

In contrast, MIPAS and MkIV April HNO3 measurements
(Fig. 17) are in reasonable agreement. The highest devia-
tions in HNO3 VMR were found below 17 km (∼100 hPa),
with MkIV being 1.5 ppbv lower than ESA retrieved MI-
PAS HNO3 VMR. In the primary HNO3 VMR maximum
around 23 km (∼45 hPa) and above, deviations were around
0.5 ppbv.

The sunrise MkIV measurement at 35◦N in September
2003 (Fig.18) also show generally good agreement with
its 6 coincident MIPAS/ENVISAT HNO3 profiles. The
differences are less than 1.5 ppbv throughout the entire al-
titude range between 10 and 40 km (∼260 and 4.5 hPa), and
below 0.5 ppbv at the lower and higher ends. This is due

to more homogeneous airmasses at the autumn mid-latitude,
though there was spatial mismatch of about 10◦ longitude
between the coincident profiles. The forward trajectories
started at the positions of the MkIV profile indicate that the
turquoise MIPAS/ENVISAT profile measured on 18:29 UTC
should agree best with the MkIV profile, as it represents the
same air masses, which is the case indeed.

6.3 SPIRALE

The tunable diode laser instrument SPIRALE (Spectrométre
Infra Rouge pour l’́etude de l’Atmosph́ere par diodes Laser
Embarqúees) is a balloon-borne instrument for the in situ
measurement of stratospheric trace species (Moreau et al.,
2005). Concentrations of O3, CO, CO2, CH4, N2O, NO2,
NO, HNO3, HCl, HOCl, H2O2, and COF2 have been re-
trieved from direct absorption in the mid-infrared spectral
region by fitting experimental spectra and spectra calculated
using spectroscopic parameters of absorption lines from the
HITRAN2004 database (Rothman et al., 2005). Estimations
of the uncertainties on SPIRALE measurements have been
previously described in detail (Moreau et al., 2005). The
global uncertainty on the HNO3 mixing ratio is estimated
to be 30% below 20 km height mainly due to random er-
rors and 20% above 20 km mainly due to systematic errors.
The sources of random errors are the fluctuations of the laser
background emission signal, and the low signal-to-noise ratio
for weakly absorbing species such as HNO3. The sources of
systematic errors are on the laser linewidth (an intrinsic char-
acteristic of the diode laser) and on the non-linearity of the
detectors. It is to be noted that systematic errors on spectro-
scopic data (essentially molecular line strength and pressure
broadening coefficients) are not considered.

Validation flights were carried out from Aire sur l’Adour,
France (43.7◦ N, 0.3◦ E) on 2 October 2002 and from Kiruna,
Sweden (67.8◦ N, 20.4◦ E) on 21 January 2003. MIPAS
HNO3 operational data have been compared with the SPI-
RALE profiles obtained during the descent phase of the Oc-
tober 2002 flight and during the ascent phase of the January
2003 flight.

Figure 19 shows comparisons of the HNO3 profiles ob-
tained by SPIRALE during the Kiruna 2003 flight. For the
Arctic flight, direct coincidences with two MIPAS scans (or-
bit 4677-scan 20 and orbit 4678-scan 6), whose temporal
separation from the SPIRALE measurements satisfied the
baseline matching criterion1t<3 h, were available. The lo-
cation of this flight was close to the vortex edge and, al-
though the spatial separation does not satisfy the baseline
criterion 1s<300 km (300–500 km for scan 20 and 600–
800 km for scan 6), MIPAS and SPIRALE measurements
were made on locations where PV computed by the contour
advection model MIMOSA (Hauchecorne et al., 2002) were
close (5 to 25% for scan 20 and 5 to 35% for scan 6). Both
the SPIRALE original high vertical resolution profile and
its smoothed version after application of MIPAS averaging
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Fig. 12. The statistics derived from the MIPAS-ASUR nitric acid profiles at different latitude regions together with the mean difference for
all latitude regions. The blue curves stand for the predefined criterion of 300 km and 3 h and the red curves stand for the analyses with the
additional criterion of 1000 km and 12 h. The yellow bars on the red curves show the 1-σ deviation of the delta profiles. The numbers on
the plots indicate the respective number of coincident measurements at each latitude section for the respective analysis. Dotted black lines
inidcate values of –0.5, 0, and 0.5 ppbv and –15, 0, and 15%, respectively.

kernels are displayed. In general, a good agreement is ob-
served in both cases, with MIPAS HNO3 data from orbit
4677, scan 20 mostly matching SPIRALE smoothed values
within the error bars. Discrepancies which can reach 4 ppbv
at the level above 100 hPa, are found in the comparison with
MIPAS orbit 4678, scan 6, possibly due to increased compar-
ison errors introduced by the greater spatial separation (600–
800 km) and by the large PV differences at the level above
100 hPa (35%).

Figure 20 shows comparisons of the HNO3 profiles ob-
tained by SPIRALE on the October 2002 flight with coin-
cident MIPAS profiles from orbit 3019, scans 14 and 15
on 27 September at 23:52:50 UT and 23:54:11 UT respec-
tively. For the mid-latitude flight, direct coincidences sat-
isfying the criteria of1t<3 h and1s<300 km where not
possible, and the intercomparison was carried out by means
of trajectory analysis with MIPAS profiles. The backward
trajectories ending at the location of the SPIRALE profiles
(44◦ N, 0◦ E) on 2 October 2002 (09:15–10:30 UT at de-
scent) have been computed as a function of potential tem-
perature in 25 K steps (about 1 km). Scans 14 and 15 of or-
bit 3019 have been proven to be the best matches for com-
parison with SPIRALE. These scans where measured near
42◦ N and 46◦ N, 4.5 days before the SPIRALE flight. By
comparing the PV values of SPIRALE and MIPAS profiles,
it is found that PV differences are lower than 10% between
400 K and 600 K for both MIPAS scans and above 700 K for
scan 14. This concludes that the SPIRALE data may be used
to validate 1) MIPAS scan 14 of orbit 3019 on the potential

surfaces between 400 K and 600 K and between 700 K and
900 K, which corresponds to the retrieval nominal MIPAS al-
titudes 18, 21, 24, 30 and 33 km, and 2) MIPAS scan 15 of or-
bit 3019 on the potential surfaces between 400 K and 600 K,
which corresponds to the nominal MIPAS altitudes: 18, 21
and 24 km. The comparison results shown in Fig.20reveal a
generally good overlapping between MIPAS and SPIRALE
HNO3 measurements, except for the altitudes near the VMR
peak (21 and 24 km) where the MIPAS data overestimate the
SPIRALE observations by 2 ppbv at 21 km for both MIPAS
scans and by 3 ppbv at 24 km for MIPAS scan 15. In the lat-
ter case large differences on the PV values of SPIRALE and
MIPAS profiles above 24 km (35% at 27 km, 60% at 30 km)
could explain the discrepancies since MIPAS retrieved mix-
ing ratios at a nominal tangent altitude depends on the true
mixing ratio values at least within the half width of the ver-
tical field-of-view above. Further, inspecting MIPAS HNO3
profiles of orbit 3019 further north (not shown here) reveals
a strong S-N gradient at the altitude of the largest differences
(30–40 hPa) compared to SPIRALE. This strong gradient is
the result of a PV barrier close to SPIRALE and to MIPAS
scan 15. Considering the time difference of 4.5 days small
errors on the ECMWF (European Centre for Medium-range
Weather Forecasts) winds could lead to small errors on the
location of the PV barrier close to MIPAS or close to SPI-
RALE (or both) leading to larger errors on the PV differences
between the locations of SPIRALE and MIPAS.
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Fig. 13. Comparison of HNO3 volume mixing ratio (in
ppbv) profiles observed by MIPAS-B (red dotted) and MI-
PAS/ENVISAT(other colors) on 24 September 2002. The top pan-
els show the balloon flight and satellite tangent point tracks for the
MIPAS-B northern (left) and southern (right) measured sequences.
The numbers indicate the altitudes (in kilometers) of selected tan-
gent points. All measurements were located outside the polar vor-
tex, and thus the contour lines of potential vorticity are not shown.
The bottom panels show the profiles (the first and third column from
the left) and their differences (the second and fourth column). In
the difference panels, the combined noise error is red dotted and the
combined total error (without errors from HITRAN) is red solid.

6.4 IBEX

IBEX (Infrared Balloon EXperiment) is a high resolu-
tion Fourier transform spectrometer operating in the Far-
IR region (spectral range 10–250 cm−1, spectral resolu-
tion 0.0025 cm−1) for limb emission measurements from
stratospheric balloon (Bianchini et al., 2006). The correlative
measurements with MIPAS/ENVISAT were obtained during
the trans-Mediterranean flight from Trapani, Sicily (38◦ N,
12◦ E) to Spain on 29–30 July 2002. However, useful coin-
cidences between MIPAS observations and measurements of
the FT-FIR spectrometer could be obtained only after sub-
stantial relaxation of the spatial-temporal matching criteria
(within 300 km and 3 h), as shown for instance in previous
analyses carried out for MIPAS ozone validation (Cortesi et
al., 2004). As a consequence, the comparison of MIPAS
and IBEX data was based on isentropic trajectories calcu-
lations performed using the University of L’Aquila Global
Trajectory Model (Redaelli, 1997; Dragani et al., 2002) on
the base of ECMWF meteorological fields. Four days back-
ward and forward isentropic trajectories, departing from the
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Fig. 14. Same as Fig.13, but for two MIPAS-B sequences mea-
sured on 20/21 March 2003. Overlaid violet contour lines are po-
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perature.
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Fig. 15. Same as Fig.13, but for two MIPAS-B sequences mea-
sured on 3 July 2003.

geolocations of the IBEX retrieved profiles, were calculated.
Then MIPAS HNO3 profiles at locations within 2 degrees in
longitude, 2 degrees in latitude and 2 h in time along these
trajectories were identified and vertically interpolated in po-
tential temperature, to obtain the HNO3 volume mixing ra-
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Fig. 16. Comparison of HNO3 volume mixing ratio (in ppbv) pro-
files observed by MkIV (red dotted) and MIPAS/ENVISAT (other
colors) on 16 December 2002. The top panel shows the balloon
flight and satellite tangent point tracks. The numbers indicate the
altitudes (in kilometers) of selected tangent points. The bottom
panel shows the profiles (left) and their differences (right). In the
difference panels, the combined noise error is red dotted and the
combined total error (without errors from HITRAN) is red solid.
Overlaid violet contour lines are potential vorticity (in 10−6 K
m2 kg−1 s−1) at 550 K potential temperature.

tio value to be compared with the corresponding MIPAS
measurements. The interpolation to the trajectories has been
made by using the pressures of MIPAS as height coordinate
and not the altitudes. The resulting intercomparison pairs
were then binned by altitude, in steps of1z=1.5 km and aver-
aged. Preliminary results of a so called “self-hunting” anal-
yses of MIPAS data that matches satellite observation with
themselves, providing a test for the precision of the instru-
ment products and the quality of the calculated trajectories
and thus assessing the noise in the technique and providing
estimates to its possible extension to multi-platform compar-
ison for the selected time period, can be found inTaddei et
al. (2006).

Mean absolute and relative differences between the MI-
PAS and IBEX HNO3 data obtained during the trans-
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Fig. 17. Same as Fig.16, but for MkIV flight on 1 April 2003. All
measurements were located outside the polar vortex, and thus the
contour lines of potential vorticity are not shown.

Table 7. Mean spatial and temporal separations and standard devia-
tions. Data are averaged over all available correlative measurements
(see Table6). Horizontal distance in kilometers, latitude and longi-
tude in degrees, and time in minutes (note: Both daytime and night-
time MIPAS measurements are used for comparison with ACE-FTS
data).

Odin/SMR ILAS-II ACE-FTS

Distance 197±69 208±68 280±151
Latitude –0.5±1.2 –0.1±1.4 1.5±1.9
Longitude −0.02±8.3 −0.6±6.9 11.3±43.3*
Time 27±105 22±114 426±504*

Mediterranean flight of 29–30 July 2002 are presented in
Fig. 21. The MIPAS measurements agree reasonably well
with the balloon profile between 17 and 32 km (mean relative
differences within±15%). However, at lower and higher al-
titudes, MIPAS HNO3 VMRs appear to be higher than those
of the IBEX by up to 50–100%.
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Fig. 18. Same as Fig.16, but for MkIV flight on 20 September
2003. All measurements were located outside the polar vortex, and
thus the contour lines of potential vorticity are not shown. The black
lines are forward trajectories started from the position of the MKIV
profile and all MIPAS observations took place afterwards.

7 Comparisons with other satellite observations

For comparisons of MIPAS with Odin/SMR and ILAS-II
measurements, the horizontal separations between the col-
located profiles are required to be smaller than 300 km, and
the time differences are less than 3 h. However, for ACE-
FTS, due to limitations of satellite’s sampling and database
size, 800 km, 9 h and a maximum difference of potential vor-
ticity of 3×10−6 Km2kg−1s−1 at an altitude of 475 K po-
tential temperature are used to obtain enough coincidences
for statistical analysis. The numbers of available coinci-
dent profiles are listed in Table6. The mean spatial sepa-
rations and temporal differences, as well as their standard
deviations are averaged over all available correlative mea-
surements and listed in Table7. The spatial and temporal
mismatch can cause HNO3 differences associated with geo-
physical variations of the atmospheric field. However, im-
perfect spatial/temporal matches have virtually no effect on
the observed mean differences since their effect largely av-
erages out, but may significantly contribute to the observed
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Fig. 19. Comparison between MIPAS ESA operational and SPI-
RALE HNO3 measurements at Kiruna, Sweden on 21 January
2003. Error bars represent total (systematic plus random) MIPAS
and SPIRALE uncertainties.

standard deviations. This has been confirmed by re-analysis
of the Odin/SMR and ILAS-II data using much less restricted
criteria, which require the latitude and longitude separations
being smaller than 5 and 10 degrees, respectively, and the
time differences less than 12 h (The results are not shown
here).

For a reference data set having enough correlative pro-
files, mean differences at individual height levels are also
calculated over the overlapped observation period. For inter-
satellite comparison, zonal mean differences are calculated
with latitude intervals of 30◦ and for the MIPAS descending
(daytime) and ascending (nighttime) orbit nodes separately.
The results from both nodes are generally similar and thus
combined together. The global means are averaged over all
latitudes and both orbit nodes.

7.1 Odin/SMR

The Sub-Millimetre Radiometer (SMR) on board the Odin
satellite, launched on 20 February 2001, observes key species
with respect to stratospheric chemistry and dynamics such
as O3, ClO, N2O, and HNO3 using two bands centered at
501.8 and 544.6 GHz. Stratospheric mode measurements are
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Fig. 20. Comparison between MIPAS ESA operational and SPI-
RALE HNO3 measurements at Aire sur l’Adour, France on 2 Oc-
tober 2002. Error bars represent total (systematic plus random) MI-
PAS and SPIRALE uncertainties.

performed typically twice per week. Vertical profiles are re-
trieved from the spectral measurements of a limb scan by two
similar data processors in Sweden and in France. The data
used in this comparison study are taken from the level 2 op-
erational data retrieved at the Chalmers University of Tech-
nology (Gothenburg, Sweden). The most recent version is
version 2.0, and HNO3 is retrieved from the 544.6 GHz band.
The profiles in the altitude range from 18 to 45 km are re-
trieved with a vertical resolution of 1.5 to 2 km and a 1-σ

precision of better than 1.5 ppbv. In the height regions below
∼18–20 km (∼88–67 hPa), the Odin/SMR HNO3 data usu-
ally have a measurement response (a ratio derived from the
Odin/SMR averaging kernel matrix and providing a measure
on how much information comes from the spectral measure-
ment and the a priori profile for each individual retrieval alti-
tude level) lower than 0.75, implying dominance of the a pri-
ori climatology. Thus, we select data with the measurement
response larger than 0.75 for comparison. Detailed informa-
tion on the data characteristics and analysis of systematic re-
trieval errors, resulting from spectroscopic and instrumental
uncertainties can be found inUrban et al.(2005) andUrban
et al.(2006).

Fig. 21. Comparison between MIPAS ESA operational and IBEX
(29–30 July 2002 ) HNO3 measurements. Mean absolute (left) and
relative (right) differences between MIPAS and IBEX HNO3 VMR
were reconstructed using trajectory analysis and averaged in altitude
bins of1z =1.5 km. Error bars represent 1-σ standard deviations.
The number of elements per altitude bin is also displayed.

Comparison between the MIPAS IMK-IAA and
Odin/SMR HNO3 data byWang et al.(2007) has shown
that the characteristic shape of the difference profile likely
indicate an altitude shift in the SMR profiles, and the best
value of the mean altitude increase for Odin/SMR, which
minimizes the HNO3 VMRs differences was estimated
to be approximately 1.5 km. Therefore, the altitudes of
Odin/SMR data have been increased by 1.5 km, and the
retrieved pressures have been adjusted by interpolating the
original altitude-pressure scales to the adjusted heights. The
adjusted retrieved pressure values are used in this analysis.

Figure 22 shows the comparisons between the ESA re-
trieved MIPAS and Odin/SMR HNO3 VMR profiles, which
are zonally averaged for 3 latitude bands during a period
of 37 days from 19 September 2002 to 28 February 2003.
No coincident measurement is available between 30◦ N and
60◦ S due to our requirement of the horizontal separation
<300 km, more restricted than that used byWang et al.
(2007). The comparison results are consistent with prelim-
inary results obtained from the Odin/SMR validation study
based on comparisons of Odin/SMR with a couple of bal-
loons and with satellite data (ILAS-II, MIPAS ESA opera-
tional data) (Urban et al., 2006).

The Odin/SMR HNO3 version 2.0 data used in this anal-
ysis show good agreement with the correlative data. Their
differences at the three latitude bands and the overall means
averaged over these bands (not shown) are generally smaller
than the combined measurement errors of both instruments in
the altitude range above 30 km (∼17 hPa), and slightly larger
below 30 km. The Odin/SMR VMRs tend to be larger than
those of the MIPAS by 10–20% (1–2 ppbv) in the altitude
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Fig. 22. Comparison of the ESA-operational MIPAS and Odin/SMR HNO3 volume mixing ratio (in ppbv) profiles at latitudes of 60◦ N–
90◦ N, 30◦ N–60◦ N, and 60◦ S–90◦ S during a period of 37 days between 19 September 2002 to 28 February 2003. The zonal mean profiles
(left) are derived from the available coincident MIPAS (black solid) Odin/SMR (red dotted) measurements, which are located within a latitude
interval of 30◦. ODIN pressures have been adjusted according to an upward shift of the profiles by 1.5 km (see text for details). Shown in
middle columns are the MIPAS minus Odin/SMR residuals (black), their standard deviations (blue dashed) and 1-σ uncertainty (green bar),
and estimated combined errors (red dashed) in ppbv. The estimated combined error is the mean of quadratically combined MIPAS and
Odin/SMR total (systematic plus random) errors. The relative differences (right) are calculated with respect to a mean profile averaged over
the MIPAS and Odin/SMR data. The maximum and minimum number of profiles available at individual heights are specified. Also denoted
are the mean difference1, standard deviationsσ , and the uncertaintyσ /

√
N averaged over all heights, whereN is total number of available

data points.

range 20–35 km, depending on latitude. Largest difference
are found at high northern latitudes (up to 2 ppbv or 20% at
20–25 km), otherwise the agreement is within 1 ppbv or 10%.
This indicates that the altitude shift is not the only reason for
the disagreement, and other error sources (spectroscopy, cal-
ibration) may also contribute. Also, we note that a correction
of 1.5 km looks too large in one of the chosen latitude bands
(60◦ to 90◦ N), but very reasonable in the others, suggesting
a possible latitude dependence of the altitude shift.

The standard deviations of the difference residuals (2–
4 ppbv or more) shown in Fig.22 are always larger than
the combined measurement error. This is probably due to

the temporal and spatial coincidence error and the horizon-
tal smoothing error which are not taken into account in our
error budget (see Sect.4). Also, it is worth noting that
the standard deviations are larger (by 1 ppbv or more) than
those of the MIPAS IMK-IAA retrievals with respect to the
Odin/SMR data (seeWang et al., 2007, Figs. 8–10), in spite
of much less restricted coincidence criteria used for the IMK-
IAA data. The higher standard deviations in the operational
dataset come likely from the effects of undetected clouds and
different regularization used for the MIPAS ESA and IMK-
IAA retrievals (see Sect.6.2).
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7.2 ILAS-II

The ILAS-II instrument is a solar occultation sensor designed
to measure various stratospheric constituents. The opera-
tional observations were made with a frequency of about
14 times per day in each hemisphere for about 7 months
from 2 April through 24 October 2003. The measurement
latitudes ranged from 54◦ to 71◦ N and from 65◦ to 88◦ S,
varying seasonally. Vertical profiles of HNO3 and several
key stratospheric species (O3, NO2, N2O, CH4, H2O etc.)
are simultaneously retrieved by the so-called onion-peeling
method, primarily using the strong absorption lines around
7.6 and 11.3 µm for the HNO3 retrieval, with vertical reso-
lutions of 1.3 to 2.9 km at tangent heights of 15 and 55 km
(seeYokota et al., 2002, for details of the retrieval algorithm
cloud-clearing technique). For altitude registration, the ge-
ometric altitude data are obtained from the sun-edge sensor.
However, the pressure/temperature (p/T) data of the ILAS-
II-retrievals are not good in accuracy (Sugita et al., 2004).
Thus, the assimilation analysis data (registered in geopoten-
tial altitude) from the Met Office (METO, also previously
referred to as UKMO), United Kingdom are converted to get
the interpolated T/p profiles. This choice is a continuation
from ILAS experiment. However, to facilitate comparisons
of HNO3 in this study, we obtain the p/T profiles from the
ECMWF assimilation, which is used to derive the hydrostatic
pressure profiles in the MIPAS data retrievals. For the ver-
sion 1.4 ILAS-II algorithm, spectroscopic data were adopted
from the HITRAN2000 database, including updates through
the end of 2001 (Rothman et al., 2003). The influence of the
different version of HITRAN database (2000 versus 2004) on
ILAS-II HNO3 retrievals is very small, according to a sensi-
tivity test made for a couple of specific cases. The ILAS-
II stratospheric HNO3 profiles (version 1.4) were validated
with balloon-borne instruments and climatological compar-
isons, showing that the precision is better than 13–14%, 5%,
and 1% at 15, 20, and 25 km, respectively, and that the ac-
curacy in the altitude region is estimated to be better than
−13% to +26% (Irie et al., 2006; Yamamori et al., 2006).

Figure23 shows comparisons between the ESA retrieved
MIPAS and ILAS-II measured HNO3 VMR profiles, which
are zonally averaged over three latitude bands for the 82 days
between 12 February to 24 October 2003. No coincident
measurement is available in other latitude bands. The ILAS-
II data were convolved with the MIPAS averaging kernel.
Therefore, the ILAS-II mixing ratios are somewhat degraded
from the original vertical resolutions. Also, the ILAS-II data
were filtered by requiring the retrieved VMR values greater
than the total error values. This rejected some data points
above about 35 km (∼9 hPa), in particular, in the southern
high latitude region.

The consistency between the MIPAS and ILAS-II data is
very impressive, with the mean differences at individual lat-
itude bands and averaged over the three bands (not shown)
being less than the combined measurement errors of both in-

struments in the whole altitude range of 10 to 50 km. The
82-day mean differences being less than±0.5 ppbv between
10 and 45 km (∼260 and 2.3 hPa) and the standard deviations
1−2 ppbv. As seen from Fig.23, the standard deviations are
generally comparable to or smaller than the combined instru-
ment measurement errors, except for the southern polar re-
gion around 20 km. Also, vertical trends in the difference
between MIPAS and ILAS-II are different for the two hemi-
spheres, with the ILAS-II data larger than the MIPAS at the
height levels below the VMR peak in the southern polar re-
gion. These features are probably due to the same reasons
for other comparisons (see Sects.4 and7.1): the coincidence
of sounding airmasses and the horizontal smoothing errors
are not taken into account in the error budget. Both errors
become large in the southern polar region where the spatial
variability of target molecule is high. On a first instance, the
good consistency between ILAS-II and MIPAS is surprising,
since different spectroscopic data (HITRAN2000 for ILAS-
II and HITRAN2004 for MIPAS) are used in the retrievals. A
possible explanation, arising from the additional absorption
band used for the ILAS-II retrieval, is given inWang et al.
(2007).

7.3 ACE-FTS

The ACE-FTS (Bernath et al., 2005) is a high resolution
(0.02 cm−1) Fourier transform spectrometer operating from
2 to 13 µm (750 to 4500 cm−1). The ACE-FTS records at-
mospheric absorption spectra during sunrise and sunset (so-
lar occultation mode) and has a nominal vertical resolution of
about 4 km. The ACE satellite was launched on 12 August
2003 and the first useful atmospheric spectra were recorded
in early February 2004. The ACE-FTS retrieval algorithm
is based on a global fit procedure that first derives temper-
ature and pressure profiles using CO2 absorption (Boone et
al., 2005). The nitric acid is based primarily on microwin-
dows near 1710 cm−1 containingν2 absorption. In the tro-
posphere additional microwindows near 879 cm−1 (ν5) are
used because of strong water absorption near theν2 band.
The HNO3 line parameters used are those of HITRAN 2004
(Rothman et al., 2005). Version 2.2 FTS retrievals taken dur-
ing 9 February to 25 March 2004 are used for the compar-
isons in this paper. The retrievals are carried out in the 10 to
37 km range with a typical precision of 2 to 3%.

Figure 24 shows comparisons between the zonal mean
profiles of the ESA MIPAS and ACE-FTS HNO3 VMR
taken during 9 February to 25 March 2004 at latitude bands
of 30◦ N−60◦ N and 60◦ N−90◦ N. The ACE-FTS data are
from the sunset measurements, while the MIPAS data in-
clude both daytime and nighttime measurements. The con-
sistency between the MIPAS and ACE-FTS data is very
good. The mean differences are less than±0.1 to 0.5 ppbv
and rms deviations of∼0.6 to 1 ppbv, with the smaller val-
ues corresponding to the lower and higher altitudes around
10 and 35 km (∼260 and 9 hPa). The relative differences are
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Fig. 23. Same as Fig.22, but for comparison of the ESA-operational MIPAS and ILAS-II HNO3 volume mixing ratio (in ppbv) profiles
during a period of 82 days between 12 February to 24 October 2003. The ILAS-II data are convolved with the MIPAS averaging kernel.

5 to 10% below 30 km (∼17 hPa), and 10 to 15% at higher al-
titudes around 35 km (∼9 hPa). We have also compared the
ACE-FTS sunset data with the daytime and nighttime MI-
PAS measurements separately, and no significant differences
are found. For latitude bands of 30◦ S–0◦ and 0◦–30◦ N, only
1 and 4 events are available respectively. Thus these compar-
ison results are not presented here.

8 Conclusions

Stratospheric nitric acid VMR profiles are retrieved by ESA
from the MIPAS observations using the operational data pro-
cessor. The profiles of version v4.61/4.62 obtained between
July 2002 and March 2004 are validated in this paper by
comparing with a number of ground-based measurements,
balloon and aircraft campaigns, and satellite observations.

The ESA MIPAS HNO3 data show generally good agree-
ment with various ground-based, balloon, and aircraft mea-

surements. The mean relative differences of HNO3 partial
columns between the MIPAS and FTIR at five stations are
within ±2%, which is the MIPAS systematic error for the
partial columns, and the statistical standard errors on the
means are 6–11%. The bias between the MIPAS and FTIR
vertical profiles is statistically insignificant and below 10%
with the statistical standard deviations of the mean differ-
ences of 5–13%. The aircraft-borne SAFIRE-A HNO3 and
MIPAS-STR measurements are generally matched with the
satellite data within their total error bars. The general overall
agreement between the MIPAS and ASUR profiles is better
than 10–13% at 20–34 km. The largest deviation is in the
20–30 km region, where the MIPAS profiles generally ex-
ceed the ASUR profiles. All differences for the comparison
with balloon-borne MIPAS-B in September 2002 are below
1 ppbv throughout the entire altitude range up to about 38 km
(∼6 hPa), and below 0.5 ppbv above 30 km (∼17 hPa). Sim-
ilar features are also observed in comparisons between indi-
vidual profiles of the MkIV and MIPAS/ENVISAT in April
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Fig. 24. Comparison of the ESA-operational MIPAS and ACE-FTS HNO3 volume mixing ratio (in ppbv) profiles at latitudes of 30◦ N–
60◦ N and 60◦ N–90◦ N during 9 February to 25 March 2004. The zonal mean profiles (left) are derived from the available coincident MIPAS
(red) and ACE-FTS (black) measurements, which are located within a latitude interval of 30◦. Shown in middle panels are the MIPAS minus
the ACE-FTS residuals (black), their standard deviations (blue) and 1-σ uncertainty (green bar), estimated combined random error (blue
dashed), and MIPAS systematic error (red dashed) in ppbv. The estimated combined random error is the mean of combined ACE-FTS and
MIPAS noise errors where the MIPAS temperature error was added (quadratically) to the MIPAS noise errors. The MIPAS systematic error
includes the HITRAN error, but without the temperature error. The relative differences (right) are calculated with respect to the ACE-FTS
profiles. The total number of profiles is specified in the title.

2003. In the primary HNO3 VMR maximum around 23 km
(∼45 hPa) and above, deviations were around 0.5 ppbv. The
MIPAS HNO3 data are also mostly matching balloon-borne
SPIRALE values within the combined instrument error bars
(the largest bias is less than 1 ppbv), when the location
of the SPIRALE measurement is closer to that of MIPAS
(1s<300–500 km, and1PV<5 to 25%). The MIPAS mea-
surements agree reasonably well with the balloon IBEX pro-
files between 17 and 32 km (mean relative differences within
±15%).

However, the degree of consistency between MIPAS and
other measurements is largely affected by their temporal and
spatial coincidence. The temporal and spatial coincidence
error and the horizontal smoothing error are not taken into
account in our error budget. Both errors become large when
the spatial variability of target molecule is high. The stan-
dard deviations of 5–13% between MIPAS and ground-based
FTIR are larger than the estimated measurement uncertainty.
For the 2003 MIPAS/ENVISAT and MIPAS-B March mea-
surements differences of 1 to 3 ppbv between 22 and 26 km
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Table 8. Overview of HNO3 profile comparisons between MIPAS and validation instruments for different latitudes, seasons and altitude
ranges.

Instrument Time Region MIPAS – Instrument [ppbv]
below 100 hPa 100–10 hPa above 10 hPa

SAFIRE Autumn N-midlat ±0.5 −0.5–1.0
SAFIRE Spring N-highlat ±0.5 1.0
MIPAS-STR Summer N-midlat ±0.1 0.3
MIPAS-STR Spring N-highlat ±0.5 −0.5–1.0
ASUR Autumn–Spring Trop −1.3–0.7 0.5
ASUR Autumn–Spring N-midlat −1.2–0.7 ±0.1
ASUR Autumn–Spring N-highlat −0.4 0.1
MIPAS-B Autumn N-midlat −0.5–1.0 −0.5–0.1
MIPAS-B Spring N-highlat ±1.0
MIPAS-B Summer N-highlat ±0.5 −0.5–1.0 −0.5–0.3
MkIV Spring N-highlat ±1.0 ±1.0
MkIV Autumn N-midlat −0.3 ±0.5 ±0.5
SPIRALE Winter N-highlat −0.3 −3–1.5
IBEX Summer N-midlat 0.3 −0.9–0.5 0.8
ODIN Autumn–Winter N-highlat −2.5–−0.5 −0.5–0.3
ODIN Autumn–Winter N-midlat −2–−1 −0.5–0.5
ODIN Autumn–Winter S-highlat −1–0 0–0.5
ILAS-II Spring–Autumn N-highlat −0.1 −0.1–0.5 −0.8–0.1
ILAS-II Spring–Autumn N-midlat −0.3–0 ±0.7 −0.9–−0.1
ILAS-II Spring–Autumn S-highlat –0.3–0.1 ±0.5 −3–0
ACE-FTS Spring N-midlat ±0.5 ±0.5 −0.4–−0.2
ACE-FTS Spring N-highlat ±0.1 −0.3–0.5 −0.4–−0.1

(∼50 and 30 hPa) were observed. For the correlative mea-
surements obtained by balloon-borne SPIRALE, much larger
discrepancies, as large as 5 ppbv at the level above 100 hPa,
are found when the spatial separation of the correlative pro-
files increases (600–800 km, PV differences up to 35%). At
lower and higher altitudes, MIPAS HNO3 VMRs appear to
be higher than those of the IBEX by up to 50–100%. It was
also found that MIPAS/ENVISAT normally tends to be in a
very good agreement with MIPAS-STR and only occasion-
ally shows somewhat large differences, mostly in terms of a
slight overestimation of the HNO3 VMR. The latter trend is
more pronounced in comparison with SAFIRE-A mean pro-
files, that are almost constantly lower than MIPAS/ENVISAT
HNO3 values. The observed differences could be explained
by the fact that the selected collocated HNO3 profiles, satis-
fying the spatial and temporal coincidence criteria, can sam-
ple different air masses across a region of strong horizontal
(and vertical) gradients.

It is worth noting that the highest deviations in HNO3
VMR were found below 17 km (∼100 hPa), with the MkIV
being 1.5 ppbv lower than the MIPAS data. For the Decem-
ber 2002 MkIV and MIPAS measurements, substantial dif-
ferences as large as 2 to 4 ppbv, were observed. From com-
parisons with MIPAS/ENVISAT ozone retrievals showing
similar profile instabilities at the same locations, we conclude

that at least part of the deviations with respect to the MkIV
observations have been caused by undetected polar strato-
spheric clouds leading to oscillations in the MIPAS HNO3
profiles. A more stringent cloud detection as in case of the
IMK-IAA HNO 3 dataset (Wang et al., 2007) would likely
have avoided this problem. We therefore conclude that for
cases of possible cloud interference (like wintertime polar
vortex studies) care must be taken that profiles affected by
clouds are sorted out.

Statistical comparison results of MIPAS ESA HNO3 VMR
with respect to those of the Odin/SMR, ILAS-II, ACE-FTS
measurements (Figs.22 to 24), show generally good agree-
ment. For each pair of the correlative measurements, their
mean differences averaged over individual latitude bands or
over all available bands are generally smaller than the com-
bined instrument measurement errors throughout the whole
altitude range between 10 and 50 km, and thus statistically
insignificant. The ESA MIPAS and Odin/SMR V2.0 HNO3
VMR profiles taken between September 2002 and February
2003 showed reasonable agreement (Fig.22),with the global
mean differences generally less than 1 ppbv at the heights
between 20 and 40 km (∼67 and 4.5 hPa), and with largest
differences of±2 ppbv only seen around 17 km and 22 km
(∼100 and 50 hPa) at high latitudes of 60◦. Much better
agreements are observed for the mean HNO3 VMR profiles
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of the ESA MIPAS, with respect to ILAS-II and ACE-FTS
measurements (Figs.23 to 24). The mean differences of the
MIPAS ESA data with respect to the ILAS-II data are less
than±0.5 ppbv between 10 and 45 km (∼260 and 2.3 hPa)
and the standard deviations 1−2 ppbv. The mean differences
between MIPAS and ACE-FTS are less than±0.1 to 0.5 ppbv
and rms deviations are of∼0.6 to 1 ppbv, with the small val-
ues corresponding to the lower and higher altitudes around
10 and 35 km (∼260 and 9 hPa). The relative differences are
5 to 10% below 30 km (∼17 hPa), and 10 to 15% at higher
altitudes around 35 km (∼9 hPa).

An overall assessment of the MIPAS ESA HNO3 inter-
comparisons with independent observations – as a function
of latitudes, seasons, and altitude ranges and ignoring cases
where differences are probably caused by strong atmospheric
gradients and presence of clouds – is given in Table8. Most
of these comparisons show that the ESA MIPAS HNO3 prod-
uct is generally in good shape, suggesting suitability of the
MIPAS HNO3 VMR profiles for use in geophysical studies.
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Höpfner, M., Blom, C. E., Echle, G., Glatthor, N., Hase, F., Stiller,
G.: Retrieval simulations for MIPAS-STR measurements, Smith,
W. L. [Hrsg.] IRS 2000: Current Problems in Atmospheric Radi-
ation; Proc.of the Internat. Radiation Symp., St.Petersburg, Rus-
sia, July 24–29, 2000 Hampton, Va.: DEEPAK Publ., 2001.
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