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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.
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-broad-
ening 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
ll rights reserved.

+33 145171558.

-M. Hartmann).
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 monitor-
ing 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.
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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 atmo-
spheric limb-transmission spectra in the 10mm region (n1

and n3 bands) for various lines of sight (i.e., tangent heights).
These correspond to situations representative of satellite-
borne 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 emis-
sion), 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 narrow-
ing) 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.
2. Line-shape model

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
Voigt (SDV) profile. For its description, we assume that
the dependence on the relative speed vr takes the form
G(nr)pvr

a. 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

averaging Gðvr ¼ jj~va�~vpjjÞ over the Boltzmann distribu-

tion of the perturber velocity ~vp, we then obtain the

dependence of the broadening on the absolute speed va of
the active molecule (O3). Introducing the average broad-
ening G0 ¼/GðvrÞS¼/GðvaÞS, and the ratio of the

masses of the collision partners l=mp/ma, (a=O3, p=N2

or O2) and the most probable O3 speed v0
a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2kBT=ma

p
,

one has [1,17]

GðvaÞ

G0
¼

1

ð1þlÞa=2
M �

a
2
;
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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]

GðvaÞ ¼G0þG2 ðva=v0
aÞ

2
�

3

2

� �
: ð2Þ

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� ð1�nÞ, ð3Þ

relating G2/G0 to n. Note that, for the typical value n=0.75,
[18] Eq. (3) leads to G2/G0E0.07 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

3.1. Limb-viewing sequences

A radiative transfer code was built at LISA in Créteil to
simulate atmospheric transmission and emission spectra.

http://www.ndacc.org/
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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 10mm 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 obser-
vation techniques, resolutions and geometries, and
then inverted to obtain the ozone vertical distribution
using a spectral model that assumes pure Voigt line
shapes.

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) least-
squares procedure that minimizes (using the retrieved O3

vmr profile) the overall rms deviation between the input
(SDV) and fitted (Voigt) spectra for all retained wave-
numbers 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
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Fig. 1. Relative errors in the O3 profiles obtained from various fits of simulated

dependence of the line broadening. Left panel: obtained using high resolution s

from 10 km altitude in the case of standard mid-latitude winter (K) and mid-lat

winter profile in a similar way except that the retrieval only uses spectra wi

36 micro-windows from 985 to 1128 cm�1 with spectra at high resolution (

instrument function ( ).
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 quantita-
tively 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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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 10mm 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 10mm
region was computed using SDV line shapes and standard
mid-latitude summer profiles to simulate nadir observa-
tions. 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-dependent-
Galatry 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., SDLA-
LAMA [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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