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Abstract

The Voigt profile does not provide a sufficiently accurate representation of the line shape for air-broadened H2O vapor

over a significant range of conditions commonly encountered in atmospheric remote sensing. A speed-dependent Voigt

profile yields much improved residuals in the analysis of water from infrared measurements collected by the atmospheric

chemistry experiment (ACE), a satellite mission for remote sensing of the Earth’s atmosphere. An analytical expression is

presented for the rapid calculation of the speed-dependent Voigt profile.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

SCISAT-1, otherwise known as the atmospheric chemistry experiment (ACE), is a Canadian-led satellite
mission for remote sensing of the Earth’s atmosphere, launched August 2003 into a circular orbit inclined 741
to the equator [1]. The primary instrument is the ACE-FTS, a Fourier transform spectrometer featuring high
resolution (0.02 cm�1, corresponding to a 725 cm maximum optical path difference) and broad spectral
coverage in the infrared (750–4400 cm�1). The ACE-FTS works primarily in the solar occultation mode,
collecting atmospheric limb measurements using the sun as a radiation source.

Analysis of ACE-FTS measurements revealed a line shape problem endemic to water. For altitudes below
which the pressured-broadened line width exceeded the instrumental line width (and the actual line shape was
therefore observable), significant w-shaped residuals occurred for H2O but were not observed for any other
molecule. It was not possible to reproduce the observed H2O line shapes through adjusting the typical set of
spectroscopic line parameters found in linelists such as the HITRAN 2004 database [2].

The problem resides not in the spectroscopic parameters, but rather in the underlying assumptions
associated with the calculation. The Voigt profile, a convolution of Doppler and Lorentzian line shape
e front matter r 2006 Elsevier Ltd. All rights reserved.
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functions, is the standard approach for calculating the line shape for infrared atmospheric remote sensing.
However, the Voigt profile calculation assumes that the pressure and Doppler broadening are uncorrelated
and that changes of velocity during collisions can be neglected. Based on observations from the ACE-FTS
measurements, at least one of these assumptions clearly breaks down for air-broadened H2O vapor over a
significant range of pressures typically encountered in atmospheric remote sensing.

Various alternatives exist to the Voigt line shape [3]. It has been shown that the Galatry line shape [4],
derived from an approach that uses a soft-collision model for velocity-changing collisions, does not appear to
be appropriate for remote sensing applications because the associated parameters vary nonlinearly with
pressure [3,5], suggesting that the neglected correlation between molecular relaxation and the Doppler effect
plays a significant role [6]. For the analysis of H2O in ACE-FTS measurements, we choose the speed-
dependent Voigt profile. A rapid analytical approach is presented for the calculation of this line shape,
convenient for atmospheric applications because it also allows one to calculate analytical derivatives with
respect to the spectroscopic parameters.
2. Speed-dependent Voigt profile

The speed-dependent Voigt (SDV) profile is the real part of the Fourier transform of the polarization
correlation function F(t):
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For the SDV profile, the polarization correlation function is [7]
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where oo is the line center frequency, c is the speed of light, Go is the mean relaxation rate over absorber
speeds, G2 is a phenomenological relaxation rate that accounts for the speed dependence of the relaxation, and
va is the most probable speed of the absorbing molecule:
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where kB is the Boltzmann constant, T is temperature in Kelvin, and m is molecule’s mass.
The Fourier transform of Eq. (2) can be written as
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which evaluates to the following expression:
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The function erfc( ) is the complementary error function, and the function sign(b) is +1 if b is positive, 0 if b
is zero, and �1 if b is negative.

The expression in Eq. (5) involves the difference of two terms, each of which can be evaluated using the
implementation of the Humlicek algorithm described in the paper by Kuntz [8] (with the appropriate
corrections [9]), where accurate analytical approximations are given for functions of the following form:

Kða; bÞ ¼ Reðexpðz2ÞerfcðzÞÞ; z ¼ a� ib. (7)

To account for the complex nature of the relaxation rate, the following substitutions are made [10]:

Go ¼ go � iZo; G2 ¼ g2 � iZ2. (8)

With these substitutions, the calculation of the SDV profile becomes more complicated. The expressions for
the parameters z1 and z2 from Eq. (5) become
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If the Z2 term is negligible, it is preferable to use the much simpler expressions in Eq. (6), with the following
substitution:

ðo� ooÞ ! ðo� oo � ZoÞ, (11)

where Zo is obviously the well-known pressure shift, traditionally assumed to be proportional to pressure. The
broadening and narrowing parameters, go and g2, are proportional to pressure (P) and are assumed to have a
power law dependence with respect to temperature (T) [2]:

gðP;TÞ ¼ gðToÞP
To

T

� �n

, (12)

where the reference temperature, To, is 296K. The parameter Z2(P,T) is also assumed here to follow the
pressure and temperature dependence described in Eq. (12), and all parameters (go, g2, and Z2) are assumed to
have a common value for temperature dependence exponent (n).
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Fig. 1. Comparison of Voigt and speed-dependent Voigt profiles. The parameters used in the calculations are described in the text.
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The formulation presented here fails if the parameter g2 is fixed to zero (division by zero). However, setting
the parameter to a very small value yields minimal deviation from a Voigt profile.

Fig. 1 shows the difference between the Voigt and SDV profiles for a common broadening parameter. The
SDV profile is calculated from the expression in Eq. (5) using the parameters z1 and z2 defined in Eqs. (9) and
(10). The Voigt profile uses an air-broadening half-width (the equivalent of go(To)) of 0.095 cm

�1 atm�1. The
SDV profile uses the following parameters: go(To) ¼ 0.095 cm�1 atm�1, g2(To) ¼ 0.03 cm�1 atm�1, and
Z2(To) ¼ 0.015 cm�1 atm�1. The temperature dependence exponent (n in Eq. (12)) is set to 0.77 for both
Voigt and SDV profiles, and the pressure shift parameter, Zo/P, is set to 0.005 cm�1 atm�1 for both profiles.
Temperature in the calculations is 215K, and pressure is 0.25 atm.

The SDV profile is narrower than the Voigt profile, giving rise to the w-shaped structure in the difference
between the two profiles. The asymmetry in the SDV profile in Fig. 1 is a consequence of the Z2 term, but it is
worth noting that the pressure shift term (Zo) can lead to an apparent asymmetry for atmospheric limb
measurements of molecular lines. Measuring through a medium with variable pressure, contributions to the
signal from different pressures will have different line centers, leading to an apparent asymmetry. The Z2 term,
conversely, induces an actual asymmetry in the line even under static pressure conditions.

3. H2O retrievals from ACE-FTS measurements

The approach used for ACE-FTS volume mixing ratio (VMR) retrievals is described elsewhere [11]. Briefly,
pressure and temperature as a function of altitude are determined through analysis of CO2 lines in the spectra,
making use of an assumed VMR profile for CO2. Pressure and temperature are then fixed in the subsequent
VMR retrievals for other molecules (and for the analysis presented here).

The ACE-FTS retrieval software was updated to allow the determination of line shape parameters
simultaneously with the VMR retrieval. To test the effectiveness of the SDV line shape, retrievals were
performed on a 0.63 cm�1 wide window centered at 2672.71 cm�1 over an altitude range 7–21 km. This
window contains a single HDO line at 2672.59 cm�1. Fig. 2 shows the data being analyzed, the target HDO
line for a series of 15 ACE-FTS measurements over the course of a single occultation (sr10909, collected
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Fig. 2. An HDO line at 2672.59 cm�1 for a series of 15 measurements in sr10909, an occultation collected August 22, 2005 at latitude 101S

and longitude 71W.

Fig. 3. For the measurement set depicted in Fig. 2, fitting residuals when using a Voigt line shape and spectroscopic parameters from the

HITRAN 2004 line list. The residuals for all 15 measurements are plotted simultaneously.
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August 22, 2005 at latitude 101S and longitude 71W). The heights listed to the right of the figure are the
measurement tangent altitudes (altitudes of closest approach to the Earth for solar rays being measured). As
one probes lower and lower into the atmosphere, the absorption depth increases (due to more HDO molecules
along the line of sight), and the line broadens (due to pressure broadening).

Fig. 3 shows the residuals obtained when fitting for HDO VMR using the standard Voigt profile, and using
the spectroscopic parameters from the HITRAN 2004 line list. Curves for all 15 analyzed measurements are
plotted on a common graph. The residuals for the lowest altitude measurements are very large, clear evidence
of line shape problems. There is also significant asymmetry in the line (one lobe dips lower than the other). The
asymmetry does not vary much with altitude, suggesting that there is a true asymmetry in the line, not just an
apparent asymmetry resulting from the pressure shift effects mentioned previously.

Note the presence of a fixed pattern in the residuals from different measurements, a consequence of far wing
contributions from lines not included in the calculation, and perhaps a degree of residual channeling in the
transmittances. The effective signal-to-noise ratio in this window, defined by the amplitude of this oscillatory
fixed pattern, is roughly 300 to 1.

It is possible to improve the residuals by adjusting the pressure-broadening parameter. Fig. 4 shows the
residuals when the pressure-broadening half-width is treated as a fitting parameter rather than fixed to the
value from the HITRAN 2004 line list. Note that the temperature dependence exponent is fixed to the value
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Fig. 4. The same as Fig. 3, but with the air-broadened half-width fitted rather than fixed to the value from the HITRAN 2004 line list.

Fig. 5. The same as Fig. 3, but using a speed-dependent Voigt line shape rather than a Voigt line shape. The parameters required for the

speed-dependent Voigt profile (not available in any line list) were determined via least-squares fitting.
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from the line list. There is a significant improvement in the fitting results, but there remain features in the
residuals for the lowest altitude measurements.

Fig. 5 shows the residuals for analyzing the HDO line using an SDV profile. The fitting parameters (in
addition to HDO VMR) were go(To), g2(To), Z2(To), and a pressure shift parameter, Zo/P. Again, the
temperature dependence exponent, n, is fixed to the value in the HITRAN 2004 linelist and is assumed to be
the same for go, g2, and Z2. The residuals in Fig. 5 are below the level of the effective noise.

4. Discussion

The Voigt profile is not sufficiently accurate to calculate air-broadened infrared H2O lines measured by the
ACE-FTS instrument. The low mass of H2O compared to its collision partners (N2 and O2) is a major
contribution to the breakdown of the assumptions implicit in the calculation of the Voigt profile. However, the
significant dipole moment of water likely also plays a role, through increasing the influence range of collisions,
because the effect is not observed for CH4.

Self-broadening of water lines is ignored in the analysis of ACE-FTS spectra. The lowest altitudes studied
with the ACE-FTS are near 5 km, and the partial pressure of water at these altitudes (and above) is never large
enough for self-broadening effects to become significant. For the analysis of the HDO line presented in this
article, for example, the VMR at the lowest analyzed measurement was less than 0.0002 ppv. The self-
broadening parameters for water will be subject to speed-dependent effects, similar to the air-broadening
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parameters described here. Speed-dependent effects generally decrease with the mass of the collision partner,
so one might expect less of an effect for self-broadening compared to air broadening. However, stronger
interactions via the dipole moment of water may serve to enhance the effects despite the reduced collision
partner mass.

Using a speed-dependent Voigt profile for water clearly represents a dramatic improvement in the
calculation accuracy, and adopting this line shape should therefore improve the accuracy of the H2O retrievals
from ACE-FTS. The primary stumbling block in using a speed-dependent Voigt profile for water is the current
lack of information on the go(To), g2(To), and Z2(To) parameters. Note that the interpretation of go(To) is in
theory equivalent to the broadening parameter currently in linelists such as HITRAN 2004, but the values of
go(To) obtained using a speed-dependent Voigt profile will generally be slightly larger [5]. It is therefore not
appropriate to leave the broadening parameter in the linelist fixed and add new columns for g2(To) and Z2(To).
All of the parameters need to be determined simultaneously from experimental data.

In the absence of the necessary linelist data for go(To), g2(To), and Z2(To), an interim set of these parameters
will be generated from the ACE-FTS spectra for all water lines used in retrievals at low altitudes (below
�15 km), including lines used in the retrieval of H2O VMR profiles and lines that serve as interferences in the
retrieval of other molecules. This should in particular improve the results for weak absorbers such as, e.g.,
HFC-134a and peroxyacetyl nitrate (PAN), molecules for which the huge residuals from overlapping water
lines have created challenges in the retrieval process. Several dozen occultations will be analyzed
simultaneously in order to improve the accuracy of the derived parameters.

In principle, the effects requiring the use of a speed-dependent Voigt profile extend to altitudes above 15 km,
but the resolution of our instrument likely precludes us from generating accurate parameters in that altitude
region. There is a great need for analysis of laboratory spectra of H2O to generate the parameters required for
the speed-dependent Voigt profile.

It should be stressed that the approach described here neglects the contribution of velocity and phase
changing collisions to the line shape. The ACE-FTS measurements lack the sensitivity to determine how
significant such contributions may be. If laboratory measurements indicate the need, the approach described
here could be incorporated into the speed-dependent Nelkin–Ghatak profile [12], an empirical approach with a
very simple form, albeit with the complication of requiring calculation of the imaginary component of the
expression in Eq. (5).
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