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1998 Original Proposed Primary ACE 
Goal 

To investigate the chemical and dynamical processes 
that control the distribution of ozone in the 
stratosphere and upper troposphere with a 

particular focus on the Arctic winter stratosphere.
 Temperature and pressure measured.
 Aerosols measured and quantified.

Main focus on climate change, e.g., 
trends in atmospheric composition; 
return to aerosols and ozone.

2022



ACE Satellite 

Bernath, et al. Sixteen-year trends in atmospheric trace gases 
from orbit, JQSRT (2020)

Bernath, JQSRT 186, 3 (2017); See http://www.ace.uwaterloo.ca/



Solar Occultation (One Sunset)

ACE makes 
30-40 
measurements per 
occultation to give 
one altitude profile.

etc.



FTS design (ABB-Bomem)

 Interferometer side  Input side

Spectral resolution: 0.02 cm-1

Spectral coverage: 750-4400 cm-1

Vertical resolution: about 3 km
Also has 2 solar imagers at 1 & 0.5 µm



FTS Optical Layout (ABB-Bomem)
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Occultation Sequence
• 750-4400 cm-1 range
• 0.02 cm-1 resolution
• SNR > typically 300 



ACE-FTS Version 4.1/4.2 & 5.0 Species
Tracers: H2O, O3, N2O, NO, NO2, HNO3, N2O5, H2O2, HO2NO2, O2, N2, SO2

Halogen-containing gases: HCl, HF, ClO, ClONO2, CFC-11, CFC-12, CFC-113, 
COF2, COCl2, COFCl, CF4, SF6, CH3Cl, CCl4, HCFC-22, HCFC-141b, HCFC-
142b, HFC-134a, HFC-23, HOCl, HFC-32 

HOCl is a key new ACE molecule for stratospheric ozone depletion.
Carbon-containing gases: CO, CH4, CH3OH, H2CO, HCOOH, C2H2, C2H6, 

OCS, HCN, CH3C(O)CH3, CH3CN, PAN, high and low altitude CO2 as well 
as pressure and temperature from CO2 lines 

Isotopologues: H2
18O, H2

17O, HDO, O13CO, OC18O, OC17O, O13C18O, 18OO2, 
O18OO, O17OO, OO17O, N15NO, 15NNO, N2

18O, N2
17O, 13CO, C18O, C17O, 

13CH4, CH3D, OC34S, O13CS, 15NO2, H15NO3

New routine species in v.5.0 are in red.

ACE is now in its 19th year on orbit. This longevity makes trend analysis feasible (with 
care). The change in atmospheric composition is the primary driver of climate change.

ACE retrieves 46 molecules plus 24 isotopologues.



ACE Imagers (1.02 & 0.525 μm)
New v. 5.0 of ACE Imager processing provides extinction 
profiles at 1.02 μm that agree with SAGE-III-ISS values. 
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Pyrocumulonimbus Clouds, PyroCb
Clouds (except for PSCs and PMCs) are usually confined to the 
troposphere.
“The ‘pyroCb’ is a fire-started or fire-augmented thunderstorm 

that in its most extreme manifestation injects huge abundances 
of smoke and other biomass-burning emissions into the lower 
stratosphere.” Fromm et al. BAMS (2010)



Australian Fires, 4 Jan 2020

Hirsch and Koren, Science 371, 1269 (2021)

Visible Infrared Imaging Radiometer Suite (VIIRS) images over Australia. 
Red dots mark the locations of fires.



Aerosols from Fires (Pyrocumulonimbus)

Fig. 1: a) CALIPSO measurement from January 30th, 2020, 14:00 UTC.  The red arrow indicates 
the latitude of the ACE-FTS ss88712 measurement.  The CALIPSO curtain probed the plume 
about 6° east in longitude from the ACE-FTS measurement.  b) The OMPS aerosol index map 
from January 30th, 2020, recorded approximately five hours prior to the ACE-FTS ss88712 
measurement.  The green star indicates the location of the ACE-FTS measurement.
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Injection of organics into 
stratosphere

GRL 47 (2020)

Typical Australian fire spectrum in 
red at 17.5 km: oxygenated soot; 
no obvious H2SO4; strong C=O str.

PyroCbs



Effects of Smoke in the Stratosphere



Wall Street 
Journal, 

Friday 18 
March, 
2022



Stories in Australia and Belgium



Stratospheric Australian Smoke Spectrum
Surface is likely acidic (carboxylic acid features) and hydrated.



Elevated Aerosol Extinction (1 µm Imager)
Stratospheric smoke during 2020, 
45-60°S latitude monthly averages



Ozone
Time
Series

O3 enhanced 
Jan-Mar 2020
from organic 
injection; O3
declines for 
rest of 2020
and into 2021



HCl, ClONO2, HOCl, ClO (May-June 2020)

HCl ClONO2

HOCl ClO



Possible Smoke Chemistry
Smoke surfaces catalyze the reaction:
HOCl + HCl -> Cl2 + H2O
HCl decreases and Cl2 photolyzes to 2Cl
ClOx cycle then destroys O3
Cl + O3 -> ClO + O2
ClO + O -> Cl + O2
Also HOCl photolyzes to OH and Cl
Therefore, ClO increases as observed.

At night N2O5 is hydrolyzed on hydrated smoke:
N2O5 + H2O -> 2HNO3
N2O5 is made from NO2, which thus decreases. 



Implications
Extreme wildfires are 
becoming more frequent 
because of climate change 
(2021 IPCC report). These 
pyroCbs perturb the HOx
cycle, reactive nitrogen 
and halogen chemistry in 
the stratosphere, 
destroying ozone. 
Wildfire smoke has the 
potential to delay the 
recovery of stratospheric 
ozone.  



Eight Aerosol and Cloud Spectra
ACE-FTS records characteristic IR absorption 
spectra of particles
1. Polar Mesospheric Clouds (PMCs)
2. Smoke from fires
Polar Stratospheric Clouds (PSCs)

3. Nitric acid trihydrate (NAT)
4. Sulfuric/nitric acid and water (STS)
5. Ice

6. Cirrus clouds (ice)
7. Volcanic ash    --->
8. Sulfate aerosols
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Lifecycle of Sulfate Aerosols

Kremser et al. 2016



Aerosol Parameters (4) 
1. Particle column density (particle density, N0, 
particles/cm3 x Pathlength, cm; N0L)
2. Composition: wt% sulfuric acid
Size distribution: assume lognormal

3. rm: median radius
4. S : spread of distribution (SD in lnr space)



Raikoke Volcanic Eruption







ACE-FTS “Residual” Spectra (Raikoke)
1 µm Imager
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Lab Spectrum H2SO4 Aerosols 

Room temperature, large particles; Heathfield et al. 1999
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Mie scattering 



H2SO4 Optical Constants

Blue circles indicate data calculated using the Lund Myhre et al. (2003) optical 
constants, red squares indicate data interpolated or extrapolated in temperature, and 
purple triangles indicate data extrapolated in wt% H2SO4.



Fitting the Spectra 

• The Oxford IDL programs were used to calculate 
spectra for all 46 sets of optical constants for rm
= 0.1, 0.2, … 1.0 μm with S = 1.1 (fixed).

• Tests showed that ACE spectra were not 
sensitive to the distribution width, S.

• C. Boone fitted the observed ACE transmission 
spectra (τ) with equation, τ = Ae-αL, adjusting the 
composition (wt%) and rm, as well as A 
(baseline) and L (pathlength). Interpolation used 
to obtain calculated extinctions, α.   



Sulfate Aerosol Fit

Parameters: 65.3±0.8%(wt), rm = 0.28±0.06 µm, T = 227 K (fixed), S=1.1 (fixed) or 
65.3±0.8%(wt), rm = 0.22±0.05 µm, T = 227 K (fixed), S=1.3 (fixed); 3.4x108 particles/cm2

ACE obs (blue)
Calc (orange)



ACE-FTS Sulfate Aerosol Retrievals
• ACE sulfate aerosol spectra are due mainly to 

absorption with some scattering at higher 
wavenumbers.

• ACE data alone: composition is well 
determined; rm is determined; N0L, particle 
column density is determined; distribution 
width, S, is not determined. 

• SAGE-III-ISS aerosol extinctions are mainly 
scattering and will improve ACE retrievals of rm 
and S.  



SAGE-III-ISS Aerosol Channels

Chan-
nel

λ (nm)

1 384.2
2 484.5
3 520.5
4 601.5
5 676.0
6 755.9
7 869.1
8 1021.2
9 1543.9



Sulfuric Acid Optical Constants for 
Near UV, Visible and Near IR  

• Palmer and Williams (1975) data seem to 
be the standard but are at 300 K.

• Refractive index can be shifted in 
temperature using Lorentz-Lorenz 
equation. Densities ρ(T, wt%) are needed 
and values from Lund Myhre et al. (2003) 
were used.

• Optical constants for SAGE-III-ISS 
wavelengths calculated for atmospheric 
temperatures.



ACE-FTS and SAGE-III-ISS
Raikoke plume at 20 km; ACE and SAGE are 2 days apart

ACE software is used to convert SAGE aerosol extinction values (km-1) into ACE-like 
limb transmission.
Results: rm = 0.241 ± 0.004 μm, H2SO4 = 64.9 ± 0.5 %, S = 1.30 ± 0.01, N0L = 4.8 ± 0.2 
x108 particles/cm2

ACE-FTS data alone: rm =  0.27 μm, H2SO4 = 66.3 %, S= 1.1 (fixed).

Obs (blue)
Calc (orange)



Conclusions
• ACE-FTS residual spectra provide a unique dataset 

for characterization of clouds and aerosols.
• For sulfate aerosols, ACE-FTS data alone provides 

3 of 4 parameters (rm, wt%, N0L).
• Adding co-incident SAGE-III-ISS data adds S, 

distribution width, for a complete set of sulfate 
aerosols parameters, assuming a lognormal 
distribution.

• ACE aerosol extinctions (version 5.0) derived from 
1 micron imager agree with corresponding SAGE-
III-ISS values.
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It’s All Spectroscopy

Textbook aimed at 
graduate students and 
senior undergrads. 
Particularly useful 
treatment  of the 
confusing topic of line 
intensities needed for 
remote sensing. 4th edition 
(April 2020) includes 
atmospheric and 
astronomical spectroscopy.


