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Abstract. Motivated by the initial selection of a high-
resolution solar occultation Fourier transform spectrometer
(FTS) to fly to Mars on the ExoMars Trace Gas Orbiter, we
have been developing algorithms for retrieving volume mix-
ing ratio vertical profiles of trace gases, the primary compo-
nent of which is a new algorithm and software for retrieving
vertical profiles of temperature and pressure from the spectra.
In contrast to Earth-observing instruments, which can rely
on accurate meteorological models, a priori information, and
spacecraft position, Mars retrievals require a method with
minimal reliance on such data. The temperature and pressure
retrieval algorithms developed for this work were evaluated
using Earth-observing spectra from the Atmospheric Chem-
istry Experiment (ACE) FTS, a solar occultation instrument
in orbit since 2003, and the basis for the instrument selected
for a Mars mission. ACE-FTS makes multiple measurements
during an occultation, separated in altitude by 1.5-5km, and
we analyse 10 CO; vibration—rotation bands at each altitude,
each with a different usable altitude range. We describe the
algorithms and present results of their application and their
comparison to the ACE-FTS data products. The Constel-
lation Observing System for Meteorology, lonosphere, and
Climate (COSMIC) provides vertical profiles of temperature
up to 40 km with high vertical resolution. Using six satel-
lites and GPS radio occultation, COSMIC’s data product has
excellent temporal and spatial coverage, allowing us to find
coincident measurements with ACE with very tight criteria:
less than 1.5h and 150 km. We present an intercomparison
of temperature profiles retrieved from ACE-FTS using our

algorithm, that of the ACE Science Team (v3.5), and from
COSMIC. When our retrievals are compared to ACE-FTS
v3.5, we find mean differences between —5 and +2 K and
that our retrieved profiles have no seasonal or zonal biases
but do have a warm bias in the stratosphere and a cold bias
in the mesosphere. When compared to COSMIC, we do not
observe a warm/cool bias and mean differences are between
—4 and +1K. COSMIC comparisons are restricted to be-
low 40 km, where our retrievals have the best agreement with
ACE-FTS v3.5. When comparing ACE-FTS v3.5 to COS-
MIC we observe a cold bias in COSMIC of 0.5 K, and mean
differences are between —0.9 and +-0.6 K.

1 Introduction

Methane has recently been confirmed in the atmosphere of
Mars by Curiosity’s Tunable Laser Spectrometer on the Sam-
ple Analysis at Mars suite (Webster et al., 2015). Thought to
have a short lifetime of only hundreds of years (Summers
et al., 2002; Wong et al., 2003), this result suggests that Mars
is either geologically or biogenically active, hosting a pro-
duction mechanism for methane. Understanding such a pro-
cess will impart insight into whether Mars is currently, or
has been, habitable. On Earth, methane is mainly produced
biologically (Atreya et al., 2007), but on Mars several geo-
logic and exogenic sources have been suggested (e.g. Web-
ster et al., 2015, and references therein). The discovery of
methane was originally published over a decade ago by three
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independent groups: Formisano et al. (2004), Krasnopolsky
et al. (2004), and Mumma et al. (2009). Their results were
met with criticism (Lefevre and Forget, 2009; Zahnle et al.,
2011) and further null detection (Krasnopolsky, 2012; Web-
ster et al., 2013) but also supporting evidence (Geminale
et al., 2011; Fonti and Marzo, 2010).

To date, observations of trace gases in the Martian atmo-
sphere have only been made by orbital instruments with lim-
ited capability, in situ landers, and Earth-based observatories,
limiting results to a detection or confirmation. To understand
any active processes on Mars, we need to further character-
ize atmospheric methane and other trace gases. We require
definitive detection of trace gases, long-term global measure-
ments to understand temporal and spatial variability and to
quantify their lifetimes, sensitivity to isotopic ratios to esti-
mate sources, and vertical profiles to probe transport. These
criteria can all be addressed by an orbital Fourier transform
spectrometer (FTS) with a long enough optical path differ-
ence to resolve individual spectral lines, allowing identifica-
tion of trace gases and their isotopologues even in the pres-
ence of interfering molecules.

The Mars Atmospheric Trace Molecule Occultation Spec-
trometer (MATMOS) was an instrument jointly led by the
Canadian Space Agency (CSA) and Jet Propulsion Labora-
tory (JPL) to send a high-resolution FTS to Mars onboard
the ExoMars Trace Gas Orbiter (TGO). MATMOS was with-
drawn after NASA terminated participation in the ExoMars
program in 2013. The instrument was based on the CSA’s
Atmospheric Chemistry Experiment (ACE) FTS on SCISAT
(Bernath et al., 2005) and the interferometer, metrology sub-
system, and imager were to be built by ABB Bomem (an en-
gineering demonstration unit was delivered), while the tele-
scope, detector optics, radiative cryocooler, analog and dig-
ital electronics, thermal sub-systems, and on-board process-
ing computer were to be provided by JPL. MATMOS and
ACE-FTS operate in solar occultation mode, making mea-
surements over a range of tangent altitudes at sunrise and
sunset along the atmospheric limb. The high spectral resolu-
tion of the interferometer and the high signal-to-noise ratio
and long path length of the solar occultation technique make
the instruments well suited for detecting and measuring trace
gases. The primary drawback of this method is its limited
spatial coverage. MATMOS was designed to be capable of
detecting a broad suite of trace gases in the Martian atmo-
sphere, some with a detection capability 3 orders of magni-
tude greater than previously achieved.

The MATMOS and ACE-FTS interferometers feature
a double-pass swing-arm optical layout with a 25 cm maxi-
mum optical path difference (0.02cm~1 spectral resolution).
There are two detectors, HgCdTe and InSh, with a com-
bined spectral range of 750-4400cm~! for ACE-FTS and
850-4300cm~1 for MATMOS. By comparison, the Plane-
tary Fourier Spectrometer (PFS) on Mars Express (MEX)
has a spectral range of 220-8190cm~! and resolution of
1.3cm~! (Formisano et al., 2004), while the Thermal In-
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fraRed V-shape Interferometer Mounting (TIRVIM), part of
the Atmospheric Chemistry Suite replacing MATMOS on
TGO, will have a spectral range of 590-5880 cm~1 and so-
lar occultation mode resolution of 0.2cm~1 (Korablev et al.,
2014).

1.1 Observations of the Martian atmosphere

The temperature and pressure of the Martian atmosphere
have been continuously monitored by instruments on orbit-
ing spacecraft since 1999 (Hinson et al., 2004; Forget et al.,
2009; Kleinbohl et al., 2009), as have been the properties and
effects of aerosols (Clancy et al., 2003; Heavens et al., 2011;
Méaétténen et al., 2013). The composition of the Martian at-
mosphere was measured by the Viking missions and Owen
et al. (1977) reported CO2, N2, Ar, Oy, CO, Neg, Kr, and Xe.
The abundances of many of these gases were not updated
until the arrival of the Curiosity rover, which measured CO»,
N2, Ar, Oz, CO, and N, (Mahaffy et al., 2013). Other trace
gases have been sought from Earth and spacecraft, but few
have been discovered or confirmed, and the vertical structure
of even fewer is known.

Vertical profiles of gas abundances have only been mea-
sured for CO, (Fedorova et al., 2009), O3 (Lebonnois et al.,
2006), and H,O (Maltagliati et al., 2011, 2013). The Her-
schel Space Observatory has been used to attempt to mea-
sure vertical profiles of O, and CO (Hartogh et al., 2010a, b),
but currently only spectra and vertical profiles of temperature
have been published, which have both been inferred from
airglow measurements made on Earth (Krasnopolsky, 2007).
CO has been studied using spacecraft data (e.g. Sindoni et al.,
2011), while O, airglow has recently been confirmed from
observations by MEX and the Mars Reconnaissance Orbiter
(MRO) (Bertaux et al., 2012; Clancy et al., 2012). NO has
also been inferred from airglow measurements from MEX
(Bertaux et al., 2005; Gagné et al., 2013). The existence of
0O, and NO in the upper atmosphere imply complex photo-
chemistry (e.g. Atreya et al., 2007; Barth et al., 1992), but
several predicted molecules, including N2O, NO,, and HO>,
have not been observed (Villanueva et al., 2013, and refer-
ences therein).

Conversely, H,O, has been discovered, first from Earth
(Clancy et al., 2004; Encrenaz et al., 2012) and recently
confirmed by MEX data (Aoki et al., 2015). H, has been
observed from Earth (Krasnopolsky and Feldman, 2001),
which suggests that the radical OH should also be present,
which was also recently confirmed by MRO observations
(Clancy et al., 2013). Searches are ongoing, without a de-
tection, for sulphur species such as SO, (Encrenaz et al.,
2011; Krasnopolsky, 2012), indicative of volcanic activity,
and chlorine species such as HCI (Villanueva et al., 2013),
which is suggested by the discovery of perchlorates on the
surface (Hecht et al., 2009; Glavin et al., 2013).

A MATMOS-like instrument would be capable of setting
detection limits of N,O, NO,, HO,, HCI, SO,, OCS, and
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other organic molecules between 1 and 50 ppt. In dust-free
conditions, the sensitivity of MATMOS would be < 10 ppt
for most infrared-active target gases.

1.2 Solar occultation retrievals

Retrieving trace gas abundances from solar occultation spec-
tra is done by fitting a computed spectrum to the measured
data. A single occultation sequence generates a set of spectra
at different tangent altitudes, and all are fit simultaneously.
Achieving a good fit requires properly modelling the shape
of each line (using physical and spectroscopic parameters),
accounting for background and interfering components, and
having the correct line depth, which depends on the amount
of the absorber at various sampled altitudes. Retrievals at
Mars are more difficult than at Earth for several reasons:

— the lack of meteorological analyses;

— the lack of communication infrastructure to determine
spacecraft location;

— colder atmospheric temperatures, which increase the
sensitivity to errors, and for which CO; self-broadening
parameters need to be determined,;

— seasonal variations in surface pressure caused by the
CO, ice cycles at the poles;

— weak pressure broadening in the thin atmosphere;

— the prospect of high levels of stratified suspended dust,
which attenuates solar radiation, has broad spectral fea-
tures at all wavelengths and has varying opacity during
the acquisition of a single spectrum, distorting the shape
of spectral lines.

The retrieval strategy commonly used is to determine and
fix as many parameters as possible prior to fitting the spectra
since the system may be underdetermined if insufficient a pri-
ori information is provided to ensure a unique solution. Pre-
determining parameters is further advantageous since gas ab-
sorption coefficients depend on temperature and pressure.
However, T, P, and altitude are interdependent and must
be restricted by the equation of hydrostatic equilibrium. The
MATMOS team selected the GGG software suite (Goldman
et al., 1999), maintained at JPL, for performing retrievals.
GGG grew out of software developed for the Atmospheric
Trace Molecule Spectroscopy (ATMOS) Space Shuttle mis-
sion (Norton, 1991) (using an onion-peeling scheme) and
was used by Irion et al. (2002) for the final version of anal-
ysis of ATMOS spectra (using the global-fitting approach
of Carlotti, 1988). GGG is now used by the Total Carbon
Column Observing Network (TCCON) (Wunch et al., 2011)
and MKIV balloon program (Toon, 1991) (using a limited
optimal estimation scheme for each spectrum described in
Wunch et al., 2011). The ACE-FTS retrieval software, de-
scribed in Sect. 2.1, relies on a combination of assumptions,
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a priori knowledge, and data from models. Operating at an-
other planet, these a priori profiles are unknown and models
of the Mars atmosphere have not been developed to a suitable
level for this purpose. Our objective is to develop a method
for pressure and temperature retrievals with minimal reliance
on such assumptions. The practical advantages of developing
a new method are that it will be integrated into GGG, which
has already been adapted for Mars, while the ACE method
is highly specific to Earth observations and the ACE-FTS in-
strument and may be challenging to adapt without key per-
sonnel on the ACE team.

Our method, described in Sect. 2.3, exploits the tempera-
ture dependence of individual absorption lines in vibration—
rotation bands of CO,. Spectral fitting is done over micro-
windows containing CO, absorption lines with different
ground state energies by varying the CO, volume mixing ra-
tio (VMR). This method requires a priori CO, VMRs, T,
and P, and its sensitivity to the a priori profiles is discussed
in Sect. 3.1. The fitting results for all windows encompassing
a band are analysed to deduce temperature and pressure. This
technique is based on early ATMOS retrievals (Stiller et al.,
1995) but benefits from the broader simultaneous spectral
range of ACE-FTS and MATMOS (allowing us to use more
CO3 bands and retrieve over the full altitude range) and ad-
vancements made to GGG (e.g. updated spectral parameters,
line lists, and line shapes, but especially the ability to fit mul-
tiple gases in a window simultaneously and no longer rely-
ing on onion peeling). We use a different mathematical treat-
ment, a new scheme for determining a pressure profile, and
a new restriction for maintaining hydrostatic equilibrium.

After a vertical profile for 7 and P has been found, the
method can be applied iteratively, using the retrieved verti-
cal profiles as refined a priori. This was originally done by
Stiller et al. (1995) for ATMOS. While there can be conver-
gence issues with an iterative approach, as noted in Sect. 2.2,
it may be used for a MATMOS-like mission. The ACE-FTS
retrievals presented here were not done iteratively because
of the high quality of the a priori. Iterating the retrieval too
many times for ACE-FTS tended to introduce oscillations in
the temperature profile, especially above 70 km, where our
assumptions break down. For Mars, where the a priori will
be less accurate, iterating the temperature retrieval may be
beneficial.

A set of 129 occultations recorded by ACE-FTS, repre-
senting different latitudes and seasons, were analysed; they
are discussed in Sect. 3.2 and results are shown in Sect. 3.3.
Each ACE-FTS occultation is a series of 30-130 (mean 53)
spectra recorded at tangent altitudes between 5 and 15 km.
The Constellation Observing System for Meteorology, lono-
sphere, and Climate (COSMIC) is a six-satellite constellation
that uses GPS (Global Positioning System) radio occultation
to obtain high-precision vertical profiles of temperature (An-
thes et al., 2008). Many of the ACE-FTS occultations pre-
sented in Sect. 3.2 were chosen to be coincident with COS-
MIC GPS occultations, using tight coincidence criteria of 1 h
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and 150 km. We use the COSMIC data product to indepen-
dently validate our analysis, and an intercomparison is shown
in Sect. 3.4.

2 Retrieval technique
2.1 ACE-FTS pressure and temperature retrievals

ACE-FTS retrievals are described in Boone et al. (2005) for
version 2.2 (v2.2) and Boone et al. (2013) for version 3.0
(v3.0). Validation of ACE-FTS v2.2 temperature by Sica
et al. (2008) revealed three issues with retrieved tempera-
ture profiles: unphysical oscillations in the mesosphere for
some occultations, a systematic bias near 23 km related to an
empirical function used to impose smooth behaviour in re-
trieved pressures below 23 km in v2.2, and a warm bias of
around 3-6 K in the mesosphere. ACE-FTS v3.0 addresses
the above issues with temperature. In October 2010, a change
in the format of the outputs from the Canadian Meteoro-
logical Centre’s (CMC’s) analysis model introduced errors
into the a priori pressure and temperature data used by the
ACE-FTS retrievals, which impacted v2.2 and v3.0 results
from that date onward. In ACE-FTS version 3.5 (v3.5), oc-
cultations since September 2010 have been reprocessed with
the correct a priori pressure and temperature. Pointing in-
formation from SCISAT is subject to systematic timing er-
rors, which necessitates determination of the measurement
geometry from analysis of the ACE-FTS spectra. Compar-
isons presented here use ACE-FTS v3.5.

ACE-FTS P/T retrievals are divided near 50 km into
a high-altitude regime, up to 120km, and a low-altitude
regime, down to 15 km. The retrieval proceeds in two stages,
beginning with the determination of a crossover pressure
near 50 km that serves as the boundary between the high-
and low-altitude regions. The high-altitude retrieval is per-
formed first and includes the tangent pressure at the crossover
level as a fitting parameter. The low-altitude retrieval follows
with the crossover pressure fixed. The crossover pressure is
refined, and P/T retrievals are repeated. The ACE-FTS re-
trieval follows these steps:

1. calculate high-altitude tangent altitudes from satellite
position

2. estimate low-altitude tangent altitudes from N, contin-
uum

3. perform high-altitude P/T retrieval with the crossover
pressure as a fitting parameter

4. refine low-altitude tangent altitude spacing using the
equation of hydrostatic equilibrium

5. perform low-altitude P/ T retrieval

6. refine the crossover pressure
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7. repeat high-altitude P/T retrieval with the crossover
pressure fixed

8. repeat low-altitude P/ T retrieval

9. shift tangent altitudes to agree with low-altitude meteo-
rological data.

The high- and low-altitude retrievals both determine the tem-
perature profile by fitting a set of spectral windows contain-
ing CO2 lines with 1/T as a free parameter. They differ in
how they determine pressure, tangent altitude, and the CO»
VMR.

Prior to the retrieval, the crossover level between the high-
and low-altitude retrievals is chosen. During the first pass of
the high-altitude retrieval, pressure at the crossover level is
fitted along with temperature. During the first pass of the low-
altitude retrieval, a refined value for the crossover pressure is
determined that yields the closest match to expectations for
the highest calculated tangent altitude.

The high-altitude retrieval pre-determines tangent alti-
tudes, pressures, and a portion of the CO, VMR profile. In
the absence of conditions that would impact the alignment
of the sun tracker on the solar disk, such as clouds or sig-
nificant refraction, relative pointing information can be ac-
curately determined from knowledge of the satellite’s orbital
data, which are used to directly calculate tangent altitudes.
Knowing the measurement geometry, the change in tangent
pressure from one measurement to the next can be calculated
by integrating the equation for hydrostatic equilibrium, tak-
ing into account the decrease in acceleration due to gravity
with altitude and the changing average mean molecular mass.
The altitude dependence of the mean molecular mass is deter-
mined from the outputs of the US Naval Research Laboratory
(NRL) Mass Spectrometer and Incoherent Scatter (MSIS)
radar model (NRL-MSISE-00) (Picone et al., 2002). Begin-
ning around 60 to 90 km, depending on the geolocation and
season, CO, concentrations fall off with increasing altitude,
making the a priori CO2 VMREs less reliable. The CO, VMR
is fixed to the a priori between the crossover pressure level
and ~ 70 km. Spectral fitting is then performed to determine
the temperature profile with 1/ T, the crossover pressure, and
CO2 VMR above 70 km as parameters. An empirical func-
tion is used to describe the fitted CO, VMR profile above
~ 70km in order to force the results to exhibit smooth be-
haviour.

At low altitudes, a priori knowledge of the CO, VMR
profile is relatively accurate, so it is fixed. A first guess of
the tangent altitudes is made using the baseline ratio in the
N2 continuum level. Tangent altitudes below the crossover
pressure level are determined by integrating the hydrostatic
equation downward from that altitude using the results of the
high-altitude retrieval. Spectral fitting over a set of micro-
windows containing CO3 lines is done with both pressure
and temperature (1/T) as parameters.
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2.2 Tangent altitudes

As described in Sect. 2.1, the geometry at high altitudes is
directly calculated from knowledge of the satellite’s orbit,
while the tangent altitudes at low altitudes are determined
during the P/ T retrieval through integration of the equation
for hydrostatic equilibrium. This process yields good relative
pointing information, but to obtain absolute pointing infor-
mation an altitude registration step is required. In v3.5, at the
end of the P/ T retrieval, all tangent altitudes are shifted by
a common amount in order to have the retrieved pressures
between 15 and 25 km match the a priori pressures from the
CMC. Below 15km, P and T are fixed to the a priori data
from the CMC, and tangent altitudes in this altitude region
are fitted using a set of 80C%0 spectral lines (Boone
et al., 2013).

Ideally, future iterations of an ACE-like FTS will have
more reliable pointing information, allowing tangent alti-
tudes to be determined independently of T, P, and gas
VMRs. One method used by the MKIV balloon missions de-
termines tangent altitudes from CO, lines (Goldman et al.,
1999). In GGG, tangent altitudes are computed geometrically
from the solar zenith angle and account for effects such as re-
fraction. Corrections to tangent altitude in GGG are made by
iteratively adding pointing offsets to the solar zenith angles
until the retrieved CO, VMR profile matches the a priori. For
our application, we encountered two problems: (i) the MkIV
method requires very accurate a priori CO2, T, and P; (ii) we
are using the same data to first obtain tangent altitude, then T
and P, which can iteratively be used to re-determine z, and
so on. An iterative approach does not reduce uncertainties,
can introduce unphysical oscillations, and is estimating too
many unknown parameters from the same data.

Our retrievals are very sensitive to altitude (since varia-
tions in altitude are effectively variations in T and P), and
the MkIV method tended to yield a 0.5-1.5km bias when
compared to ACE-FTS retrievals. To avoid biases caused by
altitude errors, we use ACE-FTS retrieved tangent altitudes
instead. Ideally, a MATMOS-like mission would have better
pointing information available and a more accurate altitude
determination scheme. This provides a more direct compari-
son of temperatures retrieved here and by ACE-FTS, and we
can be certain we are comparing temperatures estimated from
a single spectrum at a given altitude, which becomes difficult
when tangent altitude spacing is of the same order as tangent
altitude uncertainty. A minimization scheme is used to deter-
mine the pointing offset that returns the ACE-FTS altitudes
in GGG.

2.3 Determining temperatures
Rather than using T and P as fitting parameters, we devel-
oped a method to estimate 7 and P by analysing the results

of spectral fitting using CO2 VMR as the adjusted parameter.
A similar technique was first demonstrated by Stiller et al.
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(1995) and was used to determine temperature profiles from
the ATMOS solar occultation FTS, deployed on the Space
Shuttle for four missions (Irion et al., 2002). We start by
fitting individual spectral lines in a CO, vibration—rotation
band. We then exploit the temperature dependence of the ab-
sorption lines by looking at systematic variations in retrieved
VMR as a function of the lower energy state of each line’s
transition in a band. Spectral fitting is performed for all al-
titudes and windows first, then followed by the analysis of
retrieved VMR and energy states to derive a vertical profile
of T. The following steps are taken to retrieve vertical pro-
files of temperature and pressure and are explained in the
following sections:

1. Spectral fitting of CO3 lines is performed for 10 CO»
vibration—rotation bands with around 40 lines each.

2. Data quality criteria are imposed on resulting VMR
scale factors (VSFs).

3. Temperature and pressure are computed for each band
at each altitude.

4. Weighted means of 7' and P are calculated for each al-
titude to produce vertical profiles of 7" and P.

5. At each altitude, weighted means of 7 and P are calcu-
lated to produce vertical profiles of 7 and P.

6. The altitude with the highest-quality pressure retrieval
is estimated.

7. The vertical profile of temperature is integrated above
and below the altitude with the highest-quality pressure
retrieval.

8. A vertical profile of pressure is computed using the
equation of hydrostatic equilibrium.

When GGG fits a computed spectrum to a measured spec-
trum over a spectral window, it varies the VMR of the target
gases until a best fit is achieved. The result is the VSF for
each target gas at each altitude, defined for some target gas,
by the following equation:

Column = VSF/X’nads, @

where the left-hand side is the total column of the target gas
along the slant path through the atmosphere, between the sun
and the instrument, taking into account bending due to re-
fraction. x’ is the VMR of the target gas (the prime notation
indicates that it is an a priori quantity), n, is the total num-
ber density, and s is the path variable. VVSF is therefore the
ratio between the true total column of gas, and that calcu-
lated by GGG. In solar occultation geometry, once fitting has
been performed, and if the altitude, pressure, and tempera-
ture are correct, then the slant paths of the actual column and
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the a priori column are the same. GGG divides the atmo-
sphere into homogeneous layers, calculates the optical path
for an observation, and accounts for the contributions from
each layer. Therefore, the VSF is the ratio between a priori
and true gas amounts averaged over the slant path, and we
express the retrieved VMR as VSFy’.

For transmission spectra, we can describe the depth of an
absorption feature with the Beer—Lambert law:

L

1) = L) exp [Z — S(T) f(T;, P,-,'v‘>x,-(P,-/kT,->lf} )

where the sum is of contributions from each layer of the at-
mosphere the solar ray passes through, i is an atmospheric
layer, 1(v) is the transmitted intensity at wave number v,
I,(V) is the incident intensity, S(T;) is the temperature-
dependent line strength defined in Rothman et al. (1998),
f(T;, P;,v) is the line shape function, k is the Boltzmann
constant, and /; is the optical path length. After fitting, we
assume that the measured transmittance, 7 (v)/I,(v), is equal
to the calculated transmittance, 1’(v)/I.(v), computed by
GGG using a priori quantities and the VSF. We also as-
sume that the line shape function, optical path length, and
incident intensity for 7 (v) and I'(V) are equivalent (f; = f/,
i =1, I,(v) = I;(v)). We further simplify the expression for
1 (V) = I'(v) by assuming GGG has already accounted for
the contributions from each layer i and obtain an expression
for the retrieved VMR, VSFy/, at the altitude of the observa-
tion:

/

STy PiT;

/
VSF;x; = WX/FF]
J J

: ®)
where j represents the altitude of the tangent point of the
optical path for an observation.

The ratio of line strengths is
S(T)  QR(T) Qu(T") L— e i7" oheE" /KT’
STy OrR(T) Qu(T) | _ ,~i5r eheE"/kT”

(4)

where the lower energy state of the transition, E”, is ex-
pressed in cm~1, and Qr(T) and Qv(T) are the rotational
and vibrational partition functions. The ratio of rotational
partition functions can be expressed as simply 7’/ T for CO»
and we argue that ratio of vibrational partition functions and

the ratio of spontaneous emission terms (1 — e_%) are ap-
proximately equal to 1 for the differences between T and T’
that we expect (on the order of 1 to 10 K). GGG uses an em-
pirical model developed for TCCON to calculate the telluric
a priori CO; profile as described in Wunch et al. (2011). We
rely on the quality of the a priori CO, VMR profiles to re-
move the dependence on the true CO; VMR, yx, from our
equations by assuming x/x’ ~ 1. The a priori VMR verti-
cal profiles for other molecules were provided by TCCON,
while a priori T, P, and specific humidity vertical profiles
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up to 40km were derived from National Centers for Envi-
ronmental Prediction (NCEP) reanalysis data (Kalnay et al.,
1996) (the US standard atmosphere was used above 40 km).
With these assumptions, combining Eqgs. (3) and (4) yields

N\ 2 ”
IN(VSF) = |n(i,(l) 5)+ heb” (i - i) )
x'\T ) P kK \1" T

The result is a linear relationship between In(VSF) and E”.
A set of spectral micro-windows targets individual CO, ab-
sorption lines in a CO2 vibration—rotation band. Each line is
fitted at each observation altitude to determine the VVSF and
a the linear relationship in Eq. (5) is fitted using E” values
reported by Rothman et al. (2013). From the slope of the best
fit line, we derive T, and from the y intercept, we derive P.

In this study, 10 strong CO, bands were studied. Each
band has its own effective altitude range, below which ab-
sorption may be total and above which absorption may be
negligible. In some cases, interference from other molecules
may hamper our CO; line fits. The bands used, and their ef-
fective altitude ranges and interfering molecules, are listed
in Table 1. Because at certain altitudes, lines in some bands
may be too weak to fit reliably, each band is analysed sepa-
rately. Least squares estimation is used, with each data point
weighted using the propagated uncertainties returned from
spectral fitting. We rely on these uncertainties to flag bad
fits to VSF and, thus, which bands are unsuitable for re-
trieving temperature at each altitude. At a given altitude,
temperature, T, pressure, P, and their uncertainties, §7 and
3P, are computed for each band and then a data quality
filter is applied to T values from each band to determine
which results to use in a weighted mean. This is followed by
a data quality filter on pressure. For temperature, we require
0<d8T/T <aand |T —T’| <25, and pressure additionally
requires0 < 8 P/ P < b, with a and b determined empirically
and subject to change but usually < 1. Figure 1 shows typ-
ical In(VSF) vs. E” relationships for an altitude where four
bands passed the data quality filter and were used to estimate
T, with transitions, fitting results, and uncertainties labelled.
Error bars are the variance of the weighted mean.

After processing all 129 occultations, we assessed any bi-
ases between CO; bands, incorporated corrections into our
software, and compared results of reprocessing with our orig-
inal results. We investigated slope, intercept, retrieved T, and
VSF, and their relationships with altitude, season, and re-
trieved and a priori temperatures for each band at every alti-
tude and occultation. Any bias between bands is very small,
obscured by the spread of data, and insignificant compared
to seasonal variations. For VSF, slope and T we computed
the exponentially weighted mean at every altitude for all the
fitting data and for each band. The ratio of each band’s mean
to the total mean was found and interpolated onto a 1 km grid
to be used as a bias correction. The VSF ratios for each band
were between 0.8 and 1.2 and tended to diverge at higher al-
titudes, while those for temperature were between 0.95 and
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Table 1. List of CO, vibration—rotation bands used in 7 — P analysis. Each band’s central wave number is given by Rothman et al. (1992) and
the range is of the micro-windows used, which are predominantly between 0.2 and 0.32 cm— L. Interfering species are gases with absorption
lines occupying the micro-windows, but are also fitted by GGG. The effective altitude range is that over which absorption lines are strong
enough relative to noise to be fitted, but not so strong that absorption is total over the range of the micro-window, and where the micro-window

is not dominated by strong absorption by interfering species.

Central Band Windows Primary Effective
Transition wave number range used interfering altitude

(cm™1) (cm™1) species  range (km)
0091 « 10%? 961.0 920.6-984.6 38 03, CCLyF, 12-62
00%1 < 02% 1063.7 1016.5-1095.0 49 03, HyO 50-65
03%0 « 0091 19325 1888.7-1977.0 69 H,0, O3 22-70
1110 « 001 2076.9 2002.3-2127.6 89 03, Hy0,CO 25-86
0000 « 00012.P 2349.1 2303.2-2382.8 53 60-140
1001 « 02001 2429.4  2396.8-2457.8 41 N0, CHy 30-50
1510 < 00%01 31815 3152.7-3221.7 32 03, CHg, HyO 10-35
1310 <« 00901 3339.4 3298.0-3381.9 50 N0, Hy0 12-60
0291 « 00% 3612.8  3494.5-3646.4 94  H,0, N0, O3 45-109
1001 < 00% 3714.8 3674.3-3743.7 45 H,0 50-109

a Lines from this band were used by Stiller et al. (1995).
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Figure 1. Example of In(VSF) vs. E” relationships (see Eq. (5)) for
CO, bands that passed all quality criteria and were used to retrieve
T. The four transitions are (a) 1091 < 0000, (b) 1510 < 00°0, (c)
0091 « 0290, and (d) 1310 < 00°0. These are from ACE-FTS oc-
cultation ss5211 on 31 July 2004, over the Middle East, at an alti-
tude of 38.1 km. Labelled for each band are the transition, slope m,
and y intercept b of the best fit line.
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1.05. Means of slope were on the order of 10~23, leading to
unstable ratios. The effect of incorporating a bias correction
was negligible.

Using several CO, bands and a statistical approach to data
quality control provides a robust retrieval method capable of
retrieving 7 at all observation altitudes and for a variety of at-
mospheric conditions without extensive rewriting of retrieval
software or highly specific retrieval procedures for a set of
scenarios. Figure 2 shows vertical profiles of T and P re-
trieved using GGG compared to ACE-FTS v3.5 and the in-
dividual values retrieved from each band. This illustrates the
spread of estimated 7" and P derived from different bands at
each observation, the varying altitude range of the bands, and
the effectiveness of the retrieval algorithm.

2.4 Determining pressures

Retrieving a vertical profile of pressure using Eq. (5) can
give unrealistic results and large discrepancies between CO»
bands. One problem is that small errors in tangent altitude
lead to large errors in pressure due to the exponential rela-
tionship between the two. Another is that varying T', P, and
z independently violates the assumption of hydrostatic equi-
librium, which must constrain simultaneous retrievals of T
and P.

A vertical profile of pressure is retrieved by first determin-
ing the pressure level with the highest retrieval quality, P,,
then integrating the retrieved T profile above and below this
observation level and computing pressure from the equation
of hydrostatic equilibrium:
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Figure 2. Retrieved T and P using all CO, bands at all tangent altitudes for ACE-FTS occultation ss5211. Each marker indicates a band
that passed data quality criteria; no bands contribute at every altitude. The retrieved pressure profile (red line) is that computed from Eq. (6)
by integrating the retrieved temperature profile above and below P,. The horizontal dashed line indicates the P, level.

M1
P(h) = P, exp —%/mdz : (6)

which is used to determine P at a given altitude, &, from
P, at altitude a. The acceleration due to gravity, g, and the
mean molar mass of air, M, are left constant to keep the in-
tegration general and quickly adaptable to other planets. R is
the gas constant. P, is restricted to altitudes between 18 and
52 km where T was retrieved. It is the level with the mini-
mum standard deviations and fractional uncertainties of re-
trieved T and P.

Integration in Eq. (6) is done by dividing the retrieved
T profile into four layers (troposphere, stratosphere, meso-
sphere, thermosphere) at each inversion point and fitting
a fifth-order polynomial to 1/7 (z) in each layer. The inte-
grals are then evaluated exactly using the fitting coefficients.
This method is used because spacing in z is non-uniform,
there may be very large gaps in z between measurements,
there may be discontinuities in T, or the domain of z may
not be ordered. The latter can occur physically at low alti-
tudes when tracking the centre of the solar disk is compli-
cated by refraction affecting its shape or by the horizon par-
tially obscuring it. It can also occur at any altitude if the alti-
tude spacing is tight and there are errors in retrieved altitude.
This method also relaxes the restriction that the integrated
function pass through every data point by weighting them
according to uncertainty.
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Since P is computed from the equation of hydrostatic
equilibrium, as it is at higher altitudes in the ACE-FTS re-
trievals, there are only three factors that introduce deviations
from ACE-FTS P, which is registered against meteorologi-
cal data at low altitudes (Boone et al., 2013): pressure at the
P, level, the T profile, and using constant M and g. Fig-
ure 3 shows the correlation between our retrieved P, and
the P used by ACE-FTS v3.5 at the same observation level
for all occultations in Sect. 3.2. The slope and intercept are
0.991+0.007 and —0.01 4-0.04 respectively and the correla-
tion coefficient, R2, is 0.996. After retrieving P profiles, we
investigated registration of tangent altitudes using ACE-FTS
P profiles below 15 km and found that adjusting tangent alti-
tudes to align pressure levels resulted in changes on the order
of 0.1km, so retrievals were left on the ACE-FTS altitude
grid.

3 Results
3.1 Retrieval sensitivity

The motivation behind the method for retrieving P/ T verti-
cal profiles presented here was to reduce the reliance on high-
quality a priori quantities and model input that the ACE-FTS
retrievals use. Spectral fitting requires a priori vertical pro-
files of temperature, pressure, and trace gas VMRS to com-
pute a first-guess spectrum. When used for spectra recorded
from the surface, such as for TCCON, GFIT scales the VMR
vertical profiles, so errors in their shape lead to errors in the
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Figure 3. Correlation between retrieved pressure at the P, level be-
tween this work (y axis) and ACE-FTS v3.5 (x axis) for 124 ACE-
FTS occultations. The range of P values corresponds to the range of
altitudes chosen by the retrieval algorithm to be the P, level. Error
bars are uncertainty in retrieved P,.

retrieved profile (Wunch et al., 2011). For solar occultation
applications, the shape of the VMR vertical profile below
the highest observation altitude will be allowed to change
since measurements are made at all altitudes and trace gas re-
trievals should not be sensitive to the a priori VMRS (Boone
et al., 2005). A priori closer to the true state of the atmo-
sphere can reduce errors in retrieved gas VMR, however, by
increasing the speed of convergence, especially when spec-
tral lines from interfering species overlap. The quality of fit,
and therefore the trace gas retrieval, is more sensitive to the
spectral micro-windows used than to the VMR a priori.

The methods presented here for P/T retrievals specifi-
cally rely on the a priori vertical profiles of CO, VMR, T,
and P. Retrievals are done by fitting CO> lines using an ex-
isting profile. As with other trace gas retrievals, fitting results
should not be sensitive to the CO, a priori, if the fits are good,
and assumes the VSF for CO; is not unity. CO3 in the Mar-
tian atmosphere is well mixed and its vertical profile is nearly
constant up to 80-100 km, similar to on Earth (e.g. Forget
et al.,, 1999). Its VMR is around 95%, making it ideally
suited for use in P/ T retrievals, since it will have strong ab-
sorption features and minimal interference from other gases.
It has also been closely monitored by multiple spacecraft for
over a decade. ExoMars TGO was to include an updated ver-
sion of the Mars Climate Sounder on the Mars Reconnais-
sance Orbiter to continue these measurements (it would have
used a different viewing geometry and so could not make
co-located measurements of the same air mass and so can-
not be used to directly provide a priori). A priori profiles
for the MATMOS mission were to have been provided by
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the CMC’s Global Environmental Multiscale Model (GEM),
which would be continuously constrained by new observa-
tions.

Accurate T and P a priori profiles have a higher impact
on retrieval quality than CO, VMR since T is directly com-
puted from the a priori T in Eq. (5). The sensitivity of the
retrievals to the a priori temperature was tested using Earth-
observing spectra by perturbing the a priori temperature pro-
file by £5, 10, and +20 K (with random noise added within
3 K of the perturbation). Systematic errors in the a priori T of
around +5K had little effect on the retrieval T', except at al-
titudes greater than 80 km, where oscillations were increased
or amplified. Systematic errors in the a priori 7 greater than
10 K reduced the stability of the retrieval and led to unphysi-
cal oscillations at all altitudes. Fewer CO» vibration—rotation
bands passed quality criteria at each altitude as well. Aside
from the dependence on a priori temperature in Eq. (5), the
spectral fits also depend on temperature. Spectra computed
at the wrong temperature have incorrect line strengths and
cause a fit to result in an incorrect VSF. On Earth, a pri-
ori errors on the order of 10K are expected to occur only
at very high altitudes, above 70 km. At such altitudes, the re-
trieval algorithm presented is impacted by weaker absorption
by CO; as density decreases, loss of accuracy in the a priori
CO2 VMR as it falls off, and the departure from local ther-
modynamic equilibrium.

Application of this method to a mission to Mars will strive
to provide the highest-quality a priori temperature possible
from observations and models, and this method is intended
to improve those a priori for use in trace gas retrievals.
The method’s dependence on pressure is less severe since
pressure is constrained by the equation of hydrostatic equi-
librium. Pressure does not vary strongly diurnally, unlike
temperature, and though it varies seasonally, this retrieval
scheme is independent of surface pressure.

The initial objective of a MATMOS-like mission would be
trace gas detection, which would be initially achieved using
spectral absorption features and fitting, followed by an esti-
mation of their abundances and then vertical profiles. Dur-
ing the duration of the mission, the retrievals would con-
tinue to be developed and improved, including updating the
a priori and spectral windows. Examining the vertical dis-
tribution of target gases will be the most challenging aspect
of a MATMOS-like mission, especially at higher altitudes
where P/T retrievals become more difficult. The low pres-
sure and density of the Martian atmosphere and low expected
VMRs of target gases will result in very weak absorption fea-
tures, while the assumptions of hydrostatic equilibrium and
local thermal equilibrium also become less valid at higher
altitudes. The vertical range through which each of the 10
CO, bhands used is effective is chosen automatically by the
P/ T retrieval algorithm based on fitting uncertainties. Once
a MATMOS-like mission is underway, a qualitative exami-
nation of the effective altitude range of each band could be
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performed, and fitting could be restricted to those altitudes to
improve retrieval stability and speed.

3.2 ACE-FTS data sets

The ACE-FTS v2.2 temperature product was thoroughly
validated by Sica et al. (2008), which included a prelim-
inary discussion about ACE-FTS v3.0 temperature. Com-
parisons were made against data from three lidar locations,
31 radiosonde locations, the SPectrométre Infra Rouge pour
I’étude de I’ Atmosphere par diodes Laser Embarquées (SPI-
RALE) balloon-borne spectrometer, and three satellite in-
struments: the Sounding of the Atmosphere using Broad-
band Emission Radiometry (SABER), the Michelson Inter-
ferometer for Passive Atmospheric Sounding (MIPAS), and
the Halogen Occultation Experiment (HALOE). ACE-FTS
v2.2 temperatures agreed with other sensors within 2K in
the stratosphere and upper troposphere and within 5K in
the mesosphere, but they exhibited a warm bias of 3-6 K
in the mesosphere. A previous comparison with the Mi-
crowave Limb Sounder (MLS) found a larger bias of 5-7 K
in the mesosphere (Schwartz et al., 2008). An agreement
between ACE-FTS v2.2, SABER, and MLS within 5K in
the tropopause and lower stratopause was confirmed while
studying the Arctic winters by Manney et al. (2008), while
differences of +-2 K were found between ACE-FTS v1.0 and
sondes and lidar during the Arctic ACE validation campaign
in 2004 (Kerzenmacher et al., 2005). In support of that cam-
paign, Nowlan et al. (2013) performed a temperature and
pressure retrieval using measurements of the O, A and B
bands made by the Measurement of Aerosol Extinction in
the Stratosphere and Troposphere Retrieved by Occultation
(MAESTRO) instrument on SCISAT and compared their re-
sults to ACE-FTS v2.2 and sondes. The sondes matched
ACE-FTS within 2-4 K, and MAESTRO and ACE-FTS had
a mean difference of 5K. Mamun et al. (2013) compared
GEM simulated temperature and water vapour to ACE-FTS
v2.2 and MLS and found an agreement of < 2K in the tro-
posphere and < 5K in the stratosphere, but they noted that
GEM tended to agree more closely with MLS than ACE-FTS
about the height of the tropopause and stratopause.
Validation of High Resolution Dynamics Limb Sounder
(HIRDLS) temperature retrievals included a comparison
with sondes, COSMIC, and ACE-FTS v2.2 (Gille et al.,
2008). HIRDLS was found to be warmer than the sondes
by 1-2 K and warmer than COSMIC by about 1 K between
15 and 40km. HIRDLS tended to be warmer than ACE-
FTS in the lower portion of that altitude range, and cooler
higher, with differences of 3 K. MIPAS temperature val-
idation used ACE-FTS v3.0 but only four coincident mea-
surements (Stiller et al., 2012). Temperature differences vary
up to £3K, with maxima in the middle stratosphere, and
there continued to be a bias at 23km. A separate study ex-
amining MIPAS kinetic temperatures above 45 km observed
ACE-FTS v2.2 to be consistently warmer than MIPAS above

Atmos. Meas. Tech., 9, 1063-1082, 2016

50 km, with increasing magnitude to ~ 10K near 80km
(Garcia-Comas et al., 2012). An updated version of MIPAS
temperature data was compared to ACE-FTS v3.0 by Garcia-
Comas et al. (2014), as well as SABER, MLS, the Optical
Spectrograph and InfraRed Imaging System (OSIRIS), and
the Solar Occultation For Ice Experiment (SOFIE). The new
version generally exhibits 1-2 K better agreement with the
other instruments below 80 km. MIPAS and ACE-FTS agree
within 2 K below 80 km, except in summer, when differences
are between —15 and 3 K. They note that in the summer,
between 40 and 60 km, MIPAS is 3K warmer than ACE-
FTS v3.0 than when compared to ACE-FTS v2.2 in Garcia-
Comas et al. (2012), likely due to the changes between the
two ACE-FTS versions.

OSIRIS retrieved temperature profiles were compared to
SABER, SOFIE, ACE-FTS v2.2, and ACE-FTS v3.0 (Sheese
et al., 2012). Comparison with ACE-FTS found that ACE-
FTS was 9K warmer at 48km but less than 3K warmer
between 60 and 80km. A difference of only 0-2 K is ob-
served between ACE-FTS v2.2 and v3.0 in the region where
a bias of 3-6 K was reported by previous studies. Validation
of SOFIE was done using SABER, MLS, ACE-FTS v2.2
(Marshall et al., 2011), and ACE-FTS v3.0 (Stevens et al.,
2012). SOFIE and ACE-FTS v2.2 agree within 2K through
the troposphere and stratosphere, SOFIE being warmer at the
stratopause (3-5 K) and cooler through the mesosphere (4 K
in summer). ACE-FTS v3.0 comparisons were done for the
Acrctic in July, exhibiting the same trend as against ACE-FTS
v2.2, and for the Antarctic between December and January,
which is similar, with differences of only ~ 1 K. In general,
ACE-FTS agrees with other instruments within 2-5 K, with
v2.2 exhibiting a warm bias in the mesosphere of 3-6 K and
a reduction in v3.0 to only 2K.

Six sets of ACE-FTS data were analysed to provide differ-
ent seasonal and zonal coverage. Details about the sets are
provided in Table 2 and a complete list of ACE-FTS occul-
tations used can be found in the Supplement. Five of the sets
feature occultations selected in coincidence with COSMIC
observations. The sixth set is of 24 occultations measured be-
tween 2005 and 2008 over the Middle East. The Middle East
occultations generally have low g angles and have a mean al-
titude spacing of 3.8 km. They are all between 49 and 87° E
longitude and 28 and 35° N latitude. The Arctic 2010 set con-
sists of 30 occultations restricted to latitudes above 62° N
measured in 2010, and 13 occultations are coincident with
COSMIC measurements within 3 h and 400 km.

The remaining four sets are composed of ACE-FTS occul-
tations for which there are COSMIC coincidences within less
than 150 km and 1 h. Three of these sets also satisfy a sea-
sonal and zonal restriction, while the fourth is composed of
measurements over the tropics with no restriction on time
of year. Occultations in this set, denoted low latitudes, were
chosen for their very high g angles and small vertical spacing
(mean of 3.2km) in order to examine whether tight altitude
spacing strongly affected the quality of retrievals.
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Table 2. List of ACE-FTS occultation sets analysed by GGG, showing the number of occultations each contains, their zonal coverage, season,

and altitude spacing.

Set  Longitude Latitude Meanz o ofz

Set name size  range range spacing spacing  Time frame

Arctic 2010 30 unrestricted 62-78°N 56km  1.2km  Mar-Nov 2010

Middle East 24  49-87°E 28-35°N 3.8km  0.9km  Jul 2004-Aug 2010

Arctic fall 16  unrestricted 62-84°N 49km  1.1km  Sept-Nov 2009; Sept—-Nov 2010

Arctic winter 23  unrestricted 56-79°N 44km  22km  Jan-Feb 2009; Jan—Feb 2010;
Jan—Feb 2011; Jan—Feb 2012

Antarctic spring 29 unrestricted 58-84°S 43km  1.3km  Mar—May 2009; Mar-May 2010;
Mar—May 2011

Low latitudes 7 unrestricted 34°S-27°N  3.2km  1.1km  Apr2009-Feb 2012

The Arctic fall and Antarctic spring sets were originally
chosen to also examine the effect of altitude spacing. Arctic
fall occultations were measured during the months Septem-
ber, October, or November in 2009 and 2010 and are above
62° N. Antarctic spring occultations were measured during
the months March, April, or May, between the years 2009
and 2012, and are below 58°S. Arctic fall originally con-
sisted of 14 occultations with a mean z spacing of 3.2km
and standard deviation of 1km, and Antarctic spring origi-
nally consisted of 10 occultations with a mean z spacing of
5.5km and standard deviation of 0.2 km. Smaller z spacing
provides more information for interpolation to a 1 km grid,
which is where comparisons to ACE-FTS are made, while
large z spacing means the observation is made over a wide
altitude range with varying temperature and pressure from
start of acquisition to end. With these sets, however, no im-
provement to retrieval quality (large deviations from a pri-
ori or ACE-FTS retrievals) was found with tight z spacing.
Quality issues were mostly the result of errors in tangent al-
titude and interpolation, which were later resolved. To im-
prove the statistics of mean difference temperature profiles,
we increased the size of these sets without a restriction in
z spacing and also added the Arctic winter set. Arctic win-
ter occultations are above 56° N, measured in the months of
January or February between 2009 and 2012.

3.3 Retrieved T profiles and ACE-FTS comparison

Vertical profiles of T are interpolated onto an altitude grid
with 1 km spacing for comparison, using a three-point, piece-
wise quadratic scheme. Over each set, we compute the mean
and standard deviation at each altitude on the 1 km grid, at
altitudes where ACE-FTS T retrievals were successful. The
means and standard deviations of each set, for both ACE-FTS
and GGG retrievals, are shown in Fig. 4.

There are two sets comprised of warm, low-latitude occul-
tations (Fig. 4b and f): Middle East and low latitudes. These
are characterized by a sharp and low-altitude tropopause,
a lower stratopause, and small variability between occulta-
tions, as demonstrated by the small standard deviations in
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both ACE-FTS and GGG retrievals. The low-latitude set ex-
hibits the most structure at higher altitudes, 75-100 km, with
the retrievals presented here having larger mean 7 variations
with altitude than ACE-FTS but similar variability.

The Arctic 2010 set, Fig. 4a, is not restricted to a single
season and thus has the largest variability. The Arctic winter,
Fig. 4d, set is seasonally restricted, but it also features large
variability, especially at low altitudes. These profiles were
all recorded in January or February, without any longitudinal
restriction. They are mostly around 65° N and all are over
land. Four occultations are in the high Arctic, at latitudes be-
tween 73 and 79° N, and have tropopause temperatures of
200 K, whereas five occultations were recorded below 60° N
and have tropopause temperatures of 220 K. Note the similar
standard deviations from both ACE-FTS and GGG retrievals
for the Arctic winter set. A common feature of these pro-
files, occurring in 70 % of them, is temperature oscillations
above the tropopause, which is seen in our a priori, our re-
trievals, and the ACE-FTS retrievals. In the Arctic winter set,
our a priori T profiles have larger deviations from the ACE-
FTS retrievals than in any other set, over 30 K near 50 km in
some cases, which strongly affects our ability to reproduce
the ACE-FTS retrievals due to the dependence in Eq. (5).
This is clearly visible in Figs. 4d and 5d. Our retrievals tend
to have more T oscillations than ACE-FTS, and this can be
seen in the mean profiles.

The Arctic fall set, Fig. 4c, has moderate variability, and
the mean T profiles exhibit the best agreement between
ACE-FTS and this work. The structure between 70 and
100 km is reproduced by both retrievals, while below 35 km,
the ACE-FTS mean is smoother.

The Antarctic spring set, Fig. 4e, has polar measurements
with large 8 angles, as well as tight altitude spacing, which
should improve retrievals due to the increased density of
measurements. Deviations from the a priori or ACE-FTS re-
trievals tend to be less frequent and smaller, and those intro-
duced by interpolation to the 1 km grid are eliminated. Small-
scale structure is also better captured, which is especially
important if there is uncertainty in tangent altitudes. Our
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Figure 4. Mean T profiles for each set of occultations in Table 2: (a) Arctic 2010, (b) Middle East, (c) Arctic fall, (d) Arctic winter,
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Figure 5. The mean of the differences between temperature profiles retrieved by GGG and ACE-FTS v3.5 (GGG — ACE) for each set of
occultations in Table 2: (a) Arctic 2010, (b) Middle East, (c) Arctic fall, (d) Arctic winter, () Antarctic spring, and (f) low latitudes. Standard

deviations are shown as dashed lines ().

retrieved profiles exhibit more variability than those from
ACE-FTS, and they tend to be colder in the mesosphere.
Figure 5 shows the mean of the differences between this
work and ACE-FTS retrievals for each set, which are gener-
ally within +3 K except at peaks in the mid-stratosphere and
mid-mesosphere. Figure 5b and ¢ have the smallest mean dif-
ferences (GGG — ACE), less than +5 K, followed by Fig. 5e,
which exceeds —5 K near 35 km, and Fig. 5f, which exceeds

Atmos. Meas. Tech., 9, 1063-1082, 2016

5K near 75km. Figure 5a and d have the largest differ-
ences of around +£7.5K at several altitudes. A similar struc-
ture appears in all six panels: the GGG profiles match ACE-
FTS very closely in the troposphere, are consistently warmer
in the mid-stratosphere, have zero crossings near 60 km in
Fig. ba—f (which corresponds to the stratopause in Fig. 4a—
f), and are cooler in the mesosphere. The mid-stratospheric
differences are around —4 K (except for Arctic winter) and
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Figure 6. Mean and standard deviation of the differences in re-
trieved temperature between GGG and ACE-FTS v3.5 retrievals
(GGG — ACE) for all 129 occultations in Fig. 5. The largest differ-
ence occurs near 40 km and is mostly attributed to the Arctic winter
set, Fig. 5d.

indicate a bias in our retrievals, since no bias in ACE-FTS re-
trievals at these altitudes has been indicated by other compar-
isons. In the mesosphere, we find GGG can be 3-5K cooler
than ACE-FTS but not uniformly so. In this altitude range,
there is a known warm bias observed in ACE-FTS v2.2 by
Sica et al. (2008) and seen persisting in ACE-FTS v3.0 by
Sheese et al. (2012) and Stevens et al. (2012), but it reduced
toonly ~ 2K.

Figure 6 shows the mean of the differences for all 129 oc-
cultations and has a shape as described above. Below 100 km,
the mean (GGG — ACE) is between +5K (in the mid-
stratosphere) and —0.7 K (in the mesosphere) with standard
deviations on the order of ~ 10 K. The mean tends towards
0 near 50 km, corresponding to the stratopause in Fig. 4, but
remains above 0, except at 80 km. Thus we confirm a warm
bias in the GGG retrievals, stronger in the stratosphere. This
bias was initially attributed to errors in altitude determina-
tion, as it appeared that the profiles were very similar, but
that GGG temperatures were at lower altitudes than those of
ACE-FTS. As detailed in Sect. 2.2, we attempted to medi-
ate altitude errors, but this did not fully resolve the bias. If
our altitudes are correct, then the bias could be due to er-
rors in our a priori T, P, or gas VMRs, which are chosen for
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each spectrum from the tangent altitude. The same a priori
VMRs were used for all occultations, but CO» is constant be-
low 80 km and only a few well-known molecules interfere in
the windows used. The a priori 7 and P are unique for each
occultation and would more likely produce random errors.
When compared to the a priori used by GGG, ACE-FTS is
predominantly 0.5 K cooler, except near 90 km, where ACE-
FTS is 1 K warmer. It should be noted that 50 km is the al-
titude of the crossover pressure in the ACE-FTS retrievals,
where a different retrieval scheme is used above and below.
However, if the bias were in the ACE-FTS data, this would
have been identified when performing P — T validation as in
Sica et al. (2008).

3.4 COSMIC comparison

GPS signals passing through the atmosphere experience re-
fraction, which causes a phase delay before being received
by a COSMIC satellite. Vertical profiles of bending angle
are obtained from the phase data and are used to compute
refractivity, which depends on 7', P, water vapour, and elec-
tron density. The primary data products are high-resolution
(~ 1km) vertical profiles of T and H,O vapour pressure up
to 40 km. The precision of the technique was verified after
launch when the six satellites were in close proximity by
comparison with each other (Schreiner et al., 2007). COS-
MIC has been extensively compared to other data sets and is
in close agreement with only small biases.

COSMIC results have been compared to other GPS ra-
dio occultation satellites, the CHAllenging Minisatellite Pay-
load for geoscientific research (CHAMP) and the Gravity Re-
covery and Climate Experiment (GRACE-A), and found to
have consistent climatologies within 0.05 % (Foelsche et al.,
2011). Over Antarctica, Wang et al. (2013) found COSMIC
to be consistent with sondes but also to have a warm bias
of 1K when compared to satellite measurements made by
the Advanced InfraRed Sounder (AIRS), the Infrared At-
mospheric Sounding Interferometer (1ASI), the Advanced
TIROS Operational Vertical Sounder (ATOVS), and the Mi-
crowave Integrated Retrieval System (MIRS). Previous com-
parisons with sondes over Antarctica showed a 1-2K cold
bias (Wang and Lin, 2007), which was also seen in CHAMP.
A comparison between CHAMP and COSMIC over Aus-
tralia found only a 0.4 K mean temperature difference (Zhang
et al., 2011). Another sonde campaign with near global cov-
erage and many different types of sondes also found that
COSMIC had a cold bias (Sun et al., 2010), but it was less
than 1 K and consistent with Wang et al. (2013). COSMIC T
validation has recently been reported by Das and Pan (2014)
against SABER and MLS. COSMIC was found to be 3-4 K
colder than SABER at low altitudes (10-20 km), but increas-
ing steadily to more than 5K warmer above 40 km. MLS
and COSMIC agreed within 3K, and no bias towards sea-
son or latitude was shown for either MLS or SABER. Gille
et al. (2008) compared COSMIC to HIRDLS and ACE-FTS

Atmos. Meas. Tech., 9, 1063-1082, 2016
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v2.2 and also found COSMIC to be about 1K colder (see
Sect. 3.2). COSMIC has also been compared to several data
assimilation products which revealed a 2 K temperature bias,
but warm in the Northern Hemisphere and cold in the South-
ern Hemisphere (Kishore et al., 2009). COSMIC has been to
shown to agree closely with sondes and satellite instruments
within less than 1-3 K, but the differences are consistently
with COSMIC colder.

Vertical profiles of mean temperature for all COSMIC ra-
dio occultations coincident with ACE solar occultations are

Atmos. Meas. Tech., 9, 1063-1082, 2016

shown in Fig. 7, divided seasonally and zonally as in Table 2,
alongside ACE-FTS v3.5 and profiles retrieved from ACE-
FTS by GGG. Comparing GGG to ACE-FTS v3.5 we see
that GGG is warmer than ACE-FTS except around 25km,
the altitude of a known feature in the ACE-FTS v2.2 data
product caused by the empirical function used to determine
pressure in this region. It is discussed in Sica et al. (2008) and
seen in other comparisons (e.g. Gille et al., 2008) with v2.2
data. This effect has been reduced in the v3.5 data product
(Boone et al., 2013) but was still noted by Stiller et al. (2012).
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In Fig. 7 there is no discernible feature in the ACE-FTS v3.5
profiles, while the GGG profiles are seen to oscillate about
the ACE-FTS and COSMIC profiles in all four panels.

In the lower stratosphere and upper troposphere, the
shapes of mean T profiles in our four zonally and season-
ally restricted data sets are very different, featuring different
tropopause heights and lapse rates. The mean differences be-
tween our retrievals with GGG and the COSMIC and ACE-
FTS v3.5 data products share a consistent shape, shown in
Fig. 8. There are no significant dependencies on latitude or
season in these T differences. We see that GGG is warmer
than COSMIC by < 2K below 24 km, where COSMIC is
known to be cold, GGG is consistently cooler than COSMIC
between 24 and 30 km by 1-4 K, and GGG is again warmer
than COSMIC by 3-5K between 30 and 40km. The clos-
est agreement with COSMIC is seen in the low-latitude set,
Fig. 8b, where the differences are between —1.7 and 0.9 K,
while the largest differences are seen in the Antarctic spring
set, Fig. 8c, with maxima of —6.5 and 3.5 K.

Considering all 72 occultations in these four data sets
without restriction, shown in Fig. 9, we find the ACE-FTS
v3.5 and the COSMIC data products agree with each other
within —0.9 and 0.5 £ 0.3 K, with COSMIC predominantly
exhibiting a < 0.5K cold bias. This agrees with previous
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results in which ACE-FTS and COSMIC both show close
agreement with sondes within a few K; however, COSMIC
generally has a small cold bias relative to other data prod-
ucts, as discussed above. The difference between the GGG
retrievals and those from COSMIC reflects that GGG also de-
viates from COSMIC where GGG deviates from ACE-FTS
v3.5. However, below 30 km we have the best agreement with
ACE-FTS, where mean differences are within —2 and 3 K.

4  Conclusions

An improved technique to retrieve vertical profiles of temper-
ature and pressure from high-resolution infrared solar occul-
tation spectra has been developed, with the intention that it
finds application on a future Mars mission. We have demon-
strated the technique’s success and evaluated the quality of
the retrievals by comparing with two satellite data products:
COSMIC and ACE-FTS v3.5. Pressure is constrained by the
equation of hydrostatic equilibrium and retrieved values are
closely correlated to those from ACE-FTS v3.5.

We find that GGG temperature retrievals are predomi-
nantly warmer than ACE-FTS by 2K in the tropopause, up
to 5K in the stratosphere, and between —3 and 1K in the
mesosphere. The largest deviations occur at the tropopause
and stratopause, which can occur at different altitudes. No
seasonal or zonal biases are found. We find very good agree-
ment between ACE-FTS v3.5 and COSMIC, with mean dif-
ferences of < 1K below 40 km. COSMIC exhibits a cold
bias, consistent with other profile comparisons. When GGG
is compared to COSMIC, mean differences are within —2
and 3K below 35km. GGG is warmer than COSMIC at all
altitudes except near 25 km, near the tropopause.

The objective was to develop a technique with minimal
reliance on high-quality a priori, model input, or empirical
functions. With suitable refinement to the application of Mar-
tian solar occultation, this technique will be capable of re-
trieving accurate temperature and pressure profiles, enabling
definitive detection of several trace gases in the atmosphere
of Mars.

The Supplement related to this article is available online
at doi:10.5194/amt-9-1063-2016-supplement.
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