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1. Introduction the zonal mean state of the atmosphere over a given time
period as a function of latitude and altitude. In addition to
Climatologies of trace gases provide useful information to being used to examine the typical characteristics of trace
investigate the atmospheric environment and to understand gases, these data sets can be utilized as a priori information
the patterns resulting from atmospheric circulation and for the retrieval of trace gases from ground-based spectral
transport on a global scale. Climatological data sets provide measurements [e.g. 1], to prescribe conditions in climate
model simulations [e.g. 2] or to validate trace gas simulations
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the SPARC (Stratosphere-troposphere Processes And their Role
in Climate) project of the World Climate Research Program
(WCRP) have highlighted the need for trace gas and aerosol
climatologies from limb-sounding satellites for model eva-
luation. To better characterize the existing climatologies for
these model validation activities, the SPARC Data Initiative has
performed a comparison of climatologies obtained from
satellite measurements over the past several decades [6].
Summaries of the results for the climatologies of O5 [7,8], H,O
[9], and some halogen-containing species [10] have been
published during this project. Also, studies were made to
characterize and evaluate the impact of sampling biases for
the climatologies produced in the project [11,12].

Prior to the SPARC Data Initiative, climatological datasets
were developed from measurements by a number of limb-
viewing satellites. A review of these trace gas climatologies is
provided in Jones et al. [ 13]. As the focus of this paper is multi-
species climatologies, the following discussion highlights
studies in this area. The Halogen Occultation Experiment
(HALOE) mission was the first to provide a comprehensive
climatology for stratospheric O3, H,O, CH4, NO,, HCl, and HF
[14]. The Michelson Interferometer for Passive Atmospheric
Sounding (MIPAS) measurements have contributed strato-
spheric climatologies for many different species including
CCI5F (CFC-11) and CCl,F; (CFC-12) [15]. Measurements by the
Global Ozone Monitoring by Occultation of Stars (GOMOS)
instrument were used to calculate a climatology for O3, NO,,
and NOs [16] in the stratosphere and lower mesosphere.
While the Superconducting Submillimeter-wave Limb-Emis-
sion Sounder (SMILES) provided data for less than a year, its
multi-species climatology for O3, HNOs, HCl, ClO, HOCI, BrO,
and HO, is quite useful because of the large altitude range, up
to a maximum of 100 km [17]. The Atmospheric Chemistry
Experiment Fourier Transform Spectrometer (ACE-FTS) has
produced the most comprehensive climatology to date with a
data set (from version 2.2) that includes 14 gas species and
NO, for the upper troposphere and stratosphere [13,18].

More recently, efforts have focused on combining data
sets from different satellite instruments to produce merged
data sets and climatologies. For example, the Global OZone
Chemistry And Related trace gas Data records for the Stra-
tosphere (GOZCARDS) project utilized data from the Strato-
spheric Aerosol and Gas Experiments (SAGE I and SAGE II),
HALQE, the Microwave Limb Sounder (MLS) instruments on
the Upper Atmosphere Research Satellite (UARS) and Aura
platforms and ACE-FTS to produce merged monthly mean
fields for O3, HCl, H,0, HNO3, N,0, NO, and NO, [19]. Com-
bining data from SAGE II, SAGE III, HALOE, UARS MLS and
Aura MLS, the Stratospheric Water and OzOne Satellite
Homogenized (SWOOSH) database provides merged cli-
matologies for O3 and H,0 [20,21].

Following the SPARC Data Initiative activity, there were
areas identified where additions and improvements could
be made to the climatological data sets that are produced
from the ACE-FTS measurements. Most limb-sounding
measurements capture stratospheric properties, but have
more limited coverage in the upper and lower atmosphere.
Trace gas measurements in the mesosphere and thermo-
sphere can be valuable for examining the Earth's climate
[e.g. 22] and the influence of energetic particles on the
Earth's atmosphere [e.g. 23-26]. Also, a climatology

covering the mesosphere and thermosphere can be useful
for a priori or comparison data for ground-based mea-
surements [e.g. 27] or global model simulations [e.g. 28].
Another issue that was identified was the limited amount
of information about carbon-containing trace gases in the
multi-species climatologies created to date. Climatologies
of carbon-containing species are important for under-
standing the chemical environment of the upper tropo-
sphere and lower stratosphere (UTLS).

The ACE-FTS measurements, using the solar-occultation
technique, provide atmospheric profiles over a wide altitude
range from the upper troposphere to the lower thermo-
sphere. The high signal-to-noise ratio and long path length of
these measurements allow chemical species having low
concentrations to be observed. Building on these advantages,
we have calculated a new ACE-FTS climatology that includes
trace gases measured in the mesosphere and lower ther-
mosphere and carbon-containing species in the UTLS. The
latest data version and nearly one decade of data from ACE-
FTS have been used for this climatology. This work broadens
the availability of trace gas climatology information for cli-
mate research. The paper is laid out as follows. In Section 2,
the current ACE-FTS version 3.5 data set is described. The
climatology calculation methods are detailed in Section 3
with the results for the new mesospheric levels and for the
carbon-containing species presented in Section 4. Finally, a
summary is provided in Section 5.

2. Data description

ACE-FTS is the infrared solar-occultation instrument
onboard the Canadian SCISAT satellite launched on 12
August 2003 [29,30]. The ACE Measurement of Aerosol
Extinction in the Stratosphere and Troposphere Retrieved
by Occultation (ACE-MAESTRO) [31] and two-channel
visible/near-infrared imager (ACE-IMAGER) [32] are also
carried on SCISAT with ACE-FTS. The SCISAT satellite was
launched into an orbit at 650 km altitude with a 74-degree
inclination angle to the equator, producing the highest
density of measurements over high latitude regions. ACE-
FTS can make up to 15 sunrise and 15 sunset observations
every day and covers all global latitudes from 85°N to 85°S
approximately every three months (over each year). There
are short gaps in measurements (~every three months)
where the satellite’s orbit geometry is such that the Sun
remains in full view of the instrument for a couple of
weeks, yielding no occultations.

For the calculation of this climatology, we use the ver-
sion 3.5 ACE-FTS data set that is available from February
2004 to February 2013 [33]. Vertical profiles of 38 species
and 26 additional isotopologues are retrieved from the
spectra measured in the infrared region (between 750 and
4400 cm~ ') at a spectral resolution of 0.02 cm~!' [29]. To
retrieve the volume mixing ratio (VMR) of each species,
pressure and temperature information is required [34].
Vertical profiles of pressure and temperature are retrieved
(by utilizing CO, features in narrow microwindows) for
altitudes between 15 and 125 km, but fixed to meteor-
ological data from the Canadian Meteorological Centre
(CMC) [35,36] or the data from the NRLMSISE-00 model
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[37] for the lowest or highest altitudes outside of this
range, respectively. These pressure and temperature pro-
files are then employed with the spectral line information
from the HITRAN 2004 database [38] with updates for the
VMR retrieval. All profiles are provided on the tangent
height (as measured) grid and interpolated onto a uniform
1-km grid based on a piecewise quadratic method [34].
The vertical resolution of the ACE-FTS measurements is 3-
4 km based on the instrument field-of-view and the ver-
tical sampling varies between ~1.5 and 6 km depending
on the angle between the satellite's orbital plane and the
look direction to the Sun. Approximately 32,000 mea-
surements were used for the climatology calculation. The
data quality flags used to filter the data for outliers (ver-
sion 1.1) are provided with the ACE-FTS version 3.5 data
set [39].

The v3.5 ACE-FTS retrievals differ from the earlier v2.2
dataset primarily in three areas. First, there has been an
improvement to the pressure/temperature retrievals that
lead to a reduction in unphysical oscillations in the tem-
perature profiles produced. Second, the microwindow sets
have been updated for all of the retrieved trace gases and
the number of interfering species allowed in the retrievals
has been increased. Finally, five species have been inclu-
ded in the VMR retrievals (namely, COCl,, COCIF, H,CO,
CH5;0H, and HCFC-141b) and two have been removed
(HOCI and ClO).

The version 3.0/3.5 VMR profiles from ACE-FTS mea-
surements have been validated through comparisons with
ground-based [e.g. 40], balloon [e.g. 41], and other satellite
measurements [e.g. 42]. Detailed descriptions of validation
results for the earlier version 2.2 data set were summar-
ized in Jones et al. [13] and comparisons between version
2.2 and version 3.0/3.5 were described by Waymark et al.
[43]. The changes in the ACE-FTS profiles with v3.5 were
generally found to reduce biases identified in the v2.2 data
set [43]. Compared to coincident satellite observations
(within 350 km and 3 h), ACE-FTS v3.5 temperatures agree
to within +2 K between 15 and 40 km, within +7K
between 40 and 80 km and within + 12 K between 80 and
100 km (P. Sheese, personal communication).

3. Methodology

Jones et al. [13,18] produced the first ACE-FTS clima-
tology using five years of measurements for 14 species
plus NOy from the version 2.2 dataset. In the current work,
we have used the version 3.5 dataset over a longer (nine
year) measurement period. In addition to the baseline
species (O3, H,0, CH4, N,O, CO, NO, NO,, N,Os, HNO3,
CIONO,, CCI3F, CCl;F, and HF) considered in Jones et al.
[13], seven carbon-containing species (C;Hg, CoHp, HCN,
CH30H, HCOOH, H,CO, and OCS) are newly added to this
climatology. In addition, an updated methodology has
been employed as described below.

A climatology, providing atmospheric mean state
information on a global scale, is often used for initial or
boundary conditions in model simulations or for model
comparisons. To facilitate this, the ACE-FTS climatology is
calculated on atmospheric pressure coordinates. Starting

from the levels used for the SPARC CCMVal activity [4], 28
pressure levels were selected below 0.1 hPa level for the
ACE-FTS climatology: 300, 250, 200, 170, 150, 130, 115, 100,
90, 80, 70, 50, 30, 20, 15,10, 7, 5, 3, 2,1.5,1,0.7,0.5,0.3, 0.2,
0.15, 0.1 hPa. In this work, the vertical range for the cli-
matology is extended up to 10~* hPa (~105 km) to utilize
the ACE-FTS measurements in the mesosphere and lower
thermosphere. For this, 15 additional pressure levels were
selected from 0.1 to 10~ hPa: 0.08, 0.05, 0.03, 0.02, 0.01,
0.007, 0.004, 0.003, 0.002, 0.001, 0.0008, 0.0005, 0.0003,
0.0002, 0.0001 hPa by considering the levels used in the
Whole Atmosphere Community Climate Model (WACCM)
[44]. These newly added levels are spaced by approxi-
mately 3-4 km, the vertical resolution of the ACE-FTS
instrument. ACE-FTS measurements of Oz, CO, CH4, NO,
N,O, and H,0 extend above the stratosphere and these
results will be discussed further in Section 4.1.

Before starting the climatology calculation, the data
quality flags are used to remove potentially unreliable data
[39]. Only VMR data with flags 0 and 1 were used for the
calculation. For profiles containing flags 4 to 7, which
correspond to unnatural outliers, the entire profile is
removed. For VMR values with flags 2 or 3, where statis-
tical analysis was not possible [39], the VMR value at that
altitude is removed. Compared to using the median abso-
lute deviation (MAD) [45], the data filtering process based
on the ACE-FTS quality flags can provide a more reliable
climatology [39].

After this quality check, the VMR profiles are inter-
polated to the pressure level grid for the climatology using
a spline fitting method. Then they are grouped based on a
monthly or three-monthly basis for preparing the mean
profiles. Finally, these grouped VMR profiles are divided
into spatial bins (at each pressure level) with 5-degree
latitude spacing (e.g. 90°S-85°S, 85°S-80°S, etc.). Due to
the strong influence of the polar vortex in high latitude
regions, it is often useful to sort VMRs using vortex-
relative coordinates. Therefore, we also compile the VMR
data using 5-degree bins in equivalent latitude, a vortex-
centered coordinate based on the potential vorticity [46].
Equivalent latitudes are obtained from the Derived
Meteorological Products (DMPs), provided for the time
and location of each measurement [47]. It should be noted
that the potential vorticity information only extends up to
~70 km, so the equivalent latitude climatologies are lim-
ited to an upper height of ~0.01 hPa. The DMP version
used here is based on GEOS-5.1.0 and GEOS-5.2.0 [48].
Finally, the set of multi-year mean zonal mean profiles are
calculated by averaging all of the interpolated VMR values
for each pressure level within each of the latitude or
equivalent latitude bins. A minimum of five data points is
required for each calculated level and bin. The total
number of data points used for each pressure and latitude
bin calculation is provided with the climatological fields.
As noted above, this is done for either a single month or a
three-month period. While each one-month climatology
does not have global coverage (due to the high inclination
angle of the SCISAT orbit), the three-month climatology
provides nearly global coverage and generally captures the
seasonal variation [13]. It should be noted that these three-
month fields are not strictly seasonal averages because



J.-H. Koo et al. / Journal of Quantitative Spectroscopy & Radiative Transfer 186 (2017) 52-62

ACE-FTS only samples certain latitudes during any given
month [18]. While ACE-FTS does have an annually
repeating pattern of measurement latitudes, this variation
in measurement latitudes with time could give rise to
sampling biases as discussed in [11]. Since some species
show strong diurnal variation (e.g., NO, NO,, HNO3, N,Os,
CIONO,), we also calculate individual climatologies for AM
(before local solar noon) and PM (after local solar noon)
separately by using the local solar time of each measure-
ment as described by Jones et al. [13]. The local sunrise and
sunset times of the ACE-FTS measurements vary with
latitude over the year as shown in Fig. 3 of [18]. Because of
this, mean and median local solar time information is
provided with the AM and PM climatological fields. When
the multi-year zonal mean profiles are calculated, the
standard deviation is also calculated for each pressure and
latitude bin, providing information about the variability of
the VMRs. Finally, to provide an uncertainty estimate for
the zonal mean profiles, the average of the statistical fit-
ting error (as described in [34]) for all of the data points in
each pressure and latitude bin is calculated. This process
was also applied to the ACE-FTS temperature profiles and
this climatology is included in the data set.

4. Results

In this section, we briefly describe the climatologies for
several trace gases as examples of this new dataset. To
highlight the changes and additions for the v3.5 ACE-FTS
climatology, we discuss (1) the trace gas features in the
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mesosphere and lower thermosphere (Section 4.1) (2) the
distributions of non-methane carbon-containing species in
the UTLS (Section 4.2). For the comparison of the spatial
distribution and seasonal variation of species, we use the
vertical mean profile for six latitudinal ranges, 60°N-90°N,
30°N-60°N, 30°S-30°N, 60°S-30°S, 90°S-60°S, and 90°S-
90°N: These are the polar and midlatitude regions for the
Northern Hemisphere (NH), the polar and midlatitude
regions for the Southern Hemisphere (SH), the Tropics, and
all latitudes. The results shown are based on three-month
combined climatologies and standard deviations for
December-January-February (DJF) and June-July-August
(JJA), accompanied by figures illustrating the vertical pro-
files for the six latitude ranges.

4.1. Trace gas climatologies for the mesosphere

ACE-FTS ozone (0O3) climatology is compared for two
seasons, DJF and JJA (Fig. 1), with profiles reaching to
0.0005 hPa pressure at the uppermost level. The strato-
spheric O3 peak VMR has a maximum of ~ 10 ppbv in the
tropics in DJF with a global (90°S-90°N) mean value at this
height of approximately 8 ppbv. Owing to more frequent
perturbations due to wave activity and dynamical varia-
bility in the Arctic, the winter stratospheric ozone peak is
higher in the NH than the SH (Fig. 1b and e). In the
mesosphere, the climatology shows the ozone increase
from 0.01 hPa to the secondary peak in ozone near
0.001 hPa. The mesospheric Os peak is fairly consistent
between the NH and SH in DJF, but this peak is slightly
higher in the NH in JJA [e.g. 49-51].
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Fig. 1. ACE-FTS three-month climatology of O3 for (a) December-January-February (DJF) and (d) June-July-August (JJA). One sigma standard deviation of
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30°S, 90°S-60°S, and 90°S-90°N) are compared for (c) DJF and (f) JJA.
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Fig. 2 shows the comparison of the DJF and JJA cli-
matologies for water vapor (H,0). In the lower altitudes,
the variation of the hygropause with latitude can be seen
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in Fig. 2a and d (also in the wider latitude range means in
Fig. 2c and f). Upper tropospheric H>O decreases with
altitude because of the decrease in saturation vapor
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Fig. 5. Same as Fig. 1 but for CO at heights below 1 hPa. Note, in panel f, the extreme values in the winter 90-60S zonal mean profile (above 20 hPa) result
from descent of CO from the upper atmosphere (c.f. high latitude SH zonal mean profiles in panel d).

pressure with decreasing temperature. In the stratosphere, is anti-correlated with CH4. In the mesosphere, H,0 is
H,0 has a photochemical source from the oxidation of CHg, photolyzed by Lyman-alpha radiation (121.6 nm), resulting
therefore the VMR increases with increasing altitude and in decreasing VMR with increasing altitude [52]. The
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maximum VMR appears at the lowest measured altitudes,
with values higher than 10 ppmv, and a peak in VMR of
about 7 ppmv in the upper stratosphere. In the winter
hemisphere, we can see the pattern of air-mass descent
from the mesosphere into the stratosphere. This strong
descent typically occurs when there is a strong polar vor-
tex in the upper stratosphere and lower mesosphere [e,g.
53-56].

Methane (CH,4) zonal mean distributions for DJF and JJA
are shown in Fig. 3. The maximum height of the CHy4 cli-
matology is 0.01 hPa, (lower than that for the O3 and H,0
data sets). The main sources of CH4 include emissions from
wetlands and anthropogenic activity such as leaks from
natural gas installations and from livestock at the surface.
CH4 shows a maximum value throughout the upper tro-
posphere of ~1.7 ppmv that has a fairly uniform dis-
tribution with latitude. There is a rapid decrease with
increasing height because of oxidation in the stratosphere
(as mentioned above). As shown in the H,O climatology,
lower stratospheric CH; VMRs can be seen in the winter
hemisphere due to the strong descent from the meso-
sphere, consistent with previous results [57 and references
therein|. Regions showing higher variability (standard
deviations) are also well matched with these regions of
descent (Fig. 3b and e), with more variation from year-to-
year in the NH.

The next example shown is for carbon monoxide (CO).
Since the scale of CO variation in the upper and lower
atmosphere is quite different, the upper and lower atmo-
spheric CO climatologies are shown in two figures and are
discussed separately. In Fig. 4, climatologies for DJF and JJA

DJF and JJA climatologies for up to 1 hPa. Fig. 4 shows the
strong increase in CO in the upper mesosphere and lower
thermosphere due to the chemical production by CO,
photolysis [22]. The vertical extent of CO-rich air masses
illustrates the descent of mesospheric air to the strato-
sphere in the winter hemisphere (Fig. 4a and d) [e.g. 54].
Furthermore, there is a significant variation in this descent
between years, which is shown in the large standard
deviation of the VMRs (Fig. 4b and e). This wintertime
descent provides a large CO difference between NH and SH
of ~10 ppmv in the mesosphere and illustrates the utility
of using CO for monitoring upper atmospheric dynamics
[58,59].

4.2. Climatologies of non-methane carbon-containing spe-
cies in the UTLS

In this section, we focus on example climatologies that
are primarily for the UTLS region. In Fig. 5, the CO clima-
tology for heights lower than 1 hPa is shown for DJF and
JJA. As shown in Fig. 4, enriched CO from the upper
atmosphere can reach as low as the middle stratosphere in
the winter hemisphere [e.g. 60]. In the upper troposphere,
CO concentrations are greater in the NH than in the SH.
This hemispheric CO asymmetry is due to differences in
the sources of the surface emissions. The maximum in
upper tropospheric CO appears in DJF in the NH because of
large natural and anthropogenic emissions from the con-
tinents and slow chemical loss processes in the wintertime
[e.g. 61,62].

Unlike CO and CH4 the VMRs of other carbon-

are compared from 1 to 0.0001 hPa and Fig. 5 shows the containing species are retrieved from ACE-FTS
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Fig. 6. Same as Fig. 1 but for CH;0H.
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Fig. 8. Same as Fig. 1 but for OCS.

measurements only in the UTLS. Thus the top height of
these climatologies is lower than 1 hPa. Methanol (CH;0H)
is the next example and is shown in Fig. 6. In the tropo-
sphere, CH50H is the second most abundant hydrocarbon
species after methane and it is primarily generated by the
growth and decay of plants and by biomass burning.

CH3OH also plays a role as a significant chemical source for
formaldehyde (H,CO) and CO [63]. The climatology shows
a VMR range from O to 2 ppbv, and there is a high standard
deviation in the region with the highest VMR values. There
is little production of tropospheric CH30H during DJF
while there is much higher production during JJA
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particularly over the NH. This seasonal pattern is anti-
correlated with tropospheric CO (shown in Fig. 5) and has
been discussed in some field studies [e.g. 64]. While it is
possible that this difference arises from the different
sources for these species, more research will be required in
the future to understand this relationship. CH30H also
shows high VMRs in the upper troposphere (100-200 hPa
level) in the tropics (30°S-30°N) that may be due to ver-
tical transport.

Fig. 7 shows the hydrogen cyanide (HCN) climatology
for DJF and JJA. Owing to its longer chemical lifetime, ~4
years [e. g. 62, 65-67], HCN is relatively well mixed in the
upper troposphere globally and it is also transported into
the lower stratosphere (Fig. 7a and d). Over the tropics,
HCN can reach up to the 1 hPa level. The global mean HCN
VMR is ~0.1-0.2 ppbv. Because HCN is emitted from bio-
mass and biofuel burning regions, it generally shows
higher zonal mean VMRs and standard deviations in the
summer hemisphere (JJA in NH, and DJF in SH). The ocean
surface plays a role as a sink of HCN [e. g. 62,66,67] and, as
a result, it can impact the HCN VMRs at the lowest levels of
the climatology in seasons when the emissions are lower
(Fig. 7c and f). It should be noted that the quasi-biannual
“tape recorder” signal in HCN found in [66] and explained
in [68] is damped in this multi-year average climatology.

The final example of a carbon-containing species is
carbonyl sulfide (OCS) (Fig. 8). In contrast to HCN, the
ocean surface is the main source of OCS through direct
outgassing or chemical production by the oxidation of
carbon disulfide and dimethyl sulfide emitted from the
ocean [69]. Owing to its wide source area and relatively
long lifetime (2-6 years), OCS is quite well-mixed in the
upper troposphere with VMRs of ~0.4 to 0.5 ppby, little
horizontal and vertical gradient in the VMRs and weak
seasonality (Fig. 8c and f). This is also shown as low
variability in the standard deviations of the VMRs. OCS can
also be injected into the lower stratosphere through tro-
pical convection reaching up to 10 hPa. Above these
heights, OCS becomes rapidly photo-dissociated by UV
radiation or destroyed by reaction with OH [69].

5. Summary

This study describes the process used to estimate new
monthly and three-monthly ACE-FTS climatologies using
the version 3.5 dataset. This work provides a consistent
climatological dataset for 21 species (including several
carbon-containing trace gases) averaged over a nine-year
period with a wide vertical range, from the upper tropo-
sphere to the lower thermosphere. In addition, newly
available data quality filtering has been applied to improve
the reliability of the climatologies. It provides zonal mean
data binned by latitude or equivalent latitude as well as
climatologies separated on the basis of the local time of
the measurements for nitrogen-containing species.

We also presented examples of the spatial distributions
and seasonal differences for different trace gases using
these climatologies. The mesospheric/lower thermo-
spheric climatologies showed different phenomena such
as air-mass descent in polar winter and the effect of

photochemistry for certain species. Also, the climatologies
of carbon-containing species demonstrated how the spa-
tiotemporal variation can be captured. These can be used
to examine the influence of chemical sources or sinks and
associated atmospheric chemical processes in the UTLS.
The version 3.5 ACE-FTS climatology is available as a
supplement to this paper and from the ACE Mission
Website (http://www.ace.uwaterloo.ca/).
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