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This paper addresses the question of errors in retrievals of vertical proﬁles of ozone
from atmospheric spectra caused by assuming that the absorption lines have pure Voigt
line shapes. The case of collisionally isolated transitions (no line mixing) is treated by
considering only the effects of the speed dependence (SD) of the pressure broadening.
The case of O3 retrievals from a sequence of limb transmission spectra is ﬁrst treated
theoretically. The results show that the inﬂuence of SD is very small, leading to changes
in the residuals and in the retrieved O3 mixing ratios smaller than 1%. These ﬁndings are
then conﬁrmed by treating a series of spectra recorded by the ACE-FTS instrument.
Similar exercises are also made for other observation techniques by treating simulated
or measured limb and nadir emission spectra as well as ground-based solar and in-situ
laser transmission data. All lead to the general conclusion that SD (and Dicke
narrowing) can be neglected in retrievals of ozone amounts from recorded atmospheric
spectra. Indeed, the biases caused in the ozone proﬁles by the use of pure Voigt line
shapes still remain signiﬁcantly smaller than the total error/uncertainty from other
sources such as improper line intensities and widths, uncertainty in the instrument
function, errors in the pressure and temperature proﬁles and so forth.
& 2010 Elsevier Ltd. All rights reserved.
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1. Introduction
Deviations of absorption lines from the Voigt proﬁle
have been the subject of many experimental and
theoretical studies. They result from collision-induced
changes of the velocity of the optically active molecule
and from the speed dependence of the pressure-broadening and pressure-shifting coefﬁcients of the transitions.
An extensive review of these phenomena has been given
in Chapt. III of Ref. [1] for the core region of collisionally
isolated lines (i.e., in the absence of line-mixing effects
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discussed in Chapt. IV of Ref. [1]). With a collision partner
such as N2 (and air), and except for molecules with large
rotational constants (H2, HCl, H2O, CH4), the spectral
consequences of these ‘‘velocity effects’’ are generally of
the order of one percent. This is likely why there have
been very few studies [2–6] of the inﬂuence of these
processes on atmospheric spectra and of their effect on
remote sensing retrievals. To our knowledge, these
questions remain open in the particular case of ozone, in
spite of the considerable importance of precise monitoring of this molecule in our atmosphere. The present paper
provides a quantitative analysis for O3 sounding from
infrared absorption and emission spectra recorded with
various techniques including limb, nadir, ground-based
and in situ observations.

ARTICLE IN PRESS
H. Tran et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 111 (2010) 2012–2020

For ozone lines, Rohart and co-workers [7,8] have
provided signiﬁcant information on the deviations from
the Voigt proﬁle due to velocity effects. They found the
expected small (typically less than 2%) deviations from the
Voigt proﬁle using high signal-to-noise ratio laboratory
measurements. They also showed that for systems like
O3/N2 and O3/O2 accurate line-proﬁle descriptions can be
obtained by accounting only for the speed dependence of
the collisional broadening and disregarding the inﬂuence of
velocity changes (Dicke narrowing) (see also Refs [9,10] and
those therein). Starting from the results of Ref. [8], we have
built a simple but realistic speed-dependent Voigt (SDV)
model applicable to all O3 transitions. It is ﬁrst used for
theoretical simulations using standard atmospheric proﬁles
and radiative transfer calculations for a series of atmospheric limb-transmission spectra in the 10 mm region (n1
and n3 bands) for various lines of sight (i.e., tangent heights).
These correspond to situations representative of satelliteborne limb-viewing solar absorption experiments such as
the Atmospheric Chemistry Experiment-Fourier Transform
Spectrometer (ACE-FTS) [11]. The resulting tangent-altitude
dependent spectra have then been ﬁtted using an inversion
procedure in which Voigt line shapes are used in order to
retrieve the O3 vertical proﬁle. The results of this theoretical
test carried out with two different retrieval codes in France
and Canada show that the errors in the retrieved O3 proﬁle
and in observed minus calculated spectral residuals are
always smaller than 1%. This upper limit is then conﬁrmed
with a sequence of measured transmission spectra recorded
by the ACE-FTS [11] instrument. Similar exercises are also
made with emitted radiances in limb-viewing and nadir
observations as well as absorptions in ground-based solar
and in situ spectra. This extends the study to situations
representative of, for instance, the Michelson Interferometer
for Passive Atmospheric Sounding [12] (MIPAS, limb emission), the Infrared Atmospheric Sounding Interferometer
[13] (IASI) and the Atmospheric InfraRed Sounder [14]
(AIRS), ground-based spectrometers such as those of the
Network for the Detection of Atmospheric Composition
Change (NDACC, http://www.ndacc.org/), and the in-situ
laser absorption instrument SPectroscopie Infra Rouge par
Absorption de Laser Embarqués [15] (SPIRALE).
The conclusion of all these exercises is that the
consequences of speed dependence (and of Dicke narrowing) can be neglected in ozone atmospheric retrievals at
this time. Indeed, the errors in the residuals and ozone
amounts caused by their neglect remain signiﬁcantly
smaller than those arising from other sources (largely the
spectroscopic parameters, but also the atmospheric state
and instrument function). This validates the use of Voigt
line shapes for isolated lines (no line mixing: a problem
that remains to be studied for O3). This conclusion may
have to be reconsidered following future improvements of
spectroscopic knowledge and instrumentation.
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Voigt (SDV) proﬁle. For its description, we assume that
the dependence on the relative speed vr takes the form
G(nr)pvra. This is equivalent to assuming resonant
collisions and a dominant single term in the expansion
of the intermolecular potential V with respect to the
intermolecular distance R [i.e., V(R)p1/Rq] since one then
has [1,16,17] a = (q 3)/(q 1). This widely used approach
is convenient because one can relate the a parameter to
the temperature exponent n of the broadening (such that
G(T)= G(T0)(T0/T)n for which a value is given, for each line,
in the HITRAN database [18]. Indeed, neglecting the
(small) spacing between the N2 and O2 rotational states,
one then has: [1] n =1  (a/2)= (q+ 1)/(2q 2). Note that,
for the dominant quadrupole–quadrupole interaction
involved in O3–air collisions, q =5, leading to n =0.75
which is close to the observed values (n =0.7 for dispersive
forces with R  6).
For each line, we thus start from the exponent n of the
broadening from HITRAN [18] and deduce a = 2(1 n). By
v a ~
v p jjÞ over the Boltzmann distribuaveraging Gðvr ¼ jj~
tion of the perturber velocity ~
v p , we then obtain the
dependence of the broadening on the absolute speed va of
the active molecule (O3). Introducing the average broadening G0 ¼ /Gðvr ÞS ¼ /Gðva ÞS, and the ratio of the
masses of the collision partners l = mp/ma, (a= O3, p =N2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
or O2) and the most probable O3 speed v0a ¼ 2kB T=ma ,
one has [1,17]
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where M(a;b;x) is the conﬂuent hypergeometric function
[19]. For practical computations of SDV proﬁles, it is more
convenient to use a quadratic law, i.e. [8,20]


3
Gðva Þ ¼ G0 þ G2 ðva =v0a Þ2  :
ð2Þ
2
We have thus calculated G(va) from Eq. (1) for various
values of n (via a) and have then adjusted the results
through Eq. (2). This leads to very good ﬁts and to the
empirical function

G2 =G0 ¼ 0:27  ð1nÞ,

ð3Þ

relating G2/G0 to n. Note that, for the typical value n = 0.75,
[18] Eq. (3) leads to G2/G0 E0.07 which is consistent with
experimentally determined values [7,8].
In summary, starting from the G(T0) and n parameters
stored in HITRAN we deduce G0 = G(T)= G(T0)(T0/T)n and
G2/G0 =0.27(1 n). We then can calculate the SDV proﬁle
of each line, including the Doppler effect, by using the
Fourier transform of the dipole correlation function [8].
The associated pure Voigt line shapes are obtained with
the same procedure by setting G2/G0 = 0. We note again
that the differences between the Voigt and SDV proﬁles
are typically less than 2% [7,8].
3. Atmospheric retrievals and discussion

2. Line-shape model
3.1. Limb-viewing sequences
Following Ref. [8], we only consider the inﬂuence of
the speed dependence (SD) of the (Lorentz) collisional
width G on the line shape and thus use a speed-dependent

A radiative transfer code was built at LISA in Créteil to
simulate atmospheric transmission and emission spectra.
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The atmosphere was divided into 1 km layers for
altitudes from 0 to 90 km. Proﬁles of temperature, total
pressure and ozone volume mixing ratio (vmr) were taken
from the AFGL standard atmospheres [21]. In each layer,
the absorption coefﬁcient was calculated over the
entire 10 mm ozone band, from 970 to 1070 cm  1 with a
step of 0.0003 cm  1, using the SDV line shape described in
Section 2. Only O3 lines were taken into account (no solar
lines, no absorption by other species). From these
data, spectra were calculated, simulating various observation techniques, resolutions and geometries, and
then inverted to obtain the ozone vertical distribution
using a spectral model that assumes pure Voigt line
shapes.

Altitude (km)

3.1.1. Limb-absorption measurements
Satellite limb-viewing (solar absorption) atmospheric
transmission spectra for lines of sight with tangent
altitudes from 1 to 90 km with a step of 1 km were ﬁrst
simulated. These transmission spectra were then inverted
using a simple (no constraints or regularization) leastsquares procedure that minimizes (using the retrieved O3
vmr proﬁle) the overall rms deviation between the input
(SDV) and ﬁtted (Voigt) spectra for all retained wavenumbers and tangent altitudes. This was done using
all wavenumbers and a set of micro-windows. In fact,
retrievals from high resolution instruments operating in
the infrared typically employ micro-windows rather than
a more time-consuming analysis of the entire spectrum.
Micro-windows are narrow spectral regions containing
spectral features from the target molecule, generally with
minimal contributions to the spectrum from other

molecules. Therefore, in order to evaluate SDV effects in
the context of atmospheric retrievals, O3 retrievals were
also performed on the synthetic spectra employing a set
of 36 micro-windows (used in the version 2.2 ‘‘O3 update’’
retrievals for the ACE-FTS) spanning a wavenumber range
985–1128 cm  1 and an altitude range 5–90 km. The
results of various retrievals are displayed in Fig. 1, and
examples of the ‘‘observed’’ minus calculated residuals in
a micro-window are shown in Fig. 2. Note at this stage
that errors in the O3 vmr and in the transmissions are
always less than 1% in magnitude. Also note that the peak
in the errors near 40 km in the right panel of Fig. 1 results
from the fact that at this altitude there is a switch in the
micro-window set that is being used.
The same exercise was carried independently at the
Department of Chemistry in Waterloo, using the forward
model and its associated inversion scheme described in
Ref. [22]. Only the micro-windows currently employed for
ACE-FTS spectra were used together with the appropriate
instrument function. The results obtained are quantitatively consistent with those obtained at LISA with errors
again always less than 1%. Slight differences in the vertical
distribution of the error in the O3 vmr, as compared to the
results obtained at LISA, are due to the use of different
micro-windows and instrument functions, retrieval
schemes, and proﬁles of pressure, temperature and
O3 vmr.
Finally, Figs. 3 and 4 present the results of a treatment
of an occultation sequence of observed spectra measured
by the ACE-FTS instrument (occultation ss28648,
measured 7 December 2008, latitude 44.941N, longitude
18.341W). They conﬁrm the theoretical predictions and
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Fig. 1. Relative errors in the O3 proﬁles obtained from various ﬁts of simulated atmospheric transmission limb spectra caused by neglecting the speed
dependence of the line broadening. Left panel: obtained using high resolution spectra over the entire O3 band (970–1070 cm  1) in the retrievals starting
from 10 km altitude in the case of standard mid-latitude winter (K) and mid-latitude summer ( ) proﬁles. ( ) are results obtained with the mid-latitude
winter proﬁle in a similar way except that the retrieval only uses spectra with tangent altitudes above 30 km. Right panel: obtained using a set of
36 micro-windows from 985 to 1128 cm  1 with spectra at high resolution (K) and those degraded to a resolution of 0.02 cm  1 with a Gaussian
instrument function ( ).
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Fig. 2. High resolution O3 transmission spectra (top) and ﬁt residuals (bottom) due to speed dependence in a micro-window obtained from spectra for
three different tangent altitudes, from left to right: 35, 45 and 55 km.

0.04

Transmission residuals

0.03
0.02
0.01
0.00
-0.01
-0.02
-0.03
-0.04
-0.05
0

5000

10000

15000

20000

25000

data point number
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the SDV model.
are the differences SDV-Voigt. All
spectral points of all micro-windows and all tangent eights are included in the data points. From left to right, tangent altitudes vary from about 95 down
to 7.5 km.

show that the inclusion of SD in the ﬁts leads to a
relatively small change in the residuals (Fig. 3). In fact,
most of the ﬁtting errors are from other sources including
incorrect line intensities and/or broadening coefﬁcients
and uncertainties in the atmospheric state (but not the
instrumental noise since the S/N ratio is over 300:1). As a
consequence (Fig. 4c), the effect of SD on the O3 vmr
vertical proﬁle is signiﬁcantly smaller than the statistical
uncertainty (Fig. 4b) in this retrieved proﬁle and would
be even more negligible if systematic errors were
included [23].

3.1.2. Limb-emission measurement
A similar (theoretical) exercise was made in the case of
atmospheric emission spectra in the 10 mm region, thus
simulating space-borne experiments such as MIPAS [12].
It leads to the same conclusions as those obtained in the
case of transmission spectra and to errors in the ozone
vertical proﬁle very similar to those in Fig. 1. Hence, again,
the inﬂuence of SD on both the residuals and ozone
vertical distribution remain much smaller than the
uncertainties due to other sources (e.g., more than 5% in
the O3 vrm [24]).
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3.2. Nadir and ground-based observations
3.2.1. Nadir emission
A high resolution radiance spectrum in the 10 mm
region was computed using SDV line shapes and standard
mid-latitude summer proﬁles to simulate nadir observations. It was then convolved using Gaussian (instrument)
functions of various widths and the resulting radiances
were inverted with a spectral model assuming pure Voigt
line proﬁles. This retrieval was made with the radiative
transfer model Karlsruhe Optimised and Precise Radiative
transfer Algorithm (KOPRA) [25] and its numerical
inversion module KOPRAFIT. This simulates what would
be obtained in treatments of IASI [13], TES [26] or
AIRS [14] data, for instance. The results are displayed in
Figs. 5 and 6. As in the results of the previous section,
Voigt line shapes may be used since this causes errors
much smaller than those arising from other sources in
both the ﬁt residuals (Fig. 6) and the vertical proﬁle
(Fig. 5). Indeed, as shown in the right panel of Fig. 5 and in
Refs. [27,28], the error estimates in the nadir ozone proﬁle
retrieved in the case of IASI are about 30% in the
troposphere and have a minimum of around 5% in the
stratosphere.

3.2.2. Ground-based transmission
The inﬂuence of SDV has also been examined by
performing O3 retrievals on a set of ground-based FTIR
test spectra. These spectra have been recorded at the
NDACC site at Kiruna (420 masl, 691N) [29] and have been
selected to cover the conditions encountered at this Arctic
site (winter/summer, low/high airmass). The analysis of
the test spectra has been performed with Version 9.6 of
the retrieval code PROFFIT developed at IMK [30]. From
Ver. 9.5 onwards, the code supports a speed-dependentGalatry line-shape function (the SDV line shape being a
special case of this generalized shape) [31]. Two retrieval
runs have been performed for each spectrum, the SDV run
and the reference run with the usual Voigt approach. For
the retrieval of O3, we applied a simpliﬁed version of the
recipe suggested by Schneider and Hase [32]. As expected
from the results of the previous sections, the observed
inﬂuence of SDV on the retrieved O3 proﬁle, exempliﬁed
in Fig. 7, is minor. It is much smaller than systematic
errors of current state-of-the-art ground-based FTIR
instrumentation and analysis [33,34]. For instance, the
systematic error bias due to line intensity and pressure
broadening parameters are the leading contributions, and
can be estimated to amount to about 2% and 1.6%,
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whereas the SDV correction changes the total column by
about 0.1%. Furthermore, as in Fig. 3, the change in the ﬁt
residuals is completely negligible. These ﬁndings
validating the Voigt proﬁle are likely applicable to any
NDACC-type measurement.

3.3. In situ laser measurements
Finally, ‘‘inﬁnite’’ resolution absorption spectra of a
single typical ozone line were computed for various

altitudes. This simulates observations such as those made
using lasers on aircraft and below balloons (e.g., SDLALAMA [35], SPIRALE [15]). The (in situ) absorption
calculated using the SDV line shape was adjusted using
a Voigt proﬁle, ﬂoating only the ozone local amount. The
associated results (smaller errors and residuals would be
obtained if the broadening coefﬁcient was simultaneously
adjusted, as done in the analysis of laboratory spectra) are
plotted in Figs. 8 and 9. They show that, while ﬁt residuals
may be detected with high signal-to-noise measurements,
the consequences on the ozone amount are lower than 1%.
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They thus again remain signiﬁcantly smaller than the
cumulative uncertainty due to other sources which total
typically 4% [15]. These two ﬁndings are consistent with
the results obtained for H2O in Ref. [36]. Finally, note that
the altitude dependence of the error in Fig. 8 results from
the variation of SD effects with pressure. The SD effects are
almost constant in the collisional regime (high pressure or
low altitudes) where the Doppler effect can be neglected.
They become negligible when the collisional broadening is
much smaller than the Doppler width (low pressure or
high altitudes) with a maximum under conditions (at
about 10 hPa or 30 km for an O3 line near 1000 cm  1)
where the Lorentz and Doppler width are comparable.

4. Conclusion
The present paper demonstrates that use of the
Voigt proﬁle for ozone for collisionally isolated lines in

atmospheric retrievals is a good approximation at this
time. Indeed, the speed dependence (based on Ref. [8] this
statement also applies to the contribution of Dicke
narrowing) causes changes in both the ﬁt residuals and
the O3 vertical distribution that remain signiﬁcantly
smaller than the uncertainties due to other sources
including spectroscopy and the atmospheric state. Among
these, the line intensities and broadening coefﬁcients
make a signiﬁcant contribution which remains in the
order of 2–3% [37]. These ﬁndings could be anticipated
from the fact that it is essentially the integrated intensity
(rather than the line shape) that provides the information
and that the SDV and Voigt proﬁles, although spectrally
different, have the same (unit) area. The conclusions of
this paper may have to be reconsidered in the future for
new well-characterized instruments, given a very precise
knowledge of the P, T proﬁles, and once the uncertainties
in the line intensities and widths have been reduced to
below one percent. Finally, the inﬂuence of line-mixing,
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whose importance for retrievals of other species has been
demonstrated (see Sec. VII.4 of Ref. [1] and the more
recent results [38,39]), remains for ozone, an open issue. It
is currently under study at LISA.
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Gil-López S, López-Puertas M, Kaufmann M, Funke B, Garcı́a-Comas
M, Koukouli ME, et al. Retrieval of stratospheric and mesospheric
O3 from high resolution MIPAS spectra at 15 and 10 mm. Adv Space
Res 2005;36:943–51.
Stiller GP, editor, with contributions from von Clarmann T, Dudhia A,
Echle G, Funke B, Glatthor N, Hase F, Hopfner M, Kellmann S,
Kemnitzer H, Kuntz M, Linden A, Linder M, Stiller GP, Zorn S. The
Karlsruhe Optimized and Precise Radiative Transfer Algorithm
(KOPRA). Vol. FZKA 6487 of Wissenschaftliche Berichte, Forschungszentrum Karlsruhe, Germany, 2000.
Beer R. TES on the aura mission: scientiﬁc objectives, measurements, and analysis overview. IEEE Trans Geosci Remote Sensing
2006;44:1102–5.
Keim C, Eremenko M, Orphal J, Dufour G, Flaud JM, Hopfner M, et al.
Tropospheric ozone from IASI: comparison of different inversion
algorithms and validation with ozone sondes in the northern
middle latitudes. Atmos Chem Phys 2009;9:9329–47.
Ceccherini S, Cortesi U, Del Bianco S, Raspollini P, Carli B. IASIMETOP and MIPAS-ENVISAT data fusion. Atmos Chem Phys Discuss
2010;10:183–211.
Kopp G, Berg H, Blumenstock T, Fischer H, Hase F, Hochschild G,
et al. Evolution of ozone and ozone related species over Kiruna
during the THESEO 2000-SOLVE campaign retrieved from groundbased millimeter wave and infrared observations. J Geophys Res D
2003;108:8308.

[30] Hase F, Hannigan JW, Coffey MT, Goldman A, Höpfner M, Jones NB,
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