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1. Past:  Brief review of the 
discovery and explanation 
of the Antarctic ozone hole

2. Present:  Mounting 
evidence that the ozone 
hole is beginning to heal



Reactions among gas 
molecules only.

(Also:  Stolarski and Cicerone)

Paleo-ozone in the 1970s:  Gas phase chemistry



An ozone surprise!!

Once used in:

Spray cans
Insulating foams
Refrigeration
AC
Solvents
And more…..



Oct
avg

Three stages of ozone 
‘recovery’ (WMO/UNEP):

1) Rate of decline slows 
down

2) Ozone is flat instead of 
worsening (in ‘remission’)

3) Ozone increases -- and in 
a manner that can be 
attributed to halogen 
decreases (‘healing’)

The Antarctic 
ozone hole: a 
challenge to 
science.   
Why?



A letter from 
the British 
Antarctic 
Survey





The Halley data:

Missing total ozone, but from 
WHERE in altitude?

The Syowa data  
demonstrated WHERE the 
depletion was happening:  

1985:   A Mystery, With A Few Important Clues

©          Nature Publishing Group1986

©          Nature Publishing Group1986

Not NOx 
coming 
down 
from 
above

Fingerprint in altitude:  The 
ozone was missing from the 
heart of the layer, 10-25 km, not 
40 km as predicted from gas-
phase chemistry



We have identified one factor that has substantially strengthened the 
stratospheric vortex:  less ozone makes it colder, and this is well 
documented and understood.

Antarctica really is the
coldest place on Earth.

Clouds that form in the cold Antarctic
stratosphere allow surface
(heterogeneous) chemistry to take place,
enhancing ozone destruction by
manmade chlorine.

Key reaction is
HCl + ClONO2 -> Cl2 + HNO3

 (Solomon et al., Nature, 1986).

"The light was especially good today; the sun
was directly reflected by a single twisted
iridescent cloud in the north, a brilliant and
most beautiful object."

(Robert Falcon Scott,
Diary entry for August 1, 1911)

polar



20
HCl

ClONO2
Cl2

Polar cloud surfaces lead to much
more ozone destruction, in the 
heart of the layer

40
Gases destroy ozone here

Amount of ozone

20

0

Cl

OzoneClO

ReservoirsActivated
for ozone loss



Susan Solomon, August 1986 noon
The opportunity of a scientific lifetime



Measuring 
ClO in 
Antarctica:

Ground-
based 
microwave 
spectroscopy 
by de Zafra 
and 
colleagues, 
SUNY



Airborne resonance fluorescence:  Anderson and colleagues, Harvard



1000 pptv 
ClO 
destroys 
about 2-
3% of the 
ozone per 
day based 
on known 
chemistry
…so 
ozone all 
gone in 
about 5 
weeks….

Enhanced by 100x

Matching fingerprint in altitude:   Enhanced ClO from 
12-24 km, just where the ozone was missing



AAOE mission in August-
September 1987: 

observations inside the 
polar vortex show high 
ClO is related to a strong 
decrease of ozone over 
the course of the Antarctic 
spring, as sunlight returns 
to the polar cap

Fingerprint in latitude



Antarctica:  
cold nearly 
every year, 
with some 
variability

Arctic:  more variable, and 
pushed by waves, so 
generally warmer; less 
ozone depletion

A Bird’s Eye Fingerprint from Space

Waters, Santee, and colleagues



Types	of	PSC:		Frozen	and	Liquid

          

P1: ARS/MBL/ary P2: RPK/MBL/plb QC: MBL/agr T1: MBL

August 5, 1997 13:27 Annual Reviews AR040-25

790 PETER

Figure 2 Two possible pathways for the stratospheric aerosol upon cooling. (Left path) Conven-
tional three-stage concept (//// SAT,\\\\ NAT, |||| ice). (Right path) Aerosol remains liquid, takes
up HNO3, and freezes out water ice below the frost point.

H2O mixing ratios of 10 ppbv and 5 ppmv, respectively, TNAT = 196.3 K (26).
Upon further cooling, water ice becomes stable below the ice equilibrium tem-
perature, Tice, also called the frost point. Above this temperature ice evaporates.
For 5 ppmv of water at 55 mbar, Tice = 189.1 K (25). This scheme is the con-
ventional three-stage concept of PSC formation (29), which is based on lidar
observations showing, besides the background aerosol particles, two distinct
PSC types: type-1, presumably NAT or other HNO3 hydrates, and type-2, pre-
sumably ice. This scheme received much attention when PSC measurements in
the Antarctic appeared to show the onset of particle growth after the saturation
temperature with respect to NAT was reached (30). However, these Antarctic
observations were made in late winter after air masses had been exposed to very
low temperatures over extended periods of time and could not reveal how the
PSCs were initially formed.
The path on the right hand side of Figure 2 shows a particle that does not

freeze above the frost point. Instead, it remains liquid and takes up substantial
amounts of HNO3, leading to an HNO3/H2SO4/H2O ternary solution droplet.
In this case freezing is assumed to occur only below the frost point, where
water ice precipitates. The two paths yield very different results even below the
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Composition, chemistry, and microphysical PSC processes 
advanced through the work of many [Tolbert, Molina, Ravi, Toon, 
Crutzen, Arnold, Carlsaw, Peter, Tabazadeh, Koop, and…..].  



Quasi-liquid on 
solid and liquid 
PSC, so all take 
up HCl and 
become reactive 
enough to make 
an ozone hole if 
temperatures 
drop below 192K 
(see Solomon et 
al., JGR, 2015). 

Significant 
remaining 
uncertainties in 
kinetics – but v 
few kineticists!

A Key Common Feature in Ice and Liquid Particles



Observations of a host of 
important chemicals and 
fingerprints….ClO, OClO, 
NO, NO2, HCl…..
-> Massive perturbations 
to Antarctic chlorine 
chemistry on PSCs, 
capable of depleting the 
ozone layer very 
effectively.  A clear story 
to tell to scientists, the 
public, and policymakers.



Is the Montreal Protocol Working?   Definitely.

http://www.esrl.noaa.gov/gmd/hats/ • NH, SH differences
• Lifetimes of gases, global trends
• Many decades to really ‘recover’



The full 
recovery of 
the Ozone 
Hole: late 
compared 
to other 
latitudes 
because 
Antarctic 
air is both 
cold and 
‘old’

Newman et al., GRL, 2005



Changes in 
targets over time 
owe much to 
scientific 
assessments.

Albritton’s
insight on three 
phases in 
science-policy 
interactions on 
environmental 
issues:

1) Credibility

2) Manageability

3) Accountability
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Ozone hole 
discovered

Ozone hole 
explained; 
also 
depletion in 
mid-lats

Also 
depletion 
in 
summer 
mid-lats



Agung
Chichon

Pinatubo

Observations

Attribution of Global Climate Change

IPCC (1995):
“Balance of evidence 
suggests discernible 
human influence”

IPCC (2001):
“Most of global warming 
of past 50 years likely
(odds 2 out of 3) due to 
human activities”

IPCC (2007):
“Most of global warming 
of past 50 years very 
likely (odds 9 out of 10) 
due to greenhouse 
gases”

Natural 
forcings only

Natural and 
human effects

Quantitative attribution: not just simple trend 
statistics, account for confounding factors.
Next  part of the talk:  data, models with/without 
volcanoes, dynamics/temperature from data and 
‘free-running’ (WACCM)



Depth	of	the	Antarctic	Total	Ozone	Loss

October	avg – highly	variable.			Well	
simulated	by	model.	No	statistically	
significant	healing	trend	(90%	confidence).

September	avg – healing	suggested	✔

[Note:		2002	not	included	in	Antarctic	trend	
analyses]

South	Pole

SBUV	polar	cap

South	Pole

SBUV	polar	cap

From Solomon et al., Science, 2016

Remarkable model/data agreement.   
Large interannual
dynamical/temperature variation, 
but it is no mystery!
We can model it well with current 
reanalyses, and this has to be 
included in evaluating uncertainty.  



Profile	of	the	Antarctic	Ozone	Loss

Shape of	the	trend	in	the	September	profile	of	increased	concentrations	since	2000,	at	two	
different	stations.		✔✔✔

Model suggests as a best estimate that about half of the September recovery near 
15 km is chemical (while half is dynamics/temperature).  But within uncertainties 
≈100% may be chemical. Solomon et al., Science, 2016. 

Healing

What is the role of 
ozone/temperature feedback?

More ozone à warmerà less 
depletion

SD-WACCM uses observed 
temperatures, so any such 
contributions are credited to 
chem/dyn/vol here, even those 
that are chemically driven.

Depletion



 1 

 2 
 3 
Fig. S4. Annual size of the October monthly average ozone hole (defined as the region where 4 
total ozone amount is less than 220 DU) from TOMS satellite observations together with 5 
numerical model simulations for the Chem-Dyn-Vol, Vol-Clean, and Chem-Only simulations.   6 
Trends from 2000-2015 in the TOMS observations and the Chem-Dyn-Vol model calculations 7 
are indicated by lines, but are not significant at 90% confidence.   8 
 9 

 10 
 11 
Fig. S5. Daily measurements (left) and Chem-Dyn-Vol model calculations (center) as well as 12 
Vol-Clean calculations (right) of the size of the Antarctic ozone hole in different time intervals, 13 
with 2015 shown in purple and 2011 in black.   Both 2011 and 2015 were heavily perturbed by 14 
volcanic eruptions and display extremely large ozone holes in October compared to other years, 15 
with 2015 being a clear and sustained record in October only when the volcanic perturbation is 16 
considered (center).  Dashed purple line denotes TOMS data after the period covered by the 17 
model runs. 18 
 19 
 20 
References and Notes  21 
 22 

1. J. C. Farman, B. G. Gardiner, J. D. Shanklin, Large losses of total ozone in Antarctica reveal 23 
seasonal ClOx/NOx interaction. Nature 315, 207–210 (1985). 24 
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Hole is area where total ozone is < 220 DU; observed variations are well simulated 
in this chemistry model using observed temperatures and winds with calculated PSC 
and volcanic aerosols.

Record large size in October 2015 well reproduced in the model when Calbuco
volcano enhancements to PSCs are included.   And there are significant volcanic 
effects in other years too.

What About the Size of the Hole?
Record!

From Solomon et al., 
Science, 2016. 

Calbuco
volcano



What about the seasonal evolution?

From Solomon et al., Science, 
2016; see also Ivy et al, GRL, 
2016 for similar free-running 
WACCM ensemble simulation 
findings. 

Observations

Model including 
chlorine, 
meteorology, and 
volcanoes 

Late Aug-Early Sep is 
key to healing. 

Volcanoes enhance 
October holes in cold 
years.



Ups and downs are well reproduced by the model à no mystery.  Clear that the ozone 
hole is opening more slowly on average, even in cold and/or volcanically-perturbed 
years.

Affects the monthly average for September -- but by October the hole has had enough 
time to be fully formed, and is more sensitive to other factors besides Cly.  

The Early Season:  Slower Opening of the Hole

From Solomon et al., 
Science, 2016. 

The ozone 
hole is 
starting to 
heal in the 
early 
season.		
✔✔✔

(and stays above > 3 days)



Why is less chlorine key in the early season 
(but not so much later)?  Simple kinetics…

model result is illustrated in Figure 6. Here we compare the
model ozone on 15 September, for 1998 and 2003. The
2003 result is typical, with POAM sampling the highest in-
vortex mixing ratios near the pole at this time. However, in
the 1998 simulation, the region of relatively high ozone
mixing ratio air has drifted off the pole to lower latitudes,
and has been replaced at the pole by air that has been in
sunlight and is already ozone depleted. There is no sugges-
tion of this in the measurements. In fact, Figures 2 and 5
show that in 1998 the POAM zonal average ozone mixing
ratio on 15 September is somewhat higher than found in
other years, and the mixing ratio reaches its minimum value
a few days later than in other years. Figure 6 suggests, then,
that the 1998 measurement/model discrepancy is the result
of a problem with the input wind fields and not the
chemistry.
[19] The discrepancy for September 1998 illustrates the

critical dependence of the measurement/model comparison
on the details of the wind field, especially in September
when POAM is sampling the small remnant of relatively
high ozone. When the 1998 simulation is performed with
ECMWF winds (shown also in Figure 5), the agreement is
much better because the high ozone remnant remained
longer at the POAM latitude. This suggests that errors in
the wind fields are the primary reason for the model/
measurement discrepancies exhibited in Figure 5. It has

been shown that for the Arctic, ozone loss calculations can
be very sensitive to the choice of meteorological analysis,
due mainly to differences in temperature and hence PSC
formation [Manney et al., 2003; Davies et al., 2003]. In
the Antarctic vortex, temperatures are usually cold enough
that differences between the temperature analyses are less
important. Instead, it is the accuracy of the wind analysis

Figure 4. Model ozone distribution for 4 selected dates for
the 2003 simulation. Each model air parcel, initialized at
500 K (on 6/27), is shown as a colored circle. The latitude
of the POAM measurement is denoted by the black circle.

Figure 5. Comparison of the POAM and model ozone
time series for 3 years. Only the model air parcels within
±2! of the POAM latitude were averaged. The POAM
measurements for each day were sampled at the average
potential temperature of the model trajectories, which were
initialized at 500 K and descended to about 475 K. UKMO
winds were used for all model runs except for the single
case in 1998 as indicated.

Figure 6. Comparison of the model ozone distribution on
15 September of 1998 and 2003.

D19304 HOPPEL ET AL.: POAM-MATCH ANTARCTIC OZONE LOSS ANALYSIS

5 of 12

D19304

Hoppel et al., JGR, 2005

Early season à ClO is easily 
activated; ozone loss rate 
depends mainly on Cly, sunlight

Late season à ozone already 
driven close to zero in vortex 
core; ClO deactivation competes 
w/activation; the aerosol, T, and 
transport variability all can play 
larger roles



2015 Calbuco volcanic eruption:  Observed and Modeled Aerosols

Estimated from CALIOP at 100 hPa
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2015 aerosol progression

EAPS
Earth, Atmospheric and Planetary Sciences

Stone et al., submitted to JGR, 2017

• The Chilean volcano Calbuco erupted on April 
22 2015 at a latitude of 41˚S

• Injected an estimated .4 Tg of sulfur into the 
stratosphere up to an altitude of 21 km

• Pinatubo injected an estimated 14-23 Tg



With so much less 
ozone, the Antarctic 
spring stratosphere 
became much colder 
(5-10°C in 
November), a 
remarkable change 
in stratospheric 
climate.

à Ozone-
temperature 
feedback.

à Do we see a 
mirror image of 
warming now?

Ozone Hole Cools The Antarctic Stratosphere

Randel and Wu, J. Clim, 1999; 
see Shine, GRL, 1986



Remarkable ‘Mirroring’ of Temperature Changes in the Depletion and 
Healing Eras:   Observed and Free-Running Model

From 
reanalysis

Model

Depletion Era Healing Era

From Solomon et al., in press, JGR, 2017



How Much Do Purely Radiative Impacts of Ozone Changes in the 
Healing Era Contribute to the Temperature Trends?

Impose modelled
ozone anomalies in 
radiative code with 
fixed dynamics.  

àSignificant 
warming due to 
ozone changes 
that are purely 
due to chemistry.  

àOzone-
temperature 
feedback is an 
assist to the 
healing!

From Solomon et al., in press, JGR, 2017



Thanks….for 
many things





Cold temperatures lead to polar 
stratospheric clouds.

These in turn ‘activate’ the chlorine from 
CFCs to form Cl2.  Formation of the ClO
dimer in cold sunlit air then drives 
depletion (Molina et al, 1987)

Cl2 + light à 2Cl
Cl + O3 à ClO + O2
Cl + O3 à ClO + O2
ClO + ClO à Cl2O2
Cl2O2 + light à Cl + Cl + O2

Net:   2O3 + light à 3 O2

Bird’s eye fingerprint from space 
by Waters, Santee, and colleagues.
NB:  Arctic is warmer in spring

Fingerprint 
in lat, lon



Comparison to Pinatubo:  Calbuco Packed a Local Wallop

EAPS
Earth, Atmospheric and Planetary Sciences

Line	plots
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Ozone normalized anomalies:  Observed and modelled

MLS at 100 hPa
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EAPS
Earth, Atmospheric and Planetary Sciences

• Normalized	ozone	anomalies	gives	
each	dataset	a	mean	of	0	and	a	
standard	deviation	of	1

• The	Calbuco	aerosols,	under	the	
ideal	cold	conditions,	enhance	
ozone	depletion.			Note:		aerosol-
temperature-dynamics		
interactions	imply	that	linear	
regression	cannot	be	expected	to	
be	a	good	tool.

• The	latitude	of	large	anomalies	is	
in	the	same	location	as	elevated	
aerosols	à subpolar max

Stone et al., submitted to JGR, 2017



From Ivy et al, GRL, 2016

Calbuco Simulations with Free-Running Model

Cold conditions set the stage, but the 
record large hole required Calbuco
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From Ivy et al, GRL, 2016

Calbuco Simulations with Free-Running Model
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From Ivy et al, GRL, 2016

Calbuco Simulations with Free-Running Model

Cold conditions set the stage, but the 
record large hole required Calbuco



From Solomon et al., in press, JGR, 2017



Seasonal Cycles of Ozone Trends:  Depletion and Healing

From Solomon et al., in press, JGR, 2017



Spectroscopy

Measurements of chlorine 
dioxide at McMurdo Station, 
Antarctica

Temperature = -40°C

Windspeed = 50-80 km/hour



Using the moon to best advantage:

Path Length     =1 when overhead
= 2 at 60°
= 3 at 70°



OClO observed as a function of lunar angle through the nights 
in Antarctica (about 100x greater than gas-phase chemistry!).     

8332 SOLOMON ET AL.' OBSERVATIONS OF OCIO IN ANTARCTICA 
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Fig. 3. Observed variation of OCIO slant column abundance 

during the nights of September 16-19, 1986, from direct moonlight 
data at McMurdo Station, Antarctica. 

spectrum is known and assuming that OClO does not vary 
over solar zenith angles from 80 ø to 94 ø . 

3. RESULTS 

3.1. Lunar Data 

Our best lunar data were acquired on the nights of Septem- 
ber 16-19, when lunar zenith angles as large as 84.6 ø were 
available. As shown by Mount et al. [this issue], McMurdo 
Station was located well inside of the polar vortex during this 
time, and temperatures at the 50-mbar level (see Figure 9) 
were less than -80øC (193 K). Observed ozone and NO 2 
abundances were very low' about 200 Dobson units (DU) and 
less than 1 x 10 •5 cm -2, respectively. Figure 3 shows the 
OC10 slant column abundances observed on these nights as a 
function of lunar zenith angle, along with a smooth curve 
showing the functional dependence expected for a strato- 
spheric air mass factor. These data show that the observed 
column follows approximately the expected zenith angle be- 
havior for a stratospheric absorber. Indicated error bars are 
the 1 a standard deviation of the least squares fit to OC10's 
spectral features over the wavelength range considered (403- 
428 nm). Note that the observations obtained near an 85 ø 
angle are characterized by the lowest standard error, since 
they represent the longest optical paths. Further, the 1 a stan- 
dard errors were only about 5% of the OC10 abundances 
derived by the least squares inversion for these spectra at these 
large angles. While this represents an objective measure of the 
spectral fit, it should be noted that the presence of other un- 
known absorbers influences the fit statistics. A better measure 

of the precision is provided by examining the consistency of 
the entire data set with zenith angle. This represents a very 
conservative measure of precision, since some of the observed 
variance relative to the expected behavior with angle reflects 
true temporal variations rather than errors. Figures 3 and 5 
suggest that the total 1 • precision is about _ 30%. The abso- 
lute error is influenced by these factors as well as by uncer- 
tainties in OC10 laboratory cross sections which add an ad- 
ditional error of about _ 10%, for a total error of _+40%. As 
in all spectroscopic measurements, the possibility that the ab- 
sorption seen might not actually be due to OC10 must be 
considered. A variety of instrumental and observational con- 

siderations suggest that this possibility is quite remote, as will 
be further discussed later. 

Visual inspection of the residual absorption spectrum ob- 
tained after considering the effects of Rayleigh scattering, very 
large particle Mie scattering, Ring effect, and absorption by 
NO: and ozone (but not OC10) reveals the presence of several 
OC10 lines. Figure 4 shows such a residual spectrum for the 
night of September 19, 1986, along with the measured OC10 
laboratory spectrum scaled to the abundance later assigned 
for this spectrum when OC10 is included in the inversion 
procedure. Note that the sign convention here is reversed from 
that of Figures 1 and 2. 

As shown by Wahner et al. [1987], the OC10 line strengths 
and widths are temperature sensitive. The fit of the indicated 
laboratory spectrum to the atmospheric residual absorption 
will be influenced by temperature variations over the altitude 
range where OCIO is found and, more importantly, by the 
Ring effect as well as other unknown absorbers appearing in 
the absorption spectrum. The criterion applied in the gener- 
ation of both the residual spectrum and the differential cross 
section is that the mean be zero and that the sum of the 

squares of the absorption or cross section over the wavelength 
range considered by minimized. The presence of unknown ab- 
sorbers then affects the overall shape of the resulting curves so 
that the two will not superpose exactly (see also, Mount et al. 
[this issue]). Further, atmospheric temperatures and overlap 
between various parameters included in the inversion (e.g., 
Ring effect and OC10) influence the details of the appearance 
of the spectral lines resulting when OC10 is not included in 
the inversion as compared to the laboratory spectrum. Tem- 
peratures affect the OC10 line widths. Overlap between the 
spectral features of OC10 and the Ring effect (particularly 
near the stronger line at about 409 nm) implies that the inver- 
sion can erroneously attempt to account for part of the OC10 
line by assigning it to the Ring effect insofar as the mini- 
mization condition is not violated. In the region where OC10 
does not absorb (e.g., near 411-412 nm) any other absorbers 
which are present will dominate the spectrum. Therefore com- 
parisons like that of Figure 4 can only be considered qualita- 
tive. Quantitative and objective analysis is provided by the 
least squares matrix method. 

Figure 5 displays the inferred vertical column abundances 
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Fig. 4. Observed residual absorption spectrum obtained on the 
night of September 19, 1986, (solid line) along with the spectral fea- 
tures of OClO measured in the laboratory (dashed line). Note that the 
sign convention is reversed from Figures 1 and 2. 
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Fig. 0a. Residual absorption obtained in zenith sky data near 87.9 ø 
over the wavelength range from 34? to 353 nm at McMurdo Station, 
Antarctica, on day 269 (September 26), ]987, after consideration of 
the absorption duc to Rayleigh scattering, large-particle Mic 
scattering, the Rinõ effect, ozone, NO2, and BrO. A spectrum 
obtained at 83.8 ø was used as the background (scc text). The 
absorption cross section of OC]O measured in the laboratory at -?5 
øC is shown for comparison. 

The variation of the optical path with solar zenith angle and 
wavelength can provide important information regarding the 
vertical distribution of absorbing species. When the 
atmosphere is optically thin, the scattered flux-is greatest at 
the surface and decreases exponentially with height, but at 
large solar zenith angles the incoming radiation at 
wavelengths near 420 nm is strongly attentuated in the 
troposphere, and most of the sky brightness is provided by 
scattering occurring at relatively high altitude. At large 
solar zenith angles the largest optical paths occur near the 
altitude where most of the scattering occurs (near 20-25 km 
for a wavelength of 420 nm at solar zenith angles greater 
than about 88ø; see S. Solomon et al. [1987b]). Consider a 
layer of absorber which is Gaussian in shape with a full 
width at half maximum of 7 km. Figure 7a displays 
calculated air mass factors at 420 nm as a function of solar 
zenith angle, assuming such a layer is centered at 20 and 30 
km. On the basis of the observed behavior of slant column 
abundances with solar zenith angle obtained in visible 
measurements in 1986, we concluded that the bulk of the 
ozone and OC10 was probably located near 15-20 km, while 
the bulk of the NO 2 column appeared to be centered closer 
to 30 km. 

At shorter wavelengths the incoming solar radiation is 
severely attenuated, as already noted. Thus the scattered flux 
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Fig. 7. (a) Air mass factors for the visible instrument (420 nm) as a 
function of solar zenith angle, for absorbers centered near 20 and 30 
km (see text). (b) Same as (a), but for the near-ultraviolet 
instrument (350 nm). (c) Calculated ratio of slant column 
abundances measured with 420 and 350 nm spectrographs as a 
function of solar zenith angle, for absorbers centered near 20 and 30 
km. 

will be greatest at even higher altitudes than that 
characteristic of longer wavelengths. The change in 
scattering altitude can be accurately assessed, as it depends 
mainly on the change in Rayleigh scattering cross section 
as a function of wavelength, which is well known. Figure 
7b displays calculated air mass factors at 350 nm. Note that 
the largest air mass factors are those appropriate to a layer 
near 30 km in this case. The ratio of the air mass factors 
obtained at the two wavelengths is extremely sensitive to 
the height where the absorber is located. Figure 7c shows 
the ratios of air mass factors at 420 nm to those at 350 nm 
as a function of solar zenith angle for the hypothetical 
absorber located near 30 and 20 km. The pronounced 
variations in behavior of the ratio as a function of solar 
zenith angle and height, as depicted in Figure 7c, suggest 
that consideration of the ratio of slant column abundances 
obtained in two (or more) wavelength ranges can provide 
more definitive information on the distribution of absorber 
abundance than examination of the slant column variation 
with solar zenith angle in a single wavelength range. This 
is the same fundamental principle as that on which the 
Umkehr technique to derive vertical profiles of ozone is 
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obtained on October 20, 1991, near 90 ø solar zenith angle was 
used as background. As in prior years at McMurdo [see Sanders 
et al., 1989], OC10 was not present at levels above our 
detection limit in late October. Thus the observed slant column 
amounts obtained relative to this background spectrum are 
believed to represent the total column. Similarly, for scattered 
light data taken in April and May a zenith sky spectrum taken 
on February 26, 1991, near 90 ø solar zenith angle was used as 
background. Analysis of the twilight slant column data on that 
date relative to data taken at 83 ø indicates that the OC10 then 
was also below our detection limit. 

3. SCATYERED LIGHT OBSERVATIONS: APRIL TO MAY 
AND JULY TO OCTOBER 

3.1. Observing Geometry and Air Mass Factors 
Beginning with the pioneering work of Brewer [1973] and 

Noxon [1975], visible absorption spectroscopy using scattered 
light from the zenith sky has become a valuable tool for 
atmospheric research. However, it is clear that the zenith 
direction is not the only one from which scattered light may be 
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Fig. 1. Schematic diagram of the observing geometries used for 
scattered sky measurements. 

collected. As the Sun rises or sets, the brightness of scattered 
skylight will be substantially larger in the direction of the Sun 
than it is in the zenith. Because one of the primary aims of this 
study was to observe OC10 using scattered skylight as far into 
"polar night" as possible (e.g., in May and July), observations 
were made both with the traditional zenith sky view and with 
the view displaced 80 ø from the zenith in the solar direction. 
The observing geometries are illustrated in Figure 1. The 80 ø 
light was redirected into the spectrograph by a front-surface 
mirror, and care was taken to avoid collecting any direct light 
from the Sun in the new observing mode (i.e., by observing 
only when the solar zenith angle was greater than about 85ø). 
In this way, far more light was collected in the late twilight 
(solar zenith angles as large as 94 ø to 96 ø ) than was possible 
by zenith viewing, which substantially extended the seasonal 
coverage of the data into the latest days of fall and the earliest 
days of spring. The zenith sky observations of OC10 will be 
reported in another paper in this series, where the zenith sky 
NO 2 and ozone observations will also be discussed and 
compared to our measurements in prior years. Here we discuss 
the data taken looking toward the Sun at 80 ø from the zenith; 
this observing mode is hereafter referred to as "off axis". 

Figure 2 presents the residual absorption spectrum obtained 
for an off-axis spectrum (measured at an 80 ø zenith angle in the 
azimuth of the Sun) at about 93.5 ø solar zenith angle on August 
16, 1991, when all known physical processes except 
absorption by OC10 are considered in the retrieval. (The 
background spectrum used is the one from October 20 discussed 
above.) This provides visual evidence that the spectral 
signature of OC10 is present in these data, since the figure 
clearly reveals substantial absorption due to OC10 with 
excellent signal to noise. The signature is clearer than some of 
our previous observations, in part because there is no OC10 in 
the background spectrum and hence a larger slant column 
difference (i.e., larger total absorption) can be seen. Further, 
as discussed immediately below, the air mass factors 
appropriate to the off-axis observations of OC10 are greater 
than those for zenith sky measurements, increasing the slant 
columns and hence the absorption. 
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Fig. 2. Residual absorption spectrum in the wavelength range from about 405 to 430 nm for scattered skylight collected in the off- 
ax•s mode on August 16, 1991. The background spectrum used in this analysis is a zenith sky spectmm obtained on October 20, 
1991, at 87.8 ø local solar zenith angle and is believed to contain essentially no OC10. The plot skows the residual absorption features obtained when OC10 is not included in the analysis, together with a measured OCIO laboratory spectrum. 
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