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The atmospheric column abundance of IO: 
Implications for stratospheric ozone 

P.O. Wennberg, 1 J. W. Brault, 2,3 T. F. Hanisco, 1 R. J. Salawitch, 4 
and George H. Mount 2 

Abstract. Absorption attributable to atmospheric IO is observed in high-resolution, high air 
mass solar spectra taken at the National Solar Observatory, Kitt Peak, Arizona, in March 1995. 
These observations, together with cross sections measured in the laboratory for the IO {A21-I3/2<-- 
X 2H3/2 (2,0) } rotationally resolved electronic transition, are consistent with a total stratospheric 
i(:dine mixing ratio of 0.2 (+0.3 -0.2) parts per trillion by volume. This result, combined with 
r, :cent laboratory measurements of the rate of the reactions of IO with other halogen species, 
suggests that iodine chemistry is not responsible for the reductions observed in lower 
stratospheric ozone during the last several decades. 

1. Introduction 

During the past several decades, global ozone reductions have 
been measured by ground- and satellite-based instruments 
[World Meteorological Organization/United Nations Environ- 
ment Programme (WMO/UNEP), 1995]. Halogen chemistry is 
thought to be partially responsible, given the rising burden of 
stratospheric chlorine. However, neither the absolute magni- 
tude nor the spatial and seasonal variation of the trend in ozone 
is well understood. In particular, models cannot account for the 
large losses of ozone (0.6% yr-l) observed in the lower strato- 
sphere [Solomon et al., 1994b]. Recently, Solomon et al. 
[1994a, b] suggested that iodine chemistry may be responsible. 
If significant concentrations of iodine monoxide (IO) exist in the 
stratosphere, the reactions of IO with C10, BrO, and HO2 would 
be important catalytic pathways for the destruction of lower 
stratospheric ozone. 

In this study, high-resolution visible wavelength absorption 
spectroscopy of the atmosphere, using the Sun as a source, is 
employed to measure the column abundance of stratospheric IO. 
Although the infrared analog of this technique has been used for 
many years to study atmospheric trace species [e.g., Murcray et 
al., 1968; Rinsland et al., 1985], high resolution spectroscopy 
has not enjoyed much popularity for use in the visible and ultra- 
violet spectral region, where much lower resolution techniques 
are typically employed [e.g., Noxon et al., 1979]. For molecules 
that exhibit narrow spectral absorption features, however, sig- 
nificant advantages in sensitivity and selectivity can be obtained 
with high-resolution observations. Here we focus on the A 2H3/2 
•-- X 2I-[3/2 (2,0) vibrational band of IO near 445 nm. This 
transition exhibits spectrally narrow absorption features (Av = 
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0.05 cm-l) providing an unambiguous fingerprint from many 
individual lines of IO. The rotationally resolved absorption 
cross sections of this band are sufficiently large that if one part 
per trillion by volume (pptv) of IO existed in the stratosphere, 
numerous absorption features greater than 1% would be present 
in the solar spectrum at high solar zenith angles (SZA). We 
have attempted to observe these features in spectra taken with 
the high-resolution Fourier transform spectrometer (FTS) at the 
National Solar Observatory, Kitt Peak, Arizona [Brault, 1978] 

2. IO A •--X Vibrational Band Cross Sections 

I0 was first observed spectroscopically in emission by Vaidya 
[1938] from a methyl iodide flame source. Durie et al. [1960] 
used a high-resolution grating spectrograph to assign six vibra- 
tional bands of the A •- X transition of IO. They noted that the 
rotational features within the 2-0 vibrational band (445 nm), 
unlike the other bands, were not broadened beyond the resolu- 
tion of the spectrograph. Subsequently, this transition has been 
observed with laser-induced fluorescence [Inoue et al., 1983; 
Turnipseed et al., 1995a] and Doppler-free laser spectroscopy 
[Bekooy et al., 1983]. In the latter study the natural lifetime of 
the excited state was observed to scale with rotational energy. 
For the first 20 rotational levels the natural widths (full width at 
half maximum, FWHM) are less than 0.04 cm -1. This makes 
the 2-0 vibrational band a good candidate for high-resolution 
absorption measurement of the atmospheric column of IO. In 
this work, solar spectra were obtained at a resolution of 0.053 
cm-l. Determination of the effective cross section for IO at this 

resolution requires knowledge of the spectral lineshapes that 
will be a convolution of the instrument resolution and broaden- 

ing due to Doppler, lifetime, and collisional processes. 
Relatively few measurements of the integrated vibrational 

band cross section of the A•-X (2-0) transition are available. 
There are, however, numerous laboratory measurements of the 
absolute absorption cross sections for the strongest vibrational 
band (4-0) that, combined with the calculated Franck-Condon 
factors, provide a means of determining the applicable band 
cross section. Measured cross sections for the (4-0) band are in 
good agreement [Cox and Coker, 1983; Jenkin and Cox, 1985; 
Sander, 1986; Stickel et al., 1988; Laszlo et al., 1995]. The 
mean integrated band cross section for this transition from these 
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studies is 2.4 + 0.4 x 10 -15 cm -1 molecule -l cm2. By scaling 
this value with the ratio of the Franck-Condon factors for the (4- 

0) and (2-0) transitions [Rao et al., 1974], we obtain 1.15 + 0.3 
x 10 -15 cm-l molecule -• cm2 for the integrated (2-0) band cross 
section. This value agrees well (-20%) with the rotationally re- 
solved cross sections for this band determined by Stickel et al. 
[1988]. 

3. Line Positions and Cross Sections of the 
Rotationally Resolved 2-0 Band 

To determine the line positions and cross sections of the (2- 
0) band, a 1-m fast-flow reactor was used to produce a high con- 
centration of IO by reacting O with 12. Atomic oxygen was cre- 
ated by microwave discharge of trace 02 in helium. The addi- 
tion of ozone to the flow reactor was found to substantially in- 
crease the concentration of IO. This is presumably due to the 
regeneration of IO through the reaction of O3 and I atoms pro- 
duced by the reactions of IO with IO and O. Absorption due to 
IO was measured using a high-resolution FTS (Bruker 120). 
For these measurements a xenon arc lamp source, quartz 
beamsplitter, and spectrally filtered (Corion, S10-450) silicon 
photodiode detector were used. 

Initially, IO spectra were obtained at low pressure (13 mbar) 
and high resolution (0.02 cm-1). The measured line widths are 
consistent with the instrument width convolved with the Doppler 
and lifetime broadening parameters determined by Bekooy et al. 
[1983]. The wavelength scale was calibrated using line posi- 
tions calculated from the molecular parameters of Bekooy et al. 
The RMS deviation of our observed line positions (Table 1) 
l¾om the calculated values was only 0.00043 cm-•. However, a 
slight trend in the difference between our measured and the cal- 
culated line positions was observed; most of the observed low-J 
line positions were at a slightly higher frequency than calculated, 
while the high-J line positions were red-shifted. Since the 
quoted error for Bekooy et al. 's observations varied from 0.0025 
to 0.0031 cm -•, our absolute uncertainty is also of the order of 
0.003 cm-l. The FWHM of the rotational transitions increases 

with the quantum number, due to the increasing predissociation 
rate of the higher rotational states; by J = 33 the widths exceed 
0.10 cm-•. Absorption measurements of IO were also obtained 
at higher pressures (60-250 mbar) characteristic of the lower 
stratosphere. These high-pressure observations were used to 
determine a pressure broadening coefficient of 2.7 + 0.5 x10 -4 
cm-1 mbar-l for N 2. 

The line positions and spectral properties of the IO lines used 
in this analysis are listed in Table 1. The line positions are the 
low-pressure values observed by us in the laboratory. The 
strengths of the individual rotational lines are calculated from 
the partition function and the Honl-London factors [Herzberg, 
1950] normalized to a total band strength of 1.15 x 10 -15 cm-1 
molecule-1 cm2. The widths are computed for stratospheric 
conditions: p = 110 mbar; T = 210 K. The Gaussian component 
is the quadratic sum of 0.0195 cm-1 for the thermal broadening 
and 0.0268 cm-• for the broadening of the observed lines due to 
the entrance aperture of the FTS [see Brault, 1985]. The 
Lorentzian width is the sum of 0.0354 cm -1 for pressure broad- 
ening, Av = 2.7 x 10-4 cm-1 mbar-1 x p x (300 K / T)1/2, and the 
natural width from Bekooy et al., here represented by the for- 
mula, Av = 0.0044 + 0.0000916 x J'x (J' + 1) cm-1, where J' is 
the rotational quantum number in the excited state. 

Table 1. Spectral Parameters for IO 

Line Position, Intensity Lorentzian FWHM a, Weight Status b 
cm -1 Width, cm -1 cm -1 

P26.5 22,405.463 0.067 0.102 0.112 11.39 S 
P 25.5 22,409.659 0.076 0.097 0.108 12.39 S 
P 24.5 22,413.719 0.085 0.093 0.104 13.40 S 
R 31.5 22,416.846 0.031 0.140 0.148 7.06 S 
P 23.5 22,417.639 0.096 0.088 0.100 14.40 -- 
R 30.5 22,420.662 0.036 0.134 0.142 7.91 S 
P 22.5 22,421.423 0.106 0.084 0.096 15.37 
R 29.5 22,424.337 0.042 0.128 0.136 8.82 S 
P21.5 22,425.069 0.117 0.080 0.093 16.30 S 
R 28.5 22,427.879 0.049 0.122 0.131 9.78 S 
P 20.5 22,428.577 0.129 0.076 0.089 17.17 S,W 
R 27.5 22,431.280 0.056 0.117 0.126 10.79 W 
P 19.5 22,431.946 0.140 0.073 0.086 17.96 S 
R26.5 22,434.541 0.064 0.112 0.121 11.82 W 
P 18.5 22,435.177 0.151 0.069 0.083 18.64 S 
R 25.5 22,437.665 0.073 0.107 0.117 12.88 W 
P 17.5 22,438.270 0.162 0.066 0.081 19.21 W 
R 24.5 22,440.652 0.082 0.102 0.112 13.95 S 
P 16.5 22,441.226 0.171 0.063 0.078 19.63 S,W 
R 23.5 22,443.498 0.092 0.097 0.108 15.01 S 
P 15.5 22,444.043 0.180 0.060 0.076 19.90 S 
R 22.5 22,446.206 0.102 0.093 0.104 16.06 O 
P 14.5 22,446.723 0.187 0.058 0.074 20.00 S 
R 21.5 22,448.777 0.113 0.088 0.100 17.06 S 
P 13.5 22,449.264 0.192 0.055 0.071 19.90 S 
R 20.5 22,451.210 0.125 0.084 0.096 18.01 
P 12.5 22,451.668 0.195 0.053 0.070 19.60 
R 19.5 22,453.503 0.136 0.080 0.093 18.88 W 
P 11.5 22,453.933 0.196 0.051 0.068 19.08 W 
R 18.5 22,455.659 0.147 0.076 0.089 19.65 S 
P 10.5 22,456.061 0.194 0.049 0.066 18.35 
R 17.5 22,457.676 0.158 0.073 0.086 20.31 S 
P 9.5 22,458.050 0.188 0.047 0.065 17.40 S 
R 16.5 22,459.555 0.169 0.069 0.083 20.83 
P 8.5 22,459.901 0.180 0.046 0.068 16.22 
R 15.5 22,461.296 0.178 0.066 0.081 21.20 S 
P7.5 22,461.615 0.168 0.044 0.063 14.83 
R 14.5 22,462.898 0.187 0.063 0.078 21.39 S 
P 6.5 22,463.190 0.152 0.043 0.062 13.23 S 
R 13.5 22,464.363 0.193 0.060 0.076 21.39 S 
P 5.5 22,464.627 0.134 0.042 0.061 11.43 
R 12,5 22,465.687 0.198 0.058 0.074 21.18 -- 
P 4.5 22,465.926 0.112 0.041 0.060 9.43 
R 11.5 22,466.876 0.201 0.055 0.071 20.77 • 
P 3.5 22,467.087 0.087 0.041 0.060 7.23 
R 10.5 22,467.926 0.201 0.053 0.070 20.13 W 
P 2.5 22,468.096 0.053 0.040 0.060 4.40 W 
R 9.5 22,468.837 0.198 0.051 0.068 19.27 
R 8.5 22,469.610 0.192 0.049 0.066 18.18 S,W 
R 7.5 22,470.245 0.183 0.047 0.065 16.88 S,W 
R 6.5 22,470.742 0.170 0.046 0.064 15.36 
R 5.5 22,471.101 0.154 0.044 0.063 13.63 B1 
R 4.5 22,471.324 0.135 0.043 0.062 11.72 B1 
R 3.5 22,471.404 0.113 0.042 0.061 9.63 B1 

Pressure, 110 mbar; Temperature, 210 K; Gaussian width, 0.033 cm-• 
aFWHM, Full Width at Half Maximum, cm -1 
bStatus: W, Water interference; S, Solar interference; BI, Blend; O, 

Other absorption feature; •, Used in Analysis 

4. Atmospheric Column Measurements 

Solar spectra in the vicinity of the IO transitions were re- 
corded for three sunrises during March 1995 (see Table 2). 
Poor viewing conditions limited the number of observations. 
Only one sunset measurement was obtained, and, unfortunately, 
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Table 2. Kitt Peak Observations 

Time, MST SZA a, deg Refraction, Wavelength Correc- 
arcsec tion b , (x 106) 

Signal / Noise 
due to shot noise 

March 3, 1995 
Begin 7:04:17 88.186 853.5 -0.122 
End 7:16:27 85.643 505.0 -0.132 

Begin 9:25:22 60.132 72.9 -0.446 
End 9:48: 42 56.009 61.3 -0.539 

March 4, 1995 
Begin 7:02:41 88.271 871.0 -0.129 
End 7:12:49 86.149 552.5 -0.136 

Begin 8:53:41 65.765 94.5 -0.343 
End 9:40:35 57.108 64. l -0.514 

March 13, 1995 

Begin 6:50:6 88.583 937.0 -0.225 
End 6:56:56 87.138 667.9 -0.228 

Begin 8:56:49 62.517 80.6 -0.464 
End 9:29:35 56.272 61.6 -0.583 

1300 

6500 

1300 

9000 

1300 

7500 

aTrue solar zenith angle (not corrected for refraction) 
bFractional shift (Doppler) of the solar spectrum due to relative Earth-Sun velocity changes. 

it has considerably poorer signal-to-noise ratio (S/N) than the 
sunrise data and is not used further in this analysis. Like at 
other mountaintop observatories, the height of the planetary 
boundary layer grows during the day, leading to significantly 
larger residuals• For instance, the H20 column for the sunset 
data is nearly twice as large as the sunrise columns. Aircraft-, 
satellite-, or balloon-borne observations would be useful for re- 

moving this influence of the planetary boundary layer. 
The spectra were taken at the center of the 80 cm solar image 

of the McMath-Pierce Solar Telescope of the National Solar Ob- 
servatory (near Tucson, Arizona), using the solar FTS described 
by Brault [1978] with a 1-cm-diameter aperture. The telescope 
and spectrometer used here have a long history of obtaining 
measurements of weak atmospheric absorption spectra using 
high air mass observations, including the first detection of weak 
quadrupole transitions in molecular oxygen [Brault, 1980] and 
nitrogen [Camy-Peyret et al., 1981], as well as the earliest high- 
resolution work on H20 below 600 nm [Rothman, 1978]. When 
used in the visible, this instrument has a limiting resolution of 
0.01 cm-I (0.0002 nm at 445 nm). For these pressure-broadened 
atmospheric spectra, the resolution was decreased to 0.053 cm-1 
(0.5 / maximum optical path difference) to maximize the S/N. 
With the band pass defined by a 20-nm interference filter cen- 
tered at 445 nm, the S/N due to shot noise was 6500 to 9000 for 

the low air mass spectra (SZA -- 60 ø, 8 to 20 double-sided scans, 
125 s/scan) and 1300 for the high air mass spectra (SZA -- 88 ø, 3 
to 5 double-sided scans). The shot noise is determined by meas- 
uring the root mean square (RMS) noise in the baseline just 
outside the 20-nm filter band pass, normalized to the intensity at 
v = 22,460 cm-1. 

5. Wavelength Calibration 

An accurate wavelength scale is essential to a proper analysis, 
since the IO spectrum must be aligned with the atmospheric 
spectrum to high accuracy (0.01 cm-1). The raw wavenumber 
scale for Fourier transform spectrometers is referenced to the 
exact wavelength of a reference laser (typically a He-Ne); how- 
ever, errors in the absolute wavelength calibration can occur in a 

number of ways. An error is introduced if the reference laser 
and sample beams are not parallel. For example, if the lase• 
beam is on axis but the mean sample beam is off by 1 mrad, the 
scale will be shifted by 5 x 10-7. A further shift is caused by the 
finite size of the aperture, which places some rays off axis even 
if the center of the field is on axis. Since the laser wavenumber 
may drift slowly and the wavelength scale is sensitive to the 
alignment, the usual method for determining the absolute fre- 
quency is to use internal standards; that is, known spectral fea- 
tures that share a common angular aperture and integration time. 
We have chosen the photographic observations of Pierce and 
Breckinridge [1974] at the Sun center for standards that in turn 
were calibrated usinf,• interferometrically measured thorium lines 
as references. We selected 67 solar lines of moderate strength 
and good symmetry, whose positions are known to within 0.001 
cm-l. The positions were then corrected for the relative Earth- 
Sun velocity at the time of observation. This correction was near 
zero for the high air mass sunrise observations, about 0.01 cm-1 
for the low air mass sunrise spectra, and just over 0.06 cm-• at 
sunset, with negligible uncertainty due to the accuracy of our 
knowledge of Earth's motion with respect to the Sun. The un- 
certainty in the wavenumber calibration factor using all 67 lines 
was typically 1.3 x 10-8 (0.0003 cm-1 or 0.000006 nm in this 
region), which is consistent with the uncertainties in the Pierce 
and Breckinridge values. The spectral positions obtained dur- 
ing four high Sun measurements showed a very high degree of 
internal consistency (typically 0.00024 cm-• for each individual 
line) but had a standard deviation of 0.0024 cm-1 from the indi- 

vidual Pierce and Breckinridge values, indicating the presence of 
a systematic error. This error is most probably in the photo- 
graphic measures, which showed an order of magnitude higher 
scatter as well. In any event, the derived wavelength calibration 
is more than adequate for present purposes. 

6. I0 Slant Column 

Shown in Plate l a are small portions of the normalized solar 
spectra obtained at both high and low air mass on the morning of 
March 3, 1995. The solar intensity varies considerably due to 
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Plate 1. Solar absorption spectroscopy and atmospheric iodine 
monoxide. (a) A small portion of the normalized solar spectrum 
near 22,460 cm-] (445 nm) taken just after sunrise (red) and 
later at low air mass (black). The spectra were taken with the 

expected slant columns, assuming that 1 pptv of total inorganic 
iodine is present in the stratosphere. Clearly, the abundance of 
stratospheric iodine is not very large (< 0.5 pptv), since no ab- 
sorption features due to IO are present in these unratioed spectra 
at even 50% of the depths illustrated. 

A more precise estimate for the IO column can be achieved by 
using more of the lines in the IO (2-0) band. The solar spectrum 
in the region shown in Plate 2 is remarkably quiet; there are no 
H20 or solar Fraunhofer lines. To make use of the entire band 
of IO, we first use the low air mass spectrum to normalize for 
the variation in solar intensity. In principle, the ratio of the high 
air mass to low air mass spectrum yields the atmospheric 
transmittance of the air mass difference. However, because the 

relative Earth-Sun velocity changes between the times of the two 
observations, the solar lines are slightly shifted (-•0.005 to 0.010 
cm-]), while the atmospheric lines remain fixed. Nevertheless, 
for optically thin absorption features, the ratio works well be- 
cause the shift is much smaller than the atmospheric line widths 
and the two records exhibit large differences in atmospheric ab- 
sorption. Under these conditions, the most precise results are 
obtained by lining up the two spectra for best cancellation of the 
strong solar features. The alignment is sensitive to about 0.0005 
cm-] (equivalent to a Doppler shift of-•6 m/s), limited by varia- 
tions in the positions of the individual Fraunhofer lines, possibly 
due to depth-dependent solar mass motions. 

22458.5 22459.0 22459.5 22460.0 22460.5 

Telescope, Kitt Peak, Arizona. (b) The absorbance (x10) de- A 
rived from the ratio of the high air mass and low air mass spec- " 
tra. Large absorption features (> 2%) due to water vapor are 
seen. The noise in the absorbance is larger near the solar Fraun- 0.995 
hofer lines. Absorption due to atmospheric NO2 has been re- 
moved. (c) A series of local, differential cross sections for the 
IO lines selected in this region (a portion of the "gap" function). 
The cross correlation of the gap function with the residual • 0.990 
(Plate lb) is used to determine the atmospheric IO signal. Fif- 

teen rotational IO lines that are more than 0.45 cm-• away from • 1000 

water or Fraunhofer features are used in the analysis. (d) Eight ' ] - 
of the rotational features of IO in the A-X (2,0) band (P, and R 
branches). This absorbance spectrum was taken in the labora- 
tory with a Fourier transform spectrometer. Broadening in- 0.995 
creases with rotational quanta due to the increasing predissocia- 
tion of the excited state. 

0.990 

the absorption in the solar atmosphere (the Fraunhofer lines). 22458.5 22459.0 22459.5 22460.0 22460.5 
Large absorption features due to telluric water vapor are also 
seen in the absorbance spectrum shown in Plate lb. Further- 
more, as is evident in the expanded section shown in Plate 2, 
numerous small features due to NO 2 are present in both the high 
and low air mass spectra with strengths roughly proportional to 
the ratio of the stratospheric air mass (x 9). In Plate 2b we have 
removed the contribution due to NO 2. An NO 2 spectrum taken 
in the laboratory at low temperature (-35 øC) and low pressure 
(< 15 mbar) was used for removing the influence of NO2. The 
procedure used is discussed in the Appendix. 

In Plate 2b, we also show what would be observed if we 
added a stratospheric IO column of 2.7 x 1013 molecule cm -2 to 
the high air mass spectrum and 0.4 x 1013 molecule cm-2 to the 
spectrum taken at SZA = 60 ø. As discussed below, these are the 

Frequency (cm 
Plate 2. The solar spectrum near 22,459.5 cm-I is free of solar 
or telluric water lines. In red, the solar spectrum at solar zenith 
angle (SZA) = 60 ø and in blue at 88 ø taken on March 3, 1994, 
are shown. (a) Absorption due to stratospheric NO2 is clearly 
observed in both the high and low air mass spectra. Shown as a 
dotted black line is the NO2 absorption spectrum taken in the 
laboratory at low temperature (240 K) and low pressure (8 
mbar). (b) After removing the signature due to NO2, the re- 
siduals are very small - close to the shot noise limit for the in- 
strument (see Table 2). The dotted lines show the absorption 
expected if 1 pptv of inorganic iodine was present in the strato- 
sphere. 
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After dividing the high air mass spectra by the low air mass 
spectra and removing the NO2 signal (see Appendix), we obtain 
the residual absorption which is used to determine the IO slant 
column (Plate lb). Of the many rotational lines of IO listed in 
Table 1, 15 are used for the determination of column abundance 

from the ratio of low Sun to high Sun spectra. A line is elimi- 
nated from the analysis if (1) it is within +0.45 cm-1 of a water 
vapor line (marked W in Table 1) or other absorption feature 
(marked O in Table 1), (2) it is within +0.45 cm-1 of a strong 
solar line and thus contaminated by errors in the ratio (marked 
S), (3) it is blended with another IO line near the band head 
(B1), or (4) it has low intensity. 

If the residual in the high Sun/low Sun ratio consisted only of 
IO absorption plus random noise, we could evaluate the contri- 
bution of the remaining IO lines (marked with a dash in Table 1) 
using a cross-correlation technique [cf. Larson et al., 1977]. 
However, because the spectrum is still subject to possible inter- 
ference from solar residuals and H20 (and other unknown) lines, 
we use a similar technique that allows us to view the contribu- 
tions of the individual lines. For example, R(22.5) is eliminated 
due to the presence of an absorption feature of unknown origin 
0.3 cm-1 to the blue of this line. For each of the IO lines a Voigt 
function is constructed using the parameters in Table I and trun- 
cated outside a region 2.75 times the FWHM. The mean value 
inside the region is then subtracted, leaving a differential cross 
section for the line (see Plate l c), which we call the IO "gap 
function." For the nth line, the contribution to absorbance by IO, 
c n, is evaluated as the sum (over the frequencies coveting each 
line) of the product of the gap function, gn, and the observed ab- 
sorbance, a n , divided by the sum of the squares of the gap func- 
tion: 

c n = •(a n x gn ) / •(gn x gn ). 

If we write a n more generally as a n = k n x gn + œ, where k is the 
total observed band intensity (summed over the n rotational 
lines) and œ represents a noise contribution with •(œ x gn) -- 0, 
then c n -- k n. This result is insensitive to any constant offset 
(since the mean o_r the gap function is zero) and to any linear 
slope in the region (since the gap function is symmetric). We 
thus obtain from each line a separate estimate of the value of k. 
These values are then used to obtain a weighted mean (with a 
weight for each k n that is proportional to the square of the 
strength of that line, assuming uniform noise) and an estimate of 
the variance. For an integrated band cross section of 1.1 x 10 -15 
cm -1 molecule -1 cm 2, a value of k - I cm -1 corresponds to 9 x 
1014 molecule cm-2 in the path. 

To obtain an estimate of the uncertainty in the result and to 
check for any possible systematic effects, this process is repeated 
after shifting the gap function away from its proper alignment by 
+0.45 cm -1, or roughly 12 line widths (a cross correlation). The 
results are shown in Plate 3a for each of the three sunrise obser- 

vations (black) and the average (red), which is also shown in 
Plates 3c and 3d. Note the small peak near 0.0 cm-1 lag, indi- 
cating a marginal detection of IO (the zero lag position in Plate 3 
has an uncertainty of approximately 0.003 cm-l). From this 
analysis, we determine that the IO signal observed for these 
three sunrise observations is 0.0045 + 0.0045 cm -1. The uncer- 

tainty (2(5) is determined from the peak-to-peak noise in the off- 
set signals. 

Shown in Plate 3b (blue) is the expected response for a 4 x 
1012 molecule cm-2 change in the IO slant column between 88 ø 
and 60 ø SZA and corresponding to the average signal shown in 

-0.4 -0.2 0.0 0.2 0.4 

! ' "' I ' 'I .... •1 ' "i I ' I 
8 .: 

A 
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0 - 
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• 0 

• -4 

0 -4 ,, I .............. I 
-0.4 -0.2 0.0 0.2 0.4 

Lag (cm 
Plate 3. IO Signal. (a) The IO band strength is derived from the 
cross correlation of the "gap" function (Plate l c) and the atmos- 
pheric absorption (Plate lb) for three sunrise observations; the 
average is shown in red. Fifteen IO rotation lines are used in 
this analysis. (b) Expected signal for a 2 x 1013 molecule cm -2 
change in the stratospheric IO column (blue) or for a 1 x i014 
change in tropospheric IO assumed to be centered at 500 mbar 
(green). A value of 1 cm-I (at 0.0 cm-I lag) corresponds to a 
stratospheric IO column of 9 x 1014 molecule cm -2 in the path. 
The absolute frequencies are known to better than 0.003 cm-l. 
(c) The mean of the three sunrise observations (red) and the sig- 
nal after subtraction of a stratospheric IO slant column equal to 4 
x 1012 (blue) and 8 x 1012 (black) molecule cm -2. (d) The mean 
of the three sunrise observations (red) and the signal after sub- 
traction of a tropospheric IO slant column equal to 2 x 1013 
(green) and 4 x 1013 (black) molecule cm-2. 

Plate 3a. To show this graphically, in Plate 3c we have sub- 
tracted a stratospheric column change (centered at 110 mbar) of 
4.0 (blue), 0.0 (red), and 8.0 x 1012 (black) molecule cm-2, rep- 
resenting the mean and the lower and upper limits to the column 
change. 

This analysis produces an estimate of the change in the slant 
column of IO between 88 ø and 60 ø SZA. To infer the mixing 
ratio of stratospheric iodine from this measurement, we need to 
estimate how stratospheric iodine is partitioned between the 
various iodine containing species both as a function of altitude 
and solar zenith angle. This is discussed in detail below. In 
addition, however, we need to consider the potential influence of 
iodine present in the troposphere. 

Our sensitivity to tropospheric IO is considerably smaller than 
for IO present in the stratosphere, due to the pressure broadening 
of the spectral lines and our use of the gap filter (see Appendix). 



8892 WENNBERG ET AL.: ATMOSPHERIC COLUMN ABUNDANCE OF IO 

To illustrate how much tropospheric IO would be required to 
fully explain the observed IO signal, in Plate 3d we subtract a 
tropospheric column change of 0.0 (red), 2.0 (green), and 4.0 x 
1013 (black) molecule cm-2 of IO from the cross correlation of 
the gap filter with the atmospheric transmittance, assuming the 
IO column is centered at 500 mbar (265 K) and that no iodine is 
present in the stratosphere. A column change 5 times larger 
would be required to produce the IO signal observed if it is 
weighted at 500 mbar rather than 100 mbar. Our sensitivity to 
tropospheric IO decreases even more rapidly with pressure above 
500 mbar. For instance, to produce the signal seen in Plate 3a 
the tropospheric column change would have to be approximately 
15 times larger (6 x 1013 molecule cm-2) if it was centered in 
the planetary boundary layer. 

Despite the reduced sensitivity to tropospheric IO, iodine pre- 
sent in the lower atmosphere could lead to either an overesti- 
mation or underestimation of the stratospheric column. If the 
slant column of tropospheric IO is larger at SZA 88 ø than 60 ø, 
then our estimate of the stratospheric column is too high. On the 
other hand, because the photolysis rates of the inorganic iodine 
reservoir species (e.g., IONO2, HOI) will be considerably 
smaller at high SZA in the troposphere than in the stratosphere, 
there is a small possibility that the tropospheric IO slant column 
could be larger at 60 ø than at 88 ø , despite the much larger air 
mass (9 times), thus leading to an underestimation of the strato- 
spheric column. However, as shown in Plate 2, the low air mass 
spectrum (red) has very little structure at the appropriate fre- 
quency width (--0.1 cm-1). Because there are no obvious absorp- 
tion features coincident with the IO wavelengths, we are assured 
that by using the low air mass spectrum to remove the solar 
structure we are not adding significant signal due to absorption 
by IO of either sign to the atmospheric transmittance. Addi- 
tionally, the signal-to-noise ratio of the low zenith angle spec- 
trum is sufficiently high that it does not contribute to the final 
uncertainty. For example, in the region shown in Plate 2b, twice 
the RMS noise at 0.1 cm-l frequency width is less than 0.0004 
absorption, essentially shot noise limited (see Table 2). For the 
IO lines used in this analysis, the absorption cross sections are 
approximately 2 x 10 -16 cm 2 and so this noise is equivalent to a 
stratospheric IO column of less than 2 x 1012 molecule cm-2. 

Three conclusions can be drawn from the results of Plate 3a: 

(1) The direct detected IO signal is very small (equivalent to a 
stratospheric IO slant column decrease of 4 + 4 x 1012 molecule 
cm-2 as SZA changes from 88 ø to 60ø); (2) Because there is 
considerable agreement between the different observations, the 
curves represent a systematic signal rather than random noise; 
(3) However, because Plates 3c and 3d are similar, we can not 

be sure whether the observed absorption is due to a stratospheric 
or a larger tropospheric IO slant column change. Additionally, 

because the low air mass spectrum could contain a small tro- 
pospheric IO slant column that is not present early in the morn- 
ing, the stratospheric IO slant column change could be system- 
atically low by no more than 2 x 1012 molecule cm-2, as deter- 
mined from the RMS noise in the low SZA spectra. Thus we 
conclude that the stratospheric IO column changed by no more 
than 4 (+6 -4) x 1012 molecule cm-2 between 88 ø and 60 ø SZA 
in the morning (2c•). The upper limit, 1 x 1013 molecule cm -2, 
is very conservative; such a stratospheric IO column would pro- 
duce absorption features approximately 1/2 the depth of those 
illustrated by the dotted line in Plate 2b. No such features are 
observed. 

7. Mixing Ratio of Stratospheric Iodine 

To infer the total inorganic iodine mixing ratio from the IO 
slant column change, we use a photochemical model to calculate 
the slant column of IO between an observer at Kitt Peak and the 

Sun as a function of SZA for a variety of assumptions concerning 
the partitioning of iodine species. The concentration of the inor- 
ganic iodine species IO, I, IONO2, HI, and HOI are computed as 
a function of time, at a series of altitudes, assuming each gas 
reaches a balance between production and loss over a 24-hour 
period. Details of the photochemical model are provided else- 
where [Salawitch et al., 1988, 1994a,b]. Iodine chemistry in the 
model has been updated with the most recent laboratory meas- 
urements (Table 3). The model is constrained by profiles of 
temperature and aerosols based on observations from the Na- 
tional Meteorological Center and the Stratospheric Aerosol and 
Gas Experiment II [McCormick et al., 1989], respectively. 
Profiles of 0 3 are derived from a climatology based on the Mid- 
dle Atmosphere Program compendium of satellite observations 
[Keating and Young, 1985] and in situ measurements of 03 in 
the lower stratosphere, described by Salawitch et al. [1994a,b]. 
Profiles of other long-lived precursors of reactive gases, such as 
H20, CH4, N20, and NOy, are specified primarily from atmos- 
pheric trace molecule spectroscopy observations [Gunson et al., 
1990]. Profiles of inorganic bromine (Bry) and chlorine (Cly) are 
specified based on their observed correlation with N20 
[Schauffler et al., 1993; Woodbridge et al., 1995]. Model inputs 
for pressure, temperature, N20, and radical precursors are given 
in Table 4. The calculated concentrations of the free radicals at 
solar noon are given in Table 5. This model has been tested ex- 
tensively against observations of HOx, NOx, and C10 in the 
lower stratosphere (between the tropopause and -21 km),. and, 
in general, describes the observations to within their 2• uncer- 
tainties (_+50, _+20, _+30%, respectively) [Salawitch et al., 
1994a,b; Keim et al., 1996; Gao et al., 1997]. The model has 
also been tested with observations of HOx, NOx, and C10 in the 

Table 3. Additions and Changes From JPL 94 a to Iodine Chemistry Used in the Model. 

Reaction Value Used Reference 

O+ IO--> O 2 + I 
IO + CIO --> products 
IO + BrO--> products 

IO + NO--, I + NO 2 
IO + hv--> I + O 

IONO 2 + hv --> products 
HOI + hv --> OH + I 

1.2 x 10 -10 cm 3 s -1 

5.1 x 10 -12 exp(280/T) cm 3 s -1 
2.2 x 10 -• exp(270/T) cm 3 s -• 

1.0 x 10 -• • exp(185/T) cm 3 s -1 

IJiONO 2 = IJBrONO2 red shifted 50 nm. 

Laszlo et al., 1995 
Turnipseed et al., 1995b 
Laszlo et al., 1997 
Turnipseed et al.,1995b 
Turnipseed et al.,1995a 
Laszlo et al., 1995 
Atkinson et al., 1992 
Atkinson et al., 1992 

aDeMore et al. [1994] 
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Table 4. Model Inputs 

Z• T, P, 03, N20, NOv, Clv, Brv, H20, CH4, 
K mbar ppmv ppbv ppbv ppbv pptv ppmv ppmv 

12 211.9 198.3 0.14 307 
14 211.3 143.8 0.31 302 

16 208.6 104.0 0.44 297 
18 205.8 74.9 0.98 292 
20 207.1 53.9 1.96 287 
22 218.8 38.9 3.29 258 
24 211.0 28.2 4.69 229 
26 214.4 20.5 5.91 200 
28 218.8 15.0 6.82 171 
30 224.7 11.0 7.62 

0.40 0.18 1.11 3.82 1.69 C} 
0.76 0.27 2.12 3.86 1.67 E 2.0 
1.13 0.35 3.10 3.90 1.65 

1.50 0.44 4.05 3.94 1.63 • 1.0 
1.87 0.53 4.98 3.98 1.61 • 
4.04 1.02 9.87 4.22 1.50 • 

6.20 1.48 13.80 4.45 1.38 • 0.0 8.37 1.91 16.90 4.68 1.26 
10.50 2.28 19.00 4.92 1.15 

142 12.70 2.60 20.30 5.16 1.03 "•'0.9 

105 85 65 45 45 65 85 
I ' I ' I ' I ' I ' I ' I 

/ High air mass 

a Zenith X 10 TM 

; •.• Slan• 
Low air mass / 

105 
' I 

12 58.5 I 1.4 0.16 2.00 0.18 0.41 0.08 
14 77.6 23.9 0.27 2.42 0.97 0.93 0.10 
16 131. 39.6 0.43 2.51 1.99 1.50 0.10 
18 137. 63.4 0.64 4.25 8.04 1.94 0.12 
20 141. 101. 1.01 8.52 26.1 2.18 0.13 
22 306. 292. 1.82 13.00 65.8 4.03 0.13 
24 627. 664. 3.39 20.10 11!. 5.34 0.13 
26 1280. 1350. 6.46 29.70 161. 6.45 0.13 
28 2380. 2380. 12.1 42.00 232. 7.54 0.13 

30 3880. 3640. 21.8 59.60 342. 8.49 0.12 

aThe mixing ratio of inorganic iodine is assumed to be 0.2 pptv (see text). 

Solar Zenith Angle (degree) 
Figure 1. Inorganic iodine and the IO slant column. A photo- 
chemical model is used to relate the total inorganic iodine mix- 
ing ratio to the change in the IO slant column with SZA. The 
concentration of the inorganic iodine species IO, I, IONO2, HI, 
and HOI are computed as a function of time and altitude assum- 
ing each gas reaches a balance between production and loss over 
a 24-hour period. (a) Computed slant and vertical columns of 
IO as a function of SZA, assuming the mixing ratio of total inor- 
ganic iodine = 1 pptv at all altitudes above the tropopause (200 
mbar). Plate 2b illustrates the IO line depths that would be ob- 
served for slant columns of IO as large as shown here. (b) Cal- 
culated diurnal variation of various iodine-containing species at 
20 km. 

iodine mixing ratio of 1 pptv, is shown in Figure la. The slant 
column of IO is computed for an observer at 2.1 km, taking into 
account variations of IO with altitude and SZA along the path to 
the Sun [Salawitch et al., 1988]. Accurate simulations of the 
change in concentration of NO, NO2, and C10 at sunrise and 
sunset observed during the Stratospheric Photochemistry, Aero- 
sols, and Dynamics Experiment lead to confidence in the accu- 
racy of the computed photolysis rates at high SZA [Salawitch et 
al., 1994a]. Approximately 1/3 of the change in the column is 
contributed by iodine in the lowest part of the stratosphere 
(between the tropopause and 380 K potential temperature). 

Figure 1 b illustrates the calculated diurnal variation of the in- 
organic iodine species at 20 km for a total inorganic iodine res- 
ervoir of 1 pptv. The mixing ratio of IO is predicted to increase 
rapidly at sunrise due to the photolysis of IONO2, the dominant 
nighttime reservoir. The small asymmetry between morning and 
evening concentrations of IO is due to the rather slow photolysis 
rate of IONO2. The absoq•tion cross sections for IONO 2 are un- 
certain, however. For the calculations shown in Figure 1, the 
photolysis rate of IONO2 is estimated by shifting the BrONO2 
cross sections to the red by 50 nm, consistent with the recom- 
mendation of Aiicinson et al. [1992] and with preliminary labora- 
tory measurements by Barnes et al. [1991]. Unlike the other 
halogen families, a significant fraction of inorganic iodine exists 

Z, NO, NO2., OH, HO2, C10, BrO, IO a, 
km pptv pptv pptv pptv pptv pptv pptv 

Table 5. Calculated Radical Concentrations at Local Noon 

purposes of this study. 
The mixing ratio of inorganic iodine is assumed to be con- 

stant with altitude above the tropopause. This approximation is 
valid provided there are no sinks of inorganic iodine in the 
stratosphere and the mixing ratio of the iodine containing gases 
entering the stratosphere through the tropical tropopause and 
through the subtropical jet (into the so-called middle world) are 
similar. The organic iodine source gases, such as methyl iodide, 
will be converted to inorganic form within a few days of entering 
the stratosphere. We assume that no IO is present in the tro- 
posphere above Kitt Peak during the period of these observa- 
tions. The tropopause height is assumed to be 200 mbar, based 
on temperatures from the NASA Goddard Space Flight Center 
data assimilation model (Paul Newman, private communication, 
1995) and radiosonde measurements near Tucson, Arizona, for 
the days of observation. Reaction rate coefficients and absorp- 
tion cross sections are from DeMore et al. [ 1994], except where 
noted in Table 3. Rapid photolysis rates for INO and INO2 pre- 
clude these species from being important reservoirs of inorganic 
iodine during daylight. 

The calculated change in the vertical and slant column abun- 
dance of stratospheric IO as a function of SZA, assuming a total 

Abbreviations: ppmv, parts per million by volume; ppbv, parts per billion • IO / 
by volume; pptv, parts per trillion by volume. The mixing ratio of inorganic •" 0.6 b .' 

iodine is assumed to be constant with altitude (see text). '•__a 

mid and upper stratosphere [e.g., Chance et al., 1996]. A1- • 0.3 L ;: I :: though observations of BrO are more limited [e.g., Brune et al., .• 
1988; Avallone et al., 1995; Arpag et al., 1994; Fish et al., • 0.0 
1995], the measurements suggest that our understanding of the k• 
concentration and partitioning of Bry is accurate enough for the 105 85 65 45 45 65 85 105 
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in atomic form due to the rapid photolysis rate of IO. The 
simulations shown in Figure 1 use absorption cross sections for 
IO measured by Laszlo et al. [1995], which lead to faster pho- 
tolysis rates than calculated using the cross sections recom- 
mended by Atkinson et al. [1992] because of the existence of a 
large continuum near 390 nm. The cross sections of Laszlo et al. 
[1995] are consistent with theoretical calculations of the Franck- 
Condon factors by Rao et al. [ 1974] and recent measurements by 
Himmelmann et al. [ 1996]. 

The computed slant column of IO is insensitive to assump- 
tions for a variety of kinetic parameters. We have performed a 
series of calculations using rates and cross sections identical to 
those used above, except for the parameter in question. The 
computed change in the slant column of IO between mid-day and 
the terminator for each calculation is compared to results shown 
in Figure l a. If the absorption cross-sections for IONO2 are 
identical to those for BrONO2 (likely a lower limit), the change 
in slant column of IO between midday and the morning termi- 
nator is reduced 50% and the change in slant column between 
midday and the evening terminator is reduced 25%. Allowing 
for the hydrolysis of IONO2 to HOI on sulfate aerosol at a rate 
similar to that observed for BrONO2 ( T = 0.8) [Hanson et al., 
1996] results in a slight increase (-10%) in the change in slant 
column and greatly reduces the sensitivity to assumptions about 
the photolysis rate for IONO2 because HOI becomes the princi- 
ple inorganic iodine species at sunrise. Finally, using the cross 
sections for IO suggested by Atkinson et al. [1992] leads to a 
20% increase in the change in the slant column. 

The simulations shown in Figure l a reveal that the slant col- 
umn abundance of IO should change by approximately 2 x 1013 
molecule cm-2 as the SZA varies from 60 ø to 88 ø for each pptv 
of inorganic iodine in the stratosphere. The expected signal due 
to such a column of IO is shown in Plate 2b; clearly, the strato- 
sphere mixing ratio of IO is significantly smaller. The measured 
change in the slant column of IO, 4 x 1012 molecule cm-2, is 
broadly consistent with a mixing ratio for total stratospheric io- 
dine of 0.2 pptv. This estimate is somewhat low if the upper 
tropospheric air entering the middle world has a significantly 
smaller iodine mixing ratio than the air entering through the 
tropical tropopause. As an upper limit, if no iodine is present 
below 15 km (380 K), the mixing ratio above would be 0.3 ppt. 
On the other hand, if some of the observed slant column change 
is due to tropospheric IO, then our estimate of stratospheric IO is 
too high. 

The small upper limit for stratospheric iodine determined in 
this study is corroborated by a recent study of solar spectra 
measured on a balloon-borne instrument. Pundt et al. [1997] 
have examined data obtained from nine flights at both high lati- 
tudes and mid latitudes. No signature attributable to absorption 
by five vibrational bands of IO (405-430 nm) was seen in any of 
the spectra. From the signal-to-noise ratio of these measure- 
ments, Pundt et al. [1997] determined an upper limit of 0.2 pptv 
total iodine at and below 20 kin. 

Davis et al. [1996] have recently reported measurements of 
methyl iodide (CH3I) in the lower-tropical and mid-tropical tro- 
posphere. The concentration of CH3I averaged 0.6 (+0.6 -0.3) 
pptv in the tropical marine boundary layer and 0.15 (+0.15 - 
0.07) pptv at 10 km (-1 scale height below the tropical tro- 
popause). Davis et al. suggest that the concentration of inor- 
ganic iodine could be as much as 0.5 pptv at 10 km from the 
photolysis of CH3I alone. However, the authors note the very 
large uncertainty associated with the model used to infer the 
concentration of inorganic iodine from the concentration of CH3 I. 

In particular, they note that a small aerosol sink in the mid- 
troposphere could remove essentially all the inorganic iodine. 
Although IO and atomic iodine are expected to dominate the 
daytime inorganic iodine budget, potential heterogeneous chem- 
istry of these species was not included in the model of Davis et 
al. [1996]. In any case, the small inorganic mixing ratio inferred 
from our and Pundt et al.'s measurements suggests that either 
very little inorganic or organic iodine reaches the stratosphere or 
else, once in the stratosphere, it is removed onto the sulfate 
aerosol. 

8. Iodine and Stratospheric Ozone 

The change in the slant column of IO determined here, com- 
bined with recent kinetic measurements, show that iodine 

chemistry does not play an important role in the photochemistry 
of stratospheric 03. The IO column change is nearly 50 times 
smaller than measurements of the slant column of BrO [Arpag et 
al., 1994; Fish et al., 1995]. For IO to contribute significantly to 
ozone loss compared with BrO, the rate constants for catalytic 
ozone removal involving IO (e.g., IO + BrO, C10, HO2, and O) 
,•,ould have to be substantially faster than the rate constants for 
the equivalent reactions involving BrO. Recent measurements 
have greatly expanded the kinetic database for reactions involv- 
ing IO [Laszlo et al., 1995, 1997; Turnipseed et al., 1995a,b] 
(See Table 3). Although the rate of IO with BrO is 20 times 
faster than the self reaction of BrO (a minor component of the 
total loss of 03 due to bromine), the rate constants for the cata- 
lytic reactions of IO with O, HO2, and C10 are only a factor of 2 
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Figure 2. The removal rate of ozone. Calculated chemical de- 
struction of ozone by halogens and the total loss due to all 
chemical mechanisms for March 1995. Inorganic iodine is as- 
sumed to be present at 0.2 pptv, the mixing ratio estimated in 
this work. The sum of all the ozone loss mechanisms due to io- 

dine account for an ozone removal time constant of longer than 
30 years. Even at the upper limit for inorganic iodine deter- 
mined in this study, 0.5 pptv, the ozone removal time constant is 
longer than 50 years at and above 15 km where the vast majority 
of the stratospheric ozone column resides. 
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faster than the equivalent rate constants for the reactions involv- 
ing BrO. A significant fraction (20-40%) of the ozone loss at- 
tributable to iodine is due to the reaction of IO with BrO. At 
220 K, the rate constant for this reaction is 3.5 times larger than 
the rate constant for C10 + BrO. The net rate of ozone loss due 
to the reaction of IO with BrO will, however, depend on what 
products are formed. If OIO or OBrO are formed, analogous to 
the formation of OC10 in the reaction of C10 with BrO, the net 
ozone loss may be slower than the total rate (depending on the 
photolysis products of OIO and OBrO). As an upper limit, we 
have assumed 100% ozone loss efficiency for the reaction of IO 
with BrO. 

To illustrate the role of iodine reactions on the photochem- 
istry of 03, we have computed the diurnally averaged rates for 
destruction of ozone by the major catalytic cycles assuming inor- 
ganic iodine is present at 0.2 pptv at all altitudes in the strato- 
sphere. In Figure 2, we show the calculated 03 loss rates for all 
cycles involving IO with the loss rates by other halogenated cy- 
cles, as well as the total 0 3 loss rate. Ix refers to all reactions 
involving iodine; Br x refers to all reactions involving bromine 
except BrO + IO; C1 x refers to all reactions involving chlorine 
except those included in I x and Br x. Our computed loss rate due 
to iodine chemistry is more than an order of magnitude slower 
than the rate calculated by Solomon et al. [1994b] in their base 
case because the abundance of total iodine is a factor of 5 less 
than they assumed and the rate constant for the reaction of IO 
with C10 is 5 times slower [Turnipseed et al., 1995b] than they 
used. Our conclusions regarding the removal rate of ozone by 
iodine are insensitive to assumptions concerning the proscribed 
profiles of radical precursors. Calculations constrained by pro- 
files of 03, NOy, Cly, and Bry shifted vertically by +4 km with 
respect to the profiles given in Table 4 yield results similar to 
those shown in Figure 2. Calculations constrained with the 
same precursor concentrations given in Table 4, but with 2 pptv 
of Bry added at all altitudes (such as might occur if 2 pptv of a 
short-lived bromine species such as bromoform was present at 
the tropopause), also produces similar results. The loss rate of 
ozone due to bromine increases in proportion to the increase in 
Bry (e.g., doubling at 14 km). The loss due to iodine, however, 
increases much less (e.g., 25% at 14 km) because the reaction of 
HO2 with IO is calculated to account for most of the ozone loss 
by iodine below 15 km. Thus, the relative role of iodine com- 
pared to bromine would be even smaller if our photochemical 
model underestimates the concentration of BrO. 

Catalytic removal of stratospheric ozone by iodine is very 
slow. For instance, even at the upper limit for our estimate of 
the iodine mixing ratio, 0.5 pptv, the lifetime of ozone with re- 
spect to chemical removal by iodine is more than 50 years at alti- 
tudes above 15 km (where the bulk of the stratospheric ozone 
column resides). This removal rate is extremely slow compared 
to the typical transport lifetime of stratospheric air (-2 years). 
Consequently, iodine chemistry can only be responsible for an 
insignificant fraction of the loss in the column of midlatitude 
ozone observed during the past several decades [WMO/UNEP, 
1995]. 

Appendix 

In the atmospheric spectra, obvious spectral features due to 
both water and NO2 are present. Our analysis for IO is restricted 
to spectral regions not containing H20 lines. However, the nu- 
merous absorption features of NO2 preclude use of such a simple 
technique for rmnoving its influence. In this appendix we detail 
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Figure A1. Pressure broadening and the IO gap function. (a) 
Absorption cross sections for a low-pressure stratospheric ab- 
sorber (dashed) and a high-pressure boundary layer absorber 
(solid). The integrated cross sections are identical, but because 
of pressure broadening the peak cross section of the high- 
pressure absorber is significantly lower. (b) Gap filter designed 
for the low-pressure absorber. (c) Cross correlation of the gap 
filter with the high- and low-pressure absorber. The sensitivity 
to the high-pressure absorber is smaller by a factor of 15. 

how the NO2 signature was removed from the atmospheric 
spectra and the potential error associated with this method. 
First, however, we show how use of high-resolution spectroscopy 
combined with a high-pass filter helps discriminate against 
broad spectral absorption features. 

Pressure Broadening and Solar Spectroscopy 

The spectral lineshapes of both IO and NO 2 exhibit very 
strong pressure dependent broadening. •Ihis feature is useful to 
this study because it provides a means of minimizing the influ- 
ence of tropospheric absorbers. We illustrate the basic principle 
in Figure AI. In Figure Ala, two lineshapes are shown. The 
dashed line is a near-Lorentzian absorption lineshape of 0.07 
cm-l full width at half maximum (FWHM), similar to the line- 
shape of the lifetime- and pressure-broadened stratospheric IO 
rotational features. The solid line shows a Lorentzian absorption 
lineshape of 0.27 cm-1 FWHM, similar to lineshape of IO at 1 
atm total pressure. The peak cross section for the pressure- 
broadened lineshape is a factor of 4 lower than the low-pressure 
cross section. Thus, our sensitivity to an absorber present in the 
boundary layer is considerably smaller than one present in the 
stratosphere. Our sensitivity to this pressure-broadened ab- 
sorber is further reduced by the use of the cross-correlation 
technique. The gap filter used in this study (Plate l c) is opti- 
mized for narrow absorbers and it acts as a high-pass filter. This 
is illustrated in Figure A1 also. In Figure Alb a gap filter de- 
signed for the low-pressure lineshape is shown. In Figure Alc 
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the cross correlation of this filter with both the high-pressure 
(solid) and low-pressure (dashed) spectra is plotted. For the 
same column of IO we are nearly 15 times less sensitive to 
boundary layer IO than stratospheric IO. 

Application to NO2 

NO2 is present in the atmosphere predominantly in the 
planetary boundary layer (Kitt Peak: T = 280 K; p = 800 mbar) 
and in the mid and upper stratosphere (210 < T < 240 K; p < 50 
mbar). Many studies of atmospheric NO2 have been performed 
by visible wavelength absorption spectroscopy [e.g., Noxon et 
al., 1979]. All of these measurements have been performed with 
relatively low resolution spectrometers. It is well known that the 
NO 2 absorption cross sections are temperature dependent, and 
efforts have been made to account for this effect in these studies. 

In this work, because very high spectral resolution is employed, 
we have investigated the pressure dependence of the NO2 ab- 
sorption cross sections as well. 

Shown in Figure A2 is a small portion of the NO2 spectrum 
taken in the laboratory with the same spectrometer used to 
measure the IO pressure broadening. The resolution of the 
spectra is approximately 0.05 cm-1. The solid thin and dashed 
lines are the spectra taken at temperatures of 240 and 298 K, re- 
spectively, at a pressure of less than 10 mbar. The thick solid 
line is the spectrum taken at 800 mbar 298 K. Dramatic changes 
due to pressure broadening of the NO2 rotational lines are ob- 
served. Small but discernible changes are also seen in the two 
low-pressure spectra taken at different temperatures. 

In Figure A3, the cross correlation of the IO gap filter used in 
this study with the NO 2 laboratory spectra is shown. The col- 
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Figure A3. The cross correlation of the IO gap filter used in 
this study with a slant column of NO2 typical of the high air 
mass atmospheric spectra (2.5 x 10 •6 molecule cm-2). Shown in 
the thin solid and dashed lines are the signals produced from the 
low-pressure (<10 mbar) laboratory NO2 spectra obtained at 
temperatures of 240 and 300 K, respectively. The temperature 
dependence is quite weak. Shown in the thick solid line is the 
signal produced from the same column of NO 2 at 800 mbar. Be- 
cause of the pressure broadening, our observations are insensi- 
tive to the presence of NO2 in the polluted boundary layer. 

9.0 I ' I ' I 

7.0 .= 

6.0 

["') 300 K; p = 800 mbar 
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Frequency (cm 
Figure A2. A small portion of the NO2 spectrum near 22,460 
cm -•. Shown in the thin solid and dashed lines are the NO 2 
cross sections taken at low pressure (< 10 mbar) and at tempera- 
tures of 240 and 300 K, respectively. At cold temperatures the 
spectral lines narrow and the differential cross sections increase 
slightly. Shown in the thick solid line is the cross section at 800 
mbar and 300 K. Pressure broadening removes essentially all 
the high-resolution structure seen in the low-pressure spectrum. 

umn density of NO 2 used to generate this figure corresponds to 
the typical column present in the spectra taken from Kitt Peak at 
high zenith angle (-2 x 1016 molecule cm-2). It is clear that any 
NO 2 present in the boundary layer is very inefficiently detected. 
The slant column in this figure would be equivalent to a 2-km- 
thick boundary layer with a 1-ppbv mixing ratio of NO2, much 
larger than can be expected in the early morning above Kitt 
Peak. The same column of NO2 present in the stratosphere pro- 
duces a signal nearly 10 times larger. Fortunately, the tempera- 
ture dependence of the stratospheric signal is very weak. The 
rotational structure changes only slightly with temperature at the 
spectral resolution employed here (0.05 cm-1), and the cross cor- 
relation with the IO gap filter is quite insensitive to these small 
changes. This demonstrates that very high resolution absorption 
spectroscopy may be useful for measuring the stratospheric NO 2 
column with minimal interference from boundary layer pollu- 
tion. 

To determine how NO2 could influence our measurement of 
the IO column, we carried out the same analysis performed in 
section 6 without first accounting for absorption due to NO 2. 
Without removing the spectral features due to NO2, the cross 
correlation of the IO gap with the atmospheric transmission 
spectra produces an estimate for the IO slant column change 
between $ZA = 88 ø and 60 ø of 0 _+. 8 x 1012 molecule cm-2. The 

"noise" in the cross correlation increases by a factor of 2, and is 
highly correlated with the residuals shown in Fig. A3. Further- 
more, because the cross correlation signal at zero lag is negative, 
the atmospheric NO 2 leads to an underestimate of the IO col- 
umn. 
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For the analysis performed in this work, the low-temperature, 
low-pressure laboratory NO2 spectrum (Fig. A2) is first fit to the 
atmospheric transmission in regions away from solar lines, tel- 
luric water lines, or any IO lines. The appropriate NO2 signal is 
then subtracted from the entire spectrum. Because the full NO• 
column produces a negative IO signal nearly as large as the IO 
column determined in this study, care must be taken in matching 
the atmospheric residual to the laboratory spectrum. For exam- 
ple, to ensure that the retrieved IO signal is not affected signifi- 
cantly (+ 25%) by absorption due to NO2, the stratospheric NO• 
residuals must be matched to within 25%. Fortunately, because 
there are numerous strong NO 2 lines throughout the spectrum, 
this is accomplished quite easily (see Plate 2). 
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