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A B S T R A C T

CBrF3 (Halon-1301) is a man-made ozone depleting substance that is a major source of bromine in the
Earth’s stratosphere. Halon-1301 is predominantly removed from the atmosphere byUV photolysis in the
stratosphere at wavelengths between 200 and 225nm. The existing level of uncertainty in the Halon-
1301 UV absorption spectrum temperature-dependence directly impacts the ability to model
stratospheric ozone chemistry and climate change. In this work, the UV absorption spectrum of
Halon-1301 between 195 and 235nmwasmeasured over the temperature range 210–320K. An empirical
parameterization of the spectrum and its temperature dependence is presented. The present results are
critically compared with results from previous studies and the current recommendation for use in
atmospheric models. A global annually averaged lifetime for Halon-1301 of 74.6 (73.7–75.5) years was
calculated using a 2-D atmospheric model and the present results. The range of lifetimes given in
parenthesis represents the possible values due solely to the 2s uncertainty in the Halon-1301 UV
spectrum obtained in this work. In addition, the CBrF3 ozone depletion potential was calculated using the
2-D model to be 18.6 (�0.1) using the UV spectrum and 2s uncertainty from this work.

Published by Elsevier B.V.
1. Introduction

CBrF3 (Halon-1301) is an atmospherically long-lived ozone
depleting substance of anthropogenic origin; it is used commer-
cially as a fire suppressant and explosion prevention agent. The
currently recommended atmospheric lifetime of Halon-1301 is
77.4 years [1]. Halon-1301 is a major source of stratospheric
bromine, which is more efficient than chlorine in the depletion of
stratospheric ozone [2]. The ozone depletion potential (ODP) (see
WMO [2] for ODP definition) of Halon-1301 was estimated to be
15.9, which is the highest among all halocarbons [2]. Halon-
1301 has been amended within the Montreal protocol to stop its
production and commercialization. In the present atmosphere, the
mixing ratio of CBrF3 is increasing, although the rate of increase
declined between 2005 and 2008 compared to 2003–2004 [2]. The
Halon-1301 mixing ratio was 3.3 ppt in 2012, which represents an
increase from 2.5 ppt in 1996 [3], while the total stratospheric
: +1 303 497 5822.
. Burkholder).
bromine mixing ratio was �22ppt in 2008 [2]. Future projections
indicate that CBrF3 will be the largest contributor to total
tropospheric bromine after 2024 and account for more than 80%
of the total bromine by 2060 [2–4]. In addition tomeasurements of
the atmospheric abundance of CBrF3, atmospheric modeling of the
impact of CBrF3 on stratospheric ozone and climate change
requires an accurate understanding of its atmospheric loss
processes.

Halon-1301 is predominantly removed from the atmosphere by
UV photolysis in the stratospherewith O(1D) reactive lossmaking a
minor (�0.7%) contribution to the total loss. Halon-1301 photolysis
in the troposphere represents a minor loss process, �0.2% [1].
Stratospheric photolysis of CBrF3 occurs primarily in the short
wavelength region with wavelengths between 190 and 230nm
accounting for 99.8% of its total photolysis rate [1]. Numerous
studies have reported absorption spectra of CBrF3, where the
agreement within the 190–230nm wavelength region [5] among
the room temperature studies is �10%, or better. Two of these
studies included the temperature dependence of the CBrF3
spectrum, Gillotay and Simon [6] (168–280nm, 210–295K) and
Burkholder et al. [7] (190–260nm, 210–296K). Although the room
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temperature spectra from these two studies agree, to within �5%,
significant differences in the reported spectrum temperature
dependence over the critical wavelength region exist between
these datasets. The transition peaking near 205nm is most likely
due to a s* n electronic transition, (C—Br)* Br transition [8].
The CBrF3 spectrum wavelength and temperature dependence
parameterization reported in Burkholder et al. [7] was recom-
mended in SPARC [1] for use in atmospheric models, although an
uncertainty of �20% was assigned to the 190–230nm wavelength
region to account for the discrepancies in the experimental data for
the temperature dependence of the CBrF3 spectrum [1]. Because of
the importance of CBrF3 to stratospheric ozone chemistry, further
laboratory studies designed to reduce the uncertainty in the CBrF3
UV spectrum temperature dependence are warranted.

In this work, the UV absorption spectrum, s(l,T), of Halon-
1301 was measured between 195 and 235nm over the tempera-
ture range 210–320K and the obtained results are compared with
previously reported spectra. A s(l,T) parameterization of the
present data for use in atmospheric models is presented. The
impact of the s(l,T) data, including its estimated uncertainty,
obtained in this work on the lifetime and ODP of CBrF3 was
evaluated using the Goddard Space Flight Center (GSFC) 2-D
atmospheric model [9,10].

2. Experimental details

The apparatus used in this work has been described in detail in
previous studies from this laboratory [11,12] and is described only
briefly here. The experimental apparatus consisted of a 30W D2

lamp, a jacketed single pass absorption cell with a 90.4 cm
pathlength, a 0.25m monochromator with a photomultiplier tube
detector. The monochromator wavelength was calibrated using an
Hg Pen-Ray lamp (�0.05nm). The temperature of the absorption
cell was maintained by circulating a temperature-regulated fluid
through its jacket. The fluid temperature was measured (�0.5K)
using thermocouples in the circulating bath and at the exit of the
cell. The temperature gradient along the length of the absorption
cell was estimated to be �0.5K for temperatures �263K and �1K
for temperatures �250K [13].

Absorption cross sections were obtained using Beer’s law

AðlÞ ¼ �ln IðlÞ
I0ðlÞ

� �
¼ sðl; TÞ � L� ½Halon� 1301� (1)

where A(l) is the absorbance at wavelength l,I(l) and I0(l) are the
measured light intensities in the presence or in the absence of
sample, respectively, s(l,T) is the absorption cross section at
temperature T, L is the optical pathlength in the absorption cell, and
[Halon-1301] is the concentration of Halon-1301 in the absorption
cell. All absorption measurements were performed under static
Table 1
CBrF3 (Halon-1301) absorption cross sections, s(l,T) (base e), measured in this work.a

l (nm) s(l,T) (10�20 cm2molecule�1, base e)

320K 296K 270K

195 9.07�0.02 9.25�0.01 9.57�0.04
200 11.26�0.03 11.62�0.02 12.14�0.03
205 12.48�0.03 12.88�0.02 13.41�0.03
210 12.01�0.03 12.35�0.03 12.81�0.07
215 10.17�0.05 10.36�0.02 10.67�0.06
220 7.61�0.02 7.62�0.02 7.68�0.04
225 5.09�0.02 4.98�0.01 4.91�0.01
230 3.097�0.006 2.906�0.009 2.770�0.00
235 1.705�0.005 1.557�0.005 1.410�0.00

a Quoted uncertainties are the 2s precision values from the Beer’s law fit of the ex
significant, but was included to represent the precision of the fit.
conditions. Gas-phase UV absorption cross sections were deter-
mined at 9 discrete wavelengths between 195 and 235nm (5nm
intervals) and at 6 temperatures between 210 and 320K. The
concentration of CBrF3 was determined from the measured cell
pressure and the ideal gas law. I(l) and the cell pressure were
recorded continuously with a sampling rate of 1 kHz. The
minimum and maximum CBrF3 mixture pressure depended on
the measurement wavelength and was chosen such that the
minimum absorbance was >0.015 and the maximum absorbance
was �1.0, if possible. s(l,T) was determined from a linear least-
squares fit of A(l) vs. [CBrF3] with at least ten different
concentrations of CBrF3 were included in the fit.

3. Materials

Two different CBrF3 samples with stated purities of >99% (#1)
and 99% (#2) were used over the course of this study. He (UHP,
99.999%) was used in the preparation of sample mixtures and to
flush the absorption cell. Gas mixtures were prepared manomet-
rically in 12 L Pyrex bulbs; samples with 2.13 and 5.33% (#1) and
5.31% (#2) mixing ratios were used. For the 5.33% and 5.31%
mixtures, the Halon sample was purified using several freeze-
pump-thaw cycles before preparing the gas mixtures. Infrared
spectra of the Halon-1301 mixtures were recorded using a Fourier
transform infrared spectrometer and found to be in good
agreement, to within �1–2%, with the spectrum reported in the
Pacific Northwest National Laboratory infrared database [14].
Pressures were measured using 100 and 1000Torr capacitance
manometers. Quoted uncertainties throughout this paper are 2s
unless stated otherwise.

4. Results and discussion

In this section, the CBrF3 UV absorption cross sections obtained
in this work are presented along with an uncertainty analysis. A
spectrum parameterization, useful for atmospheric model calcu-
lations, that reproduces ours(l,T) data towithin themeasurement
precision is also presented. Our results are critically comparedwith
results from previous studies as well as the recommendations
given in Sander et al. [5]. The atmospheric impact of the present
results is presented in the Atmospheric Implications section.

4.1. CBrF3 UV absorption cross sections

The CBrF3 cross sections obtained in this work at 9 discrete
wavelengths from 195 to 235nm and at temperatures over the
range 210 to 320K are given in Table 1. Our 296K data is shown in
Fig. 1 along with results from previous studies. At all wavelengths
and temperatures, the absorption measurements obeyed Beer's
250K 230K 210K

9.79�0.04 10.08�0.03 10.36�0.03
12.42�0.04 12.80�0.02 13.14�0.05
13.83�0.06 14.28�0.02 14.74�0.05
13.20�0.05 13.62�0.08 14.1�0.1
10.86�0.03 11.10�0.04 11.39�0.05
7.79�0.03 7.88�0.06 7.93�0.03
4.86�0.03 4.80�0.01 4.74�0.02

7 2.66�0.02 2.521�0.007 2.43�0.02
6 1.289�0.007 1.180�0.009 1.090�0.006

perimental data. In some cases, the least significant digit may not be statistically
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Fig. 1. Compilation of CBrF3 (Halon-1301) room temperature UV absorption spectrum data. Panel (a): results from this work and previously published studies (see legend).
The NASA/JPL recommended spectrum and its estimated 2s uncertainty is included for comparison [5]. Panel (b) illustrates the spread in the available data relative to the
NASA/JPL recommendation [5].
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law over awide concentration range, (0.015 to 5.1)�1017 molecule
cm�3. The experimental data obtained at each wavelength and
temperature is provided graphically in the supplementary
material, Fig. S1. The agreement among independent measure-
mentswas very good, towithin 1%, and the finals(l,T) valueswere
obtained from a linear least-squares fit of all data obtained for the
same temperature and wavelength.

ACBrF3 cross section dependence on temperaturewas observed
at all wavelengths included in this study. The temperature
dependence at each wavelength is displayed in Fig. 2 relative to
s(l,296K). For the range of temperatures included in this study,
the CBrF3 cross sections at wavelengths �220nm increased with
decreasing temperature. The temperature dependence for wave-
lengths �220nm was greatest at 205nm where s(205nm,T)
increased �18% between 210 and 320K. At wavelengths >220nm,
s(l,T) decreased with decreasing temperature with the largest
dependence observed at the longest wavelength, wheres(235nm,
T) decreased �55% between 210 and 320K. The cross section data
obtained at each wavelength is also provided graphically in the
supplementary material, Fig. S2.
4.2. Uncertainty analysis

Overall, the measurement precision of the measurements was
very good, i.e., better than 1%, with the uncertainty at the longer
wavelengths being slightly greater. The uncertainties reported in
Table 1 are the precision of a linear least-squares fit of the
experimental data to equation 1. Possible systematic errors in the
measured pressure, temperature, sample mixing ratio, optical
pathlength, and measured absorbance (and range) contribute to
the estimated overall absolute uncertainty in s(l,T) and are
discussed below.

The uncertainties in the optical pathlength and the sample
mixing ratio are�0.5%, or less. The temperature uncertainty in the
absorption cell was estimated to be 2K at 210K and 1K for higher
temperatures. The uncertainty in the absorption cell temperature
primarily impacts the CBrF3 concentration determination, as the
absorption spectrum is not overly sensitive to uncertainties of 1 to
2K. The uncertainty in the cell pressure and the linearity of the
pressure measurement were estimated to be 0.2%. The stability of
the light source lamp was �0.3% at all wavelengths used in this
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Fig. 2. Compilation of the CBrF3 (Halon-1301) UV absorption cross section data
obtained in this work between 210 and 320K (see Table 1). Panel (a) the spectrum
temperature dependence (see legend) relative to the room temperature spectrum,
s(l,T)/s(l,296K). The lines are the ratios obtained using the spectrum
parameterization given in Table 2. Panel (b) shows the quality of the parameteri-
zation derived in this work in terms of the ratio of the experimental data to the
spectrum parameterization.

Table 2
CBrF3 (Halon-1301) absorption cross section, s(l,T), parameterization derived from
the data in this work. The parameterization is valid over the range of the
measurements, 195–235nm and 210–320K. The units ofs(l,T) are cm2molecule�1

(base e), wavelength, l, is in nanometer (nm), and the temperature, T, is in Kelvin
(K).

lnðsðl; TÞÞ ¼ S
4

i¼0
Ail

i þ ðT � 296Þ � S
4

i¼0
Bil

i

i Ai Bi

0 315.204 0.0077
1 -8.03836 -5.6975�10�4
2 0.06362234 1.1304�10�5

3 -2.1356�10�4 -7.3977�10�8

4 2.5779�10�7 1.5279�10�10
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study and I0 measured before and after an experiment agreed to
within 0.5%. The before and after I0 values were averaged in the
data analysis.

Independent experiments performed with different dilute
mixtures of CBrF3 as well as different CBrF3 samples agreed to
better than 1.5% (the majority of our sensitivity measurements
were performed at 210nm). Seven independent measurements
were performed at 210nm and 296K. The measurements included
variations in the optical setup, CBrF3 samples with three different
bulb mixing ratios, and two different CBrF3 samples. The
agreement among the measurements was better than 1.5%.
Replicate measurements performed at other wavelengths and
temperatures showed a comparable level of agreement, see Fig. S1.
The overall absolute uncertainty ins(l,T) was estimated to be�3%
over the entire range of wavelengths and temperatures included in
this work. Note that the cross section trends with temperature
obtained at each specific wavelength are expected to be more
accurate than the absolute values. The present high precision and
rigorously tested measurement results supersede the results from
Burkholder et al. [7] between 195 and 235nm.

4.3. CBrF3 UV spectrum parameterization

The s(l,T) data given in Table 1 was parameterized using the
empirical formula given in Table 2. The calculated spectra are
included in Fig. 2 for comparison with the experimental data; the
experimental data is reproduced to within 1% at all wavelengths
and temperatures. The parameterization is only valid over the
wavelength and temperature range of the experimental data
obtained in this study and extrapolation outside this range may
lead to systematic error.

4.4. Comparison with previous CBrF3 spectrum studies

4.4.1. Room temperature data
The room temperature results obtained in the present work are

in agreement with results from previous studies recommended in
the NASA/JPL data evaluation [5]. A comparison of the room
temperature spectra is included in Fig. 1. A thorough discussion of
the previous studies is provided in the NASA/JPL data evaluation
[5] and is not repeated here. The NASA/JPL recommendation is also
included in Fig. 1 for comparison. Results from the studies of Eden
et al. [8], and Doucet et al. [15] differ significantly from the other
studies and were not considered in the recommendation. The
NASA/JPL recommendation was based on the data of Gillotay and
Simon [6] in the region 168-188nm, the mean of the Molina et al.
[16], Gillotay and Simon [6], Burkholder et al. [7], and Orkin and
Kasimovskaya [17] data between 190 and 270nm, and the mean of
the Molina et al. [16], Gillotay and Simon [6], and Burkholder et al.
[7] data between 272 and 280nm. Our room temperature
spectrum is slightly, �3%, greater than the NASA/JPL recommen-
dation over the wavelength region 195-220nm. Note, however,
that the spread in the data from the previous studies is 10%, or less,
over this wavelength region.

The uncertainty recommended in the NASA/JPL evaluation of
30% (1s) is for the product of the CBrF3 absorption spectrum and
its photolysis quantum yield [5]. The NASA/JPL evaluation also
recommends a CBrF3 quantum yield of unity. Therefore, the
recommended uncertainty is primarily due to the uncertainty in
the absorption spectrum. The estimated uncertainty, however, far
exceeds the spread in the available room temperature data in the
195-235nm spectral region. A conclusion from our study is that a
more appropriate uncertainty estimate for s(195-235nm,296K)
would be 5% (2s).

4.4.2. Temperature dependence measurement
Two previous studies reported the temperature dependence of

the CBrF3 spectrum, Gillotay and Simon [6] (210-295K,
168-280nm) and Burkholder at al. [7] (210-296K, 190-285nm).
The two studies differ with respect to the spectrum temperature
dependence at wavelengths <210nm and the magnitude of the
spectrum temperature dependence at all wavelengths <235nm.
The NASA/JPL evaluation does not make an explicit recommenda-
tion for the CBrF3 spectrum temperature dependence [5], while the
IUPAC evaluation [18] recommends the mean of values of Gillotay
and Simon [6] and Burkholder et al. [7] at 210K. The spectrum
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parameterization of Burkholder at al. [7] was recommended in the
SPARC lifetime evaluation [1].

The parameterization of s(l,T) developed in this work for the
wavelength range 195 to 235nm is compared with the experi-
mental data of Gillotay and Simon [6] and Burkholder et al. [7] in
Fig. 3. The differences between these studies and the present work
are systematic and outside the estimated uncertainty in the
present work. Burkholder et al. [7] reported a relatively weak
temperature dependence below 215nm, whereas Gillotay and
Simon [6] reported an increase in s(l,T) with decreasing the
temperature of about 18% at 200nm between 210 and 295K. The
present s(l,T) results display a temperature dependence that is
intermediate between the two previous studies. The impact of the
present s(l,T) results on the uncertainty in atmospheric photoly-
sis rates, local and global lifetimes, and ODPs is quantified in
Section 4.5.

4.5. Atmospheric implications

The present results were used in the GSFC 2-D atmospheric
model to calculate globally annually averaged atmospheric
lifetimes and the ozone depletion potential (ODP) of CBrF3 for
year 2000 steady-state conditions. The model has been used
extensively in previous studies to quantify the atmospheric loss
processes of ODSs and replacement compounds [1,11,13,19]. For
[(Fig._3)TD$FIG]

Fig. 3. Comparison of the CBrF3 UV absorption spectra obtained in the present study
expressed as the ratio of the experimental data to the parameterization developed in t
this work, we evaluated the atmospheric impacts of the CBrF3
photolytic loss at 195–235nm using the absorption cross section
parameterization given in Table 2. The Lyman-a cross section,
2.5�10�17 cm2molecule�1, and UV cross sections at wavelengths
less than 195nm and greater than 235nmwere taken from SPARC
[1]. A unit photolysis quantum yield at all wavelengths was
assumed in the calculations. The O(1D), OH, and Cl reactive rate
coefficients for CBrF3 were also taken from SPARC [1]. We note that
the CBrF3 photolytic and reactive loss parameters from SPARC [1]
are identical to those given in the NASA/JPL evaluation [5], with the
exception of the Cl atom reactive loss, which was not included in
the NASA/JPL recommendation. However, reactionwith Cl atoms is
a negligible loss process for CBrF3 as discussed below. Kinetic and
photochemical parameters for all other compounds were taken
from the NASA/JPL evaluation [5] unless updated in SPARC [1].

The calculated fractional contributions to the atmospheric loss
of CBrF3 are given in Table 3. The photolytic loss was divided into
5wavelength regions, the VUV at Lyman-a (121.567nm) and in the
UV wavelength regions 169–190, 190–230, 230–286, and >286nm.
The contributions due to reactive loss with O(1D), OH, and Cl atoms
are also shown. Fig. 4 shows the calculated local altitude
dependent contributions to the loss of CBrF3. Table 3 and Fig. 4
clearly show that UV photolysis at 190–230nm is the predominant
loss process for CBrF3 above�10km. The calculated molecular loss
rates and CBrF3 mixing ratio vertical profile are also included in
with the results from previous studies of the spectrum temperature dependence
his work (see Table 2).



Table 3
Fractional contributions of photolysis and reactive processes to the atmospheric
loss for CBrF3 (Halon-1301) calculated using the GSFC 2-D atmospheric model.

Atmospheric loss process Fractional contribution to total loss

Photolysis loss regions
Lyman-a (121	567nm) <0.001
169-190nm <0.001
190-230nm 0.987
230-286nm <0.001
>286nm 0.002
Total 0.989

Reactive loss processes
O(1D) 0.006
OH <0.004
Cl <0.001
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Fig. 4. The maximum molecular loss rate of CBrF3 is near 25 km
with significant loss rates over the altitude range 18–31km. This
altitude range corresponds to a temperature range between
�205 and 230K, i.e., the temperature range over which s(l,T) is
most critical. The calculated vertical mixing ratio shows that >99%
of CBrF3 is removed below 32km.

The CBrF3 lifetime was computed as the ratio of the annually
averaged global atmospheric burden to the vertically integrated
annually averaged total global loss rate [1]. The total global lifetime
can be separated by the troposphere (surface to the tropopause,
seasonally and latitude-dependent), stratosphere, andmesosphere
(<1hPa) using the total global atmospheric burden and the loss
rate integrated over the different atmospheric regions such that

1
tTotal

¼ 1
tTrop

þ 1
tStrat

þ 1
tMeso

Using the cross sections reported in this work, the global annually
averaged lifetime for CBrF3 was calculated to be 74.6 years, and the

[(Fig._4)TD$FIG]

Fig. 4. 2-D atmospheric model results for CBrF3 (Halon-1301). (a) Loss rate coefficients (
rates and uncertainty limits: slow and fast profiles calculated using the uncertainty on t
profile of CBrF3.
lifetimes for the various atmospheric regions are given in Table 4.
As indicated in Table 3, UV photolysis in the wavelength region
190–230nm accounts for nearly 99% of the total global atmo-
spheric loss of CBrF3. The vast majority of CBrF3 is removed in the
stratosphere with tropospheric removal accounting for �2.5% of
the total loss. Although Lyman-a photolysis is a dominant
mesospheric loss process, the contribution of mesospheric loss
to the global lifetime is negligible. Long-wavelength UV photolysis,
l >290nm, makes a minor contribution to the stratospheric
photolysis loss at all altitudes. Reaction with O(1D) is also a minor
stratospheric loss process and accounts for�0.6% of the total CBrF3
loss. Note that both UV photolysis and the O(1D) reaction lead to
the formation of stratospheric reactive bromine in the form of Br
atoms and BrO radicals, respectively, i.e., both loss processes
initiate the depletion of stratospheric ozone. In the troposphere,
loss by reaction with the OH radical (using the NASA/JPL
recommended reaction rate coefficient upper-limit in the model
calculations) is a negligible loss process, <0.4%. Long-wavelength
photolysis in the troposphere primarily accounts for the 3000 year
tropospheric lifetime given in Table 4.

As indicated in Table 4, the total lifetime using only the room
temperature spectrum was calculated to be 76.7 years. Therefore,
including the temperature dependence of the CBrF3 UV absorption
spectrum in the calculation leads to a decrease of 2.1 years (3%) in
the atmospheric lifetime.

The GSFC 2-D atmospheric model calculated a globally
annually averaged lifetime of 74.6�0.9 years for this work,
compared with 77.4��7 years for SPARC [1] and 77.4��10 years
for NASA/JPL [5] (see Table 4). The lower uncertainty in the
atmospheric lifetime reported in this work is due to the smaller
uncertainty on the absorption cross section (�5%, 2s) compared
to SPARC (�8%, 2s) and NASA/JPL (�30%, 1s). The computed
atmospheric lifetime is reduced by �3 years for this work, due to
the slightly greater UV absorption cross sections in the
195–235nm wavelength range.
local lifetimes) combining the photolysis and reaction processes. (b) Molecular loss
he UV absorption spectrum of CBrF3 obtained in this work. (c) Mixing ratio vertical



Table 4
Globally annually averaged atmospheric lifetimes of CBrF3 (Halon-1301) calculated using the GSFC 2-Dmodel for 2000 steady-state conditions and ozone depletionpotentials
(ODP) from this work, SPARC [1], and NASA/JPL [5].

Lifetime (years)

This work SPARC NASA/JPL

Tropospheric 3000 3340 3340
Stratospheric 76.5 79.3 79.3
Mesospheric >1�106 >1�106 >1�106
Total 74.6 (73.7-75.5)a 77.4 (72.9-81.8)a 77.4 (68.7-86.5)a

�1.2% �6% �11.5%
Total (296K spectrum only) 76.7

Ozone depletion potential

This work SPARC NASA/JPL

2-D model 18.6 (18.5–18.6)b 18.3 (18.0–8.6)b 18.9 (18.0–19.4)b

Semi-empiricalc 15.7 (15.6–15.9) 16.3 (15.4–17.3) 16.3 (14.5–18.3)
Semi-empiricald 19.7 (19.5–19.9) 20.4 (19.2–21.6) 20.4 (18.1–22.8)

a The values in parenthesis are the range of lifetimes calculated using the estimated 2s high and lowvalues of the CBrF3 UV absorption spectrum at 190–230nm reported in
the individual reports and in this work.

b The values in parenthesis are the range of ODPs calculated with the 2-Dmodel using the estimated 2s high and low values of the CBrF3 UV absorption spectrum between
190 and 230nm reported in the individual reports and in this work.

c Based on fractional release factors in WMO [2,3].
d Based on fractional release factors in Laube et al. [20] with a mean age of air of 3 years.
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We also examined the impact of the present UV absorption
cross section data on the determination of the ozone depletion
potential (ODP), determined both semi-empirically and calculated
in the 2-D model. The semi-empirical ODP for CBrF3 (Halon-1301)
was calculated relative to CFCl3 (CFC-11) using the method
outlined in WMO [3]

ODP ¼ a� nBrð Þ � FRFHalon�1301
FRFCFC�11

� tHalon�1301
tCFC�11

� MCFC�11
MHalon�1301

� 1
3

with a, the relative ozone destruction effectiveness of bromine
compared to chlorine (a =60 [2]), nBr is the number of bromine
atoms, FRF is the fractional release factor, t is the global
atmospheric lifetime and M is the molar mass.

The global atmospheric lifetime of CFC-11 was taken to be
52 years as in SPARC [1] andWMO [3]. For comparison, two sets of
fractional release factors for CBrF3 and CFC-11 are used: 0.28 and
0.47, respectively, as inWMO [3], and 0.26 and 0.35, respectively as
in Laube et al. [20] using a mean age of air of 3 years. Using these
two sets of fractional release factors, semi-empirical ODPs were
obtained using global atmospheric lifetimes computed from this
work, the SPARC, and NASA/JPL parameters and are presented in
Table 4. For the CBrF3 lifetimes obtained in this work, the semi-
empirical ODP ranges from15.7 to 19.7 for the two sets of fractional
release factors. For comparison, we also show ODPs calculated
directly from the 2-D model as both semi-empirical and model-
baseODPs are used in theWMO [2,3] assessment reports. Using the
CBrF3 loss parameters from this work, the 2-D model calculated
ODP of 18.6 falls between the semi-empirical ODPs, illustrating
that the 2-D model and semi-empirical approach are in general
agreement considering the uncertainties on the global atmospher-
ic lifetime and the fractional release factors.

For bothmethods, Table 4 also shows the range inODPs obtained
using the 2s high and low uncertainty on the UV absorption cross
sections between 195 and 235nm from this work, SPARC [1], and
NASA/JPL [5]. This illustrates that for both the model-based and
semi-empirical ODPs, the uncertainty range inODPs is significantly
reduced in this work (<�1%), vs. the spectrum uncertainties from
SPARC (�2–6%) and NASA/JPL (�4–12%).

5. Conclusion

In summary, high-precision measurements of s(l,T) for CBrF3
over the wavelength and temperature ranges most critically
important for atmospheric photolysis were presented in this work.
Atmospheric model calculations have shown that short-wave-
length UV photolysis is the predominant atmospheric loss process
for CBrF3. Itwas also shown that the 190–230nmwavelength range
accounts for the vast majority of photolysis. The global lifetime of
CBrF3 was calculated to be 74.6 years�1.2%. While the lifetime
obtained in this work is similar to that reported in previous
evaluations [1] the possible range of lifetimes and associated ODPs
due solely to the uncertainty in s(l,T) were significantly reduced.
It would also be expected that because of the variation in model
treatment of atmospheric processes, the variation in lifetimes and
ODPs among different models would be greater than that due to
the cross section uncertainty.
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