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the Earth ’s Atmosphere from S pace using
a c e -f t s
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Ka l e y A. Wa l k e r

he trace gases in the Earth’s atmosphere, those
with concentrations less than 1%, have a strong
impact on life on the planet. The stratospheric
ozone layer that shields the Earth from ultravio
let radiation typically contains ozone concentrations of
the order of several parts per million (ppm)[1]. Chloro
fluorocarbon (c F c )
and hydrochlorofluorocarbon
(HCFC) species contribute to anthropogenic ozone deple
tion when they break down and release chlorine into the
stratosphere. These CFCs and HCFCs have concentrations
of the order of tens to hundreds of parts per trillion (ppt)
in the lower atmosphere[1]. Greenhouse gases, which
absorb and emit thermal infrared radiation but not shorter
visible and ultraviolet wavelengths, trap heat in the
atmosphere and thereby regulate the surface temperature
of the planet. Carbon dioxide and methane, two of the
most important of these greenhouse gases, currently have
tropospheric concentrations of ~ 400ppm and ~1850ppb
(parts per billion), respectively[2]. In Ontario, the pollu
tants sulfur dioxide and nitrogen dioxide are deemed to
contribute to poor air quality when their daily average
concentrations exceed ~200 ppb[3].

T

While the relative concentrations of these trace gases are
very low (compared to the bulk of the atmosphere that is
made up of nitrogen, oxygen and argon), their concentra
tions are not constant. They vary due to both natural
processes and those that are caused by human activities.
These variations can occur on time scales that range from
daily or seasonal to yearly or multi-yearly. Also, trace
gas concentrations vary with altitude and geographical
location. Thus to understand the composition of the
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The Atmospheric Chemistry Experiment
Fourier Transform Spectrometer (ACE-FTS)
on board Canada’s SCISAT is described
including the instrument and measurement
technique and the utilization of results from
the past decade.
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atmosphere along with its processes and its changes,
accurate measurements are needed that can quantify these
variations in time, space and height.
Remote sensing using infrared spectroscopy provides an
excellent method to determine the profiles of trace gases
from space. Remote sensing in this context utilizes
measurements of atmospheric spectra to infer the con
centrations of the molecules of interest. In the infrared
region, rotation-vibration transitions of a wide range of
molecules can be measured thus allowing chemical
processes in the atmosphere to be better understood and
modeled. From a satellite platform, an instrument can
measure atmospheric spectra originating from different
altitudes thereby providing height resolved (or profile)
measurements. By looking at the limb of the Earth, the
instrument measures through a long path in the atmo
sphere (typically several hundred km) and this provides
very high sensitivity to molecules with low abundances.
Also, this view from space can allow a global dataset to
be collected throughout the time period that the instru
ment is in orbit.
Fourier transform infrared spectrometry has been used
very successfully for remote sensing of the atmosphere [4].
In a Fourier transform spectrometer (FTS) using a
Michelson interferometer, the input radiation is divided
into two beams by a semi-transparent mirror. A varying
optical path difference is introduced between the reflected
and transmitted beams before they are recombined. This
results in an interference pattern as a function of optical
path difference, or an interferogram, that is recorded at the
detector. The frequency calibration is accomplished by
recording the signal of a laser, which is also modulated by
the interferometer. Using a Fourier transform of the
interferogram, the spectrum of the input radiation beam
is obtained. The maximum optical path difference of the
FTS determines the spectral resolution of the measure
ments, with a longer path difference providing higher
resolution. For a satellite FTS, a balance must be struck
between the spectral resolution necessary and the limited
mass and volume available for the instrument. A welldesigned FTS can provide a compact instrument with the
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high spectral resolution required for atmospheric composition
measurements.
Profile measurements of the atmosphere have been made by
space-borne FTss recording either absorption or emission
spectra. The first profile measurements were made, between
1985 and 1994, by the Atmospheric Trace Molecule Spectro
scopy (ATMOS) experiment[5] during four flights on board the
space shuttle By viewing the sun through the atmosphere
during sunrise or sunset, solar absorption spectra were
measured and used to derive trace gas profiles. More recently,
the Michelson Interferometer for Passive Atmospheric Sound
ing (MIPAS) was deployed on the European Environmental
Satellite (Envisat) from March 2002 to April 2012[6]. MIPAS
measured atmospheric emission spectra by scanning in altitude
throughout its orbit. By using emitted thermal infrared
radiation, these profile measurements could be made during
both day and night.
The solar occultation technique, employed by ATMOS,
typically produces a maximum of 15 sunrises and 15 sunsets
per day, which is far fewer measurements than the emission
observations made by MIPAS (more than 500[6]). However,
solar occultation provides a number of advantages. The
~5800 K Sun provides infrared radiation over a wider spectral
range than the thermal infrared emission from the Earth’s much
cooler atmosphere. This enables an infrared solar occultation
FTS to measure the spectral signatures of more species than an
infrared emission instrument. Also, the solar absorption spectra
have much higher signal-to-noise ratios than atmospheric
emission spectra and thus provide enhanced measurements of
low abundance species.
Currently, the only FTS making atmospheric profile measure
ments from space is the Canadian-led Atmospheric Chemistry
Experiment (ACE) mission[7]. Carried by the SCISAT satel
lite, ACE was developed to investigate the composition of the
Earth’s atmosphere with a primary focus on the chemical and
dynamical processes that determine the distribution of ozone
over Canada and the Arctic. The ACE mission builds on
Canada’s strong heritage in ozone science [8]. The ACE-FTS,
which operates in the mid-infrared region, is the main
instrument[9] and a second instrument, named MAESTRO
(Measurement of Aerosol Extinction in the Stratosphere and
Troposphere Retrieved by Occultation), was added during the
development of the mission to provide an ultraviolet-visible
measurement capability[10]. SCISAT was launched by the U.S.
National Aeronautics and Space Administration (NASA) in
August 2003 and has been providing profiles from atmospheric
solar occultation measurements routinely since February 2004.
This has resulted in a ten-year-long data record (as of 21
February 2014) that is on-going. In the following sections, the
discussion will focus on the ACE-FTS and its measurements,
highlights of its scientific results and the potential for new
missions using this technique.
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INSTRUMENTATION AND MEASUREMENTS
The ACE-FTS is a modified Michelson interferometer that was
custom built for SCISAT by ABB Bomem[9]. Briefly, it
utilizes two cube corner reflectors mounted on a pivoting arm
mechanism and a folded optical path to provide a maximum
optical path difference of +25 cm to —25 cm within a
compact instrument. The flight instrument is shown in Fig. 1.
The resulting spectral resolution (0.02 c m —') is sufficient to
resolve transitions for the molecules of interest to the mission.
Two co-aligned photovoltaic detectors (mercury cadmium
telluride and indium antimonide) are used to cover the 750
4400 cm —1 (13.3-2.2 pm) spectral range. To operate, these
detectors are cooled using a passive radiator directed towards
deep space. On orbit, this cooler provides detector operating
temperatures of 80-100 K. A suntracking mirror system is
located within the ACE-FTS. It uses a four-quadrant detector to
provide feedback to the pointing mirror and keep instrument
field-of-view pointed at the centre of the Sun throughout each
sunrise and sunset.
The SCISAT satellite is in a circular orbit (altitude ~650 km
and an inclination angle 74° with respect to the equator) that

Fig. 1

Picture of the ACE-FTS instrument showing
the interferometer arm and beam splitter
configuration (from ABB Bomem). The
cone located at the “top” of the instrument
provides the passive cooler with protection
from stray radiation from the Earth and the
Sun.
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was optimized to yield global coverage with a focus on
measurements over Canada and the Arctic [7]. For each day,
the 15 sunrises and 15 sunsets are evenly spaced in longitude
around the Earth within a narrow range of latitudes. Over a
period of three months all latitudes from 82°N to 82°S are
measured by ACE. During each sunrise or sunset occultation,
ACE-FTs produces a series of spectra extending from the
cloud tops to ~ 150 km in altitude with a typical measurement
spacing of 3-4 km. In addition, calibration observations of
deep space and of the Sun above the atmosphere (e.g. exo
atmospheric) are recorded with each occultation. From these,
atmospheric transmission spectra are calculated. This measure
ment method provides a “self-calibration” for the ACE-FTS
that can account for small changes in instrument performance
that may occur over time.
The process to retrieve atmospheric profiles from the ACEFTS measurements is undertaken in two steps[11]. First, since
carbon dioxide is well mixed throughout much of the atmo
sphere, its concentration can be fixed and the relative line
intensities provide information about temperature and the
amount of absorption provides information about pressure.
Second, this temperature/pressure profile is used to retrieve
volume mixing ratio (VMR) profiles for each of the trace gases
by a nonlinear least squares fitting of all of the transmission
spectra for a single occultation. Narrow regions of the spectra,
called microwindows, are selected to isolate (as much as
possible) the pertinent spectral features of each molecule to be
retrieved from those of other species. The signal-to-noise ratio
for a single ACE-FTS spectrum is greater than 300:1 over most
of the spectral range. This allows molecules with abundances
of the order of tens of parts per trillion (ppt) to be detected
without averaging spectra.
In total, profiles of more than 35 molecules and 20 minor
isotopologues (molecules containing less abundant isotopes of
certain atoms) are retrieved in the current data version (v3.0/
3.5)[11]. These include ozone, halogen- and nitrogen-contain
ing species involved in ozone depletion (e.g. CFCs, HCFCs,
HCl, NO, NO2), greenhouse gases (e.g. H2O, CH4, N2O),
tracers of atmospheric motion (e.g. CO, HF), and carboncontaining species related to biomass burning and pollution
(e.g. HCN, C2H6). This is the largest number of atmospheric
constituents that has been measured by a single satellite
instrument to date. These data are verified through compar
isons with measurements taken by satellite-based, balloonborne and ground-based instruments[12]. This validation
process is continued throughout the mission to ensure the on
going data quality of the ACE-FTS profiles[13].

UTILIZATION OF ACE-FTS RESULTS
When ACE on SCISAT was proposed to the Canadian Space
Agency, the most pressing scientific questions were focused on
understanding the stratospheric ozone layer and its recovery.
This is because the Montreal Protocol on Substances that
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Deplete the Ozone Layer had been brought into force a decade
earlier to control the use of CFCs. Thus, the ACE primary
objective focused on understanding the processes that control
the distribution of ozone [7]. Over the mission development and
operations phases for ACE, the scientific focus has broadened
to also include monitoring of greenhouse gas distributions and
investigations of pollutant species and how they are transported
in the upper troposphere.
Over the mission, more than 300 peer-reviewed papers have
been produced using ACE results. The majority are scientific
studies with the rest comprising validation results, measure
ments using ground-based versions of the ACE instruments,
and works relating to testing, calibration and retrievals. In
2013, a book was published to celebrate the 10th Anniversary
of ACE (The Atmospheric Chemistry Experiment ACE at 10:
A Solar Occultation Anthology (edited by Peter F. Bernath),
A. Deepak Publishing, 2013). A listing of these papers and
book chapters is provided on the ACE mission website (http://
www.ace.uwaterloo.ca).
The long measurement record and large number of molecules
measured by ACE-FTS have enabled the SCISAT mission to
contribute significantly to several international projects and
programs. For example, every four years the World Meteor
ological Organization coordinates an assessment of the effec
tiveness of the Montreal Protocol in reducing the concen
trations of ozone depleting substances and publishes a report
on the “Scientific Assessment of Ozone Depletion” (e.g. [1]).
This regular assessment is mandated in the Montreal Protocol.
ACE has contributed prominently to both the 2006 and 2010
reports, and now to the 2014 report, through our measurements
of ozone, ozone depleting substances (such as CFCs and
HCFCs) and their breakdown products. With the loss of the
MIPAS instrument on Envisat in 2012, there are no other
satellite instruments providing profiles of many of the species
that are needed to identify and to understand the causes of
changes observed in stratospheric ozone. For many of the CFC
and HCFC species, the only other measurements are made at
ground level. Through this, ACE contributes to monitoring the
effectiveness of the Montreal Protocol and the initial stages of
the recovery of the stratospheric ozone layer.
One of the strengths of ACE-FTS is the diverse set of
molecules that are measured simultaneously during each
occultation. In the area of ozone depletion chemistry, these
have been used to examine how chlorine is distributed between
different species (e.g. HCl, ClONO2) in the Arctic and
Antarctic stratosphere and how this changes with time during
polar spring[14]. ACE-FTS measurements have demonstrated
how pollutants can be moved rapidly from the troposphere into
the lower stratosphere over the Asian summer monsoon region,
by showing this effect for several species[15]. Also, the
chemical changes that occur in gas/smoke plumes as they are
transported away from boreal forest fire regions have been
investigated using measurements from ACE-FTS [16].
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two years. The development
of ACE has significantly in
creased the scientific and
industrial capacity for atmo
spheric remote sensing within
Canada. Nationally, nearly
120 graduate and undergradu
ate students, postdoctoral fel
lows and research associates
have been trained through
ACE and a further 110 have
been involved internationally.
Due to the success of ACEFTS, ABB has developed
Fig. 2 Plot showing the change in HCl concentration at 35-45 km in altitude and between 30°N and
new business partnerships to
50°N, derived from ACE-FTS (2004-2013) and HALOE (1993-2005). The calculated change
provide interferometers and
is relative to the average value for this time period, seasonal variations have been removed and
components for international
the trend lines have been calculated for the periods before and after January 1997[17].
satellite and airborne remote
sensing missions such as the
TANSO-FTS on the Japanese Greenhouse gases Observing
Global and regional models that can simulate both chemical
Satellite (GOSAT).
and dynamical processes are required to predict the possible
evolution of the Earth’s atmosphere. To have confidence in the
Since 2009, several concept and mission definition (phase 0)
results from these models and to evaluate their uncertainties,
studies have been undertaken to develop a new mission with a
the model output must be assessed using high quality datasets
next-generation solar occultation FTS instrument on either the
such as those from ACE-FTS. For example, multi-year
International Space Station or a satellite. These have included
climatological datasets have been generated from the ACEthe Solar Occultation for Atmospheric Research (SOAR)
FTS results to allow average profiles for a particular latitude
mission and the Chemical and Aerosol Sounding Satellite
range, time period and species to be compared easily to the
(CASS)[21]. However, to date, no new missions have been
same quantity from global chemistry-climate m odels[18].
approved for development in Canada or internationally to
These data have been used in model evaluation projects such
continue the observation record from ACE-FTS. As of the time
as the Chemistry-Climate Model Validation Activity of the
of this writing, the instruments and spacecraft continue to
World Climate Research Program[19]. ACE is also being
operate nominally and there are no known or predictable
included in international initiatives to generate long-term
conditions that will limit further years of measurements. To
datasets that extend over many years by merging profiles
support the extension of this valuable atmospheric composition
from different satellite instruments[20]. Because of the long
time series, it is hoped that the Canadian Space Agency will
term stability of the ACE-FTS occultation measurements, they
fund the continuation of ACE operations until a new mission is
are of particular value for inclusion in “merged” datasets or for
developed and launched.
on-going validation of the resulting time series. Fig. 2 shows
how the ACE-FTS measurements of HCl in the upper strato
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CONCLUSION
On 12 August 2014, ACE on SCISAT celebrated 11 years in
orbit. This is a tremendous achievement for a Canadian
satellite and payload that were designed to operate for only
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