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[1] The contribution of Halons, bromine-containing
haloalkanes, to stratospheric ozone depletion is highly
dependent on their atmospheric lifetime, which is primarily
determined by UV photolysis. In this work, UV absorption
cross-sections of the ozone-depleting substances CF,Br,
(Halon-1202), CF,CIBr (Halon-1211), and CF,BrCF,Br
(Halon-2402) were measured between 300 and 350 nm
over the temperature range 210-296 K using cavity ring-
down spectroscopy. Rayleigh scattering cross-sections
were also determined and utilized in the cross-section
determination. Spectra parameterizations are presented and
2-D atmospheric model calculations were used to
determine global annually averaged atmospheric lifetimes
of 2.52, 16.4, and 28.3 years, ozone depletion potentials
(ODPs) of 1.95, 8.1, and 18.4, global warming potentials
(GWPs) of 175, 1940, and 2270 (100-year time horizon),
and associated uncertainties for CF,Br,, CF,CIBr, and
CF,BrCF,Br, respectively. The revised lifetimes, ODPs,
and GWPs differ from values currently reported in
international assessments to evaluate ozone recovery and
climate change. Citation: Papanastasiou, D. K., N. R. Carlon,
J. A. Neuman, E. L. Fleming, C. H. Jackman, and J. B. Burkholder
(2013), Revised UV absorption spectra, ozone depletion potentials,
and global warming potentials for the ozone-depleting
substances CF,Br,, CF,CIBr, and CF,BrCF,Br, Geophys. Res.
Lett., 40, 464469, doi 10.1002/grl.50121.

1. Introduction

[2] Fluorochlorobromocarbons, Halons (haloalkanes), are
a class of manmade ozone-depleting substances (ODSs)
and, in many cases, potent greenhouse gases (GHGs)
[WMO, 2011]. Halons are emitted directly into the
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atmosphere and represent a source of stratospheric bromine,
which participates in catalytic ozone destruction cycles,
important particularly in the lower stratosphere and in polar
stratospheric ozone depletion events, where ClO radical
abundances are elevated. The Montreal protocol and its
amendments have targeted manmade Halons as compounds
to be phased out of commercial use due to their potential
harmful effects on the ozone layer; as a result, atmospheric
bromine from Halons did not increase during 2005-2008
[WMO, 2011]. The current-day stratospheric abundance of
bromine is estimated to be ~22 ppt with 8-10 ppt due to
Halons [WMO, 2007, 2011]. Thus, accurate knowledge of
the atmospheric lifetime, ozone depletion potentials (ODPs),
and global warming potentials (GWPs) of Halons is critical
for evaluating their contribution to ozone recovery and
climate change.

[3] CF,Br, (Halon-1202), CF,CIBr (Halon-1211), and
CF,BrCF,Br (Halon-2402) are key ODSs that are removed
from the atmosphere predominantly by UV photolysis
[Burkholder et al., 1991]. A primary loss process for these
compounds is photolysis at wavelengths >290 nm, which
occurs in the troposphere, thus reducing the amount of the
compound that can be transported to the stratosphere.
However, the UV absorption spectra of these ODSs in the
wavelength range >290 nm are not currently known as well
as desired for atmospheric modeling purposes. For example,
the most recent NASA/Jet Propulsion Laboratory (JPL) data
evaluation [Sander et al., 2011] assigned a factor of 2
uncertainty to the >290 nm recommended cross-section
data. Estimated uncertainties of this magnitude result in
correspondingly large uncertainty in calculated atmospheric
photolysis rates, local and global lifetimes, ODPs, and GWPs.

[4] In this work, UV absorption cross-sections, (A, T), of
CF,Br, (Halon-1202), CF,CIBr (Halon-1211), and
CF,BrCF,Br (Halon-2402) (also referred to as H1202,
HI1211, and H2402, respectively, herein) were measured
between 300 and 350 nm over the atmospherically relevant
temperature range 210296 K using cavity ring-down
spectroscopy (CRDS). A wavelength- and temperature-
dependent cross-section parameterization was developed
using the present work and results from previous studies
at shorter wavelengths. The results were used in the
Goddard Space Flight Center (GSFC) 2-D atmospheric
model [Fleming et al., 2007, 2011] to evaluate their
atmospheric lifetimes and thus ODPs and direct GWPs.

2. Experimental Details

[s] Absorption cross-sections, c(A,T), for the Halons in
the >290 nm wavelength range are weak and decrease
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substantially with increasing wavelength; for H1202,
c(1,296 K) decreases ~4 orders of magnitude between 300
and 350 nm. Yet, photolysis over this range is important in
its atmospheric photolysis. Molecular Rayleigh scattering
cross-sections, or(A), for the Halons over this wavelength
range are on the order of ~1 x 10* cm? molecule™ (as de-
termined in this work), due to the presence of the highly po-
larizable bromine, and therefore may contribute significantly
to the attenuation (transmission) of a probe beam through a
Halon sample. An accurate determination of o(A,T),
therefore, requires a technique capable of measuring weak
attenuation signals, that is, weak absorption, and methods
to accurately account for contributions from Rayleigh
scattering to signal attenuation. In this work, CRDS was
used to measure absorption coefficients, o(A,T), for H1202,
HI1211, and H2402 between 300 and 350 nm at temperatures
in the range 210-296 K. CRDS measurements performed at
temperatures <296 K covered a more limited wavelength
range than at room temperature due primarily to limitations
imposed by the combination of Halon vapor pressure and
CRDS sensitivity. CRDS measurements were also simulta-
neously made at 532 nm, using a second online optical
cavity, to determine or(532 nm), which aided the evaluation
of 6r(300 < A < 350 nm). Measurements at 532 nm also
established an upper limit to the possible Br, impurity level
in the Halon samples. The CRDS apparatus is described in
greater detail elsewhere [Feierabend et al., 2009], whereas
key experimental components and methods are described
briefly below.

[6] The absorption coefficient, o(A), in the CRDS
measurements was determined from the ring-down time
constants, T(A) and To(A), measured with and without the
Halon present in the CRDS optical cavity, respectively:

2(4) = (0(4,T) + or(4)) [Halon] :% LcAlbs (Tl;) - TOEA))
©)

where d is the cavity path length, LAy is the path length
of the sample, and c is the speed of light. The Rayleigh
scattering cross-section is defined as

3213

324N?
where N is Loschmidt’s number and n is the Halon index
of refraction. (L) + or(A) was determined from a linear
least-squares fit of o(A) versus [Halon], that is, a Beer’s
law analysis, for each wavelength and temperature included
in this study. (532 nm) was measured and taken to be a
measure of or(532 nm), that is, assuming no sample
absorption. 6g(300 < A < 350 nm) was calculated using
oRr(532 nm) and Equation (2), although in the final analysis
or(300 < A < 350 nm), was estimated from the measured
temperature dependence of o(A,T), that is, (>300 nm,T)
is highly temperature dependent, whereas or(1) is not. The
Rayleigh scattering cross-sections obtained in this way were
consistent with the extrapolated values but not identical, that
is, an extrapolation assuming a A™* dependence yielded oy
(300 < A < 350 nm) values ~20-30% less than inferred from
the measured temperature dependence.

[7] CRDS mirrors with maximum reflectivity at 308 nm
were used for measurements between 300 and 320 nm and

(n— 1) )

O—R(;L)

centered at 340 nm for the 325-350 nm range; typical T,
values were ~1.4 and ~2 s, respectively, for an optical path
of I m. For the CRDS 532 nm measurements, T, values were
~40 ps for a 1 m optical path. All measurements at 532 nm
were performed at room temperature.

[8] The UV CRDS cell temperature was maintained by
circulating a temperature-regulated fluid through its jacket.
Gases entering the CRDS cell passed through a 15 cm long
side arm that was maintained at the cell temperature. The gas
temperature was uniform along the cell to within 0.5 K for
temperatures >250 K and to ~1 K for temperatures <230
K. Room temperature experiments were performed under
both static and slow gas flow conditions, whereas reduced
temperature experiments were performed strictly under slow
flow conditions. The temperature-regulated portion of the
optical path length was separated from the CRDS mirrors
by ~2 mm diameter apertures mounted within the jacketed
portion of the cell. The mirrors were purged with a small
flow of He bath gas in the flow experiments that prevented
the sample gas from entering the warm region. The optical
path length, L, under flow conditions, was measured using
static and flow measurements of the Halons and CF;l at
room temperature to be 67 & 1 cm (d = 94.5 £ 0.5 cm).

[0] At least six different sample concentrations were
included for each experiment. The Halon concentration
was determined using absolute pressure measurements and
the ideal gas law as well as online UV absorption measure-
ments at 253.7 nm under some conditions. Excellent
agreement was observed using these methods under all
conditions; no Halon loss was observed while flowing
through the system. Absolute pressures ranged from 2 to
200 Torr and were measured using calibrated 100 and
1000 Torr capacitance manometers. CF,Br, (Halon-1202),
CF,CIBr (Halon-1211), and CF,BrCF,Br (Halon-2402)
(>99%) samples were used as supplied. In addition to the
CRDS measurements at 532 nm, the Br, impurity level in
the Halon samples was tested using chemical ionization
mass spectrometry [Neuman et al., 2010] and found to be
<50 ppt, a negligible contribution to the UV absorption
coefficient measurements.

3. Results and Discussion

[10] The measured o(A,T) values and 2c absolute
uncertainties, including estimated systematic errors, for
H1202, H1211, and H2402 are summarized in Table S1 in
the Supporting Information and plotted in Figures 1-3. The
o(A,T) values decreased with decreasing temperature at all
wavelengths, with the relative decrease being largest at the
longest wavelengths. The measured o) values behaved lin-
early over a wide range of Halon concentration under both
static and flow conditions, that is, obeyed Beer’s law at each
wavelength.

[11] The uncertainty in the absorption coefficient measure-
ments and accounting for Rayleigh scattering, particularly at
the longer wavelengths, primarily determined the overall
accuracy of the reported o(A) values. The precision of
the absorption coefficient measurements was <1.5% for
H1202, <2% for H1211, and <5% for H2402. The Rayleigh
scattering cross-section term contributed a wavelength-
dependent uncertainty to the determination of G(A,T), being
greatest at the longest wavelengths. The CRDS measure-
ments for each molecule extended to wavelengths long
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Figure 1. CF,Br, (Halon-1202) UV spectrum. (top) o(A,T)
measured in this work (see legend) with 2o absolute
error limits. (middle) Residual for the data obtained in this
work. Res. = 100 x (Exp - Par) / Par. (bottom) Residual for
previous room temperature studies.
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Figure 2. CF,CIBr (Halon-1211) UV spectrum.(top) (A, T)
measured in this work (see legend) with 2c absolute
error limits. (middle) Residual for the data obtained in this
work. Res. = 100 x (Exp - Par) / Par. (bottom) Residual for
previous room temperature studies.

enough that Rayleigh scattering accounted for nearly all of
the measured o), particularly at reduced temperature, 350
nm for H1202, 340 nm for H1211, and 330 nm for H2402.
Thus, o(A,T) obtained at the long-wavelength limit of our
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Figure 3. CF,BrCF,Br (Halon-2402) UV spectrum. (top)
o(A,T) measured in this work (see legend) with 2c absolute
error limits. (middle) Residual for the data obtained in this
work. Res. = 100 x (Exp - Par) / Par. (bottom) Residual
for previous room temperature studies.

measurements was highly uncertain and results are not
reported in these cases. The Rayleigh scattering contribution
decreased substantially toward shorter wavelength where the
Halon cross-sections were greater. We estimate that the Ray-
leigh scattering cross-section at the UV long-wavelength
limit of our measurements and the values derived by extrap-
olating this value to shorter wavelengths (Equation 2) were
determined to within ~5%. A consideration of measurement
uncertainties and accounting for Rayleigh scattering enabled
a significant uncertainty reduction in (A, T) in this work over
values reported in previous studies.

3.1. CF,Br, (Halon-1202)

[12] Figure 1 shows the o(A,T) values measured in this
work. The a(A,T) values at the longest wavelengths showed
no measurable dependence on temperature to within the
measurement precision (~3%), and cg(350 nm) was deter-
mined to be 8.7 x 102 cm® molecule™. og(R) is included
in Figure 1 for comparison with o(A,T); or(350 nm)
accounted for ~90% of a(350 nm,296 K) but <0.5% at 300
nm. At lower temperatures, the contribution from or(A)
increased due to the decrease in o(A,T) with decreasing
temperature. (532 nm) was measured to be (1.24 £+ 0.04)
x 10 ecm® molecule, where the 26 uncertainty is from
the measurement precision.

[13] There are several previous studies of the H1202 UV
spectrum to compare with the present work; Molina et al.
[1982] (190-340 nm, 298 K), Gillotay and Simon [1989]
(170-304 nm, 210-298 K), Burkholder et al. [1991] (190-
320 nm, 210-298 K), and Orkin and Kasimovskaya [1995]
(190-320 nm, 295 K), where the wavelength and temperature
range included in the studies are given in parentheses. The
differences with the present room temperature results are
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shown in Figure 1 (bottom). The agreement is better than
~10%, except for the Molina et al. [1982] o(>305 nm,296
K) values, which are much greater. Note that the literature
studies did not account for Rayleigh scattering, which may
account for some of the differences. The current NASA/JPL
evaluation [Sander et al., 2011] recommends an average of
the Burkholder et al. [1991] and Orkin and Kasimovskaya
[1995] results, including an extrapolation for wavelengths
>320 nm.

[14] The temperature dependence of the H1202 UV
spectrum was measured previously by Gillotay and Simon
[1989] and Burkholder et al. [1991]. The agreement with
the Gillotay and Simon study is good for wavelengths
<304 nm. We report a slightly weaker temperature depen-
dence in o(A,T) than reported by Burkholder et al., although
the data sets agree to within the combined uncertainty limits
for temperatures >250 K.

3.2. CF,CIBr (Halon-1211)

[15] Figure 2 shows the o(A,T) values measured in this
work. The HI1211 UV spectrum at wavelengths >300 nm
is ~10 times weaker than that of H1202. As a result, the
present measurements were limited to wavelengths
<340 nm and the contribution of Rayleigh scattering is more
substantial than for H1202. At 340 nm, the measured o(A,T)
values agreed to within ~2% and a (340 nm) value of 7.2
x 102° cm? molecule™ was determined. Rayleigh scattering
is important at all the wavelengths included in this work; or
(300 nm) contributes ~2% to o(300 nm,296 K) and 20% to
(300 nm,210 K) (Figure 2). or(532 nm) was measured to
be (9.25 + 0.3) x 102° ecm? molecule™, where the 2o
uncertainty is from the measurement precision.

[16] Molina et al. [1982] (190-330 nm, 298 K), Gillotay
and Simon [1989] (170-302 nm, 210-298 K), Burkholder
et al. [1991] (190-320 nm, 210-296 K), and Orkin and
Kasimovskaya [1995] (190-304 nm, 295 K) have measured
the HI211 UV absorption spectrum previously and the
agreement with the present room temperature results is
shown in Figure 2. The comparison shows a rather scattered
set of data where the discrepancies with the Burkholder et al.
results are most likely due to the neglect of Rayleigh scatter-
ing by Burkholder et al. The discrepancies with Molina et al.
cannot be explained due to their neglect of Rayleigh scatter-
ing. The current NASA/JPL evaluation [Sander et al., 2011]
recommends an average of the Molina et al. and Burkholder
et al. results extending to 320 nm. The only ¢(A,<296 K)
data previously available over a wavelength range relevant
for long-wavelength atmospheric photolysis was from
Burkholder et al., which is superseded by the present work.

3.3. CF,BrCF,Br (Halon-2402)

[17] The H2402 UV absorption spectrum is the weakest of
the molecules included in this study and Figure 3 shows the
o (), T) values measured in this work. A value of 1.73 x 1024
cm?® molecule” was obtained for 6xr(330 nm) and Rayleigh
scattering makes a significant contribution to the measured
absorption coefficient for wavelengths >300 nm (Figure 3);
the contribution at 300 nm is ~20%. or(532 nm) was
measured to be (1.96 + 0.04) x 10 cm? molecule™, where
the 26 uncertainty is from the measurement precision.

[18] Previous studies of the H2402 UV absorption spec-
trum at >300 nm did not account for Rayleigh scattering
and are subject to systematic error: Molina et al. [1982]

(195-320 nm, 298 K), Burkholder et al. [1991] (190-320
nm, 210-296 K), and Orkin and Kasimovskaya [1995]
(190-300 nm, 295 K). The differences with the present
results are large as shown in Figure 3. The present study su-
persedes the results from Burkholder et al. for wavelengths
>300 nm.

[19] In addition to the Halon measurements presented above,
or(532 nm) for CF;Br (Halon-1301) was measured in the
course of this work and found to be (5.1 & 0.1) x 102® cm?
molecule, where the 26 uncertainty is from the measurement
precision. This value is in general agreement with the increasing
trend in Rayleigh scattering cross-sections with bromination
observed for the other Halons.

[20] ©(A,T) was parameterized for use in atmospheric mod-
els using the expression given in Burkholder et al. [1991]. The
equation and fit results are given in Table 1 and included in
Figures 1-3 for comparison with the experimental data. The
cross-section data from Burkholder et al. [1991] was included
in the fits for H1202 (260-300 nm), H1211 (206-284 nm),
and H2402 (260-280 nm) over the wavelength ranges given
in parentheses. The parameterization is considered most valid
over the range of the experimental data (see Table Sl1),
whereas extrapolation to lower temperatures seems to yield
reasonable values as shown in Figures 1-3. The level of
agreement between the parameterization and the data from
this study is included in Figures 1-3 (bottom).

4. Atmospheric Implications

[21] The present results were used in the GSFC 2-D atmo-
spheric model to calculate atmospheric photolysis rates as well
as local and global annually averaged lifetimes. Details of the
model are described elsewhere [Fleming et al., 2007, 2011].
The results are compared with values calculated using the
current NASA/JPL [Sander et al., 2011] recommendations.
Based on the calculated lifetimes, revised ODPs and direct
GWPs (indirect GWPs were not addressed in the present
analysis) are reported. The present experimental results not only
improve the cross-section database but also significantly
reduce the estimated overall uncertainties in G(A,T). The
reduced uncertainties obtained in this work have important

Table 1. Parameterization of Absorption Cross-section,
o(M,T) (in Units of cm? molecule, base e) Data

In(o(2, 7)) = > Ai(%~ )" x {1 +(296 - 1)) Bi(2~ 2)’}

Molecule / (nm) i A; B;
CF,Br, 287.861 0  -47.4178 0.0003173
(Halon-1202) 1 -0.1567273 1.2323 x 10°
2 -2.624376 x 10*  2.68 x 10®
3 -6.78412 x 10 -5.28 x 10”7
4 1.261478 x 107 6.99 x 107!
CF,CIBr 280376 0  -48.3578 0.0002989
(Halon-1211) 1 -0.1547325 8.5306 x 10°°
2 4966942 x 10% 426 x 10°®
3 1.56338 x 10°° -1.84 x 10”°
4 3.664034 x 107 1.284 x 107!
CF,BrCF,Br 27464 0 -48.3611 0.0001877
(Halon-2402) 1 -0.1595 7.252 x 10
2 -1.026 x 10™ 2917 x 107
3 -1.334 x 107 -1.725 x 10
4 1.458 x 107 2.675 x 1071
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consequences to the reliability of calculated atmospheric
photolysis lifetimes (local and global), ODPs, and GWPs used
in assessments and by policy makers. The possible range of
these values due to the 2 uncertainties in experimental para-
meters was evaluated using the GSFC 2-D model and compared
with the NASA/JPL [Sander et al., 2011] recommendations.
[22] Vertical profiles of the global annually averaged
photolysis rate coefficient are plotted in Figure 4. The
photolysis rate coefficients were broken into contributions
from five wavelength regions to illustrate their relative
altitude dependent contributions to the local photolysis rate.
Photolysis at Lyman-o (121.567 nm) was found to only be
important at altitudes >60 km and is not shown in Figure 4;
it accounts for <0.2% of Halon loss. The available c(<225
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1 1 1 1 1 1
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Figure 4. Globally annually averaged atmospheric photolysis
loss (local lifetime) profiles for CF,Br, (Halon-1202), CF,CIBr
(Halon-1211), and CF,BrCF,Br (Halon-2402) calculated using
the GSFC 2-D model. Photolytic loss is separated into four key
wavelength regions: 169-190, 190-230, 230-286, and >286
nm (see legend). Calculations were performed using the present
results (solid lines) as well as the NASA/JPL [Sander et al.,
2011] (dashed lines) recommendations for comparison.

nm,T) data have been reviewed by Sander et al. [2011] and
the spread in reported o(A,296 K) data is ~10% to 20%
between 200 and 225 nm. Resolving discrepancies in this
region is desirable to further reduce uncertainties in the
calculated Halon lifetimes but was beyond the scope of the
present work. The fraction of photolysis in the >290 nm
region is most important for H1202 (Table 2), where photolysis
at wavelengths <330 nm accounts for >95% of the long-
wavelength photolysis. The global annually averaged
lifetimes are given in Table 2. Figure 4 and Table 2 also
contain the model results obtained using the NASA/JPL
recommended cross-section data for comparison. For each
molecule, the calculated tropospheric-lower stratospheric
local lifetimes obtained using the present results was greater
than obtained using the current NASA/JPL recommendations,
with the difference being greatest for H2402; the total global
lifetimes given in Table 2 reflect these differences. The range
in atmospheric lifetime calculated using the 2c estimated
limits in the cross-section data are also included in Table 2.
For the calculations, the 2 uncertainty factors, p(298 K) / w,
for o(A,T) were taken to be 1.10/120, 1.10/170, and 1.15/
230 for H1202, H1211, and H2402, respectively, where the
uncertainty at temperature T is given by p(T) = p(298 K) x
exp(w|(1 /T —1/298)|). The lifetime range using the present
results are 15%, 16%, and 47% compared with a range
of 190-280% obtained using the NASA/JPL uncertainty
recommendations, that is, the present results have signifi-
cantly reduced the estimated uncertainty in the calculated
atmospheric lifetimes.

[23] The semiempirical ODPs and the 100-year time
horizon GWPs for H1202, H1211, and H2402 were
calculated using the methods outlined in WMO [2011] to
be 1.95, 8.1, and 18.4 and 175, 1940, and 2270, respectively
(Table 2); these values differ from the previously recom-
mended values of 1.7, 7.9, and 13 and 270, 1890, and
1640 cited in WMO [2011] and reported by Orkin et al.
[2003] for the GWP of H1202 using a 3.9-year lifetime.

[24] In conclusion, the reduced uncertainty in the UV
absorption cross-sections reported in this work has led to
more reliable estimates of the lifetimes, ODPs, and GWPs
for these molecules and these results can be used in future
ozone and climate-change assessments. The possible
lifetime range, and thus ODP and GWP metrics, was
evaluated (Table 2) by including realistic estimated uncer-
tainties in the 2-D model input parameters. This general
method of uncertainty analysis can be applied to other ODSs
and GHGs addressed in data evaluations and assessments of
ozone recovery and climate change.

Table 2. Photolytic Loss, Atmospheric Lifetimes, and Range in Lifetimes Calculated Using the GSFC 2-D Model, ODPs, and GWPs

Fractional Photolytic Loss* Lifetime (Estimated Range; Range %),° (yr) ODP*¢ GWp?

(<230 nm)  (>286nm) WMO[2011]  NASA/JPL® This Work This Work This Work
CF,Br, (Halon-1202) 0.056 0.944 29 2.08(0.5-7.5;280) 2.52(2.2-2.9;15)  1.95(1.7-2.2) 175 (150-200)
CF,CIBr (Halon-1211) 0.411 0.589 16 13.5 (4.2-34; 190) 16.4 (12.6-20.6; 47) 8.1 (6.2-10.2) 1940 (1320-2810)
CF,BrCF,Br (Halon-2402) 0.720 0.280 20 14.1 (4.4-37; 195) 28.3 (24.2-32.9; 16) 18.4 (15.7-21.4) 2270 (1980-2580)

“Global and vertically integrated averages.

PLifetimes include minor atmospheric loss due to O('D) and OH radical reactions; <2% of total loss for Halon-1202 and <0.5% for Halon-1211 and

Halon-2402.

“Semiempirical defined in WMO [2011]. The range in ODP is given in parentheses.
dValues scaled for differences in lifetime for the 100-year time horizon. The range in GWP is given in parentheses.

“Calculated using NASA/JPL [Sander et al., 2011] recommendations.
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