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Response to reviewer 1:
We thank reviewer 1 for her/his helpful comments. Please find below our responses
describing how the manuscript has been modified with respect to the comments.
5

Blue passages denote the changes or updates in the revised manuscript.
Specific Comments
Comment: “Pag.4, Section 3. The description of the errors in MIPAS spectroscopic

10

databases should be moved before Sect.7.1, where differences between several
spectroscopic databases are quantified, and hence the estimation of the errors on
line intensities and line width can be more useful.”
Reply: Similar to the description of the MIPAS experiment and of the retrieval

15

setup in Section 2, the error estimates for ozone lines in the MIPAS and HITRAN
spectroscopic databases are a prerequisite for our investigations. Therefore we
find it more appropriate to leave the description of these errors in Section 3 prior
to the retrieval section. To address the reviewer’s point, we will compare the
spectroscopic errors with the VMR differences in Sections 4 and 7.1 by adding the

20

sentences “This difference is larger than the relative error in line intensity given in
Eqs. 1 and 2 for the strongest and medium scale ozone lines (at least for transitions
1

with low to medium-sized rotational quanta JU and KU).” at page 4, line 26, and
“Consequently, these differences are also larger than the relative errors in line
intensity given in Eqs. 1 and 2.” at page 7, line 15.
25

Comment: “Pag. 5, line 17: what ‘completely different forward models’ means ?”
Reply: This phrase is maybe a bit incomprehensible, because the forward model
KOPRA we use at IMK/IAA has not been introduced before. For this reason
30

we will replace the first sentence of the second paragraph of Section 2 by “To
reinvestigate the channel AB-A bias in retrieved ozone, retrievals using the the
processor of the Institut für Meteorologie und Klimaforschung and the Instituto de
Astrofísica de Andalucía (IMK/IAA) were performed for 59 MIPAS orbits from
January 3, April 1, July 2 and October 2-3, 2009. This processor uses the Karlsruhe
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Optimized and Precise Radiative Algorithm (KOPRA) (Stiller, 2000) for radiative
transfer calculations and the Retrieval Control Program (RCP) of IMK/IAA for
inverse modelling of spectra. ”. Further we will change the critisised phrase into
“a different radiative transfer model”. Because by these modifications the acronym
KOPRA is already explained in Section 2, we will change the subsequent sentence

40

(page 5, lines 19/20) into “This agreement widely excludes the hypothesis that the
bias is caused by deficiencies in the KOPRA forward model used at IMK.”
Comment: “Pag. 5, lines 9-14: I think that these sentences may be misleading in the
paper. Indeed, Laeng et al., 2014 shows that from the comparison between MIPAS

45

Ozone with ACE-FTS and MLS, MIPAS is larger than both of them. Since O3 retrieved from channel AB is larger than O3 retrieved from channel A, we can deduce
that the use of only spectral intervals in band A may reduce the differences with respect to ACE-FTS and MLS. However, we have to consider that positive differences
between MIPAS and ACE-FTS are probably not due, or at least not only due, to

50

spectroscopic issues, since ACE-FTS performes measurements in the same spectral
regions as MIPAS and for the O3 retrieval mainly spectral points in the region of
MIPAS band AB are used (see http://www.ace.uwaterloo.ca/misc/ACE-SOC-0027ACE- FTS_Spectroscopy-version_3.5_Jan222016_Rev1A.pdf). Furthermore, the
2

tests reported in this paper do not indicate which of the two bands A and AB has
55

smallest spectroscopic errors, but only that there are inconsistencies between the
two bands. Finally, the change of used spectral intervals in order to reduce the bias
with other correlative measurements, that do not represent the true, may not always
be correct.”

60

Reply: We do not quite understand the referee’s arguments in this comment. First
of all, Laeng et al. (2014, Fig. 5) indeed show that the MIPAS ozone VMRs are
larger than those of MLS at nearly all altitudes, but there is no general positive bias
with respect to ACE-FTS. MIPAS ozone VMRs are up to 3% larger than those
of ACE-FTS below 30 km, but up to 2% lower between 30 and 45 km. Between

65

45 and 55 km MIPAS ozone is even more than 10% lower than ACE-FTS ozone.
Secondly, ACE-FTS does not perform measurements (ozone retrievals) in the same
spectral region as MIPAS. ACE-FTS uses the spectral region 1027–1059 cm−1
(see document cited above), but MIPAS (data version O3_V5R_224) the region
687–791 cm−1 . Only above 50 km two channel AB microwindows at 1029–1031

70

and 1038–1039 cm−1 are added. Thus, differences between ACE-FTS and MIPAS
can well have spectroscopic causes. We agree with the referee’s statement that
“the tests reported in this paper do not indicate which of the two bands A and
AB has smallest spectroscopic errors”. Just as he/she concludes, we only want to
show “that there are inconsistencies between the two bands.” Further, the referee

75

might be right by stating that “the change of used spectral intervals ... may not
always be correct”. But there is justification for such a change, if a similar bias to
several correlative instruments can be reduced in doing so. With this we can at least
provide an explanation of the discrepancies encountered.
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Comment: “MIPAS spectroscopic database pf 3.2 sometime is mentioned in the
paper (e.g. Pag.9, line 4) as MIPAS spectroscopy, other times (e.g. Caption of
Fig.5) as Mipas pf 3.0. Please use consistent terminology. ”
Reply: We agree and will speak of MIPAS pf3.2 throughout the updated manuscript.

85

We were a bit unprecise, because the ozone spectroscopy in MIPAS pf3.2 is the
3

same as in MIPAS pf3.0.
Comment: “Last sentence of the paper: ’as far as ozone is concerned we recommend to use version pf3.2 of the MIPAS spectroscopy and not the latest update
90

pf4.45, because the ozone data set in this compilation is identical with HITRAN2008.’ A reference to the spectroscopic database pf4.45 should be added. The
presence of ‘inappropriate halfwidths’ in HITRAN 2008 and following versions
seems to involve only the 790- 850 cm-1 spectral region.”

95

Reply: We will add the reference “Flaud, J.-M., Perrin, A., and Ridolfi, M.: New
release of the MIPAS spectroscopic database: hitran_mipas_pf_v4.45, Presentation
at MIPAS QWG 38, ESA-ESRIN, 18-19 February 2015.” for the spectroscopic
database pf4.45. Concerning inappropriate halfwidths in HITRAN-2008: We
showed one example of an obviously unphysical step in halfwidths at 797.05 cm−1

100

in HITRAN-2008 and subsequent editions. However, we can not draw general
conclusions about the spectral ranges of inappropriate halfwidths in the HITRAN
data bases. This issue has to be left to spectroscopists.
Technical Corrections

105

The requested technical corrections will be performed. Fig. 4 will be interchanged
with Fig. 3 to obtain a consecutive discussion of the figures. In figures with several
plots each plot will be identified with a letter. Finally, “diff / ppmv” will be replaced
by “diff / km” in Fig. 1.
110

References
Laeng, A., et al.: Validation of MIPAS IMK/IAA V5R_O3_224 ozone profiles, Atmos. Meas. Tech., 7, 3971–3987, www.atmos-meas-tech.net/7/3971/2014/, 2014.
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Response to reviewer 2:
Many thanks for reading our manuscript and your helpful comments. Please
find below our responses describing how the manuscript has been modified with
respect to your annotations. Blue passages denote changes or updates in the revised
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manuscript.
General Comments
For clarification: We do not use lines of the fundamental ν3 band for channel A

125

retrievals, but lines of the ν2 band and higher transitions in the spectral range
687–791 cm−1 only.
Comment: “The manuscript could possibly gain more widespread interest by i)
including a comparison of pressure broadening parameters to including the MIPAS

130

data base and ii) by quantifying the impact on total ozone columns. This would
allow to better estimate the impact of this particular parameter on the existing
bias between UV and IR comparison measurements (see Orphal et al., 2016, and
references therein).”

135

Reply: (i) We think that inclusion of the MIPAS pf3.2 database in the comparison of
pressure broadening parameters in the main manuscript is not very conductive, because we do not want to find the reasons for the relatively small differences between
ozone retrievals using the MIPAS pf3.2 and the HITRAN-2008 spectroscopy. To address the referee’s suggestion, we will add the following paragraph at the end of Sec-

140

tion 7.1: “The rather good agreement between the channel A as well as the channel
AB retrievals using the MIPAS spectroscopy or the HITRAN 2004 edition and later
ones indicates largely consistent spectroscopic parameters of identical ozone lines
in these databases for the spectral range of the channel A and AB microwindows.
Therefore a comparison between the line parameters of the MIPAS and HITRAN

145

databases is not presented here, but as supplemental material only.” and show the
requested comparison as supplemental material. To emphasize the good intra-band
5

agreement between most of the channel A and AB profiles (MIPAS vs HITRAN)
we will add two graphs showing the absolute channel A and AB profiles to Figure
5. Further, we will slightly change the first paragraph of Section 7.2.2 into “The re150

trieval results also indicate mostly consistent spectral parameters in HITRAN-2008
and GEISA-2015 for the ozone lines used in MIPAS channel AB, but considerable
spectroscopic differences in the region of the channel A microwindows. In the following, we will compare the HITRAN-2008 and GEISA-2015 ozone lines applied
in channel A as well as in channel AB to identify the parameters responsible for

155

these differences.
(ii) To consider the referee’s second point, we will add a fourth graph to Figure
11 showing the relative differences between channel AB retrievals using the unchanged pressure broadening coefficients and the two sets of modified coefficients.
Since these differences are around -4% and -5% over a large altitude range, they
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are a good estimate for the respective changes in ozone columns. We will shortly
discuss this finding in Section 7.3 in comparison with the results of Schneider et
al. (2008), who found a systematic difference of 4–5 % between IR measurements
in the spectral range 991–1007 cm−1 and UV observations. Our results show that,
beside the re-scaling of line strengths of the ν3 and ν1 lines by 4% as discussed in

165

Smith et al. (2012), a change of air broadening coefficients can lead to a similar
adjustment to the UV measurements.
Specific Comments

170

Comment: “There are two possibly important omissions in the paper. As already
pointed out above, the MIPAS database/spectroscopy deserves a short presentation
so that similarities and differences with respect to the other data bases become
clear. It would also be helpful to see a detailed comparison of line-broadening
parameters between MIPAS and HITRAN and MIPAS and GEISA (such as in Figs.

175

8 and 9 for HITRAN and GEISA) to better understand differences in the data bases.
This also because MIPAS is finally recommended to be preferred over the other
data sets. The other issue is that line intensities (see line strengths of 2 = 1 0, (J + 1,
J + 1, 1) (J, J, 0) transitions in Fig. 13, for example) are compared using reference
6

temperatures at room, but at stratospheric temperatures the lower state energies
180

(and to a lesser extent partition sums) also contribute. The quoted line strength
uncertainty might thus be too optimistic. While partition sums cannot lead to an
inter-band bias, lower state energies can. For the sake of completeness a discussion
of the impact of possible differences in lower state energies or a comparison of low
temperature intensities would be required. ”

185

Reply: A short presentation of the MIPAS spectroscopy is already given in the
Introduction on page 2, lines 2–4. We will add some more information on the
MIPAS spectroscopy here. As mentioned above, we will present and discuss a
comparison between the spectral parameters in MIPAS pf3.2 and in HITRAN-2008
190

such as in Figs. 8 and 9 as supplemental material. As requested by the referee, we
also performed a comparison of the lower state energies of the corresponding lines
in MIPAS pf3.2, HITRAN-2008 and GEISA-2015 for the spectral region of our
microwindows. Except of some very weak lines there is perfect agreement between
the lower state energies. We will discuss the potential bias due to inconsistent lower

195

state energies and the result of our inspection at the end of the first paragraph on
page 9.
Comment: “ The manuscript preparation guidelines request that "works cited in
a manuscript should be accepted for publication or published already" and the

200

authors should therefore avoid utilizing personal communications. The communications used are not really required and seem to be problematic. For example, in
Section 3 (Error estimates of ozone lines and band intensities), a pers. communication (J.M. Flaud) is given to motivate relative errors of the three fundamentals.
Eq. (1) indicates that the relative error is the same for the 1, 2 and 3 bands.

205

However, the comparison of experimental data with intensity calculations from the
same author shows that the agreement in the 2 cold band is usually worse than
in the other two fundamental bands (See section 5.2.2. of Wagner et al., 2002).
This information therefore seems to be conflicting. Later it is stated that "These
inappropriate halfwidths (M. Birk, pers. comm.) are the reason for the stronger

210

ozone lines in the model spectrum using HITRAN-2008 data in Figure 12. This
7

deficiency is still present in later versions up to HITRAN-2016." A priori, it is not
clear which set of half widths should be correct and which not and why these half
widths cause problems. Non-continuous behaviour is visible in both data sets (see
Fig. 13 right). Wouldn’t it be more informative and decisive to show the direct
215

comparison between modelled and experimental spectra? ”
Reply: To address the referee’s objection against personal communications we
will change the phrase on page 2, lines 26-28 into “Since the uncertainties in line
intensity of many lines of the ν2 and ν1 /ν3 fundamentals observed in channels A

220

and AB, respectively, have been determined to be less than 2% (Wagner et al.,
2002) ...”. Further we will remove the phrase “(M. Birk, pers. comm.)” on page
10, line 20. However, the error estimates given in Section 3 are from an internal
technical note by J.-M. Flaud and C. Piccolo for MIPAS data evaluation only and
can not be cited in a more convenient way. The referee critizises that the relative

225

error given in Eq. 1 “is the same for the 1, 2 and 3 bands”. But exactly these error
estimates were provided by Flaud and Piccolo. Wagner et al. (2002) with Flaud as
co-author indeed state a lower accuracy for the ν2 band at the end of Section 5.2.2,
but obviously a weak degradation only (“The results are a little bit worse for the ν2
band ...”). Coming to the issue of inappropriate halfwidths: As correctly noticed by

230

the referee, non-continuous behaviour is visible in both data sets (Fig. 13, right),
but the jump in HITRAN-2008 at 797.05 cm−1 is considerably larger than the jump
in MIPAS pf3.2 (and HITRAN-2008) at 713 cm−1 . As suggested, we will add the
results of broadband retrievals in the region 795–825 cm−1 , which clearly show
that the halfwidths of MIPAS pf3.2 of the respective lines at 797.05, 805.02 and

235

812.99 cm−1 lead to much better agreement with the measurements than those of
HITRAN-2008.
Comment: “ The study of Janssen et al. (2016) needs to be mentioned in the
paper. It has evident methodological links and has already identified differences in

240

pressure broadening parameters between GEISA (version of 2011) and HITRAN
(version of 2012) being the main reason for ozone column retrieval differences
in the 3 spectral region at 10 µm. It seems that the surprising effect (section 8:
8

Additional observations) of systematic biases in the air broadened half width
potentially leading to positive and negative feedbacks depending on the optical
245

thickness of the atmosphere is discussed there as well. ”
Reply: After having read the Janssen et al. (2016) paper, we think that its main link
to our paper is the discussion in Section 3.2.2 (Sensitivity on pressure broadening
coefficient). In this section these authors discuss the results of Table 4 and show

250

the “striking feature” that for lines of the ν3 band an increase in γ_air similar as
an increase in line intensity leads to a negative change in the ozone column. This is
consistent to the results in Section 8 of our manuscript. We will cite Janssen et al.
(2016) and mention their similar findings after the last sentence of Section 8 (page
10) in our manuscript.

255

Comment: “ Fig. 6 requires correction. On the one hand some technical information on averaging kernel thresholds and orbit numbers are probably not very
informative. On the other hand, the difference plot and the absolute values of the
GEISA retrievals are not compatible in the altitude range < 10 km. There is a clear
260

offset (AB - B > 0) between the two bands on the left panel, but the difference plot
on the right shows AB = B. ”
Reply: The referee is right. The inconsistency below 10 km occured, because the
cloud filter was switched on for calculation of the mean differences, but erro-

265

neously not applied for calculation of the mean absolute profiles. This error will
be corrected. Further, we will remove technical information on averaging kernels,
orbit numbers etc. in Fig. 6 and in similar figures.
Comment: “ Absolute deviations at the per cent level are difficult to perceive on

270

the logarithmic scale. The left plot of Fig. 13 should show the relative deviation
between intensities from HIT-08 and PF-3.0. ”
Reply: We rechecked the line intensities plotted in Fig. 13 (left) and realized
that they are indeed identical. Therefore we changed the wording from ”The line
9
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intensities are ... nearly equal ..." into ”The line intensities are ... identical ..." and
decided to omit Fig. 13 (left) completely.
Technical corrections

280

Comment: “p. 3, l. 27–29 : Phrase is incomplete/wrong”
Reply: We can not find a clear omission or error in these sentences and ask the
referee to give a more specific comment, please.

285

Comment: “p. 4, l. 22 : The acronym IAA appears for the first time. Please explain.
Reply: Since the acronym IAA will already be explained in Section 2 of the updated manuscript (cf. reply to referee 1), it does no longer need to be explained here.
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All other technical corrections will be performed as suggested.
References
Schneider, M., Redondas, A., Hase, F., Guirado, C., Blumenstock, T., and Cuevas,
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E.: Comparison of ground-based Brewer and FTIR total column O3 monitoring techniques, Atmos. Chem. Phys., 8, www.atmos-chem-phys.net/8/5535/2008/,
5535–5550, 2008.
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List of relevant changes

300

4. Retrievals using the MIPAS spectroscopy:
To account for the request of reviewer 2, this section starts with a new paragraph
decribing the MIPAS spectroscopy.

305

7.1 Comparison of different HITRAN versions:
To consider the suggestions of reviewer 2, this section ends with a new paragraph
stating a rather good agreement between corresponding ozone lines in the MIPAS
spectroscopy and in recent HITRAN databases (in the spectral range of the applied

310

microwindows). For this reason the comparison of spectroscopic parameters of the
ozone lines in MIPAS pf3.2 and in HITRAN-2008 is presented in a Supplemental
only.
7.2.2 Comparison of spectral parameters:

315

As requested by reviewer 2 the lower state energies in MIPAS pf3.2 and HITRAN2008 of the ozone lines under consideration were compared. This finding is
mentioned in Section 7.2.2.

320

7.3 Channel AB retrievals using modified HITRAN-2008 lines:
To consider the suggestions of reviewer 2, a new paragraph has been added at the
end of Section 7.3. Here we state that the bias in ozone column amounts measured
in the mid-infrared and UV spectral regions can be reduced by change of the

325

air-broadened halfwidths as well.
8. Additional investigations:

11

To consider the suggestions of reviewer 2, we added a comparison between simu330

lated and measured spectra. The simulated spectra result from broadband retrievals
in the spectral range 795–825 cm−1 . The comparison shows that the ozone lines
at 797.05, 805.02 and 812.99 cm−1 of MIPAS pf3.2 agree much better with the
measurements than the ozone lines of HITRAN-2008.

12

Marked-up manuscript version
335

Abstract. Discrepancies in ozone retrievals in MIPAS channels A (685–970 cm−1 ) and AB (1020–
1170 cm−1 ) have been a long-standing problem in MIPAS data analysis, amounting to an interbetween :::::
ozone:::::::
volume ::::::
mixing :::::
ratios in the altitude range
channel ozone bias (AB-A) of up to 8% :::::::
30–40 km. We discuss various candidate explanations, among them forward model and retrieval al340

gorithm errors, inter-channel calibration inconsistencies, and spectroscopic data inconsistencies. We
show that forward modelling errors as well as errors in the retrieval algorithm can be ruled out as an
explanation because the bias can be reproduced with an entirely independent retrieval algorithm (GEOFIT) relying on a different forward radiative transfer model. Instrumental and calibration issues can
also be refuted as explanation because ozone retrievals based on balloon-borne measurements with a

345

different instrument (MIPAS-B) and an independent level-1 data processing scheme produce a rather
similar inter-channel bias. Thusspectroscopic inconsistencies ,::::::::::::
spectroscopic ::::::::::::
inconsistencies:::
in :::
the
MIPAS
database used for ozone retrieval are practically the only reason left. To further investigate
::::::::::::::::::::::::::::::::::
spectroscopic databases. Various verthis issue, we performed retrievals using various additional
::::::::::::::::::::::::::::::::::::
generally
sions of the HITRAN spectroscopic database which, however, generally produce database
:::::::::::::::

350

produced
rather similar channel AB-A differences. Use of a different database, namely GEISA-2015,
::::::::
volume:::::::
mixing :::::
ratios
leads led
to similar results in channel AB, but to even higher ozone amounts ::::::
:::
for channel A retrievals, i.e. to a reversal of the bias. We show that the differences in MIPAS channel
A retrievals result from about 13% lower air-broadening coefficients of the strongest lines in the
GEISA-2015 database. Since the errors in line intensity of the major lines used in MIPAS channels

355

A and AB are reported to be considerably lower than the observed bias, we posit that a major part
of the inter-channel :::::::
channel :::::
AB-A:differences can be attributed to inconsistent air-broadening coefficients as well. To corroborate this assumption we show some clearly inconsistent air-broadening
The inter-channel bias in recoefficients in the HITRAN-2008 data base. The inter-band database.
:::::::::::::::::::::::
can be reduced by, e.g., increasing the air-broadening coefficients of
trieved ozone profiles amounts
:::::::

360

channel:AB in the HITRAN-2008 database by 6–8%.
the lines in MIPAS band ::::::

1 Introduction

Ozone is one of the most important trace gases in the atmosphere. Stratospheric
ozone to a large extent prevents solar ultraviolet (UV) radiation from reaching the
Earth’s surface. On the other hand tropospheric ozone is a harmful air pollutant.
365

Therefore knowledge of its atmospheric concentration is of high interest. Remote
sensing of ozone is performed in a wide spectral range covering the microwave, infrared and ultraviolet regions. For measurements in the infrared the strong ozone ν3
13

band around 10 µm is of particular interest. To obtain accurate atmospheric ozone
VMRs volume
mixing ratios (VMRs) high quality line parameters are required. For
:::::::::::::::::::::::::::::
370

this reason a large number of laboratory measurements has been performed. On the
basis of three independent laboratory studies Flaud et al. (2003a) compiled a dedicated line list for evaluation of MIPAS ozone measurements, which was :::
has::::::
been
included in the HIgh-resolution TRANsmission database version 2004 (HITRAN2004) (Rothman et al., 2005) and later ones. A review of various laboratory studies

375

performed during the past decades to determine ozone line intensities in the 9–11
µm region has been given by Smith et al. (2012). According to these authors the
goal of 1% absolute accuracy in line intensities, as demanded by Flaud and Bacis
(1998), is still not not
yet attained.
:::::::
Initiated by several more recent laboratory intercomparisons of ozone absorption
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coefficients in the mid-infrared and UV spectral regions (Picquet-Varrault et al.,
2005; Gratien et al., 2010; Guinet et al., 2010) a debate was reopened on whether
the ozone line intensities in the 10 µm region, which have been scaled down since
the MIPAS spectroscopy and in HITRAN version 2004 and later
HITRAN-2004in
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
ones
are lower by ∼4% than in HITRAN-1996, have to be increased by 3–5% again.
::::::::::::::::::::::::::::::::::::::::::::

385

This is also supported by an intercomparison of groundbased FTIR and Brewer
total ozone
columns by Schneider et al. (2008):,
measurements of total column ozone :::::
:::::::::::::::
who
found a bias of 4–5% between groundbased FTIR observations at 991–1007
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
−1
cm
and Brewer measurements. A review of laboratory and field studies related to
:::::::::::::::::::::::::::::::

this topic was given by Orphal et al. (2016). However, rescaling of the ozone band
390

intensities would only have an effect on the channel AB-A bias observed in MIPAS
data, if the ν2 band used in channel A would not be scaled by the same amount as
the bands in the 10 µm region applied in channel AB.
MIPAS measurements are performed in several channels covering the midinfrared spectral region. Especially suited for MIPAS ozone retrieval are the strong

395

fundamental ν1 , ν2 and ν3 bands centered ν::3 :::::
band:::::::::
centered::
at::::::
1042::::::
cm−1 ,::::
but:::::
also
the
weaker fundamental ν and ν2 ::::::
bands:at 1103 , 701 and 1042 and
701 cm−1 ,
::::::::::::::::::::::::::1::::::::
:::::::::
respectively. While the ν1 and ν3 bands are mainly situated in MIPAS channel AB
(1020–1170 cm−1 ), the ν2 band is covered by :::::::
located:::
in channel A (685–970 cm−1 ).
The fact that ozone retrievals using MIPAS channel AB (1020–1170 cm−1 ) mi14

400

crowindows (MWs) are biased high by up to 8% compared to retrievals based on
MIPAS channel A (685–970 cm−1 ) MWs has already been reported by Glatthor
et al. (2006) for measurements in the so-called high-resolution mode (2002–2004),
who concluded that the major part of the differences results from spectroscopic inThese::::::::::
retrievals were performed using the ozone line list
consistencies. Retrievals ::::::

405

of the MIPAS database version pf3.2 provided by Flaud et al. (2003b). The bias
between MIPAS channel A and AB retrievals is of particular importance, because
ozone data retrieved at IMK from a combination of channel A and AB microwindows (versions V5R_O3_220 and V5R_O3_221) have been found to be biased high
in the altitude region around 40 km (Laeng et al., 2014). Since the uncertainties in

410

intensity of many strong lines - especially in
band intensity of the ν2 and ν1 /line
:::::::::::::::::::::::::::::::::::::::::::::::::
the
band::
- :::::
have
ν fundamentals observed in channels A and AB, respectively, are :::::
:::: 3
declared to be less than 2% by spectroscopic experts (J.-M- Flaud, M. Birk,
been
:::::
et al., 2002), the problem has been reassessed, and various
pers. comm.), (Wagner
::::::::::::::::::::::
potential reasons for the deviations have been examined.

415

In Sections 2-3 we shortly describe the MIPAS experiment and the retrieval setup,
followed by a presentation of the ozone profiles resulting from retrievals using
the MIPAS pf3.2
spectroscopy in Section 4. In Sections 5-6 we show investiga::::::
tions, which widely exclude forward modelling, instrumental or calibration issues
as::::::::
reason :::
for::::
the::::::::::
observed :::::
bias.:::
In::::::::
Section::::
7.1: we apply the ozone
. Thereafter ::

420

line data of various versions of the HITRAN database(Section 7.1). In Section 7.2
we present a comparison between retrievals using ozone lines of a completely different database, namely GEISA-2015 (Jacquinet-Husson et al., 2016), and retrievals
basing based
on the HITRAN-2008 data. Further Then
we demonstrate the possibil::::::
:::::
ity to reduce the channel AB-A differences by changing the air-broadening coeffi-

425

cients (Section 7.3):.:In Section 8 we show internal inconsistencies of air-broadening
coefficients in the HITRAN-2008 database, followed by a summary and conclusions
in Section 9.

15

2 Instrument description and retrieval setup

The Michelson Interferometer for Passive Atmospheric Sounding (MIPAS),
430

which::::
was:::::::::
operated:::
on::::::
board:the ENVIronmental SATellite (ENoperated onboard ::::::
VISAT) between 2002 and 2012, has e.g. been described in Fischer et al. (2008).
Therefore we here give only a short description of the instrument. MIPAS was a
limb-viewing Fourier transform infrared emission spectrometer covering the spectral region between 685 and 2410 cm−1 (4.1–14.6 µm). From June 2002 to April

435

2004 MIPAS was operated in its original high resolution (HR) mode and since Janretrievals:::::::
based :::
on :data
uary 2005 in reduced resolution (RR) mode. We present :::::::::
consisted:of rearward limbof the RR nominal measurement mode, which consists :::::::::
scans covering the altitude region between 7 and 72 km within 27 altitude steps. The
level-1B radiance spectra used for retrieval are data version 5.02/5.06 and 7.11 (re-
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processed data) provided by the European Space Agency (ESA) (Nett et al., 2002).
these:::::::
spectra:::::::::
versions is V5R and V7R.
The respective IMK notation for the spectra :::::
To reinvestigate the channel AB-A bias in retrieved ozone, retrievals using the
processor
of the Institut für Meteorologie und Klimaforschung and the Instituto
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
de
Astrofísica de Andalucía (IMK/IAAprocessor )::were performed for 59 MI::::::::::::::::::::::::::::::
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PAS orbits from January 3, April 1, July 2 and October 2-3, 2009. :::::
This ::::::::::
processor
uses
the Karlsruhe Optimized and Precise Radiative Algorithm (KOPRA) (Stiller,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
2000)
for radiative transfer calculations and the Retrieval Control Program (RCP)
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
of
IMK/IAA for inverse modelling of spectra. Two microwindow setups were used,
::::::::::::::::::::::::::::::::::::::::::::
one in the spectral range of MIPAS channel A and the other in the range of channel
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AB (Tables ??, ??). Both of the setups consist of the large number of 30 MWs to
obtain a high vertical resolution. The microwindows used in channel A span the
wavenumber region 687–791 cm−1 covering the fundamental ν2 band and those of
channel AB the region 1028–1164 cm−1 covering the fundamental ν1 and ν3 bands,
respectively. The strong lines of the ν1 and ν3 bands are suited for ozone retrieval
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in the middle atmosphere, but especially the ν3 lines become saturated for limb
scans through the ozone concentration maximum at ∼ 28 km and through the lower
stratosphere, where the ν2 lines are a suitable alternative. Consequently, the first
four microwindows covering the central part of the ν3 band are mostly omitted at

16

because:::
of ::::::::::
saturation
these altitudes in the MW selection for channel AB retrievals ::::::::
460

(Table ??). In addition to the lines of the fundamental bands, the spectral regions
used for retrieval contain a large number of ozone lines from higher transitions.
Except of the use of dedicated microwindows restricted to MIPAS channels A or
AB the setup is the same as for IMK retrieval version O3_V5R_220, consisting in a
joint-fit of ozone, microwindow-dependent continuum profiles and a microwindow-
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dependent, but height constant spectral offset. Temperature-, pressure- and H2 Oprofiles required for forward modelling were taken from preceding retrieval steps,
and the profiles of the remaining interfering species were taken from the climatology provided by Remedios et al. (2007). For all but one retrieval tests presented here
spectra of version V5R of the reduced spectral resolution period were taken. Since
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the subsequent set of MIPAS spectra (version V7R) presumably was produced using
an improved calibration schema::::::::
scheme, one additional channel AB-A intercomparison was performed on the basis of this data set. While the spectroscopic data for
ozone were changed in different several
tests, the same line lists were always used
:::::::
for all other gases. More information on trace gas retrieval from MIPAS data as per-
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formed at IMK can be found in various papers, e.g. in von Clarmann et al. (2003)
or in Höpfner et al. (2004).

3 Error estimates of ozone line and band intensities

As specified by Flaud and Piccolo (J.-M. Flaud, pers.comm.) the relative error SX
in line intensity of ozone lines of the fundamental ν1 , ν2 and ν3 bands in
the MIPAS
:::::::::::::
480

database
can be parameterized as follows:
:::::::::

SX = 0.02 × (1 + JU/70 + KU/25),

(1)

where JU is the upper state rotational J quantum number and KU the upper state
rotational K quantum number. For the other transitions ending at the ground state
the error is
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SX = 0.03 × (1 + JU/60 + KU/20).
17

(2)

For higher transitions the relative error gradually increases up to

SX = 0.10 × (1 + JU/35 + KU/11)

(3)

for the transitions ending at strongly excited lower states.
The error entries estimates
for ozone line intensities in the HITRAN-2008
::::::::::
490

database are of similar magnitude (Rothman et al., 2009). In the region of the
channel A microwindows they are 1–2% for the strongest lines, 2–5% for lines
of medium strength and 5–10% for weak lines. For the lines in channel AB no error
estimates are given for line intensities. The HITRAN-2008 error estimates for the
air-broadened halfwidths vary between 2–5% for the strongest lines and 10–20%
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for weak lines.
Due:::
to::::
the :::::
high :::::::::
accuracy:::
in ::::
line:::::::::::
intensities ::
as:::::::::
outlined:::
in
As mentioned above, ::::
the Introduction, a potential systematic offset between the ozone bands in MIPAS
:::::::::::::::::

can :::
be assumed to be lower than 2%. This is::::
also:justified by
channels A and AB is ::::
the fact that one of the spectroscopic data sets , which ::::
that were used as basis for the
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ozone line lists in the MIPAS database as well as in all recent HITRAN compilations
(version 2004 and later ones), consists in simultaneous laboratory measurements of
the ν1 , ν2 and ν3 band regions (Wagner et al., 2002).

4 Retrievals using the MIPAS spectroscopy

As
already mentioned in the Introduction, a dedicated spectroscopic database for
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
505

analysis
of MIPAS data was established by Flaud et al. (2003b). Starting point
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
for this database was the HITRAN-1996 edition. The new line lists were validated

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

by
comparison between atmospheric simulations and ATMOS (Atmospheric Trace
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Molecule
Spectroscopy) as well as MIPAS measurements. The focus of these
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
investigations
was a spectroscopic update of the main target species of MIPAS,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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namely
H2 O, :::::
CO2 ,::::
O3 , :::::
CH4 ,:::::
NO2::::
and::::::::
HNO3 . ::::
The::::::
ozone:::::::::::::
spectroscopy:::::
was ::::::::
updated
:::::::::::::
on
the basis of three sets of highly consistent experimental data (Flaud et al., 2003a).
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
More
specific, a new compilation of the fundamental ν1 , :::
ν2 ::::
and:::
ν3:::::::
bands:::::
was
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
created
and complemented by all higher transitions contained in the HITRAN-1996
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
database.
Since the line intensities in the fundamental ν1::::
and:::
ν3:::::::
bands ::
of::::
the:::::
new
:::::::::::::::::::::::::::::::::::::::::::::::::::::::
18
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data
set were about 4% lower than the corresponding intensities in HITRAN-1996,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
the
line intensities of all bands adopted from HITRAN-1996 were divided by 1.04.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Figure ??:a:shows average ozone profiles resulting from retrievals in MIPAS channels A and AB using the ozone linelist of the MIPAS database version 3.2(Flaud
et al., 2003b), ,:which has also been applied in an earlier investigation (Glatthor
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et al., 2006). This ozone line list is also applied for operational ozone retrieval
at IMK/IAA. Averaging was performed over all geolocations of the 59 evaluated
Section 2). Similar as in the the previous investigation, use of the MIorbits . (cf.
:::::::::::::::
PAS spectroscopy leads to systematically higher ozone values using MIPAS channel
AB microwindows as compared to channel A MWs. The absolute differences are

525

largest in the height region 28–45 km and amount to 0.4 ppmv at 36 km altitude (top
??b), which corresponds to a relative difference of 6% (second panel, left).
rightFig.
:::::::
Fig.
??c). This difference is larger than the relative error in line intensity given in
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Eqs.
1 and 2 for the strongest and medium scale ozone lines (at least for transitions
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
with low to medium-sized rotational quanta JU and KU). The large scatter of the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::

530

relative differences below 20 km is caused by the much
lower ozone VMRs and
::::::
by averaging of increasingly less values due to cloud filtering. For different latitude
??d) or seasons (Fig. ??e) the relative differences in the albands or seasons (Fig.
:::::::::::::::::::::::::::::::
titude range 30 to 45 km vary between 5 and 7.5%(second panel, right, and third
panel, left).
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The vertical resolution in terms
of full width at half maximum (FWHM) in chan:::::::::::::::::::::::::::::::::::::::::::::::
nel AB is up to 1 km worse than in channel A between 10 and 35 km altitude, nearly
the same between 35 and 40 km and up to 0.5 km better above 40 km (Figure ??,
bottomFigs.
??f, ??g). This shows the somewhat better appropriateness of channel
:::::::::::::
A microwindows for ozone retrieval in the lower stratosphere and of channel AB
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microwindows in the upper stratosphere and mesosphere. The effect of the differences in height resolution on the retrieved VMRs was tested by application of the
averaging kernels from channel A retrievals to channel AB profiles and vice versa.
This led to negligible changes of the profiles only (not shown).
The corresponding ozone profile of the most actual IMK ozone data version us-
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ing V5R-spectra (V5R_O3_224.1) is practically identical to the channel A result
presented here. The reason is a nearly identical set of microwindows used for the
19

standard retrieval. The almost complete restriction to channel A microwindows
(except of two channel AB MWs used above 50 km) resulted from a validation
study (Laeng et al., 2014). This study had shown that the earlier ozone data version
550

V5R_O3_220.1 was biased high in the altitude range 35–45 km due to a higher
fraction of channel AB microwindows, applied at 36 km and above.

5 Exclusion of forward modelling issues

Similar ozone retrievals with microwindows situated in MIPAS channels A or
AB were also performed with the Bologna Geo-fit Multitarget Retrieval Model
555

(GMTR), which uses a completely different forward model (Carlotti et al., 2006).
The differences between channel A and AB retrievals are very similar to those
resulting from the IMK/IAA retrievals (Figure ??). This agreement widely excludes
the hypothesis that the bias is caused by deficiencies in the Karlsruhe Optimized
and Precise Radiative transfer Algorithm (KOPRA ) :::::::::
KOPRA forward model used
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at IMK(Stiller, 2000). Nevertheless, a number of possible forward modelling issues
has been investigated and is discussed below.
Channel-dependent accuracy parameters: To check , if the higher ozone amounts
retrieved in MIPAS channel AB are caused by disproportionately high rejection of
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weak lines by KOPRA in modelling of the absorption coefficients in this spectral
region, channel AB retrievals were performend ::::::::::
performed: with strongly increased
This ::::::
leads ::
to:::::::
better
accuracy in calculation of the absorption coefficients. These :::::
consideration
of weak lines. However, these retrievals resulted in nearly identical
::::::::::::::::::::::::::::::::::::::::::::
ozone profiles (not shown).
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Channel-dependent continua: Since the continuum profiles fitted in the first four
microwindows of the dedicated channel AB occupation matrix often exhibit unphysical negative excursions in the altitude region 35 to 40 km, additional channel
AB retrievals were performed without these microwindows. The effect on the
575

retrieved ozone profiles was negligible (not shown).

20

Non-local thermodynamic equilibrium (NLTE) effects: Another possible reason for
the bias in ozone VMRs could be different strengths of NLTE effects in MIPAS
channels A and AB. Like for standard MIPAS ozone retrievals from nominal mode
580

measurements, time consuming modelling of NLTE effects was not taken into account for the channel A and AB retrievals. This is generally justified, because these
effects are mostly small in the stratosphere, and spectral regions subject to NLTE
effects are avoided in the microwindow selection. Nevertheless, channel A and
AB ozone retrievals including modelling of NLTE effects had been performed by
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Glatthor et al. (2006), which had shown that neglect of NLTE modelling is not the
dominant reason for the channel AB-A bias. Such calculations were not repeated
here. Instead, since NLTE conditions generally persist during daytime, averaging
was performed separately for day- and nighttime profiles of the data set (Figure ??).
It is evident that the channel AB-A differences are nearly the same for the whole
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nighttime measurements. According to
data set as well as for the day- and nightime ::::::::::
this estimation:, NLTE effects have only little influence on the observed differences.
Non-Voigt line shape: As commonly done in radiative transfer calculations for
spaceborne mid-IR measurements, line modelling with the IMK/IAA processor
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KOPRA
is performed assuming a Voigt line shape. This assumption is confirmed
:::::::::
by Tran et al. (2010), who showed that for the entire 10µm ozone band non-Voigt
line shape effects(,:represented by a speed dependent Voigt model) ,:lead to errors
in retrieved atmospheric ozone of less than 1%. These investigations were based on
calculated as well as on measured spectra obtained by limb-viewing solar occul-
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tation and emission mesurements. measurements.
Therefore we conclude that the
:::::::::::::::
channel AB-A bias for the most part can not be explained by neglect of non-Voigt
effects.

6 Exclusion of instrumental and calibration issues

To exclude instrumental or calibration issues, ozone retrievals using channel A and
605

AB microwindows were also performed for measurements of the MIPAS-balloon
instrument (Friedl-Vallon et al., 2004), i.e. for a completely independent experi-

21

ment with different level-1 processing and calibration procedures (Figure ??). The
balloon spectra were obtained on 31 March 2011 over Esrange, Sweden (67.9◦ N,
21.1◦ E) and on 14 June 2005 over Teresina, Brazil (5.1◦ S, 42.9◦ W). These retrievals
610

resulted in differences channel
AB–A differences of 0.5 ppmv in the altitude range
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
of
30–40 km, which are similar to those found in the the spaceborne MIPAS
::::::::::::::::::::::::::
observations. This agreement largely excludes inconsistencies in calibration of
channel A and AB spectra, different detector alignment or instrumental line shape
issues in the spaceborne MIPAS data. Nevertheless, instrumental and calibration
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issues have been investigatedand are summarized ,::::
and::::
the:::::
most::::::::::
important:::::
ones::::
are
shortly
discussed below.
:::::::::::::::::
Spectral calibration issues: To check deficiencies in spectral calibration, ozone
retrievals were also performed with MIPAS spectra version V7R, which had been
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generated with an improved calibration scheme. However, this test resulted in
even somewhat larger channel AB-A differences than retrievals with MIPAS V5R
spectra (cf. Figure ??).
Line of sight issues: The vertical field-of-view of the MIPAS experiment is assumed
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to be the same for each channel. However, due to detector misalignment , the effective line of sight might vary between the different MIPAS channels. Although
a detector misalignment is widely excluded by the similarity of the MIPAS-B
MIPAS-balloon
results, this problem has been investigated. It turned out that the
::::::::::::::::
would:::::
have: to be shifted upward by more than
field-of-view of channel AB had ::::::
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500 m to remove the channel AB-A differences in the height region 33-40 km
(not shown). This shift is much larger than the instrumental requirement for interchannel co-alignment, which is 1.3 mdeg or 68 m, and therefore rather unrealistic.
Thus, this investigation confirms that inter-channel misalignment is not the cause of
the channel AB-A bias.
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7 Retrievals using additional spectroscopic databases

Since deficiencies in forward modelling, instrumental and calibration issues as well
as all other mechanisms investigated can largely be ruled out as reason for the bias
between channels A and AB, inconsistencies in spectroscopic data practically are
the only explanation left. For this reason we performed additional ozone retrievals
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using different HITRAN versions and the GEISA-2015 database to check if there is
any line list, which produces more consistent ozone profiles for channel A and AB
retrievals.
7.1 Comparison of different HITRAN-versions

average ::::::
ozone::::::::
profiles::::
and:channel AB-A differences for
Figure ?? shows MIPAS ::::::::
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retrievals using ozone linelists of versions 1996, 2004, 2008 and 2016 of the HITRAN spectroscopic database (Gordon et al., 2017, and references therein) as well
as of the MIPAS spectroscopy. Retrievals performed with ozone
line data of HI::::::::::::::::::
TRAN versions 2000 and 2012 are not shown, because the former line list is these
:::::
linelists
are practically identical to HITRAN-1996 and the latter to HITRAN-2008:,
::::::::::::
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respectively.
HITRAN versions 2004, 2008 and 2016 also lead to nearly the same
::::::::::::
(Fig. ??a) and channel AB profiles (Fig. ??b) as the MIPAS spectroscopy.
channel A
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Therefore these HITRAN versions also result in almost the same channel AB-A
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

(Figs. ??c,d). For each of
differences in the altitude range 15–50 km.differences
:::::::::::::::::::::::::
these databases the maximum difference is 0.5 ppmv (7%) at the altitude of 36
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km, which is even somewhat larger than the bias resulting from the MIPAS spectroscopy. ::::::::::::::
Consequently,::::::
these :::::::::::
differences::::
are ::::
also::::::
larger:::::
than::::
the::::::::
relative ::::::
errors:::
in
line
intensity given in Eqs. 1 and 2. Only the HITRAN-1996 spectroscopy leads
::::::::::::::::::::::::::::::::::::
to a significantly somewhat
different result, namely positive channel AB-A differ::::::::::
ences of up to 0.5 ppmv above 32 km, but negative differences of up to -0.4 ppmv
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in:::::
case :::
of :use of the HITRAN-1996 specbelow this altitude. Similar results for ::
troscopy have already been shown by Glatthor et al. (2006). Since the correction
of detector nonlinearities is assumed to be improved for in
scheme
generation of
::::::::
::::::::::::::::
MIPAS V7R spectra, an additional retrieval test has been performed using these
spectra was
performed using this dataset and HITRAN 2008 line data. However,
:::::::::::::::::::::::::::::::::
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these spectra lead to even somewhat larger differences (yellow curve) than the V5R
spectra.
The
rather good agreement between the different channel A as well as channel AB
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
retrievals
indicates largely consistent spectroscopic parameters of corresponding
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
ozone
lines in the MIPAS spectroscopy and the HITRAN-2004 database as well
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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as
in later HITRAN versions for the spectral range of the channel A and AB
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
microwindows. Therefore a comparison between the line parameters of the MIPAS

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

and
HITRAN databases is not presented here, but provided as supplemental material
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
only.
:::::
7.2 HITRAN-2008 versus GEISA-2015
675

Since the channel AB-A bias did not disappear could
not be removed by use of any
:::::::::::::::::::::
of the HITRAN line lists, we performed an additional retrieval test with a different spectroscopic database, namely the Gestion et Etude des Informations Spectroscopiques Atmosphériques - version 2015 (GEISA-2015) compilation (JacquinetHusson et al., 2016) and compared the results with those basing based
on HITRAN::::::
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2008. Although the line parameters of the three fundamental ozone bands in
GEISA-2015 are principally obtained from the same sources as those in HITRAN2008 (Jacquinet-Husson et al., 2008, and references therein), we found considerable
differences.
7.2.1 Retrieval results
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Figure ?? shows average ozone profiles resulting from retrieval in MIPAS channels
A and AB using the ozone line lists of HITRAN-2008 (cf. Figure ??) and of GEISA2015. The GEISA-2015 database leads to nearly the same profile as HITRAN-2008
for retrievals using the channel AB microwindows, but to even higher ozone VMRs
for retrievals using the MWs in channel A, i.e. to a reversal of the bias obtained with
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the HITRAN line data. The differences between channel AB and A profiles caused
obtained::::::
with the GEISA-2015 spectroscopy are negative in the height region
by ::::::::
20–43 km, amounting up to -0.55 ppmv or -7.5% at 28 km altitude. Moreover, the
differences between the channel A retrievals, which definitely have spectroscopic
reasons, are even larger and amount up to 0.8 ppmv or about 10%. With regard to
24
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the validation study by Laeng et al. (2014) the channel A profiles obtained with the
most probably biased high.
GEISA-2015 spectroscopy ar are
:::
7.2.2 Comparison of spectral parameters

The retrieval results indicate mostly consistent spectral parameters in HITRAN2008 and GEISA-2015 for the ozone lines used in MIPAS channel AB, but
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considerable
spectroscopic differences in the region of the channel A microwin:::::::::::::
dows. In the follwing, we ::::::::::
following,::::
we:::::
will:::::::::
compare::::
the::::::::::::::::
HITRAN-2008:::::
and
GEISA-2015
ozone lines applied in channel A as well as in channel AB to iden:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
tify the parameters responsible for the :::::
these:differences.
First of all we compared the number of ozone lines of the two databases in the
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A microwindows. In this wavenumspectral region covered by the channnel channel
::::::::
ber region the GEISA-2015 database contains 3631 lines, all of them having a corresponding line in the HITRAN-2008 edition. The latter contains 734 additional
lines, which however are rather weak. Their intensities are between 2.013×10−26
and 5.858×10−24 cm−1 /(molecules cm−2 ), while a considerable number of the lines
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contained in both databases have intensities between 1×10−22 and 1.66×10−21
cm−1 /(molecules cm−2 ). Unsurprisingly, a A
test retrieval without these additional
::
lines (not shown) resulted in nearly the same ozone profiles as the retrieval using
the complete HITRAN-2008 ozone linelist. In the spectral range of the channel
AB microwindows the GEISA-2015 and HITRAN-2008 databases contain 3737
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and 3804 lines, respectively. The number of corresponding lines is 3724, i.e. the
HITRAN-2008 edition contains 80 lines, which are not in the GEISA-2015 compilation. Again, these lines have intensities below 9.21×10−25 cm−1 /(molecules
cm−2 ) only, while a lot of the lines, which are available in both databases, have
much higher intensities between 1×10−22 and 3.9×10−20 cm−1 /(molecules cm−2 ).
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In summary, the strong lines which make sizable contributions to the spectra are
included in both data sets, and the missing weak lines are ruled out as cause of the
discrepancy under investigation.
The spectral parameters which have the largest potential to cause the disagreement in channel A are line positions, line intensities or air-broadened halfwidths.
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lower :::::
state:::::::::
energies,:the coeffiFurther parameters required for line modelling are ::::::
25

cients of temperature dependence of the air-broadened halfwidths and air-broadened
pressure shifts. A comparison of line positions showed exact coincidence shows
that
::::::::::
the
line positions and lower state energies of all GEISA-2015 and HITRAN-2008
::::::::::::::::::::::::::::::::::::::::::
lines inside the MWs in channel A ::::::::
channel ::
A:::::::::::::::
microwindows::::::
agree::::::::
exactly.:::::::
Inside
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the
channel AB MWs these parameters differ slightly between the two databases,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
but
for a small number of very weak lines only. The same applies to the strong
:::::::::::::::::::::::::::::::::::::::::::::::
lines in channel AB . Compared to air-broadening, the relative contribution of selfbroadening is of the order of 10−5 only and thus negligible. The pressure shift of the
ozone lines in GEISA-2015 and most of the HITRAN-2008 lines used in channels A
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and AB is zero. About one third of the HITRAN-2008 lines have weak shifts of only
-0.0008 and of -0.0007 cm−1 in channel A and AB, respectively. Thus, differences
in pressure shift are also negligible. The remaining parameters are line intensities
and air-broadened halfwidths.
the relative differences between the intensities of the
In Figure ?? (top) the shows
:::::::::::::::::::::::::::::::::::::::::
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ozone lines ::
of::::
the :::::::::::::
GEISA-2015 ::::
and :::
the:::::::::::::::
HITRAN-2008:::::::::
database:used for channel A
and AB retrievalsof the GEISA-2015 database are plotted against the corresponding
values of the HITRAN-2008 edition. The bottom panel shows the respective relative
differences. .:It is evident that the intensities of the strongest lines used in channel A
are practically identical. There are slight deviations of 5% for a part of the weaker

745

A::::::::::
retrievals
lines only. This indicates that the differences in channel A-retrievals ::
plot
do not result from inconsistent line strengths. The respective scatter difference
::::::::::
of the lines used in MIPAS channel AB also shows nearly identical intensities of
+5% for weaker lines and larger
the strongest lines. Again there are differences of ::
differences of up to -30:::::
±25% for very weak lines. However, the good agreement of
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the channel AB profiles (Figure ??) shows, that a potential influence of the different
line strengths of the weak lines is low.
Next:we correlated the air-broadened halfwidths γair,0 of the
In a similar manner :::::
ozone lines used for channel A and AB retrievals of the two databases, colourcoded by the respective line strengths (Figure ??). In both cases the air-broadened

755

halfwidths of the HITRAN-2008 ozone lines are larger than those of the GEISA2015 compilation, but there are clear systematic differences between the channel A
and channel AB correlations for the strongest lines. In channel AB the air-broadened
26

halfwidths of the strongest lines are largely identical. However in channel A the
γair,0 -values of the strongest lines are significantly lower (∼13%) in the GEISA760

2015 database. Differences between line broadening parameters in the GEISA and
HITRAN databases have already been reported by Jacquinet-Husson et al. (2008,
2011).
The air-broadened halfwidths γair,0 given in the line databases are reference valT0:= 296 K. The γair -values for actual temperaues for p0 p::0 := 1013.25 hPa and T0 ::
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and pressure p are calculated as follows:
ture T and pressure p T
:::::::::::::::::

γair (p, T ) = γair,0 × p/p0 (T0 /T )n ,.

(4)

where the The
coefficients n of temperature dependence are also given in the spec::::
troscopic databases. Figure ?? shows a scatter plot of the coefficients n of GEISA2015 versus HITRAN-2008, again colour-coded by line strength. In channel A the
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coefficients n n::of the strongest lines are nearly equal in for
both databases. Thus
:::
there is no compensation of the large differences in the air-broadened halfwidths
n. In channel AB there are somewhat larger difof channel A via the coefficients n::
ferences of some of the coefficients n belonging to the strongest lines, namely the
coefficients at the ordinate value of 0.76. However, since the channel AB profiles
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are nearly identical, these deviations obviously have no large effect. For example,
shifting:of the HITRAN-2008 values of 0.71 of several strong lines (red
adjustment :::::::
pluses) to the main diagonal changes γair by 1.3% only for a stratospheric temperature of 230 K.
The correlation analysis gives strong indication that the differences of the ozone
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or:GEISAVMRs resulting from retrieval in channel A using HITRAN-2008 and ::
2015 data are not caused by differences in line strengths but rather by the differences
between the air-broadened halfwidths of the strongest lines. To check this assumption we replaced the γair,0 -values and the coefficients n :n:of temperature dependence
in the GEISA-2015 database by the respective HITRAN-2008 values and performed

785

additional retrievals using these line parameters. Figure ?? shows the original and
channel ::
A::::
and::::
AB:::::::::
retrieval :::::::
results
the new retrieval results for channels A and AB::::::::
using
the original and the modified linelist. After modification of the GEISA-2015
:::::::::::::::::::::::::::::::::::::::::
27

data the average ozone profile retrieved in channel A is nearly identical to the profile
resulting from the HITRAN-2008 spectroscopy. Furthermore, the small differences
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between the retrievals in channel AB are even more reduced. These results confirm
This
result confirms that the bias in channel A-retrievals A
retrievals between use of
::::::::::::::::::::
:::::::::::
the HITRAN-2008 and of the GEISA-2015 database is caused by the differences in
air-broadened halfwidths. :::::::::::::
Furthermore, :::
the::::::
small:::::::::::
differences:::::::::
between :::
the::::::::::
retrievals
in
channel AB are even more reduced.
:::::::::::::::::::::::::::::::::::::
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7.3 Channel AB retrievals using modified HITRAN-2008 lines

Since the relative differences between the intensities of the ozone bands in MIPAS
assumed: to be very small (1-2%), we posit that a
channels A and AB are declared ::::::::
considerable part of the line database-internal channel AB-A biases might be caused
by inconsistent γair,0 -values as well. To check , ::::
We ::::::::::
performed::::
two:::::::::::
additional :::::
tests
800

to
check if the differences can be reduced by modification of the air-broadened
:::::::::
halfwidths, we performed two additional tests. In the first test we increased the
halfwidths of the HITRAN-2008 ozone lines in the spectral region of MIPAS channel AB by 0.005 cm−1 /atm@296K (5–7%). Caused by this change the deviations in
the height range 32–45 km are considerably reduced to 0.15 ppmv or less as com-
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pared to the retrieval using the unmodified HITRAN-2008 database:, ::::::::
namely ::
to:::::
0.15
ppmv
or less (Figure ??). On the other hand there are now larger negative deviations
:::::::::::::
of up to -0.2 ppmv in the height range 18–32 km. In the second test we increased the
halfwidths of the strongest lines on the main diagonal in Figure ?? (right) by 0.008
cm−1 /atm@296K to obtain a similar distribution like the channel A correlation in

810

Figure ?? (left). This led to even lower differences between 18 and 32 km, but to
somewhat larger negative differences between 18 and 32 km.
As
a side aspect, Figure ??d shows the differences between the channel AB
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
retrievals with increased air-broadened halfwidths and the channel AB retrievals

::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

using
the unmodified HITRAN-2008 spectroscopy. Since these differences are
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
815

relatively
constant around -4 and -5% over the altitude region 10–40 km, they are
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
good
estimates of the respective changes in ozone column amounts. Thus, this result
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
shows
that, alternatively to the proposed re-scaling of line intensities in the 10µm
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
region
(cf. Section 1), the bias between ozone column amounts measured in the
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
28

mid-infrared
and UV spectral regions as e.g. shown by Schneider et al. (2008) could
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
820

probably
also be reduced by change of the air-broadened halfwidths.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
8 Additional investigations

possibility:of inconsistent γair,0 -values, Figure ??
To substantiate the assumption ::::::::::
shows modelled ozone spectra using the HITRAN-2008 and the MIPAS spec(Fig.:::::
??c):a number
troscopy for a tangent altitude of 30 km. In the difference plot :::::
825

of conspicious lines conspicuous
lines belonging to the fundamental ν2 :::::
band:can be
::::::::::::::::::::::::::::::::::::::::::::::::
identified between 797 and 830 cm−1 . These lines belong to the fundamental ν2
(note:::::
that :::::
these:::::
lines::::
are :::
not::::::::::
contained:::
in ::::
our
ozone band. Figure ?? shows that the :::::
set
of channel A microwindows). The line intensities of these transitions are nearly
:::::::::::::::::::::::::::::::::::::
equal in both spectroscopies :::::::::
identical in
both spectroscopic line lists and thus not re:::::::::::::::::::::::::::::
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sponsible for the deviations between the model spectra. However, there are substantial differences between the air-broadened halfwidths (Figure
??). The halfwidths
:::::::::::
of the lines of the MIPAS database continuously decrease between 700 and 850
cm−1 . The HITRAN-2008 values are slightly larger, but decrease in a comparable
manner up to ::
∼790 cm−1 . However, there is a strong increase between 790 and
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of
more than 0.01 cm−1 /atm@296K at ∼797 cm−1 ,: leading to significantly larger
::::::::::::::::::::::::::::::::::::::::
values up to 850 cm−1 . These inappropriate halfwidths (M. Birk, pers. comm.) are
This
jump in γair,0 ::
is:the reason for the stronger ozone lines in the model spectrum
::::::::::::::::::
using HITRAN-2008 data in Figure ??. This deficiency ::::::::
artefact is still present in
addition to the spikes at and above 797.05
later versions up to HITRAN-2016. In
::::::::::::::::::::::::::::::::::::::::::::

840

−1
cm
the difference plot (Fig. ??c) also exhibits somewhat smaller peaks for the ν2
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

transitions
at lower wavenumbers, e.g. at 789.11, 781.18, 773.29 and 765.43 cm−1 .
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
This
indicates potential additional spectroscopic inconsistencies below 797 cm−1 in
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
the
HITRAN-2008 database.
::::::::::::::::::::::::::::
To
further demonstrate the inconsistencies of the spectroscopic parameters of
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
845

the
lines above 790 cm−1 in the HITRAN-2008 data base identified above,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
broad-band
ozone retrievals were performed in the wavenumber range 795 to
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
825
cm−1 for MIPAS orbits 39680–39693. In addition to ozone, peroxyacetyl
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
nitrate
(PAN), CCl4 , :::::::::
ClONO2:::::
and:::::::::::
HCFC-22 ::::::
were :::::::
jointly:::::::
fitted.:::::
The:::::::::
spectral
:::::::::::::::::::::

29

signatures
of additional gases were modelled by use of pre-fitted or climatological
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
850

profiles.
Figure ?? shows the residuals between mean modelled and measured
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
spectra
using the HITRAN-2008 and the MIPAS pf3.2 ozone spectroscopy for
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
the
latitude region 30◦ S–30◦ N and tangent heights covering the altitude region
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
of
∼14–44 km. For the major part of the spectral region the residuals resulting
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
from
both spectroscopies are very similar, leading to a nearly complete coverage
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

855

of
the HITRAN-2008-residual. The large ”blue" residuals are mainly caused by
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
inadequately
modelled CO2 ::::
and :::::
H2 O::::::
lines. ::::::::::
However, :::
for::::::::
tangent :::::::
heights:::
of::::
14, :::
20
:::::::::::::::::::::::::::
and
30 km use of the HITRAN-2008 spectroscopy leads to large residuals (red) at
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
the
positions of the lines with the higher γair,0 -values:::::::::
(797.05, :::::::
805.02::::
and::::::::
812.99
::::::::::::::::::::::::::::::::::::::::::::::::::::
−1
cm
). The spectroscopic parameters of these lines are not consistent to those of all
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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the
other ozone lines in the broad spectral range used for retrieval, and thus these
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
lines
can not be fitted properly. At 44 km these residuals have disappeared, showing
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
that
the influence of different air-broadened halfwidths becomes negligible at this
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
altitude.

::::::::

At first glance it seems a bit strange that increased air-broadened halfwidths lead
865

to modelled ozone lines which exhibit stronger peak radiances (Figure ??, right).
To investigate this behaviour more in detail, model calculations with KOPRA were
performed for an isolated ozone line. For a homogeneous, optical thin atmosphere
larger γair,0 -values lead to lower radiances in the line center and to higher radiances at the line wings both for the monochromatic line and after folding with the
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apodized internal line shape (AILS) (not shown). However, for a limb observation
through the Earth’s atmosphere the result becomes different. For a tangent altitude
of 30 km a larger air-broadened halfwidth also leads to a larger halfwidth and lower
Fig.::::
??a), but
peak radiance of the modelled monochromatic line (Figure ??, left::::
there is a significantly larger growth in radiance at the wings as compared to the

875

??c). In this case, convolution with the AILS as
decline in the line center . (Fig.
:::::::::::
performed in MIPAS retrievals indeed leads to a higher peak radiance (Figure ??,
??b,d).
rightFigs.
::::::::::

30

9 Summary and conclusions

We have reassessed the bias in the altitude range 30–45 km between ozone retrievals
880

using microwindows in MIPAS channels A (685–970 cm−1 ) and AB (1020–1170
cm−1 ). We found that the bias, originally detected in retrievals using V3O-spectra
of the MIPAS high-resolution measurement period and the so-called MIPAS spectroscopy, also occurs for retrievals using later versions of level-1B spectra (V5R,
V7R) of the MIPAS reduced-resolution mode. The effect amounts up to 8% at the
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altitude of 36 km. Forward modelling issues as reason for the problem could widely
be excluded by the fact that similar differences also resulted from retrievals using the processor of the University of Bologna. Spectral calibration or line-of-sight
issues could also largely be excluded, because retrieval results of a different experiment (MIPAS-balloon spectra) also resulted in similar differences. Nevertheless, a
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number of forward-modelling, instrumental and calibration issues were examined,
but did not lead to an explanation. The most plausible explanation left was inconsistencies in spectroscopic data.
Therefore additional retrievals were performed using several editions of the HITRAN database, which however led to rather similar, even somewhat larger channel

895

AB-A differences in retrieved ozone as those resulting from application of the MIPAS line list. One exception is the HITRAN-1996 edition, which causes positive differences above, but negative differences below 32 km. Since the channel AB-A bias
did not disappear by application of any of the HITRAN databases, we performed
another retrieval test with a different spectroscopic database, namely the GEISA-

900

2015 compilation. For measurements in MIPAS channel AB, the resulting ozone
based on the HITRAN-2008 spectroscopy.
profiles are rather similar to those basing ::::::
on
However, for channel A retrievals the stratospheric ozone VMRs basing based
::::::
GEISA-2015 are up to 0.8 ppmv or about 10% larger than those basing ::::::
based on
HITRAN-2008 and even larger than the VMRs retrieved in channel AB. According

905

to the results of the validation study by Laeng et al. (2014) these VMRs are obviously too high. We showed that the differences in channel A retrievals are not caused
by inconsistent line intensities, but by ∼13% lower air-broadened halfwidths of the
strongest ozone lines in the channel A microwindows in the GEISA-2015 database.
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Since the relative differences between band intensities in the spectral ranges used
910

in MIPAS channels A and AB are assumed to be considerably lower than the observed bias of 6–8%, we suggest that a major part of the channel AB-A differences might be caused by inconsistencies in air-broadened halfwidths in the individual line databases as well. To substantiate this assumption we identified several
ozone lines in the HITRAN-2008 database, which exhibit too large air-broadened

915

halfwidths. The bias between channel A and AB can partly be reduced by increasing the air-broadened halfwidths of the lines in channel AB. In summary, the airbroadened halfwidths of ozone lines in the spectral regions of MIPAS channel A
as well as of channel AB (i.e. the regions of the ν2 , ν1 and ν3 fundamental bands)
should be reassessed both for the GEISA and for the HITRAN databases. This is

920

especially necessary for the GEISA-ν2 lines in MIPAS channel A.
the::::::::::::::
investigations:::::
with :::
our::::::::::::::
microwindow::::::::
datasets,
According to our investigations :::
for the time being the best choice of an ozone line data compilation for evaluation
of MIPAS measurements is the MIPAS spectroscopy (Flaud et al., 2003b), because
on the one hand the channel AB-A differences are somewhat smaller than those

925

resulting from the HITRAN databases and on the other hand it does not contain
the inconsistency in some air-broadened halfwidths identified in HITRAN-2008,
which was also transferred to later HITRAN versions. However, as far as ozone is
concerned we recommend to use version pf3.2 of the MIPAS spectroscopy and not
the latest update pf4.45 , :::::::
(Flaud,:::
et ::::
al., ::::::
2015,:::::::::::::::::::::::::::::::::::
http://atmos.difa.unibo.it/spectdb/),

930

because the ozone data set in this compilation is identical with HITRAN-2008.

Acknowledgements. The authors like to thank the European Space Agency for providing access to MIPAS level1 data. This study was partly supported by the ESA CCI-O3 project. Meteorological analysis data were provided by the European Centre for Medium-Range Weather Forecasts. We acknowledge support by the Deutsche
Forschungsgemeinschaft and the Open Access Publishing Fund of the Karlsruhe Institute of Technology. Fur935

ther, we thank F. Hase for helpful discussions.

32

References
Carlotti, M., Brizzi, G., Papandrea, E., Prevedelli, M., Ridolfi, M., Dinelli, B. M., and Magnani, L.: GMTR:
Two-dimensional geo-fit multitarget retrieval model for Michelson Interferometer for Passive Atmospheric
Sounding/Environmental Satellite observations, Appl. Opt., 45, No. 4, 2006.
940

Fischer, H., Birk, M., Blom, C., Carli, B., Carlotti, M., von Clarmann, T., Delbouille, L., Dudhia, A.,
Ehhalt, D., Endemann, M., Flaud, J. M., Gessner, R., Kleinert, A., Koopman, R., Langen, J., LópezPuertas, M., Mosner, P., Nett, H., Oelhaf, H., Perron, G., Remedios, J., Ridolfi, M., Stiller, G., and Zander, R.: MIPAS: an instrument for atmospheric and climate research, Atmos. Chem. Phys., 8, 2151–2188,
doi:10.5194/acp-8-2151-2008, 2008.

945

Flaud J.-M. and Bacis, R.: The ozone molecule: infrared and microwave spectroscopy, Spectrochim Acta, 54,
3–16, 1998.
Flaud, J.-M., Wagner, G., Birk, M., Camy-Peyret, C., Claveau, C., De Backer-Barilly, M.R., Barbe, A., and
Piccolo, C.: Ozone absorption around 10 µm, J. Geophys. Res., 108, 4269, doi:10.1029/2002JD002755,
2003a.

950

Flaud, J.-M., Piccolo C., Carli B., Perrin A., Coudert L.H., Teffo J.L., and Brown L.R.: Molecular line parameters for the MIPAS (Michelson Interferometer for Passive Atmospheric Sounding) experiment, Atmospheric
Atmos. Oceanic
Opt., V. 16, No. 03, 172–182, 2003b.
and oceanic optics::::::
:::::::::
Friedl-Vallon, F., Maucher, G., Seefeldner, M., Trieschmann, O., Kleinert, A., Lengel, A., Keim, C.,
Oelhaf, H., and Fischer, H.:

955

Design and characterization of the balloon-borne Michelson Inter-

ferometer for Passive Atmospheric Sounding (MIPAS-B2),

Appl. Opt., 43, Issue 16, 3335–3355,

https://doi.org/10.1364/AO.43.003335, 2004.
Glatthor, N., von Clarmann, T., Fischer, H., Funke, B., Gil-López, S., Grabowski, U., Höpfner, M., Kellmann,
S., Linden, A., López-Puertas, M., Mengistu Tsidu, G., Milz, M., Steck, Stiller, G. P., and Wang, D.-Y.:
Retrieval of stratospheric ozone profiles from MIPAS/ENVISAT limb emission spectra: a sensitivity study,
960

Atmos. Chem. Phys., 6, 2767-2781, 2006.
Gordon, I. E. et al.: The HITRAN2016 molecular spectroscopic database, J. Quant. Spectrosc. Radiat. Transf.,
203, 3–69, http://dx.doi.org/10.1016/j.jqsrt.2017.06.038, 2017.
Gratien, A., Picquet-Varrault, B., Orphal, J., JDoussin, J.-F., and Flaud, J.-M.: New Laboratory Intercomparison
of the Ozone Absorption Coefficients in the Mid-infrared (10 µm) and Ultraviolet (300-350 nm) Spectral

965

Regions, J. Phys. Chem. A, 114, 10045–10048, 2010.
Guinet, M., Mondelain, D., Janssen, C., and Camy-Peyret, C.:
the 100←000 band for the SWIFT instrument,

Laser spectroscopic study of ozone in

J. Quant. Spectrosc. Radiat. Transf., 111, 961–972,

doi:10.1016/j.jqsrt.2010.01.011, 2010.
Höpfner, M., von Clarmann, T., Fischer, H., Glatthor, N., Grabowski, U., Kellmann, S., Kiefer, M., Linden, A.,
970

Mengistu Tsidu, G., Milz, M., Steck, T., Stiller, G. P., Wang, D.-Y., and Funke, B.: First spaceborne observations of Antarctic stratospheric ClONO2 recovery: Austral spring 2002, J. Geophys. Res., 109, D11308,
doi:10.1029/2004JD004609, 2004.
Jacquinet-Husson, N., et al.:

The GEISA spectroscopic database: Current and future archive for

Earth and planetary atmosphere studies,
975

J. Quant. Spectrosc. Radiat. Transf., 109, 1043–1059,

doi:10.1016/j.jqsrt.2007.12.015, 2008.

33

Jacquinet-Husson, N., et al.: The 2015 edition of the GEISA spectroscopic database, J. Mol. Spec., 327, 31–72,
http://dx.doi.org/10.1016/j.jms.2016.06.007, 2016.
Laeng, A., et al.: Validation of MIPAS IMK/IAA V5R_O3_224 ozone profiles, Atmos. Meas. Tech., 7, 3971–3987, www.atmos-meas-tech.net/7/3971/2014/, 2014.
980

Nett, H., Perron, G., Sanchez, M., Burgess, A., and Mossner, P.: MIPAS inflight calibration and processor
validation, in ENVISAT Calibration Review - Proc. of the European Workshop, 9–13 September 2002, ESTEC, Noordwijk, The Netherlands, CD-ROM, vol. SP-520, edited by H. Sawaya-Lacoste, ESA Publications
Division, ESTEC, Postbus 299, 2200 AG Noordwijk, The Netherlands, 2002.
Orphal, J., et al.: Absorption cross-sections of ozone in the ultraviolet and visible spectral regions: Status report

985

2015, J. Mol. Spec., 327, 105–121, http://dx.doi.org/10.1016/j.jms.2016.07.007, 2016.
Picquet-Varrault, B., Orphal, J., Doussin, J.-F., Carlier, P., and Flaud, J.-M.: Laboratory Intercomparison of the
Ozone Absorption Coefficients in the Mid-infrared (10 µm) and Ultraviolet (300-350 nm) Spectral Regions,
J. Phys. Chem. A, 109, 1008–1014, 2005.
Remedios, J. J., Leigh, R. J, Waterfall, A. M., Moore, D. P, Sembhi, H., Parkes, I., Greenhough, J., Chipperfield,

990

M. P., and Hauglustaine, D.: MIPAS reference atmospheres and comparisons to V4.61/V4.62 MIPAS level
2 geophysical data sets, Atmos. Chem. Phys. Discuss., 7, 9973–10017, 2007.
Rothman, L. S., et al.: The HITRAN 2004 molecular spectroscopic database, J. Quant. Spectrosc. Radiat.
Transf., 96, 139–204, doi:10.1016/j.jqsrt.2004.10.008, 2005.
Rothman, L. S., et al.: The HITRAN 2008 molecular spectroscopic database, J. Quant. Spectrosc. Radiat.

995

Transf., 110, 533–572, doi:10.1016/j.jqsrt.2009.02.013, 2009.
Schneider, M., Redondas, A., Hase, F., Guirado, C., Blumenstock, T., and Cuevas, E.: Comparison of groundbased Brewer and FTIR total column O3 monitoring techniques, Atmos. Chem. Phys., 8, 5535–5550,
www.atmos-chem-phys.net/8/5535/2008/, 2008.
µm
mm :::
Smith, M. A. H., Malathy Devi, V., and Benner, D. C.: The quest for ozone intensities in the 99–11
:

1000

region: A retrospective, J. Quant. Spectrosc. Radiat. Transf., 113, 825–828, doi:10.1016/j.jqsrt.2012.02.027,
2012.
Stiller, G.P. (Editor): The Karlsruhe Optimized and Precise Radiative transfer Algorithm (KOPRA), Institut für
Meteorologie und Klimaforschung, Forschungszentrum Karlsruhe GmbH, 2000.
Tran, H., Rohart, F., Boone, C., Eremenko, M., Hase, F., Bernath, P., and Hartmann, J.-M.: Non-Voigt line-

1005

shape effects on retrievals of atmospheric ozone: Collisionally isolated lines, J. Quant. Spectrosc. Radiat.
Transf., 111, doi:10.1016/j.jqsrt.2010.04.002, 2012–2020, 2010.
von Clarmann, T., Fischer, H., Funke, B., Glatthor, N., Grabowski, U., Höpfner, M., Kellmann, S., Kiefer, M.,
Linden, A., Mengistu Tsidu, G., Milz, M., Steck, T., Stiller, G.P., Wang, D.-Y., Gil-López, S., and LópezPuertas, M.: Retrieval of temperature and tangent altitude pointing from limb emission spectra recorded

1010

from space by the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS), J. Geophys. Res.,
108(D23), doi:10.1029/2003JD003602, 2003.
Wagner, G., Birk, M., and Schreier, F.: Spectroscopic database for ozone in the fundamental spectral regions,
J. Geophys. Res., 107, 4626, doi:10.1029/2001JD000818, 2002.

34

