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[1] Inthe mid-1970s, it was recognized that chlarorocar- for these compounds, mostly employing atmospheric
bons (CFCs) were strong greenhouse gases that could HideBmes taken from the available literature. We also present
substantial impacts on radiative forcing of climate change,gsbal temperature change potentials for selected gases.
well as being substances that deplete stratospheric ozémigared absorption spectra used in the RE calculations
Around a decade later, this group of radiatively actiweere taken from databases and individual studies and
compounds was expanded to include a large numberfrfm experimental and ab initio computational studies.
replacements for ozone-depleting substances such Eaaluations of REs and GWPs are presented for more than
chlorocarbons, hydrochlorocarbons, hydrochloavocarbons 200 compounds. Our calculations yield REs sigantly
(HCFCs), hydrouorocarbons (HFCs), pearorocarbons (> 5%) different from those in the Intergovernmental Panel
(PFCs), bromouorocarbons, and bromochlotmrocarbons. on Climate Change Fourth Assessment Report (AR4) for 49
This paper systematically reviews the published literatwwempounds. We present new RE values for more than 100
concerning the radiative efiencies (REs) of CFCs,gases which were not included in AR4. A widely used
bromo uorocarbons and bromochlormrocarbons (halons), simple method to calculate REs and GWPs from absorption
HCFCs, HFCs, PFCs, sulfur hexaride, nitrogen triuoride, spectra and atmospheric lifeBmis assessed and updated.
and related halogen containing compounds. In addition, Whkis is the most comprehensive review of the radiative
provide a comprehensive and self-consistent set of nefvciencies and global warming potentials of halogenated
calculations of REs and global warming potentials (GWPs)mpounds performed to date.
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1. INTRODUCTION (CCLF,)). There were also sigriant contributions from
[2] Concern was raised in the 1970s that emissions GFC-113 (CCGIFCCIF,), methyl chloroform (CHCCL),
chloro uorocarbons (CFCs), a class of compounds devald carbon tetrachloride (CgI During the 1990s, there
oped for a range of industrial and domestic uses, could |43 & dramatic change in the growth rates of the three CFCs
to stratospheric ozone depletioMdlina and Rowland and methyl chloroform. The char!ges were drlyen by thg ef-
1974]. This concern was realized a decade later with the dREtS of the Montreal Protocol which led to rapidly declining
covery of the Antarctic ozone holEdrman et al, 1985] and €Missions of these gases. Theuence of the atmospheric
a less severe but global-scale stratospheric ozone depldiigime of the different gases is also clear from Figure 1.
[e.g., Stolarski et a 1992]. Methyl chloroform has a relatively short lifetime (5years)
[3] Atabout the same time, it was also recognized that tARd its atmospheric concentration responds rapidly to de-
CFCs were strong absorbers of infrared radiation and tRgg@sed emissions. In contrast, CFC-12 and CFC-113 have

sustained emissions could lead to accumulations in a{gﬁospheric Iifetime; of 100 an.d 8Syears, respectively,
atmosphere which would have sigeant climate impacts and their atmospheric concentrations respond more slowly
[Ramanathan 1975; Wang et a| 1976]. This climatic to decreased emissions. CFC-11 has an atmospheric lifetime

role was re-emphasized during the 1980s and expan@&d*°Years and its atmospheric concentration is more
to more classes of gases, including chlorocarbohESPONSive than CFC-12 but less responsive than methyl
hydrochlorocarbons, hydrochloneorocarbons  (HCFCs) chloroform to decreased emissions. The fact that the atmo-
hydro uorocarbons (HFCs), parorocarbons (PFCs) andspheric concentrations of carbon tetrachloride (26year
the bromouorocarbons e,md bromochlommrocart;ons lifetime) have only declined modestly over the past 30 years
(referred to here as halons) [e.ansen et a] 1989: re ects continued emissions from developing nations
Ramanathan et gl 1985;Ramanathan et gl 1987]. These [WM?:'.ZOH]'l h that trati ¢ HCFC-22

studies indicated that the increase in atmospheric conce t% 'gure shows that concentrations o A

tions of CFCs and related compounds was contributing a CCIFZ)’ ::n |m$0rtant m(;erlm_t reg I:_;lcemeni flcl)r dsive:ﬁl
cadal radiative forcing which was around-380% of S, continue 1o grow, despite being controlied by the

ontreal Protocelits concentration is now close to that

that due to the increase in carbon dioxide concentratio ST o
Furthermore, it was noted that this share could increase. iF’FC'll' HFC-134a (C4#CF), which is included within

the growth in emissions of the CFCs and related molecufhe Kyoto Protocol, has been the fastest growing HFC,

was unconstrained rﬁginly because of its use as a replacement for CFC-12 in
[4] The landscape for considering the climate impact of hak

frigeration and vehicle air-conditioning applications. Its
) L rFIativer short lifetime (13.4 years) compared to the CFCs
ocarbons (organic compounds containing one, or more, halo-

m?ans that for the same emission rate the atmospheric abun-

gen atom) changed as a result of global environmenéa?fgce of HFC-134a would be much lower than the CFCs it
|
fi

agreements under the auspices of the United Nations. F|ré~‘, aces (see section 2.4). Estimating future atmospheric

r
the Montreal Protocol on Substances that Deplete the Ozg centrations of HCFCs and HFCs is challenging as it
uires estimation of future emissions which arecdit to

Layer (http://ozone.unep.org/new_site/en/montreal_protogg

php)—sign(_ad in 1987 and entered into force_ two yea&e ict. For example, future concentrations of HFC-134a will
later—and |t_s subsequent am_endments a}nd_ adjustmentsdg end on the growth of the global vehicéet and the impact
to the _phasmg out of production and emissions (W'_th_ SOBflegislation and improved technology which would limit the
exceptions) of CFCs, chlorocarbons, and halons; it algg, of HEC-134a or its leakage from thaet. If the current
included a schedule for the phasing out of emissions Qficsion rate (14927 kt yr ¥ in 2008) (WMQ, 2011] were
HCFCs. Then the Kyoto Protocol to the United Nationgaintained, the tropospheric concentration of HFC-134a
Framework Convention on Climate Change (UNFCCGqy|d stabilize at 120 20 ppt within a few decades. In addition
(http://unfccc.int/kyoto_ptocol/items/2830.phpjsigned  in 15 the gases shown in Figure 1, there are other halogenated al-
1997 and entered into force in 2008et limits on the emis- kanes (e.g., HFC-125 (QEFH), HFC-143a (CECH3), HFC-
sions of & basket of greenhouse gases by developed countrieg (CH,F,), HFC-245fa (CHFCH,CFs), C,Fs, and GFg) that
The basket of greenhouse gases included a number of PFCand peen detected in the atmosphere at levelsl6fbt.
hydro uorocarbons (HFCs), the latter being most commonly[;] while the Montreal Protocol was designed to protect
used as CFC replacements. The initial Kyoto Protocol covetag ozone layer, its impact on climate change has been sub-
emissions in the so-calledst commitment period of 2088 stantial, since it also controlled the atmospheric abundance
2012. The Doha Amendment to the Kyoto Protocol covegs species that are powerful greenhouse gagedeed it
emissions in a second commitment period of 20020 and  can be argued that it had a greaterience on the radiative
added nitrogen truoride to the basket of greenhouse gasesforcing of climate change than the Kyoto Protocol [e.g.,
[s] Some of the issues concerning the halocarbons camkgders et al 2007].
illustrated by reference to Figure WMOGAW 2011],  [s] To make the multi-gas approach embedded in the
which shows quasi-global average atmospheric concentyatrCCC operational, the Kyoto Protocol from 1997
tions of 10 of the more abundant halocarbons. During thélopted a framework whereby emissions of non-@®en-
1980s, the halocarbon abundance and growth was doRduse gases were placed onGO,-equivalent scale. As
nated by two CFCs (CFC-11 (GfF) and CFC-12 will be discussed in section 2, there is no unique way of
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assigning a C®equivalence to an emission of a non-CO [11] In addition to their direct radiative effects, some
gas, but the Kyoto Protocol adopted one available metii@locarbons cause additional (indirect) effects on the climate
the Global Warming Potential with a 100 year time-horizaystem by inuencing the abundance of other climatically
(GWP(100)). The Protocol uses values of GWP(100) fomportant gasesfor example, stratospheric ozone, which
speci c gases as reported in the Intergovernmental Paisein uenced by the CFCs and the halons. Such indirect
on Climate Change (IPCC) Second Assessment Repeffects are discussed elsewhere [eDgniel et al, 1995;
(SAR) [IPCC, 1995]. It has not, so far, taken into accountYMQ, 2011] and are not covered here.

either revisions to those GWP values (as a result ofi2] Section 2 provides the necessary background con-
improved understanding, and changing background conceepts, and section 3 presents the methodology we adopt to
trations of gases) or the expansion of the list to include adgenerate a consistent set of REs and lifetimes of the halocar-
tional species (including, for example, hyduoroethers bons, and related halogenated substances, including a
(HFEs)) that have been catalogued in subsequent IP@i€cussion of the sensitivity of these parameters to uncer-
reports [e.g.]JPCC, 2001, 2007] and World Meteorologicaltainties. Section 4 provides tabulations of the radiative
Organization (WMO)/United Nations Environment Prograef ciencies, lifetimes, GWPs, and GTPs. Section 5 presents
(UNEP) Scientic Assessment of Ozone DepletiajIO, our conclusions.

2003, 2007, 2011]. In addition the parties to the UNFCCC

have not considered in any detail and depth the use of alzar- BACKGROUND CONCEPTS

native metrics to the GWP(100). For the second commitIls] The computation of GWPs and similar metrics for a

ment period of the Kyoto Protocol, which is covered by ticyiar gas requires various inputs and model calcula-

the Doha Amendment, a draft decisi(.)n (which is describgng The two basic input parameters for the GWP calcula-
in UNFCCC Decision 2/CMP.8 (http.//unfccc.mt/resourceﬁ/_Ons are, as will be described in section 2.5, the RE and the

docs/2012/cmp8/eng/13a01.pdf) which itself refers to Degjatime of the gas. The calculation of these two parameters
sion 4/CMP.7 (http://unfccc.mt/resource/docs/2011/cmpr‘é/quires, in turn, much additional information. Figure 2 sum-

eng/10a01.pdf) has been made to adopt the GWP(1Ql)ises the main steps required which are discussed in more
values reported by the IPCCFourth Assessment Reporfyetail pelow.

in the Errata to Table 2.14 of the Working Group 1 report
(see http://www.ipcc.ch/publications_and_data/ar4/wgl/@st- Molecular Radiative Properties
errataserrata-errata.html), but this decision has not been cojp4 The rst stage in the determination of the RE is
rmed at the time of writing. knowledge of the fundamental spectroscopic properties of
[e] The GWP values for spea@ gases given in successivea molecule. Here we are most concerned with its properties
IPCC and WMO Ozone Assessment reports are drawn framthermal infrared (IR) wavelengths (i.e., wavelengths at
a range of sources which use a variety of techniques to ddich the Earth and its atmosphere emit sigant amounts
rive the input parameters (and in particular‘ttagliative ef- of infrared radiation) of roughly 4 to 2@@n (2500 to
ciency (RE)}—which is, broadly, the“greenhouse 50cm *). We will mostly work in terms of the frequency-
strength of a particular gas, on a per molecule bast® like variable, wavenumber (the inverse of wavelength, nor-
section 2.2) needed to calculate the GWP. In addition, ratheally quoted in cm?). The emission of infrared radiation
simpli ed considerations have sometimes been adoptedyothe Earth and atmosphere and the radiative properties of
take into account discrepancies between values reportethaatmosphere are strong functions of wavenumber. Hence
the literature (e.g., averaging available values rather thais necessary to determine the spectroscopic properties of
assessing which are likely to be the more reliable). the target molecule as a function of wavenumber. A general
[10) The primary aim of this review is to provide antroduction to atmospheric radiative transfer can be found
comprehensive and consistent analysis of the input paramePetty[2006] and introductions to general molecular spec-
ters required to calculate values of the GWP and othiewmscopy can be found iRollas [2004] and Atkins and
metrics for a large number of CFCs, chlorocarbonsriedman[2010]. Fundamentally, the molecules of interest
hydrochlorocarbons, HCFCs, HFCs, PFCs, HFEs and othere absorb and emit radiation by transitions between their
related halogenated substances (including, for exampibrational-rotational energy levels. The characteristic
nitrogen tri uoride (NR) and sulfur hexauoride (Sk)). wavenumber of absorption is determined by the spacing of
The particular emphasis will be on the method of calculdne vibrational energy levels, with the transitions between
tion of the radiative eftiency. The review will also particular vibrational-rotational energy levels leading to that
consider, in much less detail, atmospheric lifetimes, anothésorption being spread by typically 50 chraround this
important input parameter for the calculation of GWPs antaracteristic wavenumber. For example, one of the simplest
other metrics-atmospheric lifetimes are, for the most parimolecules, Ck absorbs over a narrow range of
taken from the existing literature, without detailed analysisavenumbers near 1300 chnwhich is associated with the
This then enables us to provide an extensive and selffetching of the carbenuorine bonds in the molecule.
consistent set of GWPs for halocarbon gases; we aldolecules containing the carbashlorine bond absorb
provide tabulations of values for an alternative metric (tiearacteristically around 800 ch The more complex the
global temperature change potential (GFBge section 4.2) structure of the molecule, the greater the number of possible
for selected important gases. modes of vibrations (including different stretching and
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Figure 1. Atmospheric concentrations of 10 halocarbons from 1977 to 2010 averaged over the greenhouse
gas monitoring network (between 7 and 10 stations) [fdMQ'GAW, 2011].

bending modes) and hence the more complex the infragadl Shine 2000]. The absorption cross-section measure-
absorption spectrum becomes. Figure 3 shows IR spedirents are typically assessed to have an accuracy of approx-
of representative halocarbons and illustrates the increaisedtely 5% [e.g.,Ballard et al, 2000b;Clerbaux et al,
number of IR absorption bands observed with larger, mar@93;Pinnock et al 1995].
complex and less symmetric molecules. [17] More recently, absorption cross sections have begun
[15] In principle, it would be desirable to characterize th® be determined by quantum mechanical electron structure
strength of each discrete vibrational-rotational transitiozglculations (we will refer to these as ab initio methods),
and indeed this is necessary for some atmospheric greghich in principle only rely on the basic laws of nature. In
house gases such as water vapor and carbon dioxide, wipeagtice, however, ab initio calculations involve approxima-
the absorption spectrum consists of many sharp individtiahs to solving the Schrédinger equation and residual errors
spectral lines with rapid variations of absorption wittemain [e.g.,Blowers et al 2007; Bravo et al, 2010b;
wavenumber. However, for halocarbons the individuBlapasavva et al1997]. The ab initio methods show consid-
transitions are so close together (as a result of the laggable promise, but it has been found that they need empiri-
masses of the atoms), and siéntly broad, that under cal corrections (particularly for the wavenumbers of the
atmospheric conditions the individual transitions mergeain vibrational modes) to agree with laboratory measure-
together leading to a spectrum that consists of broad absongnts. In addition, their capabilities have not been assessed
tion bands (see Figure 3). The spectrally resolved absorptionthe full range of molecules considered here. Nevertheless
cross sections (units of énmolecule * with typical peak they have already proven to be useful adjuncts to laboratory
cross sections of order 15-10 “cn? molecule* for measurements and can provide data at wavenumbers that are
the molecules considered here) can be integrated over indli&-cult to study in the laboratory and allow rapid surveying
red wavenumbers to give thimtegrated cross sectionof a broad range of compounds for which laboratory samples
(typical values for halocarbons are of the order ofay not be easy to procure.
10 *®cn? molecule *cm ). The integrated cross section
gives a useful measure of the overall strength of IR abso#e?. Radiative Forcing and Radiative Efficiency-Concepts
tion but the variation of absorption with wavenumber (i.e.,[18] Once the absorption cross sections have been
the absorption spectrum) must be known for calculation alftained, the next step is to compute the impact that the
the potential climate impact [e.gRinnock et al 1995; addition of a particular halocarbon to the atmosphere has
Wallington et al, 2010]. on the radiation budget. The resulting change in the radiation
[16) The most common way for determining the absorfpudget is generally referred to ‘amdiative forcing (RF),
tion cross sections of halocarbons is via laboratory measuret there are a number of nuances to thendtn of RF that
ments using Fourier Transform Infrared Spectrometryeed to be elaborated on. Also, in general, radiative forcing
Measurements are made at typically 0.5 tor better spec- (in units of W m ?) refers to the effect of a speeid change
tral resolution. In general, the absorption cross sections ifothe concentration of a species, often over some given time
halocarbons are only rather weakly dependent on tempgreriod. In this review, we focus on the radiative forcing
ture and pressure over the atmospherically relevant rapge unit change in halocarbon mixing ratithis is referred
and this dependence is generally neglected in RE calcutaasradiative efciency(RE) (Wm 2ppb 1). RE assumes
tions and likely uncertainties are aboub% [Highwood that the RF is linear in mixing ratiethis is normally
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Figure 2. Schematic gure showing the main parameters required to compute climate impact metrics
and the additional inputs required in the calculation of those parameters. Dashed lines show where simpler
techniques (based on the more complex models) are often employed (as is the case in this review).

appropriate in the case of small perturbations in mixing ratias concentratienthis change in temperature leads to a
about current concentrations and is also appropriate fiarther change in the irradiance, as the downward emission
gases, such as the ones we consider here, which have bgwhe stratosphere to the troposphere is dependent on this
background concentrations. temperature. Some gases (notably,XJd€ad to a cooling of

[19] IPCC Assessment Reports [efgorster et al, 2007] the stratosphere which makes the stratospheric-adjusted
have addressed the rationale for using RF, outlined cavdatsing less than the instantaneous forcing. For others (including
in its use, and also deed possible alternative ddtions
of RF [see also discussions in e.guglestvedt et al
2010; Hansen et al 2005]. Studies using climate models
indicate that there is a direct relationship between global-
averaged RF and the (equilibrium) global-mean surface 60
temperature change, and so RF has been essentially use,d |
as a proxy for surface temperature change. RF is normallyw CF,
de ned at the tropopause including stratospheric tempera—z 20
ture adjustmentHorster et al, 2007], the rationale being E
that the tight coupling between the surface and troposphere: : : :
means that they behave as a single thermodynamic syster@? 6
hence it is the change in the input of energy into this systemo CF,Cl, (CFC-12)
that drives the climate change.

[20] Instantaneous RF [e.drorster et al, 2007] is dened
as the change in net irradiance at the tropopause, following®
(for example) a change in a greenhouse gas concentrationd o
Earlier studies indicated that the instantaneous RF had Ies@
utility (i.e., models indicated a less close relationship € 2f
between it and the resulting surface temperature change) thag
RF with stratospheric temperature adjustment. Part of the< 1k
rationale for this is that, following a perturbation, the
response time of the stratosphere is fast (around a few
months) compared to the decadal time scale for the tempera- °© L
ture of the surface-troposphere system to respond. It is found 800 1000 1200 1 1400
that for a number of forcings, the RF including stratospheric Wavenumber (cm")

temperature adjustment has a closer relationship with modetggl;re 3. IR spectra of CF (top panel), CECl, (middle
surface temperature change, than the instantaneous RF. pafel), and CECFH, (bottom panel) measured using
this de nition of forcing, stratospheric temperatures a®5 cm * spectral resolution in 700 Torr of air diluent at 296
assumed to adjust in response to the change in greenhd&Ugeorster et al, 2005;Hurley et al, 2005;Sihra et al, 2001].

ection (1
N
T

L

SOrptio

CF,CFH, (HFC-134a)
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many halocarbons) the reverse is true, as the stratospheréor example, a 1 W nf forcing due to a change in carbon
warms—see section 3.3.2 for further discussion. dioxide. Relatively little research has been performed on the
[21] Early studies Jain et al, 2000;Myhre and Stordal ef cacy of the halocarbonBorster and Joshj2005] found
1997; Naik et al, 2000; Pinnock et al 1995] quantied an ef cacy of CFC-12 (using the stratosphere adjusted forc-
the difference between the instantaneous and stratosphénig) to be 0.94 in their modeHansen et al [2005], by
adjusted RF for a range of halocarbons, indicating thaintrast, found an equivalent value (for a combination of
the instantaneous forcing is typically1®% lower than the CFC-11 and CFC-12) of 1.3 but also demonstrated that the
stratospheric-adjusted RF. One drawback with tleé cacy depends on the ddtion of forcing that is adopted.
stratospheric-adjusted RF is that its calculation is compufax additional issue for the short-lived halocarbons, is that
tionally much more demanding; in this review, because thfe ef cacy likely depends on the spatial distribution of the
the large number of gases involved, we calculated instarttalocarbon Joshi et al, 2003] which in turn depends on
neous RE and then applied a correction, based on the auhi¢ halocarbds lifetime (see section 2.4) and the distribu-
able literature, to account for the effect of stratosphetion of emissions. Given these uncertainties, we assume an
adjustment (see section 3.3.2). ef cacy of 1 throughout this review, although it is in princi-
[22] More recently, there has been much work investigaile possible to include non-unity values of edcy within
ing alternative denitions of forcing [e.g.,Andrews and the GWP and GTP metrics.
Forster, 2008; Forster et al, 1997; Gregory et al, 2004;
Hansen et a] 2005}—for example, xing surface tempera- 2.3. Calculation of Radiative Efficiency
tures (sometimes sea-surface temperature only) but allowir[gs] The calculation of radiative efiency requires, in
tropospheric temperatures, humidity and cloudiness addition to the absorption spectrum for the halocarbon in
adjust, in addition to the stratosphere. The rationale hergjigestion, a calculation of atmospheric irradiances, account-
that there are so-callédast feedbacKsor “rapid adjust- ing for atmospheric properties, such as the amounts, distri-
ment$ operating in the troposphere that can change, for dutions and radiative properties of other infrared-absorbing
ample, cloudiness in the absence of surface temperatomponents (water vapor, carbon dioxide, ozone, clouds,
change. Hence it is conceptually attractive to separate.), and temperatures. As the RE is a globally and annually
climate responses that operate on day-to-month timescalsraged quantity, in principle it should be calculated locally
and are independent of changes in surface temperature feor, say, monthly, and then averaged to produce the
the “traditional climate feedbacks (for example, wateglobal and annual mean. In practice, it is possible, with
vapor feedback, ice albedo feedback and various cloalobut 5-10% accuracy, to calculate the RE using a globally
feedbacks) which are mediated by surface temperataveraged atmospheric pte or using two or three prdes
change and hence act on decadal to century timescales.representative of the tropics and mid/high latitudes
[23] These rapid tropospheric adjustments can be parti§breckleton et a| 1998;Myhre and Stordal1997]. Myhre
larly important for other forcings, such as those resultireg al. [2006] found that for calculations of the CFC-12 RE,
from black carbon aerosols. Few model results are availathle use of two atmospheric piles (one for tropics and
on the effect of tropospheric adjustments for the gasm®e extra-tropics) represents global simulations with a hori-
considered here. Computation of such forcings requires laraptal resolution of 2.5° 2.5° within 1%. In addition, there
simulations using sophisticated climate models, and resalts several possible choices of tropopausenitien that
would likely depend signicantly on the climate model cho-impact on the calculated forcing at the 5% le¥ekfkleton
sen. In addition, because of the inherantforced natural et al, 1998].
variability in such climate models, it would be necessary to2] The radiative transfer models that can be used for
impose a large forcing (in excess of 1Wto easily such calculations vary in complexity. The most complex
extract a reliable signal from the model; this is many timéine-by-line (LBL) models) perform calculations at high
the present-day RF of the most abundant CFC (CFE&-12Jtypically 0.01 cm?) spectral resolution and resolve explic-
about 0.17 W m?) [Forster et al, 2007] and orders of mag-itly the individual spectral lines of atmospheric gases such as
nitude more than most other gases considered here, raigiager vapor, carbon dioxide and ozone. These are computa-
concerns about the linearity of the rapid tropospheric adjusbnally expensive and parameterized models are often used
ments. Since research on these more advanceutidaes of (for example to compute the effect of stratospheric adjust-
forcing is still at an early stage, and also because of the canent). Narrow Band Models resolve the infrared spectrum
putational demands of performing these calculations, aetypically 10 cm® resolution, while computationally fast
believe it premature to adopt them here as a framework. Broad Band Models (suitable for use in climate models)
[24] An additional and related issue concerns the so-calledy resolve the thermal infrared region into typically 5 to
climate ef cacy. An underlying assumption in early work irLO spectral intervals. Intercomparisons of such models both
this area was that the global-mean surface temperafisregreenhouse gases in general [eQnllins et al, 2006;
response to an RF of, say, 1Wfm was the same Oreopoulos et aj 2012] and for halocarbons in particular
irrespective of the cause of the forcing. Climate mod.g., Forster et al, 2005;Gohar et al, 2004; Jain et al,
simulations now indicate that this assumption is not strict00] are of importance in assessing the capabilities of the
justi ed. Ef cacyis a measure of the ability (per W R) parameterized models. When these models are combined
of a particular forcing to change surface temperature relativith vertical proles of temperature, cloudiness and
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greenhouse gas concentrations, it is necessary to engliggyr) for a gas in steady state (i.e., with unchanging bur-
that the modés global-and-annual outgoing longwavelen). The report also identes two important consequences
radiation, and the impact of clouds on the outgoingf this de nition, namely, (i) thatwhen in steady state (i.e.,
longwave budget, are in reasonable agreement with satefliiterce strength = sink strength), the atmospheric burden of a
observations; otherwise, biases in the resulting RE calcudas equals the product of its lifetime and its emisSiansl
tions can occur. (i) that “the integrated atmospheric abundance following a
[27] In addition to the direct use of radiative transfesingle emission is equal to the product of the steady state
models to calculate REs, it is possible to use these modi&time for that emission pattern and the amount emitted
to produce simple techniques to compute the radiati\erather, 1996]" As will be discussed in section 2.5, the
forcing directly from the absorption cross sectid?ianock most frequently used climate metrics consider the impact
et al [1995] used a narrow-band model to compute tlué a pulse emission of a gas.
RE per unit absorption cross section as a function ofsi] The global atmospheric lifetime has also been
wavenumber, using a global and annual mean atmospheséerred to simply aslifetime,” or “turnover timé [Bolin
This then indicates the spectral regions at which halocarl@rd Rodhe 1973; IPCC, 1995] re ecting the fact that it
radiative forcing is most effective. As shown in Figure 5 artharacterizes the time required to turn over the global atmo-
discussed in section 3.3.1, where an update td’theock spheric burden of the gas in question. It is sometimes
et al. [1995] method is presented, molecules are most efftliought of as the decay time (e-fold) following a perturbation,
tive if they absorb in the 804200cm * spectral region with its magnitude determined by chemical or photolytic loss
(a so-called atmospheric windo¥, but can remain effec- rates. While conceptually appealing, this approach applies
tive outside this region. If a halogenated compound absorlgorously only for a gas whose local chemical lifetime is
at a wavelength where there is already substantial atmonstant in space and time, such as for the noble gas radon,
spheric absorption (for example by carbon dioxide neahose lifetime is xed by the rate of its radioactive decay
670 cm 1) then the additional absorption by this compoundPCC, 2001]. In reality the chemical losses of pollutants vary
will not contribute signicantly to radiative forcing. in time and space and, if the magnitude of emissions are suf
[28] Hence, if the spectrally varying radiative forcingsient (e.g., for methane), the emissions themselves can in
calculated byPinnock et al [1995] are multiplied by the ence the chemistry of the atmosphere and hence the
absorption cross sections representing a real halocarpohutants lifetime. As discussed in sections 3.3.3 and 3.3.4,
(averaged to the same spectral resolution as the radiatimamy halocarbons have short lifetimes, are not well mixed in
calculations) then an estimate of the RE can be achieved #as-atmosphere, and the spatial and temporal emission pattern
ily by summing over all wavenumbers, using a spreadsheeeds to be accounted for in assessments of their
for example, without the need for a complex radiation codediative efciencies.
Pinnock et al [1995] demonstrated for a wide range of [32] Halocarbons are removed from the atmosphere by
halocarbons that this simple technique could generate instare main mechanisms; reaction with OH radicals and pho-
taneous REs that were accurate to within 0.3%, relativetédysis. As a crude guide to understanding how the molecu-
full calculations using the same radiation code that was usadstructure of a halocarbon affects its reactivity towards OH
to generate the values in the simple technique, and usingrdwicals, for a given carbon backbone (e.g., G, n-C,,
same atmospheric prie. (It is emphasized that this is noktc.) the more uorine atoms in a haloalkane the longer its
the techniques absolute accuracy, as this is dependent bifetime and the more bromine or iodine atoms the shorter
the accuracy of the radiation code and its input parameteits).lifetime. For molecules containing hydrogen such as
Consequently, the method developed by Pinneickl is HCFCs, HFCs, HFEs and hydrochlorocarbons, the primary
simple and effective, and has been widely used. removal mechanism in the troposphere is reaction with the
[29] A further consideration in calculating the RE is thatydroxyl radical OH. Lifetimes range from a few days to
the horizontal and vertical distribution of the molecule mustillennia, depending on the structure of the moleette
be specied—often the baseline assumption is that the mol¥st order, the more heavily halogenated a molecule, the lon-
ecule is well-mixed within the atmosphere (both horizontalgjer its lifetime, although the precise arrangement and nature
and vertically); corrections to approximately account for theé those halogens in the molecule plays an important role
departure from this assumption are then applisde [Atkinson et al 2008; Sander et alJ 2010]. Unsaturated
section 2.4 and 3.3.4. However, it should be noted that foolecules containing C¥C < double bonds react rapidly
short-lived gases in particular, there is no unique valuewith OH radicals. Including one, or moreC¥4C < double
RE, as its value depends to some extent on the geograpHiceld is a particularly effective method of reducing the atmo-
(and seasonal) distribution of emissions, as these in tgpheric lifetime of halocarbons. For example ;C»CHs
in uence the horizontal and vertical distribution of the ga@idFC-245cb) has a lifetime of 47.1 years whilesCFCH,
(HFC-1234yf) has a lifetime of 10.5 days.
[33] For CFCs and halons, the primary destruction mech-
2.4. Atmospheric Lifetimes anism is ultraviolet photolysis in the stratosphere. CFCs
[30] The global atmospheric lifetime (year) of a gas iare inert in the troposphere as stiéntly short wavelength
de ned in the IPCC Third Assessment RepdR{C, ultra-violet radiation does not penetrate in to the tropo-
2001] as‘the burden (Tg) divided by the mean global sinkphere. Indeed, it is their chemical inertness that made the
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CFCs so attractive in industrial and domestic usages. Itis[igee alsoFreckleton et al 1998] used chemical transport
teresting and worth noting that when detection of CFCsiimodels to simulate the distributions of a range of halocar-
the atmosphere wagst reported, the conclusion includedons, and quantify the difference in the RE between using
the comment The presence of these compounds [CFC-1hese distributions and the assumption that the gases are well
and CFC-12] constitutes no conceivable hdzfitdvelock mixed. Their results were used I8jhra et al [2001] to
and Maggs 1973]. Halons have atmospheric lifetimes idevelop a simplistic method to approximately account for
the approximate range of 10 to 70years, while CFCs habe effect of atmospheric lifetime on the radiativecefncy.
atmospheric lifetimes ranging from about 45 to more thdmis will be further discussed in section 3.3.4. (A non-
a thousand yeargLalvert et al [2008] have reviewed the constant atmospheric prie of a species can also result
mechanisms in the atmospheric photolysis of haloalkanesien the rates of surface emissions are growing rapidly, be-
Absorption at ultra-violet wavelengths involves ah ns*  cause of the multi-year timescale for the molecule to reach
transition with a non-bonding electron of the halogen prdeep into the stratosphere.)
moted into an anti-bonding sigma orbital of theXCbond. [35] The products of the reactions that destroy halocarbons
Ultra-violet absorption spectra for haloalkanes (RX) of simeuld in principle themselves be climatically important gases.
ilar carbon backbone structure move to lower energy (londéowever, it is well established that the atmospheric degrada-
wavelength absorption) along the seriégbX Cl, Br, to |, tion of halocarbons gives oxygenated compounds which
re ecting a trend of lower electron alfity of the halogen have relatively short atmospheric lifetimes and are typically
atom [Calvert et al, 2008]. Absorption by & and GClI removed by wet and dry deposition on a time scale of days
bonds only occurs at wavelengths below approximatedy weeks Wallington et al, 1994b]. The oxidation products
240nm. CFCs, HFCs, HCFCs, chlorocarbons, amh not accumulate in the atmosphere and do not contribute
hydrochlorocarbons do not photolyze in the tropospheresigni cantly to radiative forcing of climate change.
suf ciently short wavelength ultra-violet radiation does not
reach the troposphere. In contrast t&=@Gind G-Cl bonds, . .
C-l bonds absorb strongly at tropospherically relevafit>” Climate I|_”npe_10t Metrl_cs o _
wavelengths and iodine-containing haloalkanes have atmd3¢l A key objective of this review is to provide values for
spheric lifetime of days, or less, with respect to photolydRe GWP and GTP metrics for the halocarbons. The ratio-
in the troposphere (e.g., 4.9days for £{H4.3days for nale and challenges in developing climate impact metrics
C,Hsl, 4.9 hours for CHICI, and 4.9 minutes for Cht) have been reviewed in detail uglestvedt et al[2010]
[Calvert et al, 2008]. Absorption by €Br bonds at and so only a relatively brief discussion is given here.
tropospherically relevant wavelengths is generally weals7 One of the prime drivers of the development of emis-
but photolysis can contribute to determining the atmosphe#gn metrics is the need for their use in multi-gas climate
lifetime of some bromoalkanes such as CkBEalvert Policies (such as the Kyoto Protocol) where emissions of
et al, 2008]. Because of the inherent strength of th& C different compounds must be placed on a common scale,
bond, the PFCs are chemically inert and, are the longegpally referred to as‘€O,-equivalerit scale. There is no
lived of the halocarbons, with lifetimes ranging from abotique method of doing this, and the choice of method
a thousand years to approximately 50,000 years for CF Should be consistent with the climate policy that the metric
[3 The atmospheric lifetime plays a further role in th@iMs to serve [e.gRlattner et al, 2009]. The Kyoto Proto-
determination of the radiative efiency, because it helpsCOl'S choice of the GWP(100) has been a matter of much
determine the degree of heterogeneity in the distributiondgcussion and debate [e.gzuglestvedt et al 2003;
the halogenated molecules in the atmosphere. For molecif@§ne and Riche]s2001; O'Neill, 2000; Shine 2009].
with lifetimes of less than a few months, the atmosphefRe often cited reason for its original use and retention has
distribution is dependent on where and when the gases ¥#€n the lack of a widely accepted alternative, and, latterly,
emitted, reecting the spatial and temporal distribution dhe dif culties that might arise within policymaking if
OH radicals which determines the local atmospheric liffle metric (more speatally, the numerical value that
times. Since the radiative efiency of a gas depends on it£ONVerts a given emission to a gequivalent emission)

location (in general, a gas at low latitudes is more effectivéas substantially changed. _
as more radiative energy is available to be absorbed at higgél There are a number of elements that have to be consid-

temperatures), a unique radiative @éncy cannot be ered in metric design. What kind of emission is considered

de ned for such short-lived molecules without a detaild@" €xample, a pulse or a sustained emission? Witngtact
knowledge of the spatial and temporal emission pattern.i$rfonsideree-for example, radiative forcing, surface temper-
addition, the vertical prde of a gas is also iruenced by ature change, sea-level rise, economic impact, or the rate of
the atmospheric lifetime. Mixing processes are mosieft change of these quantities? Which indirect effects and feed-
within the troposphere with molecules mixed vertically opacks should be included? Is the impact considered integrated
the typical timescales of days to weeks. Within the stra@ver some time period, or at one particular time? Is the impact
sphere the vertical prée of a particular species dependgiven as global mean or with a regional resolution? What time
strongly on the relationship between the timescales for trapsriod is considered? And, of sigonance to their wider ac-
port within the stratosphere and the rate at which the moteptability, particularly within the policymaking community,
cule is destroyedlain et al [2000] andNaik et al [2000] how transparent are the formulations of the metrics?
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[39] Here we present results for two metrics. The GWP (wih DATA AND METHOD
time horizons of 20, 100 and 500 years) is presented to be con- Absorption Cross Sections
sistent with reporting in previous IPCC assessments and.

wide usage. The GWP deition we use here is as used in th%tii'rp;:r?cg?:;rsy Sl\g((a:ﬁzﬁrsements of Infrared

rst IPCC Assessment Rgpdft’@Q 1990] which !tself was .L42] Analytical infrared instrumentation usually only covers
based on then-recent studies suggesting ways of mtercompa}Hegmi d-infrared region, 4000-400 cha and the majority of

the climate effect of emissions of different gad@erjvent available IR absorption spectraincluding most of the spectra
1990; Fisher et al, 1990;Lashof and Ahujal990;Wuebbles . orption sp 9 © Spectr
covered in this review— were measured within this

1989]. The GWP represents the time-integrated radiative forc-

: o W%venumber range. As will be shown in detail in section 3.3.1,
ing due to a pulse emission of a gas. It can be presented a§t e

shecte’ GWP (XGWR ks o for_ sxampe, L STnces o o sheantn connutng 0 R v
W m 2kg *year) or, more normally, as a ratio to the AGWB, ondY P 9

) . 1000 cm 2, signi cant at 1100-1300 cnt, and of minor impor-
of QOZ. One .d'f _cuIty s th"?‘t the AGWP of Cohas been 5 nce for wavenumbers above 1500 &ifiPinnock et al 1995].
subject to periodic revision in IPCC assessments, as a resu

X Bls] Infrared spectra are measured in transmittance, which
atmospheric changes (the RE of{ziacreases as GConcen is de ned as the ratio of spectral intensity transmitted

trations increase) and changes in understanding of how Igh .
CGO, concentrations remain perturbed following a pulse em?gﬁ) ugh the sample at a given wavenumiaek; (), to the

sion. Hence the GWP of a halocarbon may change sol't%?om(;ng spectral -intensitylo( @ ). Transmittance is
because of a change in AGWP of £©@ther than revisions to ate .to the Wavenqmber and temperature dependent
: o . . absorption cross sectiors( & ,T), through the Beer-
its own lifetime and radiative efiency, as happened, for examLambert-Bouguer law:
ple, in the IPCC Third Assessment Reg®€C [2001]. The '
precise method used here to determine the AGWPs, and hence
the GWPs, will be presented in section 3.5. @D% e s Thi

[49 The GTP Bhine et a| 2005a] is also chosen for pre- loGe P ’
sentation here, partly because it has attracted more attention
than other alternative metrics, including at the policymakingheren is the molecule concentration (molecule jrandl
level [e.g.,Plattner et al, 2009] and partly because it has & the sample optical path length (cm). The absorption cross
quite different basis from, and hence provides an alternatagetion (cri molecule ) is then given by
perspective to, the GWP. The GTP represents the tempera-
ture change due to a pulse emission of a gas, at some time ¢ Tp 1L |n [0%P ., INALOP g lo&P
(here 20, 50 and 100 years are chosen) in the future. Hence ni Iy &P nl lydeb’
it is an “end-point metric (unlike the GWP, which is a . o ) ]
time-integrated metric) and hence retains less of a mem@Rereln is the napierian logarithm arid is the common
of the effect of emissions of short-lived species. It has bedfadic logarithm. _ o
suggested that the GTP may be more suitable for target#d The strength of an absorption band is given by the

based climate policies [e.gShine et a| 2007], such as ntegral
envisaged under the Copenhagen Accord of the UNFCCC, .2
where the aim is to keep surface temperature change, relative S® & TbY, s&ThHe;

to pre-industrial times, below 2 degrees C. The GTP method
requires, in addition to the lifetime and radiativeoiéncy,
some model to represent the response of global-mean sihvere Sd;&; T b is the integrated absorption intensity
face temperature to radiative forcing, and hence requifes units of cnf molecule *cm %) over the wavenumber
the specication of additional parameters compared to tmangee; to e,.
GWP. As with the GWP it can be presented as an absolutpis] The absorption cross section depends on temperature
quantity (with units of, for example, K kg) or as a ratio for several reasons. First, infrared absorption occurs from
to the absolute global temperature change potential (i&.range of rotational energy levels, and the relative
AGTP) of CG. populations of these levels are strongly temperature depen-
[41] Since Fuglestvedt et al[2010], there has been adent. Secondly, and particularly for molecules containing
signi cant literature on climate emission metrics includirfgeavier atoms and in bending vibrations, absorption will
discussions of how thesghysical metrics relate to met- not only occur from the vibrational ground state but also
rics which incorporate, additionally, an economics elemdndm vibrationally excited statesso callechotbands. Since
[e.g., Boucher 2012; Johansson2012; Tol et al, 2012], populations depend on the temperature, so will the measured
the relationship amongst metrics (for exampReters net absorption. Further, molecules often have several stable
et al [2011] discuss the similarities of the GWP with @onformations with different energies and slightly different
time-integrated GTP) and evaluations of the sensitivitisdrared spectra. The conformational equilibrium and, conse-
of GWPs and GTPs to uncertainties in input parametepgently, the absorption spectrum of such molecules will
and background scenarios [e.@rReisinger et a] 2011; therefore vary with temperature. While the infrared absorp-
Reisinger et aJ 2010]. tion bands of halocarbons narrow with decreasing

e
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temperature there is no signant change in the integrated [48] Theoretical calculations are subject to quite signi
infrared absorption over the atmospherically relevant ranggnt errors, with contributions arising from the method used
[Ballard et al, 2000b;Le Bris et al, 2011;O0rlando et al, and the limited size of the basis set. Fortunately, the outputs
1992]. Changes in temperature over the atmospherically fedm the calculations generally provide an estimate of the
evant range result in narrowing of the absorption bands bpasitions of vibrational bands that differ in a systematic
few cm * [Orlando et al, 1992]. The error that results fromway from the experimentally observed band positiGtoft

the use of a single infrared spectrum measured at, or naag Radom1996]. The extent to which these differences
room temperature to calculate the RE of a molecule in thave a signicant impact on radiative forcing efiency
whole atmosphere is comparable to, or smaller than, taculations depends on the region of the spectrum where the
uncertainties in a single measuremeBtllard et al, transitions occur. For example, compounds containidg C
2000b] and so the temperature dependence is often igndsedds have strong absorptions at around 125Gci this

in RE calculations. region of the spectrum, the radiative @éncy function
3.1.2. Theoretical Calculations of Infrared Absorption changes rapidly with wavenumber (see section 3.3.1) and so
Cross Sections small errors in the band position can have a relatively large

[46] Theoretical calculations can be used to providmpact on calculated RE®8favo et al, 2010b]. Different
estimates of infrared vibrational band positions and thesearchers have dealt with the systematic errors in different
intensity of the transitions. The theory underpinning suevays; the errors are sometimes ignord&lojers and
calculations and their computational intricacies lie outsittollingshead2009], accounted for by using a generic correc-
the scope of this review, but an introduction to the backen formula Bhine et a] 2005b], or corrected using methods
ground can be found imAtkins and Friedman[2010]. specic to the particular class of compounds under consider-
Despite the complexities of the calculational methods, maation Bravo et al, 2010b]. Integrated cross sections (over
ern software packages are such that the non-specialist tt@nappropriate wavenumber range) are generally in good
use them and take advantage of the insights that theoretigabement (within 5%) with those determined experimentally
calculations offer. Calculations are carried out using a cofBravo et al, 2010b].
bination of a calculational method and a basis set. Refsg] The output from calculations differs from experimen-
searchers have used traditional molecular orbital ab initid measurements in that rather than providing an absorption
calculations using the 2nd-order Magller-Plesset (MP&)oss section as a function of wavenumber, an integrated
perturbation method, and more recently, the Density Furabsorption cross section (IAC) is calculated for each vibra-
tional Theory (DFT) method. The DFT method is becomirtgponal band. Conversion to a cross section can be achieved
increasingly common, as it provides comparable accuracystmply by dividing by the appropriate wavenumber interval
MP2, but at a considerably reduced computational costtd\get an average cross section over that interval; for exam-
commonly used DFT method is the Becke, 3-parametple, Pinnock et al [1995] calculate REs using a 10ch
Lee-Yang-Parr method, commonly known as B3LYP. Thaeterval, so IACs are simply divided by 10 chmto get the
basis sets used in modern calculations are comprisedaweérage cross section over this interval for use in their
Gaussian-type orbitals, which have characteristics simitaiculations Bravo et al, 2010b]. An alternative approach
to s-, p-, d-, etc. hydrogenic atomic orbitals. Basis sets &eto “spreal some of the absorption into neighboring
described with spect notation; common examples arewavenumber intervalBravo et al [2010b] showed that
in order of increasing basis set size, 6-31G, 6-31G* ampdreading 50% of absorption equally into regions above
6-31G**. A calculation might be described as B3LYP/6and below the central interval did not have a sigant
31G**, which would mean that the calculation had beegffect on calculated radiative forcing efencies for a num-
carried out using the B3LYP method combined with thger of PFCs using the Pinnock method. However, the impact
6-31G** basis set. There is always a tension betweenlikely to be more signicant if a narrower wavenumber
achieving the most accurate description of a molecutgerval is chosen for the calculations.
which requires a large basis seind the need to reduce [so] For comparison with experiment, the integrated
the computational cost of the calculatiewhich requires absorption cross sections can be used to simulate spectra
a small basis set. assuming the vibrational bands are Gaussian in shape.

[47] In principle, calculations should be carried out for alfigure 4 shows an experimentally determined spectrum of
possible conformers of a compound, with tlmal spectrum n-C4F,o from Bravo et al [2010b] along with spectra calcu-
being a weighted sum of the spectra of the individual colated using the B3LYP and MP2 methods. The calculated
formers. The contribution of each conformer to the overalpectra have been corrected for the systematic errors
spectrum is determined by its relative population, which déscussed earlier. The agreement between theory and exper-
calculated using the Boltzmann distributi®ravo et al iment is very good, particularly for calculations carried out
[2010b] have tested the importance of including the contusing the B3LYP method. The spectra generated in this
bution of conformers to the overall spectrum fe€4F0.  way can also be used to calculate radiative forcingief-
They concluded that the change to the RE of including this in the normal way. Again, using the Pinnock method
higher energy conformers was less than 1%; most calcuath a 10cm * interval, Bravo et al [2010b] found that
tions use the lowest energy conformer to generate the speeiverting the IACs to spectra in this way had only a modest
trum used for RE calculations. impact on the calculated RE.
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laboratory measurements are favored over theoretical calcu-
lations, but the latter have been used if experimental spectra
are not available for a compound and when sigaint
differences in experimental data exist. The spectrum that
was recorded nearest room temperature and atmospheric
pressure was used when more than one spectrum was avail-
able from a source, as described further in section 3.6.1. The
format of theoretical ab initio data differ from experimen-
tally measured infrared spectra; theoretical data consist of
values of the central wavenumber and the strength at the
vibrational band center. To calculate the radiativecieh-
cies from these data, they were spread to the I &in size
of our spectrally varying radiative eafiency data (see
section 3.3.1). All the cross sections used in this study have
been converted to the same format as in HITRAN (more
information about this format can be obtained at the HITRAN
Figure 4. Comparison of experimental and theoreticéﬁeb site at htFp://www.cfa_.harva}rd.edu/hitran)., aqd many of
(B3LYP/6-31G**, MP2/6-31G**) spectra fan-C,Fo The the cross sections are available in the supporting information.

theoretical spectra were modeled using Gaussian functions
of 14 cm * full width. Data taken fronBravo et al [2010b]. 3.2. Atmospheric Lifetimes

[54] The processes that remove halocarbons from the
atmosphere have been described receWtM, 2011]; this
blication included a discussion of the rationale for recent
ﬁanges to the recommendations for the lifetimes of a
mber of species. It is outside of the scope of this review
t0 re-examine these recommendations; we gerurselves
%o a summary of the major atmospheric loss processes for
alocarbons, which include chemical reaction and photoly-
a%s, as well as uptake by the oceans and terrestrial ecosys-
s. In addition, there are examples of compouralg.,
CFs—where dissociative electron attachment may also

3.1.3. Database and Sources of Cross-Section Data
[511 The main sources of experimental infrared absorptiB
cross sections are Ford Motor Company [eSihra et al, ¢
2001], the SWAGG project (Spectroscopy and Warmi
potentials of Atmospheric Greenhouse Gadgalldrd et al,
2000c;Highwood and Shine2000], and the two database
HITRAN-2008 (High Resolution TransmissionRdthman
et al, 2009] and GEISA-2009 (which is now referred to
GEISA-2011 on the GEISA website) (Gestion et Etude d
Informations Spectroscopiques Atmosphériquéagduinet- . .
Husson et a) 2011]. Theoretical absorption data from ab initiBe importantTakahashi et al 2002].

calculations Bravo et al, 2011a, 2010b] have also been [s5] The global atmospheric lifetime of a gas wasr in
included here ' ' section 2.4 as its burden divided by its loss rate. Under locally

[ The HITRAN-2008 database includes IR cros@e ned conditions, lifetimes can be determined as the inverse

sections of 31 different gases, many of which are measu é& (pseudo-rst-order loss process. For oss of compound Y

at a range of temperatures and pressures. Updates sinc Yfgaction with X, we can write the loss rate as:
previous edition, HITRAN-2004, have been described in dvy
detail inRothman et al[2009]. In GEISA-2009, IR spectra dt
of 39 different gases are included, again for a wide range
of temperatures and pressures. Some of the spectra jpe] Inthis process, the pseudest-order rate constant for
GEISA-2009 are from the same source as in HITRANRe loss of Y is equal téx[X], and the lifetime of Y with
2008, and when this is the case we disregard the spectmaspect to reaction with Xy, is 1/kx[X]) = 1/k%, with an
from GEISA-2009 to avoid duplicatedacquinet-Husson assumption (or approximation) that [X] is constant. Integra-
et al. [2011] describes the GEISA-2009 database and tiien over space and time yields a global and annual average
updates that have taken place since the 2003 edition. lifetime of Y with respect to reaction with X. In the tropo-
[53] The absorption cross sections available in the litergphere, the dominant oxidant is the hydroxyl radical, OH.
ture have been summarized (Tables 2, 4, 6, 8, 10, 12 &at well-mixed compounds (lifetimes greater than a few
14) and the spectra which have been used in the calculatioonths) lifetimes with respect to OH are determined relative
of new best estimate REs are highlighted. Each availaldehe lifetime of methyl chloroform, GJECl;. The lifetime
spectrum has been evaluated and if several cross sect@resgas is given as the product of the L€, lifetime and
exist from the same laboratory group, only the latei$s rate constant for reaction with OH divided by the OH rate
published spectrum has been used in our calculations.comstant of the gas; se&/MO [2011], Prather and
particular, spectra fror8ihra et al [2001] supersede thoseSpivakovsky1990], Spivakovsky et a[2000] andMontzka
from Pinnock et al[1995] andChristidis et al [1997] since et al [2011] for further detailed discussion.
the methodology of the Ford laboratory measurement$s7] For photolytic processes, a photolysis rate consiant,
improved over time. Furthermore, cross sections fromde ned with units of s*, and is given by the expression:

Yakx V¥ K :
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72 [1995] in which a radiative transfer code is used to derive
JY: 18:z83:THB Thi: a wavelength-dependent RE for a unit absorption cross sec-
tion. With this method the instantaneous REs can be esti-

1 mated directly from the absorption spectrum of a molecule

g‘yithout using a radiative transfer model, as explained in sec-
tion 2.3.Pinnock et al[1995] showed that results from their
a§)'[_nple method agreed to within 0.3% with results from a
rrowband model. This virtually eliminates the computa-

f (1, T) is the wavelength- and temperature-dependent phoﬂﬁ:naI time T‘eedeo' and makes it straightforward to per form
ysis quantum yield, arid, andl , de ne the wavelength rangeRE calculations for_a large number of compounds. Ad_d|t|on—
over which the calculation is carried out. Integration ovgluy’ when comparing the calculated REs betweep different
space and time yields a global and annual average Iifetiﬁ‘?énpounds’ uncertalntu_es related to the absorption spegtra
with respect to photolysis,. are the only factor affecting the comparison, as uncertainties

ﬁlated to the use of different radiative transfer models can

[s8] For a molecule destroyed by both chemical reacti% led The Pi K hod is derived ing th
and photolysis (and other processes), the overall glo g ruled out. The Pinnock method is derived assuming the

atmospheric lifetimet . can be written as a Combinatiormolecule causing the forcing to be well mixed in the atmo-

of the global and annual average lifetimes with respectstghere' The resultln_gf; RE. hgs tﬁ bﬁ ”.“*"' tc: takde mtq |
the various loss processes: account any non-uniformity in the horizontal and vertical

distribution; the method by which this is done here is
1=t ioa) Yo 1=t x P 1=t 38 1=t other P described in sections 3.3.3 and 3.3.4, and is particularly
important for emissions of short-lived gases. In principle,

[s9 As discussed in section 2.4, loss by chemical reactifit RE should be calculated (in a similar manner to the life-
within the troposphere is dominated by the reactivity of tiféne, as discussed in section 3.2) by calculating the forcing
hydroxy! radical, OH. For water soluble compounds sué@cally and averaging in space and time to yield the global
as peruorinated esters, uptake by the oceans may alsodhl annual average RE.
important Kutsuna et al 2005]. Compounds with lifetimes [62 The method proposed W¥innock et al[1995] (plus
with respect to reaction with OH that are greater than a féi lifetime correction) is applicable for all compounds with
years will reach the stratosphere, where destruction via plg¥ atmospheric concentrations and therefore weak absorp-
tolysis and reaction with &) may also contribute. Fully tion, such as the halogenated compounds considered here.

uorinated compounds have lifetimes typically of sever@(hen this requirement is met, the compdsndadiative
thousands of years and their loss is dominated by photoly!§ig-ing per spectral interval is proportional to the product
in the mesosphere and thermosphere, while CFCs h&feits absorption cross section and its number column
lifetimes in the range 50-1000years and are degradeddgpsity.Pinnock et al[1995] included a weak absorber with
photolysis and reaction with €I) in the stratosphere the same cross section at all wavelengths in a narrowband
[Ravishankara et g11993]. model to calculate the instantaneous, cloudy-sky, RF per

[6] The calculation of atmospheric lifetimes is compliunit cross section as a function of wavenumber.
cated. Concentrations of reacting species show strong terfs3l We present here a revised calculation of the instanta-
poral and spatial variability, and it may be dilt to be neous, cloudy-sky, RF per unit cross section toece
con dent of the absolute concentrations of these speci@drovements in the radiative transfer calculations in the
The intensity of solar radiation varies strongly with altitud®eriod since thé’innock et al [1995] curve was derived.
and the absorption cross sections and quantum yields riigure 5 illustrates the progression from the original to our
show signi cant dependence on temperature. There are al§&! revised Pinnock curve. First we employ the same radi-
chemical feedbacks which can affect the lifetime. Given tAlve transfer code (the Reading Narrow Band Model
spatial and temporal variability of reaction partners and p{HlBM)) as used irPinnock et al [1995] to reproduce the
tolysis and the potential for chemical feedbacks, it is nec€&ginal Pinnock curve, using the (rather dated) global-
sary to use atmospheric models to accurately determii@an atmospheric prte presented in that papethe spec-
lifetimes, which adds sign¢antly to the complexity of the | cation of cloud amount was especially crude. We then
lifetime determinationArather, 2007]. There are no uniqueecalculated the Pinnock curve, incorporating many minor
lifetimes for the shorter lived gases, as their lifetimes depe#Rflates to the NBM and in particular the use of a more mod-
on the location of emissions and the chemical and physi€&h global-mean atmosphere, based on European Centre for
conditions of the atmosphere. As discussed in sectidigdium-Range Weather Forecasts (ECWMF) and Interna-
3.6.3, there are often sigmiant uncertainties associated witfjonal Satellite Cloud Climatology Project (ISCCP) data

wherel(l, 2) is the wavelength-dependent intensity of sol
radiation at altitude (sometimes known as the actiniax),

s (I, T) is the wavelength- and temperature-dependent ultr
olet/visible absorption cross section of the molecule of inter

atmospheric lifetimes. [Freckleton et al 1998]. Figure 5 (top) shows in particular
a decrease in the Pinnock curve in the 800-1200'cm

3.3. Radiative Forcing Efficiency region, which mostly reects an improved characterization

3.3.1. Spectrally Varying Radiative Efficiency of cloud (the longwave cloud forcing increased from 12 to

[61] The radiative efciency calculations carried out her€1 W m 2 between the old and the new global-mean atmo-
are based on the simple method outlinedPiynock et al sphere). At other wavenumbers, the new and old Pinnock
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curves agree well. Next, we recalculated the Pinnock curve
: . using area-weighted results using one tropical and two
e ok extratropical proles [Freckleton et aJ 1998], rather than a
READING Pinnock 3 x atmos |1 single global-mean prée. The most marked effect (see red
curve on Figure 5 (top)) of using the new pes is an increase
in the Pinnock curve between 100 and 500 &mwhich
re ects the fact that the extratropical des are cooler
(moving the peak of the Planck function to lower wavenumbers)
and drier. At wavenumbers greater than 800tthere are
only small differences between the single and three atmo-
sphere curves. Mixing ratios of other well-mixed gases used
in the NBM were 389 ppm for C£ 1800 ppb for CH and

w
3

w
T

N
3]
T

N
T

=
o
T

[
T

Radiative Forcing [103 Wm?2 cm
(1018 c¢m? molecule)?!]
o
l

N \ J N%WWM B 323 ppb_ for NO, re ecting contempprary values.
% 500 1000 1500 2000 2500 [64] Since we wanted our new Pinnock curve to be based
Wavenumber [cm 1] on a LBL code (as it is inherently more accurate and also at
(b) higher spectral resolution than the original (10 &nturve)
3.5) T e m— we next generated a Pinnock curve using the Oslo LBL
—— 0SLO Pinnock 10 cm model Myhre et al, 2006], employing their two (tropical/
o 3 extratropical) atmosphere approach. Figure 5 (middle)
EX Lel shows a comparison of the NBM and LBL (averaged to
f% 10cm ! resolution) Pinnock curvesthere is excellent
98 2 agreement between the two models. Figure 5 (bottom)
o g shows the nal Pinnock curve, using the LBL but now aver-
SE M aged to 1 cm? resolution. The effect of using the improved
I?.;g il spectral resolution was found to have a negligible impact
£2 (< 1-2%) on the RE calculations for most of the compounds
gE 050 presented in section 4. However, for a few compounds, this
effect was stronger, as illustrated in Figure 6. The largest
00 500 1000 1500 203{\ 2500 effect was for Ck because its main absorption band is at
Wavenumber [cm ! ] the edge of the atmospheric window. For this compound
©) the RE was underestimated by about 8% when using
a5 10cm * resolution compared to 1 crh resolution of the
[——osLo Pinnock 1 em* LBL Pinnock curve.
5 3t [65] An Excel spreadsheet with both the updated 1 and
DN 25l 10cm * resolution LBL Pinnock curves is available in the
2y 7 supporting information.
g8 o
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Figure 5. Radiative forcing efciency (for a 81 ppb 5
increase in mixing ratio) per unit cross section compareg 30| oG
between thd’innock et al[1995] study and this study. The 4| 3 |
top panel shows the progression from the original Pinnock plot / FCOOCF,CH,
(using the Reading Narrow Band Model (NBM)) on incorpo- %/ o war—20 FCOOCH. |
rating an updated global-annual mean atmosphere (GAM)and ol =% .= . L -3

then incorporating three atmospheres representing the tropics 8 6 8
and extra-tropics, all at a resolution of 10 ¢mThe middle
panel shows a comparison of the Reading NBM and the OBigure 6. Relative difference in calculation of RE using
Line-by-Line (LBL) model averaged to 10 cfhresolution, 1 cm *and 10 cm* with the Pinnock plot shown in Figure 5
using atmospheres representing the tropics and extra-trom€the compounds investigated in this study. The original
The bottom panel shows the results from the Oslo LBL modeBL calculations are performed with 0.2 cmand then

at a resolution of 1 cnt. converted to 1 cm* and 10 cm®.

2 0 2
relative difference [%]
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3.3.2. Stratospheric Temperature Adjustment investigate and reduce the uncertainties associated with the
[66] Generally, halocarbons warm the lower part of theorrection factors for compounds which are mainly lost in
stratosphere because their strongest absorption bands thertroposphere through reaction with OH, and normally have
mally occur in the atmospheric window region. For theserelatively short lifetime, a number of simulations have been

wavelengths, in the stratosphere, the extra absorptioncafried out with a 3-D Chemistry-Transport Model
upwelling radiation by the halocarbon from the surface ag@TM) in combination with a radiative transfer model.
troposphere exceeds the amount of extra radiation emifidte models chosen for this purpose are the globahef
by the halocarbon. Hence, there will be an increased heatdgjo CTM2 model Berglen et al, 2004; Sgvde et a)
rate of the stratosphere. When stratospheric tempera088] and the Oslo broadband radiative transfer model
adjustment is applied, the increased heating rate leads {dIghre and Stordal1997].
warming of the stratosphere. In the new equilibrium state[es] The setup of the CTM simulations is similar to the
the higher stratospheric temperatures lead to an increasstuidies of Acerboni et al [2001] and Sellevag et al
the amount of radiation emitted downwards into tH2004b] where a total of 6 short-lived halocarbons were
troposphere so that the stratosphere-adjusted forcingniplemented in the Oslo CTM2. Here we have implemented
higher than the instantaneous forcing. (The reverse is tthe following 9 halocarbons in the model, which were
for CO, forcing, since it acts to cool the stratosphere so thatosen to represent a range of atmospheric lifetimes (~10 days
the stratosphere-adjusted forcing is smaller than tiee5.2years): HFC-1234yf (GEF =CH,), HFE-356mmz1
instantaneous forcing.). (CH;0CH(CR),), HFE-254eb2 (CEDCHFCF), HFC-161

[67] Since the Pinnockt al function used for calculating (CHsCH,F), CHBr, HCFC-123 (CECCLH), HFC-152a
REs in this study does not take into account the stratosphé€@tl;CHF,), HFC-143 (CHFCHF,) and HFC-32 (CHF).
temperature adjustment, we have applied a factor to convidre compounds were assumed to only react with the hydroxyl
from instantaneous to adjusted forcing. Based on sevealical (OH), which is the main loss for most short-lived halo-
studies Forster et al, 2005;Jain et al, 2000;Myhre and carbons, and their reaction rate cagénts were taken from
Stordal 1997;Naik et al, 2000;Pinnock et al 1995], we the NASA/JPL databas&gnder et a] 2010]. In a reference
have increased the calculated instantaneous RE for n®istulation, the geographical distribution of the emissions
compounds by 10% to account for stratospheric temperatwas the same as for CFC-IMI¢Culloch et al, 1994], while
adjustment. It should be kept in mind that the effect of straio-a sensitivity simulation the emission distribution was set
spheric temperature adjustment can be quite variable tfoe same as for black carbon (B®&ohd et al, 2004;van
each compound [e.gRinnock et al 1995], particularly for der Werf et al 2006] with the purpose of studying the impact
gases which absorb outside the atmospheric window. Farfdhaving a larger share of the emissions occurring at lower
few selected gases (CFC-11, CFC-12, HFC-41 ang) Chtitudes near the equator. It should be kept in mind that the
we have carried out explicit calculations, using the Osdensitivity simulation is considered a rather extreme case as
LBL model, to estimate the ratio between the RE includidglocarbons are industrial chemicals and their emission distri-
stratospheric temperature adjustment and the instantanéati®n is more likely to follow that for other industrial com-
RE. For CFC-11 and CFC-12, which have their maimounds, such as CFC-11, than for species like black carbon
absorption bands in the atmospheric window region, the Risich has signicant non-industry related sources. In both
were 9.1% and 10.5% higher, respectively, when taking tbases, the anthropogenic emissions of other compounds were
stratospheric temperature adjustment into account. HFC-4taken from theRETRO[2006] database for year 2000. The
a special case because its main absorption band overtapsiel was run repeatedly for the meteorological year 2000
strongly with ozone and our result from the LBL calculatiowith uniform annual emissions, and a stiént amount of
shows a decrease in RE of 5.0% when accounting for strapin-up time was allowed to obtain chemical steady-state at
spheric temperature adjustment (some of the radiation wHiebels that yield globally averaged surface mixing ratios of
would have been absorbed by ozone in the stratospherapproximately 1 ppb. The model has been driven by meteoro-
instead trapped by Gif in the troposphere leading to dogical forecast data from the ECMWF IFS model cycle 36, as
cooling of the stratospherels stated in section 3.3.1,explained bySgvde et a[2011], and run at a horizontal reso-
CF, absorbs strongly at the edge of the atmospheric wintion of approximately 2.8 2.8 (T42) and 60 vertical
dow (near 1300 cnt), and our results show an increaskayers distributed from the surface to 0.1 hPa.
in RE of 10.5% due to stratospheric temperature adjustfzo] Figure 7 shows the calculated atmospheric distribution
ment for this compound. Based on these results and afnHFC-161, which has a lifetime with respect to OH of
previous literature [e.g.Myhre and Stordal 1997; 84days in the reference simulation. In the sensitivity simula-
Pinnock et al, 1995] we consider a 10% increase a goan with a“BC-like” emission distribution, the global burden

approximation for most gases. is smaller, and hence the lifetime is shorter (71 days), due to
3.3.3. Simulations of Atmospheric Distributions the higher concentrations of OH found near the tropics. Due
and Lifetimes to the relatively short lifetime of HFC-161, the distribution

[68] The effect of non-uniform vertical prtes on radiative of surface concentrations exts the regions of emissions
forcing has been investigated in several studies [eguite well (Figure 7, top). The reference simulation reveals
Freckleton et aJ 1998;Jain et al, 2000;Naik et al, 2000; large concentrations in the northern hemisphere, and particu-
Sihra et al, 2001], and is described in section 2.4. To furthéarly over the industrial areas in US and Europe, while the
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Figure 7. Annual average distribution of HFC-161 mixing ratio (ppb) at the surface (top panels) and
averaged zonally (bottom) for the reference simulation with emission distribution as for CFC-11 (left)
and the sensitivity simulation with emission distribution as for BC (right) calculated with the Oslo
CTM2 model (see text for details).

sensitivity simulation shows a weaker gradient between gteatosphere. Such compounds (i.e., mainly CFCs and
hemispheres, and with surface maxima over Southeast Agifons) are well-mixed in the troposphere but their mixing
and the biomass burning regions in Africa. Furthermore, tragios decay with increasing altitude in the stratosphere.
vertical pro le is different between the two runs with a strorHence, they have a different vertical piey and their atmo-
ger decay of mixing ratios with altitude in the simulation witepheric concentrations are also much lessénced by the
“CFC-11-liké emission distribution compared to the simuldiorizontal distribution of emissions, than the compounds
tion with“BC-like” emission distribution. with lifetimes governed by OH destruction. The three com-
[71 The Oslo CTM2 simulated distributions of the halocapounds Halon-1211, CFC-11 and CFC-12 were chosen for
bons have been used for RF calculations with the Oslo brottte LBL model experiments because they span a relatively
band model Myhre and Stordal 1997]. In the radiative wide range of lifetimes (16 to 100yeardy/MO, 2011],
transfer calculations we also use 60-layer meteorological datd because vertical pies of these compounds were avail-
from the ECMWF-IFS model, but with a reduced horizontable from CTM simulations. The vertical ptes of the two
resolution of 5.6 5.6 (T21). Annual mean cloudy-sky RFCFCs were taken frorklyhre and Storda]1997] while the
(with stratospheric temperature adjustment included) has bEafon-1211 proles were t to the annual mean output from
calculated using the radiative transfer model (based ©slo CTM2, averaged separately over the tropics and the
monthly mean data), which has been run both with a constartra-tropics. For all three compounds the mixing ratios
global and annual mean vertical pl®(so that the global and were assumed to decrease exponentially above the tropo-
annual mean surface mixing ratio is used at all heightguse in the radiation code.
latitudes, longitudes and times), and with the monthly meaifizs] To validate the vertical prdes of CFC-11 mixing
atmospheric distribution calculated by Oslo CTM2. A quantiatio used in the Oslo radiative transfer model (results
cation of the importance of using realistic vertical jge presented in section 3.3.4), we have compared these data
rather than constant pries was then obtained by calculatingvith a recently derived climatology from the MIPAS satel-
the fractional difference between the resulting RF from thite instrument Hoffmann et al 2008] in Figure 8. This
two radiative transfer simulations. MIPAS data set has been thoroughly validated against sev-
[72] In addition to the model runs explained above, simeral other satellite observations, as well as airborne and
lations were carried out with the Oslo LBL model t@round-based measurementioffmann et al 2008]. For
guantify the effect of a non-uniform vertical pte for com- comparison the CFC-11 vertical ptes from the Oslo
pounds which are mainly lost by photolysis in th€TM2 simulations are also included in Figure 8, although
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Figure 8. Vertical pro les of CFC-11 mixing ratio (ppt) in the tropics (left) and the extra-tropics (right)
from MIPAS observationdHoffmann et al 2008], the Oslo radiation code, and the Oslo CTM2 model.
The pro les have been scaled to the year 1994 tropospheric mixing ratio of 269 pp¥lasahwaner
et al [2012].

these results are not used here directly (only the Halon-12%1ordal et al, 1985] which is based on WMO
pro les were used, as explained above). It should be notedommendations. CFC-11 has a relatively long lifetime of
that the mixing ratios of CFC-11 calculated by Oslo CTM&about 45 yearsW§ MO, 2011] and its main loss is photolysis
are largely governed by the top and bottom boundary coniti-the stratosphere. As a consequence, CFC-11 is well-
tions taken from the Oslo 2-D stratospheric chemistry modrixed throughout the troposphere, while its concentration

Figure 9. Factor needed to correct RE to account for non-uniform vertical and horizontal distribution
versus atmospheric lifetime. The red symbols are for compounds whose main loss mechanism is strato-
spheric photolysis, while the blue symbols are for compounds which are mainly lost in the troposphere
by reaction with OH. Dark blue symbols have been used in the calculation $ftiaped t, and dark

red symbols have been used in the calculation of the exponentlabht blue and light red symbols

are shown for comparison. The curve fr@imra et al [2001] represents an empirical least squates

to the fractional correction factors frarain et al [2000]. The parentheses designate whether the results

are from the simulations withCFC-11-liké or “BC-like” emission distribution. For the compounds
where several different absorption bands have been used in the RF calculations, both the mean and the
standard deviation of the fractional corrections are shown.

315



HODNEBROG ET AL.: HALOCARBON REVIEW

decreases with height in the stratosphere. This reductiofys] Several interesting features can be seen in Figure 9. The
with height has a major impact on the compdsnddiative lifetimes calculated by the Oslo CTM2 are shorter when the geo-
forcing [e.g.,Freckleton et a] 1998], and it is therefore graphical distribution of emissions waBC-like” rather than
important that the models include realistic vertical fgs. “CFC-11-like; especially for lifetires shorter than approxi-
The comparison between the Oslo radiation code and thately 0.5years. This is not pusing as the levels of OH are
Oslo CTM2 model shows that the assumption of an explaighest near the tropics (where a large share ofBkzlike”
nential decay of CFC-11 mixing ratios above the tropopaummissions takes place) because of higher humidity and more in-
in the radiation code works relatively well (Figure 8)coming solar radiation at low latitudes. Another interesting fea-
Furthermore, the CFC-11 vertical ptes employed in ture is that the fractional correction is weaker (i.e., closer to 1)
both models are in relatively good agreement with the clima-the run with*BC-like” emissions than the reference run with
tology derived from MIPAS observations. Some discrepaf=FC-11-liké emissions for lifetimes longer than about
cies can be seen, especially near the tropical tropopad£®3years, or 1day, while it &ronger for lifetimes shorter
region, but it should be noted that differences betwethan 1day. One reason for this is the higher RF for well-mixed
climatologies derived from satellite observations are also greenhouse gases near the equator than at higher latitudes, be-
ident Hoffmann et al 2008] (their Figure 11), and that tropi-cause of higher temperatur&hine and Forster1999].
cal stratospheric measurements of CFC-11 is a major source ob] For the compounds with similar lifetimes asJiain
uncertainty [Minschwaner et al 2012] (see also their Fig-et al [2000], the fractional corrections in our reference
ure 6). The vertical prdes are shown separately for the trasimulation roughly agree with their corrections, except for
pics (30S-30N) and the extra-tropics (98-30S and the compound inJain et al [2000] that has a lifetime of
30 N-90 N) in Figure 8 due to the different tropopaus®.25 years and a fractional correction of 0.61, which is closer
heights. These two regions are also the same as used irntdhaur results from the simulation witlBC-like” emission
two-atmosphere setup of the Oslo radiation code. distribution. Part of the reason is probably thain et al
3.3.4. Fractional Correction Versus Lifetime [2000] used a 2-D model with geographically constant
[74] Results from the experiments described in sectisnrface mixing ratios, while we use a 3-D model with an
3.3.3 are shown in Figure 9 together with results from predssumed (and likely more realistic) emission distribution.
ous studiesAcerboni et al 2001;Jain et al, 2000;Sellevag In fact, another Oslo CTM2 sensitivity simulation with
et al,, 2004b]. Our calculations differ from previous studiesurface mixing ratios xed at 1 ppb globally (results not
in three important respects. First, a number of hypothetishlown) gives a very similar vertical ple and fractional
“HFC-1234yf-likeé molecules were studied. These conrtorrection factor as the simulation witBC-like” emission
pounds all had the infrared spectrum of HFC-1234yf bdistribution. Interestingly, the three compounds studied in
had different atmospheric lifetimes ranging from approxXsellevag et al[2004b] have smaller fractional correction
mately 1day to 7 years. Variation of the lifetime within théactors than our results, and they do not always show an
model was achieved by assuming rate coiehts for reac- increase of fractional correction proportional with the life-
tion with OH radicals in the range of 4.310 ' to time. As the models and simulation setup are quite similar
3.5 10 cm® molecule*s . The results are shown byto this study, the differences can probably be attributed to the
the lled circles in Figure 9. Second, the literature valuedsorption spectra, which are different for the various com-
for the rate coefcients for reactions of OH radicals withpounds. Figure 9 shows that the spectral position has some
the remaining 8 compounds were used, but this time e uence on the fractional correction and causes a maximum
did not use the actual absorption spectra for the compoutaViation from the mean of 10%. On the other hand, the
for the radiative transfer calculations. Instead, we choserdésults fromAcerboni et al[2001] show slightly higher frac-
span the vertical axis, representing the fractional correctitiapal correction factors than in our study, presumably because
by repeating the RE calculation 6 times for each gas, usthgy used a constant surface mixing ratio all over the globe
different absorption bands which were either within or atstead of an assumed emission distribution.
the borders of the atmospheric window region. More spef77] Sihra et al [2001] derived an empirical curvet
ci cally, these bands were centered at wavenumbers(sd#e grey curve in Figure 9) to the valuesJain et al
631 (absorption band of GF 714 (GFg), 948 (Sk), [2000] and this has been used in later studies [Brgvo
1116 (GFg), 1250 (GFg), and 1283 (CH cm *. Figure 9 et al, 2011a;Gohar et al, 2004]. Their t is given by
shows the fractional correction for the meanllel f(t)=1 0.241t7°3%8 wheref is the fractional correction
squares) and standard deviation (vertical lines) of thesar@l t is the lifetime in years for lifetimes greater than
bands for each of the 8 gases. It should be noted tBa25years. Here we have derived two new empirical cus/e
the fractional correction depends primarily on lifetimene for compounds dominated by loss in the troposphere
but to some extent also on the position of the absorptitmough OH reaction, and one for compounds dominated by
bands; absorption bands inside the atmospheric windmss through stratospheric photolysis. In the latter case we have
region has the weakest correction. Third, the correctiosed a similar approach Sgra et al [2001] and derived an
factors for compounds with stratospheric photolysis agponential t, but this time only results from explicit LBL
the primary loss mechanism have been calculated usingaitulations discussed in section 3.3.3 have been used. We
two-atmosphere approach, and are shown by the fadherassumed thét 1 for very long lifetimes. The resulting
symbols in Figure 9. exponential function is given by
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fapvl 0:182a 03339 (1) radiative efciencies, the majority of spectral features
of importance occur in the region between 1500 and

and is shown in Figure 9 by the red curve foklD< < 10,000 500cm *. This region is called thengerprint regionand
years. Equation (1) has been used to calculate lifetimsually contains a complicated series of absorptions, and it
corrected RE for some of the compounds presented in seci®bften dif cult to clearly identify group vibrations within
4. In the case for compounds dominated by tropospheric @tis region. Nevertheless, some features may be idehti
loss, the empiricalt was restricted to results from 3-D modeMolecules containing H atoms will have C-H stretching
experiments where &CFC-11-lik¢ emission distribution vibrations that produce transitions in the 3000 tmregion
was assumed. This means that the results ffaerboni of the spectrum, well outside of the region of interest here.
et al [2001] and the 2-D model dfain et al [2000] were not On the other hand, C-H bending vibrations are expected at
considered when deriving the (but still shown in Figure 9 around 1400 cm* and are a common feature of many HFCs
for comparison), while the results 8€tllevag et al[2004b] [e.g., Sihra et al, 2001]. We have already seen that C-F
were included along with results from the present study. Asetching gives rise to a band at 1280 ¢mand bands in
we now want to include compounds with very short lifetimethis region are observed in a wide range aforine-
the empirical curvet was constrained to form géshaped containing compounds [e.gBravo et al, 2010b; Sihra

curve in Figure 9 with the following formula: et al, 2001]. However, it should be noted that the electron-
atb withdrawing properties of neighboring groups can have a
fa b Vm; (2) signi cantin uence on band position. While molecules with

a relatively high uorine content show a C-F stretching
wherea, b, ¢ and d are constants with values of 2.962feature at around 1200-1300 cln HFC-41 (CHF) shows
0.9312, 2.994, and 0.9302, respectively. The curve was fgnly a feature at 1000-1100 cty which corresponds to
ther constrained to givie= 0 for very short lifetimes anfd=1  the expected position for a C-F group vibration given in
for very long lifetimes. The resultin§-shaped function is standard spectroscopy textbooks suchHadias [2004].
shown in Figure 9 by the dark blue curve for £& t < 10" For this reason, care must be used when assigning observed
years, and has been used to calculate lifetime correctediaids to individual group vibrations in the spectra of heavily
values for most of the compounds presented in section 4halogenated molecules.

3.4. Discussion of Impact of Functional Groups on 3.5. Description of Metrics

Spectra/Radiative Forcing [so] The motivation for the choice of metrics adopted here
[7¢] The infrared spectra of polyatomic molecules are maggwp and GTP) was given in section 2.5.
up of a number of vibrational bands, each containing rotationas 1. The Global Warming Potential (GWP)
ne structure that may, or may not, be resolved. For a nong;] The Global Warming Potential (GWP) is based on the
linear molecule containing N atoms, there are 3N-6 normal {jine-integrated radiative forcing due tpseemission of a
brations, although this number of bands may not be visible|jRjt mass of gas. It can be given as an absolute GWP for
the spectrum. Bands may overlap with each other, may lie qyisj (AGWP) (usually in W m 2kg year) or as a dimen-
side of the spectral range of the measurements, may be forgign|ess value by dividing the AGWBY the AGWP of a

den or the vibrational mode may be degenerate. For exampd€arence gas, normally GOThus, the GWP is dered as:
the tetrahedral molecule, £Ras a total of 9 normal vibra-

tions, but only one band is observed in its infrared spectrum Z w

(as illustrated in Figure 3). The molecule has stretching and a 0 RRA it AGWP# b
variety of bending vibrations, but the bending vibrations occur  GWRH P ¥2— s AGW Ro,H b5
at lower wavenumber (ca. 400 chthan can usually be ob- RFco,at it

served in an infrared measurement. At the same time, as it con- 0

tains four GF bonds, it is expected to have four stretching

normal vibrations. A simple analysis of the symmetry proper{sz] A user choice is the time horizoRl( over which the

ties of the stretching modes shows that one is the totally syintegration is performed. IPCC has usually presented GWP
metric (A) stretch, which cannot be accessed in an allowéat 20, 100 and 500years and the Kyoto Protocol has

infrared transition. The other three vibrations turn out to laglopted GWPs for a time horizon of 100 years.

three-fold degenerate (symmetry specigsafid give rise to [s3] For a gasi, if A is the REt; is the lifetime (and

a single allowed transition at around 1280 énMolecules assuming its removal from the atmosphere can be repre-
with lower symmetry will exhibit more bands, as degeneragented by exponential decay), aHdis the time horizon,

vibrations are less likely to occur. then the integrated RF up to H is given by:
[79] Inthe case of Ck; it is clearly possible to identify the
T, vibration as a C-F stretching vibration, which is a speci AGWPHD VAt 1 exp —

example of a group vibration. In general, a normal mode of

vibration involves movement of all the atoms in a molecule

and it is not always possible to assign transitions to particufs4] This is an approximation that holds for long-lived
lar group vibrations. From the perspective of determinimgses but is less accurate for shorter lived gases whose
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o 1 IRF for CO, [ee] Then the AGWRo,can be given as:
o — — — ,
E 09 — SAR
s = AGWRo,H P
g5 o0 - Poib L)
[}
= (0).; YaBco, aoHp aa 1 exp — 8B
=0 f il g
2w 0.5F R
=0
c 04} 1 . .
E §0.3— \ | [67] Note that the parameters used in calculating the
o a":‘; o2l —____——— AGWP are dependent on the choice of background state,
S o1f 1 but it is convention to use present-day conditions. While
< L L L L L L L L L 1
n O 5 100 o 200 20 300 30 200 a0 500 the models used to calulate IRF for £@sually include

Time (yrs) climate-carbon cycle feedbacks, usually no climate feed-
_ _ backs are included for the non-g@ases.
Figure 10. Impulse response functions from the four IPC@.5.2. The Global Temperature Change Potential (GTP)
assessments and from the recent multi-model studgas [es] GTP is presented as an alternative to the GWP and
et al [2013]. Note that the IRF from FARRCC, 1990] |;ses thechange in global mean temperature for a chosen
?nddEAT( [PC%_|199;3] did not |_ncI|u%e gllma':glgar?on Cy_l‘fLeF(oint in timeas the impact parameter. While GWP is a met-
eedbacks, while these are included in s from : o .
[IPCC, 2001], AR4 [PCC, 2007], andJoos et al[2013]. IC integrative in t|m_e, t_he GTP is based on the temperature
change per unit emissions for a selected yeds for the

GWP, the impact of C&is normally used as reference, thus,

lifetimes depend on location of emissions and physical and>TPOtP%2 AGTRItR=AGTROtR, ¥4 TaR= TRy

chemical conditions of the atmosphefrather [2007] where AGTP (KkgY) is the absolute GTP. The assumed

developed a concept of atmospheric chemistry as a coup”lee ime of CO, is the same as that given for the GWP in

system across different trace species with transport betwgéa&ion 351

different regions and radiative feedbacks. Due to these pr

cesses a perturbation to one species in one location will |e§(_§9] In the calculations here, we represent the thermal
P b ertia of the climate system following the method used by

. . n
o a global response on a wide range of time scales, Oft'?unglestvedt et al[2010]. This includes a representation of

involving many other chemical components. The chemistry- .
e deep ocean as well as the ocean mixed layer based on

transport system.qan be linearized and represented by. ei%e?émperature response function with two time-constants
value decompositionPfather, 2007] that are perturbatlonderived from climate model result8ducher and Reddy

patterns of trace gas abundances, aI;o known as cherr%%%]_ The derived GTPs are dependent on the assumed
modes. Any perturbation to atmospheric composition can g £ oli L : _Shi
expressed as a sum of chemical modes, each witked vajue o mmatg sgn;nwny _S{hme et al 2005a; Shine

' et al, 2007], which is implicit in the Boucher and Reddy

decay term. . .
. . _ response functions, and is equal to about 1 K (V).
[es] The AGWP for CQ is more complicated, because |t% 5.3. The Reference Gas CQ

atmospheric response time (or lifetime of a perturbatlonigo] The metric values need updating due to new scienti

cannot be represented by a simple exponential decay. -%gwledge about various properties, but also due to changes

situation arises because £ absorbed into the vanousm lifetimes and radiative etiencies caused by changing

regions of the oceans (surface water, thermocline, d%‘?ﬁ]ospheric background conditions.

ocean) on a range of different timescales. Asaconsequenﬁ%i] For the reference gas GOsuch changes (ie., in
following a pulse emission of GQhe perturbation of the AGWPso, and AGTR:o,) will affect all the other gases.

atmospheric concentration of gQOremains signicant L . : .
With increasing C@levels in the atmosphere the marginal
(> 20%) even after 1000 years. The decay of a perturbation,. .. L2 . .
. ; 7 - . radiative forcing is reduced, while at the same time the ocean
of atmospheric C®following a pulse emission at tintdas

usually approximated byoos et al [2013]; uptake is reduced and airborne fraction increased. These
' changes (working in opposite directions) lead to changes in
x3 t AGWP-o, and AGTR o, Updates to AGWEo, are often
IRFOLP Yaop  aexp a presented in IPCC and WMO Ozone assessments.

i [92] The radiative forcing for a change in atmospheric
where the parameter values ag=0.2173,a;=0.2240, mixing Ta“o of CQ, G, can be approximated using the
a,= 0.2824,3,= 0.2763,a, = 394.4 yearsa, = 36.54 years expre§5|on based on radiative transfer modéigie et al,
andaz=4.304 years. The parameter values for the impulse98]'
response function (IRF) are based on a recent multi-mo,
study Poos et al, 2013], and these values have been useﬁ%ll/“:llnaacop CRGPR
here. For comparison the parameter values fRarster
et al [2007] were a,=0.217, a,=0.259, a,=0.338, wherea = 5.35 W m ? andC,, is the atmospheric mixing
a;=0.186,a,=172.9 yearsa,=18.51 years and;=1.186 ratio of CQ. The radiative efciency of CQ at this value
years (see footnote a, Table 2.14orster et al [2007]). of Cy can then be approximated using this expression for
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small C. The RE of CQ changed from 0.0147Wmi absorption cross-section measurements for each ofvthe
ppm *to 0.0141 W m? ppm* when atmospheric CQevels laboratory groups considered Bgllard et al [2000b] were
increased from 364 to 378 ppm, as used by IPCC Thiggnerally less than 5% and for the most part in the range
Assessment Report (TARJPCC, 2001] and IPCC Fourth of 3-5%.

Assessment Report (AR4)PICC, 2007], respectively. At [95] Integrated absorption cross sections from theoretical
current CQ levels of ~391 ppm WMQOGAW, 2012], a calculations are often in good agreement with experimen-
1 ppm change in the Groncentration (C=1ppm) gives tally determined values; for exampkravo et al [2010b]

a radiative efciency for CQ of 0.013665 W ¥ ppni™. report theoretical integrated absorption cross sections for a
[93] The airborne fraction and the impulse response furmrange of PFCs that are within 5% of the experimentally
tion have also been updated and Figure 10 shows the IRIEsermined values. Because band overlap often makes it
from the four IPCC assessment reports together with i€ cult to compare individual vibrational bands, agreement
updated IRF fronJoos et al[2013]. In this review we have at this level may be somewhat worse than for the total inte-
updated the AGWEH, and AGTR. o, values based on thegrated cross sections. As discussed in section 3.1.2, theoret-
new IRF and RE of C® The latter value is converted fromical calculations generally provide infrared absorption band
per ppb to per kg by multiplying withtMa/Mco)  (10°/  positions that differ systematically from those observed
Twm), whereMa and Mco» are the molecular weight of dryexperimentally. These differences are wavenumber depen-
air (28.97gmol%) and CQ (44.01gmol?), respectively, dent and are usually only a few percent, but because band

and Ty, is the mean dry mass of the atmosphere (5.135position is so important in determining radiativecéncies,
10*8kg) [Trenberth and Smitt2005]. The RE of CQgiven corrections for these differences are usually made.

per mass is then 1.7510 **Wm ?kg *, and the resulting [9¢] The absorption spectra used in this study have for the
AGWPs for CQ (using equation (3)) are 2.495 10 '* most part been used as reported in the literature when
9.171 10 * and 32.17 10 wm 2yr (kgCO,) * performing the radiative forcing calculations. However, each
for time horizons of 20, 100 and 500years, respectivepectrum has been the subject of a visual inspection and in
These values are higher than the AGMW#Fused in AR4 some cases it was necessary to remove noise around the
(calculated based on the IRF and RE of ;,Cgiven in baseline. As the noise often does not average out to precisely
AR4) by approximately 1.4, 6.0 and 13%, respectivelgero, inclusion of noise occurring outside the absorption
mainly due to the change in IRF. As a consequence th@nds may lead to biases in the RE calculations. Further-
GWP,gVvalues presented for all compounds in section 4 withore, for some compounds measurements were often avail-
be about 6% lower than if the AGWB, from AR4 was able for a number of different temperatures and pressures,
used. The AGTPEo,Vvalues used in the calculations of GTPparticularly for the HITRAN and GEISA databases. When
in section 4.2, have been updated (using equation (A3)tiis was the case, we used the data for which temperature
Fuglestvedt et al[2010]) to 6.841 10 ' 6.167 and pressure were closest to room temperature, 296 K, and
10 % 5469 10 °K (kgCO,) ! for time horizons of surface pressure, 760 ToForster et al [2005] have shown

20, 50 and 100years, respectively. As for AGWPthe that variation of the diluent pressure over the range&f@Torr

new AGTR. o, values take into account the updated IR&nd temperature over the range of-42286 K has no discern-

and radiative efciency of CQ, while the remaining param- ible (< 5%) effect on the integrated absorption band intensities

eters are taken frofauglestvedt et a[2010]. of HFC-134a. To sum up, we estimate an uncertainty of 5 and
10% for the experimental and ab initio absorption

3.6. Uncertainty—Sensitivity to Assumptions cross sections, respectively.

3.6.1. Absorption Cross Sections 3.6.2. Radiative Forcing Calculations

[94] Uncertainties related to the measurements of IR97] Past studies estimating halocarbon radiative forcings
absorption spectra are dependent on many factors, and leare differed signicantly for some compounds. For instance,
differ for each compound. Some compounds have been salecent RE estimate of the very potent greenhouse gas sulfur
ject to extensive laboratory measurements by several grolnesa uoride (Sk) (0.68 W m ?ppb 1) [Zhang et al 20114]
such as for HCFC-2Bjallard et al, 2000b] and HFC-134a was more than 30% higher than the IPCC AR4 estimate
[Forster et al, 2005], while others may lack reliable experf0.52Wm Zppb 1). As noted in section 3.6.1, differences
imental cross-section data. Typical sources of uncertainties arise due to uncertainties related to the absorption cross
related to spectra include, but are not limited to, temperataegtions, but a large part of the uncertainties is usually related
and pressure for the measurement and in the sample, speictithie radiative forcing calculations.
range and resolution in the measurement, purity of sampldgs] Multi-model studies have proved particularly useful
spectrometer and methods used, and noise in the measaressessing and reducing uncertainties in the RF calcula-
ments. A comprehensive intercomparison of laboratory méians. Forster et al [2005] applied six detailed radiative
surements of absorption spectra was reported@ddlard transfer models (four line-by-line models and two narrow-
et al [2000b] for HCFC-22. They examined a range dfand models) and reduced the uncertainty in the radiative
sources of uncertainties and ideetl a limited set of forcing of HFC-134a, a compound with a RE estimate that
aspects, related both to sample and photometric uncertahag differed signicantly in the previous studies. They also
sources, which should be given special attention when meancluded that for this compound the uncertainties arising
suring other molecules. Overall, the total error in tHfeom the RF calculations were larger than those caused by
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using different absorption cross sectieagp to 10 and 7%, [2012], while Forster et al [2005] estimated an additional
respectively. SimilarlyGohar et al [2004] obtained differ- uncertainty of about 5% in the RE of HFC-134a due to the
ences of less than 12% when using two different radiativelusion of clouds. The detailed radiative transfer codes
transfer models to calculate REs of four compounds whigked inForster et al [2005] all had a global-mean outgoing
had differed signicantly in the past literature. longwave radiative ux at the top of the atmosphere close to
[99] The assumptions related to RF calculations includéservations and they span the range of realistic longwave
the choice of radiation scheme, temporal and spatial averelgud radiative effects Kiehl and Trenberth 1997;
ing, cloud data, background temperature and concentratiofrgnberth et al 2009].
tropopause height, stratospheric temperature adjustment, ahdi] The effect of spectral overlap is important, including
accounting for non-uniform vertical prie. A wide range of in the atmospheric window where most of the halocarbons
radiative transfer schemes exist, each varying in complexafpsorb. Spectral overlap with,® is the most important
Broadband schemes are among the simplest and are dfitenmost compounds, and according BRinnock et al
used in General Circulation Models (GCMs) due to tH&995] andJain et al [2000], removing all water vapor lead
heavy computational requirements of such models. Timeincreases in cloudy-sky instantaneous RF typically in the
intercomparison study d@ollins et al [2006] showed that range of ~1630%. However, there is less than 1% increase
there are often large differences in the calculated radiativieen reducing the water vapor by 10%Rirjnock et al
forcing by well-mixed greenhouse gases between the vd®95], indicating that the uncertainty induced by spectral
ous GCM schemes, and between the GCM schemes amdrlap is negligible. On the other hand, omittingONand
the much more detailed and computationally expensi@tl,;, which was common in some models, could lead to sub-
line-by-line (LBL) codes. However, the LBL codes were istantially larger errors as they increase the instantaneous RF
excellent agreement with each other, and this type of cdieabout 10% for some compound&rnock et al, 1995].
has previously been found to agree well with observatioms, Forster et al [2005], one model was used to test the effect
at least in the spectral region between 800 and 2608 cnof a 0.2 K uncertainty in surface temperature and of using
[Tjemkes et al 2003], which covers the whole atmospheritvo different climatologies for water vapor and pressure,
window. Similarly, Forster et al [2011] generally found and found approximately 1 and 2% differences in the radia-
agreement within 5% for four longwave LBL codes (slightlfive forcings, respectively. Previous studies have also
larger range for shortwave LBL codes) in an intercomparisassessed uncertainties associated with spectroscopic mea-
study under clear-sky conditions for various cases wihrements in new releases of HITRAN data of the green-
changes in GHG concentrations, whereas differences weoase gases 40, CO,, Oz, N,O, and CH [Kratz, 2008;
substantially larger for radiative transfer codes used in GCNénock and Shine1998]. In general, they found that
One exception for the agreement between the LBL codes waprovements in absorption spectra for these compounds
for changes in stratospheric water vapdaycock and Shine during the preceding couple of decades had a relatively
2012]. In a recent study @reopoulos et al[2012], a LBL small impact on radiative forcing estimates.
model was validated against several high-resolution spectrfdoz Another factor inuencing the radiative forcing esti-
measurements and used as reference when comparingages is the denition of the tropopause (recall from section
number of different LBL and GCM radiative transfer code&.2 that the radiative forcing is normally ehed at the tropo-
They concluded that the longwave radiative transfer scherpasise). Previous studies have highlighted the role of choos-
were generally in agreement with the reference results, amglan appropriate tropopause height, and found differences
that the current generation schemes perform better thanupeo 10% in the global mean instantaneous RF when testing
GCMs from two decades agdllingson and Fouquayt various tropopause deitions [Forster et al, 2005;
1991]. The fact that we apply a detailed LBL model, shouketeckleton et a| 1998;Myhre and Stordall997]. The error
lead to less uncertainty compared to if a narrowband or broadhen using more than one vertical pi®to represent the
band code was used. Forster et al [2005], the estimated global atmosphere is lower, and we have estimated this
contribution to total RF uncertainty for HFC-134a due to radincertainty to be ~5%. Furthermore, the effect of global
ative transfer scheme was taken to be 3%. Here, we consatat annual averaging may lead to additional errors due to
this value to be too optimistic and estimate an uncertaintyrain-linearities in the radiative forcing calculations. For
~5%. We underscore that this uncertainty is for detailed radigell-mixed gasesMyhre and Storda[1997] found only
tive transfer codes and codes which have been through carefiedll differences (less than 1%) in RF due to temporal aver-
validation in intercomparison studies suchFasster et al aging, while spatial averaging to one global mean lgro
[2005] and does not apply to radiative transfer codes traditieamduced errors up to 10%, partly due to the strong sensitivity
ally used in GCMs. to tropopause height for the halocarbons. However, the use
[100] Different methodologies in how clouds are treateaf three proles representing the tropics and the extra-
lead to additional uncertainties in radiative transfer modélepics of each hemisphere was found sidnt by
[e.g., Gohar et al, 2004]. Clouds lead to reduced upwaréreckleton et al[1998]. The RF calculations presented in
irradiance and therefore the cloudy-sky radiative forcingtlss study use two or three pres, representing the tropics
normally about 25-35% lower than the clear-sky R&irf and the extra-tropics (see section 3.3.1).
et al, 2000]. Inter-model differences of up to 10% in the [103 As explained in section 3.3.2, stratospheric tempera-
cloud radiative effects were found Ireopoulos et al ture adjustment typically leads to an increase in cloudy-sky
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TABLE 1. Estimated Contributions to the Total Radiative Forcing Uncertainty

Estimated Contribution to

Source of Uncertainty Total RF Uncertainty References Used as Basis for Uncertainty Estimates
Absorption cross-sections ~5% for experimentally determined spectra, [Ballard et al, 2000b;Bravo et al, 2010b;
~10% for ab initio spectra Forster et al, 2005]
Radiation scheme ~5% Cbllins et al, 2006;Forster et al, 2005;
Oreopoulos et al 2012]
Clouds ~5% [Forster et al, 2005;Gohar et al, 2004]
Spectral overlap and water vapor distribution ~3% For$ter et al, 2005;Jain et al, 2000;
Pinnock et al 1995]
Surface temperature and atmospheric ~3% [Forster et al, 2005]
temperature
Tropopause level ~5% Fprster et al, 2005;Freckleton et al 1998;Myhre
and Stordal 1997]
Temporal and spatial averaging ~1% Frdckleton et al 1998;Myhre and Stordal1997]
Stratospheric temperature adjustment ~4% Fordter et al, 2005;Gohar et al, 2004]
Non-uniform vertical prole ~5% for lifetimes ~5 years, $ihra et al, 2001] + this study
~20% for lifetimes ~5 years
Total (RSS) (experimental) ~13% for lifetimes5 years
~23% for lifetimes ~5 years
Total (RSS) (ab initio) ~15% for lifetimes~5 years

RF for the halocarbons of typically about 1(B6rster etal in section 3.6.1) of approximately 13% for compounds with
[2005] have provided an estimate of the contribution to thifetimes longer than around 5years. When using properly
RF uncertainty arising from this factor, namely ~4%, basedrrected theoretical absorption spectra the total uncertainty
on the results of four different radiative transfer modelsicreases to around 15%. We estimate the overall uncertainty
The two models irGohar et al [2004] differed by a maxi- to be valid for a 5 to 95% (90%) codence range, which is
mum of 3 percentage points when calculating the increabe same cordence range used for the radiative forcing values
in RF due to stratospheric temperature adjustment for famnPCC AR4. Our estimate of 13% (valid for experimental
different HFCs. cross sections) is only slightly larger than the 10% uncertainty
[104 One of the largest sources of uncertainties in REported for long-lived greenhouse gases in AR4. Due to the
estimates is the effect of a non-uniform vertical pFo large uncertainties in the fractional correction, the total RF
caused mainly by reaction with OH in the troposphercertainty increases to ~23% for compounds with lifetimes
and photolysis in the stratosphere (section 3.33ra shorter than around 5years. It should also be noted that the
et al [2001] estimated this uncertainty to be in the order odidiation schemes used to produce our updaRdnock
5-10%, while we note from Figure 9 that this number imurveé is a detailed LBL code and therefore has less uncer-
dependent on the lifetime. The fractional correction factdesnties than models with coarser spectral resolution, such as
for compounds that are reasonably well-mixed in the atmaroadband models.
sphere, with lifetimes typically longer than about 5year3,6.3. Atmospheric Lifetimes
show less spread than the compounds with shorter lifetime$ios] Uncertainties in atmospheric lifetimes arise from a
One reason for the larger spread is differences caused byréimge of factors. For short-lived compounds, accurate deter-
various absorption bands, but is also due to uncertaintimations of the temperature-dependent rate camfts for
related to the geographical distribution of emissions whiobactions with OH are needed. The NASA Data Evaluation
in uence both the fractional correction and the atmosphdpianel [Chemical Kinetics and Photochemical Data for Use
lifetime. However, it should be stressed here that tieAtmospheric Studies Evaluation Number 17 NASA Panel
sensitivity simulation using tHe8C-like” emission distribu- for Data Evaluation:2011] indicates uncertainties in OH rate
tion (section 3.3.3) is considered an extreme case and shaaldstants at room temperature of up to about 20% for the
be given less weight. Based on previous literature and ttempounds considered here. Combined with uncertainties
new simulations performed in this study, we estimate anthe temperature dependence gives an overall uncertainty
uncertainty of ~5% for compounds with lifetimes longesf about 30% in the rate coefient of the reactions at tropo-
than about 5years and ~20% for compounds with shorsgheric temperatures. It is also important to note that lifetimes
lifetimes. with respect to reaction with Oate determined relative to the
[105) Each source of uncertainty and their estimated cdifetime of methyl chloroform, which in turn is dependent on
tribution to the total RE uncertainty is listed in Table 1he global OH eld (see section 3.4). As an examplegther
The uncertainty estimates are based on available publisbedl [2012] have used a recently published analysis of methyl
studies and on subjective judgment, as discussed abahdoroform dataflontzka et al 2011] to estimate a total life-
Using the root-sum-square (RSS) method, wet an overall time for HFC-134a of 14.2yr as against the WMINIQ,
uncertainty due to radiative forcing calculations (includirgp11] recommendation of 13.4 yr. While this change is within
uncertainties in the experimental absorption spectra describedstated uncertainty, the important point is that changes in
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our understanding of the methyl chloroform lifetime can haestimated to be 18% fort [Prather et al, 2012] and 13%

an impact on the lifetimes of a great many compounds. for RE (from Table 1). Using equation (5) with these uncer-
[1071 For some longer-lived compounds, photolysis in thainties, the total uncertainty for AGWR-_.1344iS  16% for

stratosphere is the dominant loss process. Estimates of Efe0 year time horizon, 22% for 100 years, and 22% for

times for such compounds can be made from their ultraviok€0 years. For CFC-11, the relative uncertainty is estimated

absorption cross sections and quantum yields, and tbhée 33% fort [Minschwaner et aJ 2012] and 13% for

altitude-dependent actiniaix. The NASA Data Evaluation RE (from Table 1). Note that uncertainties related to indirect

Panel provides combined cross section/quantum vyigffects caused by e.g., the irence of CFC-11 on strato-

uncertainties for some of the compounds considered hesgheric 0zone, are not taken into account here. The total uncer-

For well-studied CFCs (CFC-11 and CFC-12) thegainty for AGWR-kc.11 is then 15% for a 20year time

uncertainties are well-constrained and are quoted at 10#drizon, 28% for 100 years, and36% for 500 years.

while for halons, uncertainties of a factor of two are quoted[110 The uncertainty in the AGWR), can be obtained

Combined with uncertainties in the actiniax, it is clear using the 10% estimated uncertainty in REPCC, 2007]

that there can be very sigmgiant uncertainties in photolysisand uncertainty in the time-integrated Hgj (see denition

lifetimes. This can be particularly true when considerirgf IRFco2in section 3.5.1) of 15%, 25%, and 28% for

very long-lived compounds such as the PAR&ishankara a 20, 100, and 500 year time horizcmz{)s etal 2013]. The

et al, 1993]. However, it should be noted that for such long-

lived species, GWPs on a one hundred year time horizon qre

insensitive to atmospheric lifetimes. Uncertainties incertainty in AGWRo,, is given by

other processes such as deposition can be very large, but v

as Prather et al [2012] point out, these uncertainties u 0o Z 15

ertainty for the producREcq, IRFco, , i.e., the

: . o u

often have a relatively small impact on total lifetimes. In u IRF

inties in lifeti AGWP i REco, ° Co:
general, uncertainties in lifetimes are large compared to Ccx2,, U CO, b Bz §

inties i i AGWPc, I RE Gl !

uncertainties in other parameters such as cross sections. A co2 o} IRE
follow up study could assess the uncertainties in lifetimes CO,
and the combined effect of RE and lifetimes uncertainties
on GWP and GTP. leading to an uncertainty of AGWB, of 18%, 26%,
3.6.4. GWP and 30%, respectively, with the uncertainty dominated

[108) Some studies have investigated uncertainty by the uncertainty in the integrated IR, These estimates
GWP and GTP valueBpucher 2012;Olivié and Peters are different from those given by IPCC AR4 where it was
2012; Reisinger et al 2010; Wuebbles et gl 1995] stated that AGWP for CQis estimated to be 15%, with
and they have been either based on model compariseqsal contributions from the GQesponse function and
or Monte-Carlo approaches. Uncertainty can also Hee RF calculationlPCC, 2007]. The main reason for the
assessed using standard methods of uncertainty propalfference is the new uncertainty range in the IRF for, CO
tion. For a general functionf, with two independent based on a multi model studjdos et al, 2013]. Combining
variables,x andy, the uncertainty irf can be approxi- the uncertainty in the AGWP values for HFC-134a and
mated as CFC-11 with AGWR o, (using the sum of the squares un-
s certainty propagation), the uncertainty in G\¥P.1344iS €S-

@ 2 @ 2 timated to 24%, 34%, and 37% for a 20, 100, and
X2 p @ y2: (4)  500year time horizon. For CFC-11 the GWP uncertainties
are 23%, 38% and 47% for a 20, 100, and 500 year
time horizon.

[109] This allows combination of different pieces of infor- [11] IPCC[2007] gives GWP uncertainties 0f35% for
mation on uncertainty (e.g., from independent studies)tte 5 to 95% (90%) cordence range which is based on ear-
assess the importance of the different components of metlies IPCC assessments; i.e., the Second and Third Assess-
(e.g., RE versus lifetime). We use this approach for twaent reportsIiPCC, 1995; 2001].
chosen gases as examples (HFC-134a and CFC-11) afd2 The stated uncertainties for HFC-134a and CFC-11
use uncertainties in RE obtained in this study with uncexre probably representative of those for most other CFCs,
tainties in lifetimes from the literature. Based on equati¢tiCFCs, HFCs and peworocarbons with similar or longer

(4) the uncertainty for AGWP is given by lifetimes and with experimentally determined absorption
S cross sections. For shorter-lived gagete¢s than 5years),

GWP 2 GWP 2 the uncertainties will be considerably greater (we estimate

AGWP %4 L RE? b L t2, (5) AGWP uncertainties about at least a factor of 2 larger than

GRE those given above), and the assumption that there is no corre-
assuming Gaussian distributions and no correlation betwéggion between RE artdwill be less valid. In addition, for the
RE andt. The derivatives of AGWP with respect to RE andhorter-lived gases, both RE andill depend on the location
t were obtained analytically. For HFC-134a, the relatiend time) of emission, and the validity of presenting a single
uncertainty (for the 85% (90%) condence range) is globally representative value of GWPs is more questionable.
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45; CrC-11 135 o necessary to reproduce the GWP(100) values given in the sec-

al ls Eg_  tion 4 tables, where the best estimate REs are rounded to two
£ g5l ffw decimal places.
B 2 4l 125 o B [115] In the following, when we refer to IPCC AR#FCC,
¢ & . |, =g 2007], it should be noted that a number of compounds were
8 g ?NE inadvertently omitted in the printed version of AR4 WGI
S 2 15 5 £ Table 2.14; we have used the erratum to this table which is
%g" L5¢ : N E@ available at http://www.ipcc.ch/publications_and_data/ar4/
29 1 £ 2 wgl/en/errataserrata-errata.htmi#table214.
2 o5t J 1°®° £ £ 4.1.1. Chloro uorocarbons (CFCs)

: R g © . . .
0 ‘ S 0 [12] CFCs are long-lived compounds which are mainly
0 500 1000 1500 2000 2500

removed in the stratosphere by UV photolysis or reaction
with excited oxygen atoms, &). Their GWPs are
Figure 11. Absorption spectrum of CFC-11 at 296 K irgenerally high due to long lifetimes, and despite substantial
933 hPa (700 Torr) air diluent froBihra et al [2001] (solid emission reductions of CFCs during the past couple of
line) and Oslo simulation of Pinnock curve (dotted line). decades, their radiative forcing of climate will remain
large for many decadesMMO, 2011]. The CFCs are
4. RESULTS AND DISCUSSION relatively homogenepusly .distrit.)uted in the troposphgre,
but due to photolysis their mixing ratios decrease with
4.1. Infrared Spectra, REs, and GWPs increasing altitude in the stratosphere. The IR absorption

[113] Absorption cross sections and radiative aiEncy by the CFCs occurs to a large extent in tlaémospheric
estimates in the literature are reviewed in this section. In adndow’ from 800 to 1200 cm*, as illustrated for CFC-
dition, we present new calculations of REs and GWPs fodd in Figure 11. Previously published absorption cross
large number of gases based on published absorption caesgions are listed in Table 2, while updated atmospheric
sections and the updated Pinnock curve described in seclifatimes, REs, and GWP(100) values for CFCs are
3.3. All the REs are given for cloudy-sky and with stratgaresented in Table 3 and discussed below. Unless stated
spheric temperature adjustment included (seaitien of otherwise, the exponential from section 3.3.4 (equation (1)
RE in section 2.2), unless explicitly noted in the text. Wheand red curve in Figure 9) has been used to account for a
the atmospheric lifetime is available, a correction for nonen-uniform vertical proe for the compounds presented
homogeneous (vertical and horizontal) distribution is ajm+this subsection.
plied to the calculated REs, following the methods describéd..1.1. CFC-11 (CCiF)
in section 3.3.4. Each available spectrum has been evalliz17] Several studies have calculated the RE of CFC-11
ated, and the most reliable spectra have been used in the[Ciiristidis et al, 1997;Fisher et al, 1990;Good et al, 1998;
culations of new best estimate REs, as explained Hansen et aJ 1997;Heath eld et al, 1998;Jain et al, 2000;
section 3.1.3. Myhre and Stordal 1997; Myhre et al, 1998; Naik et al,

[114] For each compound, our results are compared to t@00;Ninomiya et al 2000;Pinnock et al 1995;Sihra et al,
values presented in AR4. In a few cases, the best estin3@1]. Many of these studies report RE equal to, or close to,
RE from AR4 has been retained when new calculations wé@5Wm Zppb %, (range: 0.220.29Wm “ppb %, mean:
not carried out due to unavailability of reliable absorptich25W m ?ppb 1), which is the value that was used in AR4.
cross-section data. Best estimate RE and GWP for eéithshould be noted that the RE values for all compounds
compound are indicated in bold in the tables. Additionallyeported byFisher et al [1990] were given relative to CFC-
we provide best estimate REs and GWPs for a numberldfin IPCC [1990], assuming a RE of 0.22 W rfppb * for
compounds which were not included in AR4, but where aBC-11. WMO [1999] scaled the REs frorkisher et al
sorption cross sections were available or where RE val(#890] by a factor 1.14 to account for the change in the
have been published. The atmospheric lifetimes necessappmmended forcing for CFC-11 (from 0.22 to 0.25Wm
for the GWP calculations have been taken friMO ppb 1), and these values were then adopted in subsequent IPCC
[2011] unless stated otherwise in the text. Note that indiresisessmentsgood et al[1998] estimated a value of RE using
effects caused by, e.g., the irence of CFCs on stratospheriwibrational integrated absorptioross sections calculated using
ozone have not been studied here but are covered elsewheab[@itio methods and obtained a value some 18% larger than
g., Daniel et al, 1995;WMQ, 2011]. In the following, a brief those experimentally deed band strengths.
discussion is given for each compound in each of thgiig In the present study, we have used absorption spectra
categories: chloraiorocarbons, hydrochloraorocarbons, from several sourcedHgath eld et al, 1998;Imasu et al
hydro uorocarbons, chlorocarbons, bromocarbons and haldt895;Li and Varanasi 1994;Orkin et al, 2003;Sihra et al,
fully uorinated species, and halogenated alcohols and eth2081] and calculated the RE of CFC-11, assuming it to be well
Additional information, such as the REs reported in each of tixed, to be in the range of 0-27.29Wm “ppb * (mean:
individual studies, and the calculated REs of all availa®e28 W m ?ppb ) (see Tables 2 and 3). For CFC-11, we have
spectra, is given in Tables-S37 in the supporting information. carried out explicit simulations using the Oslo LBL model and
Tables S1-S7 also provide more sigint gures, which are derived factors to account fortratospheric temperature

Wavenumber [cm 1]
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TABLE 2. Integrated Absorption Cross Sections §) for Chloro uorocarbons (CFCs§

Wwhn.
Name CAS# Acronym Formula D&tal /K Range /cm? & Reference Databdse
Trichloro uoromethane 75-69-4 CFC-11 GElI E 295 820861120 9.3 [Orkin et al., 2003]
E 296 6561500 9.3 Bihra et al, 2007
E [Naik et al, 2000]
E [Ninomiya et al 2000]
E 296 8161120 9.5 [Varanasi, personal H
communication, 2000]
A [Good et al, 1998]
E 298 8061120 9.4 [Heath eld et al, 1998] G
E 296 8161120 9.0 Christidis et al, 1997] G
E 296 7061500 9.8 [Imasu et al, 1995]
E 296 8161120 9.5 [Li and Varanasij 1994] G
E 293 8061120 9.2 McDaniel et al, 1991]
E 816-1120 8.9 Fisher et al, 1990]
E 806-1120 9.8 Varanasi and
Chudamani 1988a]
E 800-1120 8.4 Massie et a| 1985]
E 8006-1120 10.3 Kagann et al, 1983]
E 806-1120 8.9 Nanes et al 1980]
E 8006-1120 8.9 Varanasi and Kp1977]
Dichlorodi uoromethane 75-71-8 CFC-12 GHi E 295 8561190 13.5 [Myhre et al, 2006]
E 296 6461200 12.2 [Hurley, personal communication, 2003] G
E 295 8561190 12.9 [Orkin et al., 2003]
E 296 5061500 12.2 [Sihra et al, 2001]
E 296 8561200 13.6 [Varanasi, personal communication, 2000] H
A [Good et al, 1998]
E 296 8561200 13.6 [Varanasi and Nemtchinoy G
1994]
E 287 8561190 135 [Clerbaux et al, 1993] G
E 293 8561190 12.6 McDaniel et al, 1991]
E 296 8561190 12.1 Fisher et al, 1990]
E 300 8561190 13.4 Yaranasi and
Chudamani 1988a]
E 298 8061200 12.7 Yanthanh et al 1986]
E 296 8561190 13.3 Massie et a| 1985]
E 296 8561190 13.6 Kagann et al, 1983]
E 300 8561190 12.9 Yaranasi and Kp1977]
E [Morcillo et al,, 1966]
Chlorotri uoromethane 75-72-9 CFC-13 CgIF E 293 7651235 14.8 [McDaniel et al, 1991] H
E 1056-1291 16.3 Yaranasi and
Chudamani 1988b]
E 755-1291 16.1 Golden et al 1978]
1,1,2-Trichloro-1,2,2-triuoroethane 76-13-1 CFC-113GECCIF, E 283 6061250 13.7 [Le Bris et al, 2011]
E 293 7861232 12.7 [McDaniel et al, 1991] H
E 618-1397 12.7 Fisher et al, 1990]
E 780-1235 19.4 Rogers and Stephenko88]
E 780-1235 14.1 Yaranasi and
Chudamani 1988b]
1,2-Dichloro-1,1,2,2-tetraioroethane 76-14-2 CFC-114C@IEIF, E 293 8151285 15.2 [McDaniel et al, 1991] H
E 555-1397 15.4 Fisher et al, 1990]
E 82G6-1310 23.9 Rogers and Stephenko88]
E 820-1310 15.8 Yaranasi and
Chudamani 1988b]
E 1025-1310 12.0 Massie et a| 1985]
1-Chloro-1,1,2,2,2-pentaoroethane 76-15-3 CFC-115 Cgi/s E 293 9551260 12.1 [McDaniel et al, 1991] H
E 618-1397 17.4 Fisher et al, 1990]

®Spectra used in RE calculations in the present study are indicated in bold.

bType of data: E, Experimental; A, Ab initio.

“Integrated absorption cross-section in units of:1@n? molecule * cm * for the wavenumber interval spee.
dDatabase: H, HITRAN 2008; G, GEISA 2009.

adjustment and lifetime adjustmt (see sections 3.3.3 and 3.3.4caled in previous assessments to the former recommended
for details and validation agaisatellite observations of CFC-CFC-11 RE of 0.25W n?ppb *. Here we choose to list the

11). The stratospheric adjustment, which is accounted for in #iisolute REs of these studies [malfilsher et al, 1990;imasu

mean value of 0.28W nfppb %, is assumed to increase theet al, 1995] as scaled to our new recommended CFC-11 RE
forcing by 9.1%, while the lifetimcorrection reduces this valueof 0.26 W m 2ppb ™.

by 7.3%. Our nal value, 0.26 Wn?ppb ' is in relatively ~ [11d A signi cant source of uncertainty related to the GWP
good agreement with AR4. As noted above, the RE in somieCFC-11 is the lifetime. In recent assessmdREC, 2007;
studies is given relative to the RE of CFC-11 and has beafMQ, 2011], the lifetime has beeatenated as 45 years, based
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TABLE 3. Lifetimes, Radiative Ef ciencies, and Direct GWPs (Relative to C&) for Chloro uorocarbons (CFCs§

Radiative Efciency (W m 2 ppb 1) GWP 100 year
Acronym Formula Lifetime (yr) AR4  This studyconst. prole  This study-lifetime corr. AR4 This study-lifetime corr.
CFC-11 CCLF 45 0.25 0.28 0.26 4,750 4,660
CFC-12 CClF, 100 0.32 0.33 0.32 10,900 10,200
CFC-13 CCIR; 640 0.25 0.26 0.25 14,400 13900
CFC-113 CCLFCCIR 85 0.30 0.31 0.30 6,130 5,820
CFC-114 CCIRCCIR, 190 0.31 0.32 0.31 10,000 8,590
CFC-115 CCIRCR; 1,020 0.18 0.21 0.20 7,370 7,670

&Compounds in bold either have sigoant current atmospheric concentrations or a clear potential for future emissions. Recommended RE and GWP 100
year values are indicated in bold. Lifetimes are fiiO[2011].

on observational studie€finnold et al 1997;Volk et al, 4.1.1.3. CFC-13 (CCIk)

1997] and model studiegfMQ, 1999]. However, new studies, [121] A value of 0.25W m?ppb * for the RE of CFC-13

based on both models and observations, suggest a longer hifes been used in the previous IPCC and WMO assessments

time for CFC-11Douglass et al[2008] estimated a CFC-11and is fromMyhre and Storda]1997] who used a broadband

lifetime of 56-64 years using models that have realistic age wfodel. The same value was calculated with a narrowband

air and reproduce the observethtionship between the mearmodel inJain et al [2000] and was obtained in this study using

age and the fractional release Viftuebbles et a[2009], the absorption cross-section data frbfoDaniel et al [1991].

lifetime was estimated to be 54 and 57 years, using a 341.1.4. CFC-113 (CCJFCCIR)

and a 2-D atmospheric chemistry model, respectively. Recelfit22] Literature measurements of the RE of CFC-113 fall

studies based on satellite and ground-based observations Irtbe range of 0.28.33Wm 2ppb * with a mean of

estimated a CFC-11 lifetime of 50 years (range634ears) 0.31Wm Zppb * [Fisher et al, 1990; Jain et al, 2000;

[Minschwaner et al 2012], 52years (range: 486 years) Myhre and Stordal1997], while AR4 used a value of 0.30

[Rigby et al 2013], and 59 years (range-68 years)[[aube W m 2 ppb ! (based onMyhre and Storda[1997]). We

et al, 2012]. In Table 2, we choose to keep the lifetime dfave used absorption cross sections from a recent study by

45 years fromWMO[2011] as our best estimate. Le Bris et al [2011] and fromMcDaniel et al [1991] to ob-

41.1.2. CFC-12 (CCJF,) tain values of 0.31 and 0.29 W rippb ?, respectively. Our
[12d Literature values for the RE of CFC-1Ri§her et al, average RE (0.30 Wnippb 1) is in excellent agreement

1990;Good et al, 1998;Hansen et a) 1997;Jain et al, 2000; with AR4.

Myhre and Stordal1997;Myhre et al, 1998;Myhre et al, 4.1.1.5. CFC-114 (CCIECCIFR,)

2006; Orkin et al, 2003;Sihra et al, 2001] provide results [129 Literature measurements of the RE of CFC-114

in the range of 0.3@.33Wm Zppb *withameanof0.32W are in the range of 0.29.38Wm ?ppb * (mean:

m 2ppb %, while a value of 0.32W nfppb * was used in 0.33Wm 2ppb ) [Fisher et al, 1990; Jain et al,

AR4 (based oMyhre and Storda[1997]). Differences are 2000; Myhre and Stordal 1997]. AR4 reports a RE of

caused by differing impact of clouds, absorption cros8:31Wm ?ppb ! (based onMyhre and Storda[1997])

section data, and the vertical pl® of decay of the mixing which is the same as calculated here using absorption cross

ratio in the stratosphertP[CC, 2001]. Detailed LBL calcula- section fromMcDaniel et al [1991]. Although our RE

tions were performed bylyhre et al [2006] who calculated a estimate is in excellent agreement with AR4, the best esti-

RE of 0.33Wm ?ppb . Here we have used absorption crosmate GWP of CFC-114 is about 15% lower (Table 3) due

sections from several sourc&ddrbaux et al 1993;Myhre to the shorter lifetime and higher AGWE> used here.

et al, 2006;0rkin et al, 2003;Sihra et al, 2001;Varanasi We have used the lifetime frodiMO[2011] of 190 years,

and Nemtchinqvl994] to calculate an average RE due te@hich is based on new model calculationsRrather and

CFC-12 of 0.32Wm?ppb * (range: 0.290.33Wm ? Hsu[2008; 2010], and is approximately 40% shorter than

ppb 1) (Tables 2 and 3). As for CFC-11, we have carriethe AR4 estimate of 300 years..

out explicit simulations of CFC-12 using the Oslo LBI4.1.1.6. CFC-115 (CCIECF;)

model and derived factors to account for stratospheric tenf124 Literature reports of the RE of CFC-115 fall in the

perature adjustment and lifetime adjustment. The instan@age of 0.20Wm?ppb * to 0.30Wm ?ppb ! (mean:

neous RE is increased by 10.5% when stratosphedi@4 Wm Zppb ) [Fisher et al, 1990;Jain et al, 2000;

temperature adjustment is taken into account, while the lifdyhre and Stordal 1997], while the latest assessments

time correction reduces the RE by 3.0%. Onal estimate (sincelPCC [2001]) have used the instantaneous forcing of

(0.32Wm 2ppb Y)isin excellent agreement with that used.18 Wm Zppb * from Myhre and Storda[1997] (note

in AR4. In contrast to CFC-11, the atmospheric lifetimes tfat the value from AR4 falls outside the range quoted for

CFC-12 derived in the new model studyDguglass et al the range of literature values because they reported the

[2008] are in good agreement with those used in previomstantaneous RE while we consider the RE filglyhre

IPCC and WMO assessments, and we here adopt the ldad Stordal[1997]). The much higher RE of CFC-115

time of 100 years which has been used since the assessmalstilated byFisher et al [1990] compared tddyhre and

of WMO[1999]. Stordal[1997] andJain et al [2000] is most likely caused
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HCFC+22 the studies reects different vertical prde assumptions;
Christidis et al [1997] assumed a constant vertical peo
while Sihra et al [2001] accounted for the fall-off in
concentration of this relatively short-lived species (1.7 years
atmospheric lifetime) above the troposphere. The RE from
Sihra et al [2001] is used for the recommended RE in
AR4, and the cross section from that study has been used
in our RE and GWP calculations. Both the HITRAN 2008
and GEISA 2009 databases include the spectrum from
Massie et al[1985], but this spectrum contains only one
0 ‘ J , . o of the absorption bands (785-840 cthand has therefore
0 500 1000 1500 2000 2500 not been employed in our calculations. Our estimate of
Wavenumber [cm ] 0.15Wm ?ppb ' is in good agreement (3.8% higher prior

Figure 12. Absorption spectrum of HCFC-22 at 293 K irf© rounding) with the AR4 (see Table 5).

800 hPa air diluent frorBallard et al [2000b] (solid line) 4-1.2.2. HCFC-22 (CHCIR)

and Oslo simulation of Pinnock curve (dotted line). [127 HCFC-22 is one of the most well-studied com-
pounds with RE estimates in the literature ranging from

0.18 to 0.23Wm?ppb * (mean: 0.21Wm?ppb %)
[Fisher et al, 1990;Good et al, 1998;Highwood and Shine

by the much higher integrated absorption cross section in #890; Jain et al, 2000; Myhre and Stordal 1997; Naik

rst study compared to the work bfcDaniel et al [1991] et al, 2000;Orkin et al, 2003;Pinnock et al, 1995;Sihra
which has been used in the two latter studies (Table &).al, 2001].Papasavva et a[1997] used an ab initio spec-
We calculate a RE value of 0.20W fippb *, which is in trum which is approximately 10% more intense than the
agreement wittMyhre and Storda]1997] and close to the experimentally derived spectra (Table 4) and consequently
RE of 0.21Wm?2ppb ! estimated bylain et al [2000]. report a RE of 0.23 W nfppb * which is 10% higher than
As for CFC-114, new model calculationPrither and the average from the experimental studies. AR4 reports a RE
Hsu, 2008; 2010] suggested a sigaantly shorter lifetime of 0.20Wm ?ppb * which is taken fromHighwood and
of 1,020years for CFC-115 (compared to 1,700 years $tine [2000]. We have based our calculations on the
AR4). Nevertheless, the GWP(100) of CFC-115 is sti#pectrum fronBallard et al [2000b] which is a composite
~4% higher than in AR4 due to the higher RE of CFC-11&f measurements fromve laboratory groups, and is in
calculated here (Table 3). good agreement with other reported experimental
4.1.2. Hydrochloro uorocarbons (HCFCs) spectra (see Table 4). Our calculations yield a RE value of

[125 HCFCs are controlled by the Montreal Protocol, bu.20 Wm ?ppb *, which is the same as recommended by
they have been common substitutes for CFCs due to th&R4. We note that calculated RE values using absorption
lower potential for ozone depletion. As a consequena@pss sections available from other stud@erbaux et al
atmospheric concentrations of some HCFCs have gro®®03; Highwood and Shine2000; Orkin et al, 2003;
rapidly over the last decade, as illustrated for HCFC-22 Rinnock et al 1995;Sihra et al, 2001] (see Table S2 in
Figure 1. The atmospheric lifetimes of HCFCs are generathe supporting information for individual results) agree to
lower than for CFCs, but some of these compounds stilithin 4% of the RE value calculated using the spectrum from
have sufciently long lifetimes to yield signcant global Ballard et al [2000b], indicating that the uncertainty in the
warming potentials. The absorption cross section of oneHEFC-22 spectrum is rather small (the spectrum reported by
the most well-studied gases, HCFC-22, is shown \Yaranasi et al[1994] was not included in this comparison be-
Figure 12. Similarly to the CFCs, most of the absorptiarause one of the absorption bands was missing).
from HCFCs occurs in the atmospheric window regiohl.2.3. HCFC-122 (CHC,CRCI)
(800-1200cm %). Previously published absorption cross [12¢f One study has estimated the instantaneous RE
sections are listed in Table 4, while best estimate lifetime$, HCFC-122 with a value 0.23Wnippb * [Orkin
radiative efciencies, and GWP(100) values for HCFCs aet al, 2003] (scaled to our recommended CFC-11 RE of
given in Table 5 and discussed below. Since the m@R6Wm ?ppb 1). We have used their absorption
loss mechanism for HCFCs is through reaction with Ospectrum and calculated a RE value of 0.17 W ppb ™.
in the troposphere, th&shaped t from section 3.3.4 The main reasons for the lower value calculated here are
(equation (2) and dark blue curve in Figure 9) has beprobably thaOrkin et al [2003] used a simplied approach
used to account for the non-uniform vertical pecand hor- which was not based on radiative transfer calculations, and
izontal distribution of all compounds presented in thibat they did not account for stratospheric temperature
subsection. adjustment and inhomogeneous distribution in the troposphere.
4.1.2.1. HCFC-21 (CHC}LF) The lifetime of 1.0 year is taken fro@rkin et al [2003].

[12¢) REs of 0.19Wm?Zppb * [Christidis et al, 1997] 4.1.2.4. HCFC-122a (CHFCICFG)
and 0.14Wm?ppb ! [Sihra et al, 2001] have been [12d One study has estimated instantaneous RE due to
reported for HCFC-21. The difference in the results betwed@€FC-122a, with a value 0.24Wrhppb * [Orkin
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TABLE 4. Integrated Absorption Cross Sections §) for Hydrochloro uorocarbons (HCFCs}

Whn.
Name CAS# Acronym Formula DA&taT/K Range/cm! & Reference Databdse
Dichloro uoromethane 75-43-4 HCFC-21 CHEI E 296 6061500 7.4 Bihra et al, 2007
E 296 4562000 6.8  Christidis et al, 1997]
E 296 785840 2.7 Massie et al 1985] H
Chlorodi uoromethane 75-45-6 HCFC-22 CHGIF E 295 7561380 10.0 Orkin et al, 2003]
E 296 7061400 101 Pihra et al, 2001]
E 293 7751375 10.1 [Ballard et al, 2000b] G
E 273 7561400 10.2  Highwood and Shine
2000]
E [Naik et al, 2000]
A 600-1500 11.6 Papasavva et al1997]
E 296 7651390 10.2  Pinnock et al 1995] G
E 296 7351380 9.7 Anastasi et a) 1994]
E 296 10761195 6.9 Varanasi et al 1994] G
E 287 7651380 10.3 Clerbaux et al 1993] H
E 293 7551390 10.3 Cappellani and Restelli
1992]
E 293 7751375 9.0 McDaniel et al, 1991]
E 7751397 9.5 Fisher et al, 1990]
E 7751170 9.4 Varanasi and
Chudamani1988b]
1,1,2-Trichloro-2,2- 354-21-2 HCFC-122 CHECRClI E 295 5661360 10.4  [Orkin et al., 2003]
di uoroethane
1,1,2-Trichloro-1,2- 354-15-4 HCFC-122a CHFCICFCI E 295 5961380 9.9 [Orkin et al., 2003]
di uoroethane
2,2-Dichloro-1,1,1- 306-83-2 HCFC-123 CHECR; E 295 48061430 13.1  [Orkin et al, 2003]
tri uoroethane
E 296 7061500 11.9  [Sihra et al, 2001]
E [Naik et al, 2000]
A 600-1500 14.1 Papasavva et al1997]
E 296 7061400 12.0 Pinnock et al 1995] G
E 480-1430  12.7 OIlliff and Fischer 1994]
E 287 7461450 12.9 [Clerbaux et al, 1993] H
E 293 6481440  12.7 Cappellani and Restelli
1992]
E 649-1307  10.6 Fisher et al, 1990]
1,2-Dichloro-1,1,2- 354-23-4 HCFC-123a CHCIFGEI E 295 4561400 12.3 [Orkin et al.,, 2003]
tri uoroethane
2-Chloro-1,1,1,2- 2837-89-0 HCFC-124 CHCIFGF E 296 7061500 13.4 [Sihra et al, 2001]
tetra uoroethane
E [Naik et al, 2000]
A 600-1500 15.7 Papasavva et al1997]
E 296 6761435 13.8 Pinnock et al 1995] G
E 287 6751430 14.4 [Clerbaux et al, 1993] H
E 440-1420 15.0 Fisher et al, 1990]
1,1-Dichloro-1,2- 1842-05-3 HCFC-132c CHCFCL E 295 4251490 8.4 [Orkin et al., 2003]
di uoroethane
1,1-Dichloro-1- uoroethane 1717-00-6 HCFC-141b LTLF E 283 5763100 8.1 Le Bris et al, 2012]
E 295 5461540 8.0 [Orkin et al., 2003]
E 296 7061500 7.1 [Sihra et al, 2001]
E [Naik et al, 2000]
A 600-1500 9.1 Papasavva et al1997]
E 296 7061500 8.3 [Imasu et al, 1995]
E 296 7061470 7.2 Pinnock et al 1995] G
E 5406-1480 7.6  DIIiff and Fischer 1994]
E 287 7161470 7.8 [Clerbaux et al, 1993] H
E 555-1420 7.1 Fisher et al, 1990]
1-Chloro-1,1-diuoroethane 75-68-3 HCFC-142b GECIF, E 283 6563500 10.8 Le Bris and Strong
2010]
E 296 7061500 9.6 [Sihra et al, 2001]
E [Naik et al, 2000]
A 600-1500 11.8 Papasavva et al1997]
E 296 6561425 10.1 Pinnock et al 1995] G
E 287 6561469 11.1 [Clerbaux et al, 1993] H
E 293 6471485 10.7 Cappellani and Restelli
1992]
E 649-1397 9.6 Fisher et al, 1990]
3,3-Dichloro-1,1,1,2,2- 422-56-0 HCFC-225ca CH{IF,CF; E 296 7061400 18.0 [Sihra et al, 2001]
penta uoropropane
E [Naik et al, 2000]

E 296 7061400 14.6  Pinnock et al 1995]
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TABLE 4. (Continued)

Whn.
Name CAS# Acronym Formula DA&taT/K Range/cm® & Reference Databdse
E 287 6951420  17.7 [Clerbaux et al, 1993] H
1,3-Dichloro-1,1,2,2,3- 507-55-1 HCFC-225cbh CHCIFGECIF, E 296 7061400 15.2 [Sihra et al, 2001]
penta uoropropane

E [Naik et al, 2000]

E 296 7061500 16.6 [Imasu et al, 1995]

E 296 7061400 15.1  Pinnock et al 1995]

E 287 7151375 15.6 [Clerbaux et al, 1993] H
(E)-1-Chloro-3,3,3- 102687-65-0 trans- E 295 6061800 17.4 [Andersen et al 2008]
tri uoroprop-1-ene CRCH=CHCI

8Spectra used in RE calculations in the present study are indicated in bold.

bType of data: E, Experimental; A, Ab initio.

“Integrated absorption cross-section in units of*1@m? molecule * cm * for the wavenumber interval speet.
“Database: H, HITRAN 2008; G, GEISA 2009.

et al, 2003] (scaled to our recommended CFC-11 RE ahd Pinnock et al [1995] (8%)) rather than the generic
0.26 Wm ?ppb ). We calculate a RE value of 0.21 W10% correction used elsewhere in section 4.1.2.

m 2ppb * when using their absorption cross section anrtl1.2.6. HCFC-123a (CHCIFCECI)

lifetime estimate of 3.4 years. [131] One study has estimated instantaneous RE of
4.1.2.5. HCFC-123 (CHC}CFs) HCFC-123a with a value 0.25W rfippb * [Orkin et al,

[130] Literature estimations of the RE of HCFC-122003] (scaled to our recommended CFC-11 RE of 0.26 W
derived from experimental measurements of the IR spectrom?ppb ). We have used their absorption spectrum and
lie in the range of 0.130.22Wm ?ppb * (mean: 0.18 W calculated a slightly lower RE value of 0.23 W#ppb *.

m 2ppb 1) [Fisher et al, 1990; Jain et al, 2000; Naik 4.1.2.7. HCFC-124 (CHCIFCE)

et al, 2000;0rkin et al, 2003;Pinnock et al 1995;Sihra [132 Previous studies of RE due to HCFC-124 are
et al, 2001]. As seen from Table 4, the infrared spectrum relatively good agreement with a range of 6123 W
reported in the ab initio study &fapasavva et a[1997]is m Zppb * (mean: 0.21 W m?ppb 1) [Fisher et al, 1990;
more intense than measured in the experimental studies daid et al, 2000;Naik et al, 2000;Pinnock et al, 1995;
consequently the instantaneous RE of 0.22\¥ppb 'is Sihra et al, 2001]. As for HCFC-123Papasavva et al
higher than those determined in the experimental studig€997] calculated a higher RE of 0.23W fippb *
AR4 report a RE of 0.14W nfppb * which is based on (instantaneous RE) based upon an ab initio absorption
both Sihra et al [2001] andJain et al [2000]. We calculate cross section. IPCC AR4 report a RE of 0.22 Wppb *

a slightly higher RE value of 0.15W rippb * for all three which is taken fronFisher et al [1990] (note that AR4
sources of absorption spect@drbaux et al 1993;0rkin scaled the RE value frorfrisher et al [1990] to the

et al, 2003;Sihra et al, 2001] (Tables 4 and 5). It shouldpreviously recommended CFC-11 RE of 0.25Wm
be noted here that for this compound we have appliedppb —see the discussion concerning CFC-11 in section
correction for stratospheric temperature adjustment of 6.8%.1—while we refer to theé=isher et al [1990] value as
(the average of the values found dgin et al [2000] (5%) scaled to our recommended CFC-11 RE of 0.26\¥m

TABLE 5. Lifetimes, Radiative Ef ciencies, and Direct GWPs (Relative to C& for Hydrochloro uorocarbons (HCFCs$

Radiative Efciency (W m 2 ppb %) GWP 100 year
Lifetime This study— This study— This study—
Acronym / name Formula (yn AR4 const. prole lifetime corr. AR4 lifetime corr.
HCFC-21 CHCLF 1.7 0.14 0.18 0.15 151 148
HCFC-22 CHCIR, 11.9 0.20 0.22 021 1,810 1,760
HCFC-122 CHCICFE.CI 1.0 0.23 0.17 59
HCFC-122a CHFCICFGI 34 0.23 0.21 258
HCFC-123 CHCILCR 1.3 0.14 0.19 0.15 77 79
HCFC-123a CHCIFCEI 4.0 0.25 0.23 370
HCFC-124 CHCIFCR 5.9 0.22 0.21 0.20 609 527
HCFC-132c CHFCFChL 43 0.19 0.17 338
HCFC-141b CH3CCLF 9.2 0.14 0.17 0.16 725 782
HCFC-142b CH3CCIR, 17.2 0.20 0.19 0.19 2,310 1,980
HCFC-225ca CHCICF,CF3 1.9 0.20 0.26 0.22 122 127
HCFC-225cbh CHCIFCRCCIF, 5.9 0.32 0.32 0.29 595 525
(E)-1-Chloro-3,3,3- trans-CECH = CHCI 26.0 days 0.22 0.04 1

tri uoroprop-1-ene

#Compounds in bold either have sigoant current atmospheric concentrations or a clear potential for future emissions. Recommended RE and GWP 100
year values are indicated in bold. Lifetimes are fiiO[2011] except those in italics (see text for details).
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o 2 HFC-134a 135 4.1.2.10. HCFC-142b (CHCCIR)

¥ sl ta [139 Previous reports of RE of HCFC-142b are in the
S 16 1° 23 range 0f 0.160.21Wm 2ppb ! (mean: 0.18 Wm?ppb 1)
o 14 125% € [Fisher et al, 1990; Jain et al, 2000; Naik et al, 2000;

g L2 aig Pinnock et al 1995;Sihra et al, 2001]. Again, the ab initio

g’ % 1 12 §NE study ofPapasavva et a[1997] is at the higher end of the
8 E o8 4 . 15 § £ range based on experimental studies as they calculate an
°E 06} ’ |, &= instantaneous RE of 0.20Wrhppb *. AR4 report a RE
£ ° o4l 29 of 0.20Wm 2ppb ! which is taken fromFisher et al

S 02 A u 105 8 £ [1990]. We calculate a mean RE value of 0.19 Wppb *
S A & °  (range: 0.180.20 W m 2ppb 1) when using absorption cross

- ‘ 0
500 1000 1500 2000 2500
Wavenumber [cm 1]

o

sections fronSihra et al [2001] andClerbaux et al [1993]
(Tables 4 and 5). Our estimate is lower tlésher et al
Figure 13. Absorption cross section of HFC-134a front1990] andPinnock et al [1995] but higher than the more
Forster et al [2005] (solid line) and Oslo simulation ofrecent studieslpin et al, 2000;Naik et al, 2000;Sihra et al,
Pinnock curve (dotted line). The spectrum is a composite2§f01].
measurements fronve laboratory groups and has been med:1.2.11. HCFC-225ca (CHC}CFR,CFs)
sured under various temperatures and diluent gas pressuregisg A range of 0.260.27 Wm 2ppb * (mean: 0.22W
m 2ppb Y for the RE of HCFC-225ca has been reported
in the literatureJain et al, 2000;Naik et al, 2000;Pinnock
ppb 1). We have used absorption cross sectioes al, 1995;Sihra et al, 2001]. Three of the studies are in
from Sihra et al [2001] andClerbaux et al [1993] to good agreement<(3% difference) whilePinnock et al
calculate a mean RE value of 0.20 Wfppb * (range: [1995] is an outlier with a value of 0.27 W mppb %,
0.19-0.20Wm 2ppb 1) (Tables 4 and 5), which is lowerdespite the lower integrated absorption cross section in
than inFisher et al [1990]. However, our calculated REtheir study (Table 4). The reason is thHRihnock et al
is in agreement with the newer studies Sifira et al [1995] did not take into account the non-uniform
[2001], Jain et al [2000] andNaik et al [2000], most tropospheric distribution, which gives a reduction in the
likely due to the higher integrated absorption cro$E of 16% when using our fractional correction method de-
section ofFisher et al [1990] (Table 4). scribed in section 3.3.4 and a lifetime of 1.9 ye&&viO,
4.1.2.8. HCFC-132c (CHFCFC}) 2011]. AR4 has based their RE recommendation of 0.20 W
[139 One study has estimated instantaneous RE duento®ppb * on Sihra et al [2001] andJain et al [2000]. We
HCFC-132c, with a value 0.19 W rippb * [Orkin et al, calculate a mean RE value of 0.22W?7ppb * (range:
2003] (scaled to our recommended CFC-11 RE of 0.260\22-0.23Wm %ppb ) when using absorption cross
m 2ppb 1). We calculate a RE value of 0.17 W fppb !  sections fronSihra et al [2001] andClerbaux et al[1993]
when using their absorption cross section and lifetime egfiables 4 and 5).
mate of 4.3 years. 4.1.2.12. HCFC-225cb (CHCIFCECCIR,)
4.1.2.9. HCFC-141b (CHCCILF) [1371 The RE of HCFC-225cb has differed considerably in
[134 Radiative efciencies for HCFC-141b reported in thehe past literature with a range of 0-R85Wm “ppb *
published literature are in the range of 8128Wm ? (mean: 0.29Wm?ppb ) [Imasu et al 1995;Jain et al,
ppb 1 (mean: 0.15W m?ppb ) [Fisher et al, 1990;Imasu  2000; Naik et al, 2000; Pinnock et a| 1995;Sihra et al,
et al, 1995;Jain et al, 2000;Naik et al, 2000;Orkin et al, 2001]. A value of 0.32 W nm?ppb * has been used in previ-
2003;Pinnock et al 1995;Sihra et al, 2001], and the value ous assessments and is based on Granier (personal communi-
of 0.14Wm 2ppb * from Fisher et al [1990] has been usedcation, 1994) [PCC, 1994]. We calculate a mean RE value
by AR4 (scaled to the previously recommended CFC-11 REO0.29W m Zppb ! (range: 0.280.31Wm Zppb 1) when
of 0.25Wm ?ppb 1). Papasavva et a[1997] calculated a using absorption cross sections fr@ihra et al [2001],
much higher RE (instantaneous RE of 0.21Wppb %) Clerbaux et al[1993] andimasu et al[1995] (Tables 4 and
using an ab initio absorption spectrum. We calculate a slighify Our result differs by almost 10% from the AR4 recommen-
higher RE than AR4 with a mean value of 0.16 Wppb 1 dation. As the AR4 value is not based on published literature,
(range: 0.150.17 Wm 2ppb ) when using absorption crossit is dif cult to assess why our estimate is sigantly lower
sections from several sourc&ddrbaux et al 1993;Imasu than their value, but we note that our estimate is in agreement
et al, 1995;0rkin et al, 2003;Sihra et al, 2001]. We note with the mean of published values and close to the most recent
that the value of 0.14 W nfppb * from Fisher et al [1990] published RE estimate of HCFC-225cb of 0.28 Wppb *
has been scaled by AR4 to account for changes in {i&hra et al, 2001].
recommended RE of CFC-11 (from 0.22Wppb * in  4.1.2.13. (E)-1-Chloro-3,3,3-tri uoroprop-1-ene (CF;
Fisher et al [1990] to 0.25W m?ppb ! in AR4), and that CH = CHCI(E))
a scaling to our recommended CFC-11 forcing of 0.26 V¥ m [13¢ The radiative efciency of (E)-1-chloro-3,3,3-
ppb *results in a RE of 0.15W nfppb * fromFisher etal tri uoroprop-1-ene has not been assessed in AR4 but was
[1990}in better agreement with our calculations. estimated byAndersen et al[2008]. They used the original
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TABLE 7. Lifetimes, Radiative Ef ciencies, and Direct GWPs (Relative to C¢) for Hydro uorocarbons (HFCs}

Radiative Efciency (W m 2 ppb %) GWP 100 year
This study— This study— This study—

Acronym / name Formula Lifetime (yr) AR4 const. prole lifetime corr. AR4 lifetime corr.
HFC-23 CHR; 222.0 0.19 0.18 0.18 14,800 12,400
HFC-32 CH,F, 5.2 0.11 0.12 011 675 677
HFC-41 CHgF 2.8 0.02 0.03 0.02 92 116
HFC-125 CHF,CR3 28.2 0.23 0.23 0.23 3,500 3,170
HFC-134 CHF,CHF, 9.7 0.18 0.20 0.19 1,100 1,120
HFC-134a CH,FCR; 134 0.16 0.17 0.16 1,430 1,300
HFC-143 CH,FCHR, 35 0.13 0.14 0.13 353 328
HFC-143a CH3CR; 47.1 0.13 0.16 0.16 4,470 4,800
HFC-152 CH,FCHF 0.4 0.09 0.08 0.04 53 16
HFC-152a CH3CHF, 15 0.09 0.12 0.10 124 138
HFC-161 CH3CH,F 66.0 days 0.03 0.04 0.02 12 4
HFC-227ca CECFR,CHF, 282 0.27 0.27 2640
HFC-227ea CR:CHFCR 38.9 0.26 0.26 0.26 3,220 3,350
HFC-236¢b CH,FCRCR; 13.1 0.23 0.24 0.23 1,340 1,210
HFC-236ea CHF,CHFCFR; 11.0 0.30 1,370 1,330
HFC-236fa CRCH,CF; 242.0 0.28 0.24 024 9,810 8,060
HFC-245ca CH,FCFR,CHF, 6.5 0.23 0.24 693 716
HFC-245ch CECF,CH3 471 0.25 024 4620
HFC-245ea CHECHFCHF, 3.2 0.18 0.16 235
HFC-245eb CHFCHFCR 3.1 0.23 0.20 290
HFC-245fa CHF,CH,CF; 7.7 0.28 0.26 0.24 1,030 858
HFC-263fb CHCH,CFR; 1.2 0.13 0.10 76
HFC-272ca CHCF,CHs 26 0.08 0.07 144
HFC-329p CHECF,CF.CF3 28.4 0.31 031 2360
HFC-365mfc CH3CF,CH,CF3 8.7 0.21 0.23 0.22 794 804
HFC-43-10mee CR;CHFCHFCRCFR; 16.1 0.40 042 1,640 1,650
HFC-1132a CH=CF, 4.0 days 0.10 0.00 <1
HFC-1141 CH=CHF 2.1 days 0.09 0.00 <1
(2)-HFC-1225ye CECF=CHF(2) 8.5 days 0.26 0.02 <1
(E)-HFC-1225ye CECF=CHF(E) 4.9 days 0.25 0.01 <1
(2)-HFC-1234ze CECH=CHF(2) 10.0 days 0.20 0.02 <1
HFC-1234yf CRCF=CH 10.5 days 0.23 0.02 <1
(E)-HFC-1234ze trans-GEH = CHF 16.4 days 0.28 0.04 <1
(2)-HFC-1336 CBCH=CHCR(Z) 220 days M2 0.07 2
HFC-1243zf CBCH=CH, 7.0 days 0.17 0.01 <1
HFC-1345zfc GFsCH=CH, 7.6 days 0.19 0.01 <1
3,3,4,4,5,5,6,6,6-
Nona uorohex-1-ene FCH=CH, 7.6 days 0.35 0.03 <1
3,3,4,4,5,5,6,6,7,7,8,8,8-
Trideca uorooct-1-ene F1:CH=CH, 7.6 days 0.39 0.03 <1
3,3,4,4,5,5,6,6,7,7,8,
8,9,9,10,10,10-
Heptadecauorodec-1-ene §&F1,CH=CH, 7.6 days 0.44 0.03 <1

aCompounds in bold either have sigoant current atmospheric concentrations or a clear potential for future emissions. Recommended RE and GWP 100
year values are indicated in bold. Lifetimes are fibO[2011] except those in italics (see text for details). RE and GWP values in italics are based on
previous publications (see text for details).

Pinnock et al [1995] method and calculated an instant@merged as important replacements for ozone-depleting sub-
neous RE of 0.21Wnfppb . Their absorption cross stances such as the CFCs. The main removal mechanism for
section has been used in this study to calculate a lifetiniee HFCs is through reaction with OH. The atmospheric life-
corrected RE of 0.04 W nfppb * (Table 5). The short life- time of HFCs depends on their reactivity towards OH radicals
time of 26 days\WMO, 2011] for this compound leads to aand ranges from 2.1days for gECHF to 242 years for
strong effect of the fractional correction factor which hasF,CH,CF; (HFC-236fa). Compounds with lifetimes greater
been applied to account for non-uniform mixing (verticdhan a decade tend to be well mixed in the troposphere. Com-
and horizontal). It should be noted here that the uncertaingi@sinds with lifetimes less than a year are not well mixed and
associated with this correction factor are very large on a peave an inhomogeneous distribution within the troposphere
centage basis for such short-lived species (see Figure 9 amdl needs to be accounted for in RE estimates. HFCs have
associated discussion in section 3.3.4), and we further ngtteng absorption bands within the atmospheric window
that our calculated RE is in good agreement Witidersen region (80861200 cm %) and hence have the potential to be
et al [2008] if we assume uniform mixing. potent greenhouse gases, especially for long-lived gases such
4.1.3. Hydro uorocarbons (HFCs) as HFC-23 and HFC-236fa which have lifetimes greater than
[13) HFCs do not destroy stratospheric 0zon200 years. At the other extremajorinated alkenes such as
[Ravishankara et gl1994;Wallington et al 1995] and have CRCF=CH, (HFC-1234yf) have very short atmospheric
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lifetimes (2 weeks) and are not siggiant greenhouse gases2003; Pinnock et al 1995;Sihra et al, 2001;Zhang et al
HFC-134a (CBCFH,) is the most abundant HFC in the2011b], while estimates based tasarption cross sections from
atmosphere and is currently present at a concentratiorabfinitio studies are in the range of G-023Wm Zppb *
approximately 60 ppt (Figure 1). HFC-134a has a lifetime ffistantaneous RE) Blowers and Hollingshead 2009;
13.4years, and its potency as a greenhouse gas lies betviRegrasavva et gl 1997]. As for HFC-23, the results of
those of the long-lived and short-lived HFCs. Figure 1Gohar et al [2004] were used in AR4 with a value of 0.11 W
shows the absorption spectrum of HFC-134a whictn ?ppb 1. We have used absorption spectra frGuohar
because of its industrial importance, has been studetdal [2004], Highwood and Shing2000] andOrkin et al
extensively and is perhaps the best established of all the HH2803] and derived a RE of HFC-32 of 0.11 W fppb * for
Published absorption cross sections for HFCs are listedalhthese spectra, in excellent agreement with AR4. It should
Table 6, atmospheric lifetimes, radiative a@éncies, and be noted that additional absorption cross sections are available,
GWP(100) values for HFCs are presented in Table e7., through the HITRAN and GEISA databases (Table 6), but
and discussed below. THeshaped t from section 3.3.4 have not been included to avoid double-counting of absorption
(equation (2) and dark blue curve in Figure 9) has beeross sections from the same laboratory groups (e.g., both
used to account for a non-uniform vertical geo and Highwood and Shinf2000] andSmith et al[1996] are based
geographic distribution for all compounds presented in tlua spectra from the Molecular Sgrescopy Facility/Rutherford
subsection. Appleton Laboratory [M.S.FR.A.L.]). The combination of a
4.1.3.1. HFC-23 (CHR) change in the recommended lifetime for this compound

[140) Published estimates of the RE of HFC-23 span tl{&.2 years ilWMO[2011] compared to 4.9 years in AR4) and
range 0.160.27Wm 2ppb * (mean: 0.21Wm?ppb ') the higher AGWRo, used here result in a GWP(100) value
[Gohar et al, 2004; Highwood and Shine2000; Jain which is about the same as in AR4 (see Table 7).
et al, 2000;Naik et al, 2000;Pinnock et al 1995;Sihra 4.1.3.3. HFC-41 (CH:F)
et al, 2001]. AR4 adopted the value of 0.19Wfppb *  [147 A radiative ef ciency for HFC-41 of 0.02W nf
from Gohar et al [2004], who used two different radiativeppb * has been used in previous assessments and is taken
transfer methods to estimate forcings of 0.18 and 0.19fvém Pinnock et al [1995] (note that stratospheric decay
m “ppb 1. The small differences between results from thveas accounted for in the assessments but not in the orig-
two models used b@ohar et al [2004] were attributed to inal study). A range of 0.60.03Wm “ppb * (mean:
slight differences in the treatment of clouds in the mode&03 W m ?ppb ) has been reported from studies using
The large difference between the resultsGathar et al measured absorption cross sectiom&nifiock et al
[2004] and those ojain et al [2000] (0.248 Wm?ppb 1) 1995: Sihra et al, 2001]. The ab initio studies have the
and Naik et al [2000] (0.272W m?ppb %) is dif cult to same range and mean, but they have only reported instan-
explain because all three studies used essentially the staneous REBlowers and Hollingshead®009; Papasavva
IR spectrum. Two studies have used ab initio methodsdab al, 1997]. We used the absorption spectrum
estimate HFC-23 RE to be 0.18 W fppb * [Blowers and from Sihra et al [2001] and derived a RE value of
Hollingshead 2009] and 0.19Wn?ppb * [Papasavva 0.02Wm 2ppb *, which is in excellent agreement with
et al, 1997], but these are instantaneous REs and mustAi4. It should be noted that stratospheric temperature
increased by approximately 11%dhar et al, 2004] to be adjustment normally leads to a stronger forcing compared
comparable with the RE values (including stratosphetiz instantaneous RE (recall from section 3.3.2 that we
temperature adjustment) reporteduyhar et al [2004]. We apply a 10% increase for most compounds), while for HFC-
have used absorption cross sections f@ohar et al [2004] 41, it leads to a weakening due to the strong overlap with the
and Highwood and Shin¢2000] to calculate RE values ofabsorption spectrum of ozorfeifinock et al 1995]. We have
0.19 and 0.16 W n?ppb 1, respectively, which are in excel-carried out explicit LBL model calculations and estimated a
lent agreement with the RESs reported in each of the two inBi0% decrease for the stratospheric temperature adjustment
vidual studies. The mean of our calculated RHer HFC-41 (see section 3.3.2), and this result has been
(0.18Wm 2ppb Y) is slightly more than 5% lower than theused (instead of the 10% increase) to calculate the RE
AR4 recommendation. The relatively large range in the inte: 0.02Wm %ppb ! above. Due to a change in the
grated absorption cross sections for HFC-23 (Table 6), amdommended lifetime for this compound (2.8 yeal&/MO
subsequent large range of REs in our calculations, indicd®&%11] compared to 2.4years in AR4), our recommended
that there are uncertainties related to the measurements oGP value is higher than in AR4 (see Table 7).
absorption cross section for this compound (the absorptibid.3.4. HFC-125 (CHRCF;)
band below 700 cnt, which is only taken into account in [143 Previous studies have reported a fairly wide range of
Gohar et al [2004], has only a negligible contribution to theRE values for HFC-125: 0.20.30Wm ?ppb * (mean:
integrated absorption cross section). 0.25Wm ?ppb %) [Fisher et al, 1990; Highwood and
4.1.3.2. HFC-32 (CH:F) Shine 2000; Imasu et al, 1995; Jain et al, 2000; Naik

[141] Estimates for the RE of HFB2 based on experimentalet al, 2000;0rkin et al, 2003;Pinnock et al 1995;Sihra
absorption cross sections range from 0.09t0 0.16 Wopb * et al, 2001; Young et al 2009b;Zhang et al 2011b].
(mean: 0.12W m?ppb 1) [Gohar et al, 2004;Highwood and  Ab initio studies for this compound have calculated REs that
Shine 2000;Jain et al, 2000;Naik et al, 2000;0rkin et al, are at the high end of the range of experimental studies with
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instantaneous RE of 0.24 W rhppb ! [Papasavva et al [2004] andForster et al [2005]. Particularly,Forster et al
1997] and RE of 0.28Wnfppb * [Good et al, 1998]. [2005] derived & recommendedabsorption cross section and
The recent study b¥hang et al [2011b] is an outlier with applied four radiative transfer models to yield an average RE with
a value of 0.30Wm?ppb %, but they did not identify any relatively low uncertainty (0.160.02Wm 2ppb %), and
clear reason for the large difference between their reatttibuted most of the uncertainty to the radiative forcing calcula-
and the results from all other studighang et al[2011b] tion rather than the absorption cross section. In this study we
calculate their RE from a combination of forcings from thrdeave used the recommended absorption spectrum from
standard atmospheres; they do not show to what extent thigster et al [2005] (Table 6), which is based on measure-
combination is representative of a true global-mean atrmeents from six different laboratory groups, and calculated a
sphere, nor do they show how their outgoing longwavadiative forcing of 0.16 W nf ppb %, the same as used in
radiation or cloud forcing, using this combination of atm@AR4 (Table 7). The lifetime has been updated to 13.4 years
spheres, compare with satellite observed values, whichHr@am WMO[2011] compared to the 14 years used in AR4.
an important diagnostic of model behavior [efprster 4.1.3.7. HFC-143 (CHFCHR)
et al, 2005]. Recent assessments have used the valjess] The average RE of HFC-143 reported in the literature
of 0.23Wm ?ppb * estimated inHighwood and Shine based on experimentally measiiabsorption spectra is 0.12 W
[2000]. We have used absorption cross sections framZppb * (range: 0.120.14Wm ?ppb %) [Clerbaux and
several sourcesClerbaux et al 1993; Highwood and Colin, 1994; Jain et al, 2000; Naik et al, 2000; Pinnock
Shing 2000;Imasu et al, 1995;0rkin et al, 2003;Young et al, 1995;Sihra et al 2001], while the ab initio study of
et al, 2009b] (see also Table 6; note that the spectrum frétapasavva et al[1997] estimated an instantaneous RE of
Young et al[2009b] supersede that Sihra et al [2001]) 0.14Wm ?ppb 1. AR4 used 0.13W n¥ppb * taken from
and calculated a mean RE value of 0.23Wmpb * Clerbaux and Colif1994]. We calculate the same mean RE
(range: 0.220.24Wm 2ppb ) (Table 7), which is in value (range: 0.20.13W m ?ppb ) using absorption cross
excellent agreement with AR4 (note that our use of a lifsections from two sourceBI[SF./RA.L.; Sihra et al, 2001].
time of 28.2years recommended bWNO, 2011] is 4.1.3.8. HFC-143a (CHCFy)
shorter than that of 29years used in AR4, but this doe$147] The estimated RE of HFC-143a ranges from 0.13 to
not affect the GWP(100) value sigoantly). 0.22Wm ?ppb * (mean: 0.16 Wm?ppb %) in previous
4.1.3.5. HFC-134 (CHRCHFR,) studies Fisher et al, 1990;Highwood and Shine2000;Jain

[144) Studies of the radiative efiency of HFC-134 have et al,, 2000;Naik et al, 2000;Pinnock et al 1995;Sihra
reported values in the range of 0-D27Wm ?ppb ! et al, 2001;Zhang et al, 2011b]. Ab initio studies have
(mean: 0.20Wm?ppb 1) [Christidis et al, 1997; Jain calculated RE of 0.15W nfppb * [Good et al, 1998] and
et al, 2000; Naik et al, 2000; Sihra et al, 2001;Zhang instantaneous RE of 0.16 W rmppb * [Papasavva et a|
et al, 2011b]. AgainZhang et al[2011b] is an outlier with 1997]. AR4 adopted the value frokighwood and Shine
a RE value of 0.27 W nf ppb *, which is more than 30% [2000] of 0.13W m ?ppb *, which is at the lower end of this
higher than reported in any of the other studies (see atange. The recent study @hang et al [2011b] calculated
the HFC-125 section above for a discussioZludng et al almost 70% higher RE (0.22 W rippb ) than in AR4,
[2011b]). The ab initio studies are in good agreement witlut they did not provide adequate reasons for these discrep-
the mean of experimental studies for this compound as batities (see also discussion of HFC-125). By using absorption
Papasavva et al[1997] andGood et al [1998] calculated cross sections from three different sourdzid fonardo and
REs of 0.20W m?ppb * (the rst study calculated instanta-Masciarelli 2000; Sihra et al, 2001; Smith et al, 1998],
neous RE). Previous assessments have used the valugeoalculate a mean RE value of 0.16 Woppb ! (range:
0.18Wm 2ppb * based orChristidis et al[1997] (a scaling 0.15-0.17Wm ?ppb 1), which is 22% higher than the
factor to account for decreased concentrations in the str#B4 value, but in line with the mean of estimates from liter-
sphere was applied). We calculate a mean RE value of 0.1&tlfre measurements. The low value of RE in the ARdats
m “ppb ' (range: 0.180.20Wm “ppb !) when using the use of the infrared spectrum fréfighwood and Shine
absorption cross sections from two source#rp et al, [2000] which has an integrated absorption cross section
2001; Smith et al 1998]. Our GWP(100) estimate is similawhich is signi cantly lower than in any of the other studies
to AR4 due to the combination of a slightly higher RE, @able 6). We did not include thelighwood and Shine
slightly longer lifetime, and a higher AGWE&, used here.  [2000] spectrum here as this was taken from a lower temper-
4.1.3.6. HFC-134a (CHFCR) ature (253K) pure gas measurementDafLonardo and

[145] Calculations of the RE of HFC-134a are in the range bfasciarelli [2000] who note that their lower temperature
0.15-0.22Wm ?ppb * (mean: 0.18 W m?ppb %) [Fisher measurements may be more inaccurate if they fail to properly
etal, 1990;Forster et al, 2005;Gohar et al, 2004;Highwood resolve the sharper spectral features at the lower temperature.
and Shing2000;Imasu et al 1995;Jain et al, 2000;Naik Another contribution to the discrepancy is the use of different
et al, 2000;Orkin et al, 2003;Pinnock et al 1995;Sihra factors to correct for a non-uniform vertical pl@ Whereas
et al, 2001;Zhang et al 2011b], while one ab initio study we use a fractional correction factor of 0.98 based on the
estimated an instantaneous RE of 0.14Wppb ' method in section 3.3.4 and a lifetime of 47.1years,
Papasavva et a[1997]. AR4 adopted a value of 0.16 WM Highwood and Shin¢2000] used the crude factor of 0.95
ppb ! based on the multi-model studies Gbhar et al based orFreckleton et al[1998].
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4.1.3.9. HFC-152 (CH:FCH,F) study. The lifetime of 28.2years is taken frabhristidis

[14¢] The ab initio study byPapasavva et a[1997] is the et al [1997].
only published investigation of the RE for HFC-152. An in4.1.3.13. HFC-227ea (CECHFCHR)
stantaneous RE value of 0.09 Wfppb ! was reported, [157 Published values of the RE of HFC-227ea lie in the
and this value has been used in previous IPCC assessmeaige of 0.26 to 0.32 W nfppb * (mean: 0.28 W m?ppb %)
Using experimentally determined absorption cross sectig@ohar et al, 2004; Jain et al, 2000; Naik et al, 2000;
from Wallington et al[1994a] (Tables 6 and 7) and accountPinnock et al 1995;Sihra et al, 2001]. AR4 used a RE value
ing for the non-uniform distribution, we calculate a muctf 0.26 Wm 2ppb *which is an average derived from the two
lower RE value of 0.04W nfppb *. The large difference models used iGohar et al [2004]. The absorption cross sec-
is mainly due to the short lifetime of 146 days for HFCtion from that study has been used here to calculate a RE value
152 WMO, 2011] which leads to a reduction from 0.08 t@f 0.26 Wm 2ppb %, in agreement with that in AR4 (Tables 6
0.04Wm ?ppb * when taking into account the non-and 7). Our best estimate GWP value is higher than that in AR4
uniform distribution (Table 7). Recommended RE an@ ecting the latest information on the atmospheric lifetime of
GWP values are updated based on our calculations. HFC-227ea\VMQ, 2011].
4.1.3.10. HFC-152a (CHCHFR,) 4.1.3.14. HFC-236¢cb (CHFCRCR)

[149) Literature calculations of the RE of HFC-152a, using [153] Two studies have been conducted to determine the
measured cross sections, lie in the range of-0.09 W RE of HFC-236¢h. The average of results from the two stud-
m 2ppb ! (mean: 0.11 W m?ppb 1) [Fisher et al, 1990; ies is 0.24Wm?ppb * (range: 0.220.26 Wm Zppb 1)
Highwood and Shine2000; Jain et al, 2000;Naik et al, [Christidis et al, 1997;Sihra et al, 2001]. Previous assess-
2000; Pinnock et al 1995; Sihra et al, 2001; Zhang ments have adopted the value of 0.23 Wrppb * based on
et al, 2011b], while the ab initio study ¢fapasavva et al Christidis et al[1997] (a scaling factor to account for decreased
[1997] estimated an instantaneous RE of 0.11 \Wppb . concentrations in the stratosphere was applied). We calculate
ARA4 reports a RE of 0.09 W nfppb * which is taken from the same RE value of 0.23 W fippb * when using the ab-
Highwood and Shinf2000]. We calculated a slightly highersorption cross section fro8ihra et al [2001] (Tables 6 and 7).

RE value of 0.10 W m?ppb * when using absorption cross4.1.3.15. HFC-236ea (CHECHFCR)

sections from either of the three different sour@erpaux  [154] Previous IPCC and WMO assessments have used a
et al, 1993; Sihra et al, 2001; Vander Auwera2000], value of 0.30Wm?ppb * based onGierczak et al
showing that the uncertainty associated with measuremd®96] (a factor 0.8 was applied to yield cloudy-sky
of the HFC-152a spectrum is low. The higher GWP valwaljusted forcing from their clear-sky instantaneous forc-
calculated here rects the higher RE value, a longer lifetiméng), which is the only study that have estimated RE due
estimate in the latest review WYMO [2011] (1.5years) to HFC-236ea. No new calculations have been carried
compared to that used in AR4 (1.4years), and an updated here for this compound, thus we retain the RE from
AGWPo, value used here. AR4 as our best estimate. The GWP(100) value has been
4.1.3.11. HFC-161 (CH;CH.F) updated, however, to account for the change in AGWP

[15q Values of 0.020.04Wm ?ppb * have been and the updated lifetime (11.0years WMO [2011]
reported for RE of HFC-161 (mean: 0.03WHppb 1) compared to 10.7 years in AR4).

[Christidis et al, 1997;Jain et al, 2000;Naik et al, 2000; 4.1.3.16. HFC-236fa (CRCH,CF)

Sihra et al, 2001]. The ab initio study dPapasavva et al  [155 Literature estimates of the RE of HFC-236fa range
[1997] is at the high end of this range with an instantanecdissm 0.23 to 0.29W m?ppb * (mean: 0.26 Wm?ppb %)

RE of 0.04Wm ?ppb *. A value of 0.03Wm?2ppb *has [Gierczak et a] 1996;Jain et al, 2000;Naik et al, 2000;
been used in previous IPCC assessments and is base®ionock et al 1995;Sihra et al, 2001] (note that the upper es-
Christidis et al [1997] (a scaling factor of 0.8 based orimate of 0.29 W m?ppb * from Gierczak et al[1996] has
Freckleton et al[1998] was applied to account for decreasdmten scaled by a factor 0.8 to convert from clear-sky
concentrations in the stratosphere). We calculate a RE vahgtantaneous forcing to cloudy-sky stratospheric temperature
of 0.02Wm ?ppb * when using the absorption crossdjusted forcing followingVMO[1999]). In previous assess-
sections fronBihra et al [2001]. The lower RE in our study ments, an average of the results frBmnock et al[1995]
compared to that in AR4 is explained by the different lifetimand Gierczak et al [1996] of 0.28 Wm?Zppb * has been
correction factors used as we use a factor of 0.37 to accoused. Using the absorption spectrum fr@ira et al

for the non-homogeneous mixing while a factor 0.8 w48001], we calculate a RE value of 0.24 Wppb 2, 13%
applied to theChristidis et al [1997] result. lower than the AR4 value (Tables 6 and 7). We note that the
4.1.3.12. HFC-227ca (CRCF,CHF,) estimate ofGierczak et al [1996] was crudely scaled to

[151] The radiative efciency of HFC-227ca has not beeraccount for clouds and stratospheric temperature adjustment,
assessed in AR4. Values in the range of @288Wm ? and that the resulting RE is at the higher end of the range
ppb * (mean: 0.29 W m?ppb 1) are available for this com-of REs from the literature. Furthermore, the difference
pound Lhristidis et al, 1997;Sihra et al, 2001]. We have between our RE estimate and the calculatiorPiinock
used the absorption cross section fiBitra et al [2001] to et al [1995] (0.27 Wm?ppb 1) can be partly explained by
calculate a RE value of 0.27 W rfippb *, which is slightly the higher integrated absorption cross section in their study
higher than the RE of 0.25W rippb * calculated in their (Table 6).
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4.1.3.17. HFC-245ca (CHFCRCHF,) for the weaker RE in this study is the lower integrated
[156 An RE estimate of 0.23W nfppb * for HFC-245ca absorption cross section 8ihra et al [2001] compared to
has been used in all IPCC and WMO assessmentsIBiG& Ko et al [1999] (Table 6), but it could also be related to
[1994] and is based on Fisher (personal communication, 198#4jerences in how the non-homogeneous distribution is
(original value was 0.20 W nfppb *, but it was scaled to accounted for. We note further that the RE estimatécof
0.23Wm ?ppb * in WMO [1999] because of a change iret al [1999] is at the high end of the range of literature
the recommended forcing of CFC-t&ee the discussion of REs and that our estimate is in agreement with the 0.24 W
CFC-11in section 4.1.1), and no newer estimates were found? ppb * calculated bySihra et al [2001]. Our RE esti-
in the literature. No new calculations have been carried ouate of 0.24 W m?ppb is approximately 13% lower than
here for this compound, thus we retain the RE from AR4 e value of 0.28 W n ppb * used in AR4 (see Table 7).
our best estimate, except that we scale the value by a fadtdr3.21. HFC-272ca (CHCRCHs)
0.26/0.25=1.04 to account for the update in our[ieq Previous studies of RE due to HFC-272ca are in the
recommended RE of CFC-11. Our recommended RE rahge of 0.080.09 W m Zppb * (mean: 0.09 W m?ppb %)
HFC-245ca is then 0.24 W ippb . Also, the GWP(100) [Pinnock et al 1995:Sihra et al, 2001]. We calculate a RE
value has been updated to account for the changevaiue of 0.08 W m?ppb ! using the absorption spectrum
AGWP:o, and the updated lifetime (6.5years WIMO from Sihra et al [2001] (Tables 6 and 7). While there is
[2011] compared to 6.2 years in AR4). no lifetime estimate for CYCF.CH; in the literature,
4.1.3.18. HFC-245ch (CRCFR,CHaJ) using the structure activity relationship developed by
[157 The radiative efciency of HFC-245ch was notCalvert et al [2008] with k(-CH3)=1.35 x10 % and F
assessed in AR4. Published studies give RE in the rarfgeF>-)=0.045, we estimatek(OH+ CH,CF,CH3)=1.21
of 0.250.28Wm ?ppb * (mean: 0.27Wm?ppb %) 10 *cm® molecule's * at 298 K. Combining this rate
[Christidis et al, 1997;Sihra et al, 2001]. We used the ab-coef cient with an average tropospheric OH concentration of
sorption spectrum from two sourc&rkin et al, 2003;Sihra 1 10°cm 3 provides an estimate for the atmospheric life-
et al, 2001] and calculated a mean RE value of 0.24 \& mtime of 2.6 years. Using this estimated lifetime, we derive the
ppb 1 (range: 0.230.25Wm ?ppb %) (Tables 6 and 7), GWP value given in Table 7.
which is slightly lower than the 0.25W rfppb * reported 4.1.3.22. HFC-329p (CHRCF,CF,CF)
by Sihra et al [2001]. However, they assumed a constant[i61] The RE of HFC-329p has not been assessed by AR4
vertical pro le for this compound, and we note that our RBut was estimated to 0.31 W fmppb * (instantaneous RE)
estimate when assuming a constant vertical lpr¢0.25W by Young et al [2009b] who used the origin@Pinnock
m 2ppb 1) is consistent with their result. The lifetime okt al [1995] method. We have used the absorption cross
47.1years is taken fro@hristidis et al [1997] who assumed section fromYoung et al[2009b] and calculated the same
the same lifetime as HFC-143a, based on the similar molecR& value of 0.31 W m?ppb * (Tables 6 and 7).

structure of the two compounds. 4.1.3.23. HFC-365mfc (CH;,CR,CH,CR)
4.1.3.19. HFC-245ea (CHRECHFCHFR), HFC-245eb [16 A range of 0.220.23Wm ?ppb ! (mean: 0.22W
(CH,FCHFCER), and HFC-263fb (CH;,CH,CFR;) m “ppb 1) is available from literature estimations of the

[158) The REs of HFC-245ea, HFC-245eb, and HFQRE of HFC-365mfc Barry et al, 1997;Inoue et al, 2008;
263fb have not been assessed in AR4, Bajakumar Naik et al, 2000]. AR4 adopted the value of 0.21 W
et al [2006] used a LBL model to calculate REs of 0.1§pb * from Barry et al [1997], while WMO [2011] used
0.23, and 0.13Wn¥ppb !, respectively. Clouds andan average of the results froBarry et al [1997] and the
stratospheric temperature adjustment were included miore recent study dhoue et al [2008]. The latter study
their study, but they did not include the effect of a norealculated a slightly higher RE of 0.23 W fppb * (instan-
homogeneous vertical prie. When using lifetimes from taneous RE) reecting an approximately 10% more intense
WMO [2011] and our method described in section 3.3.#frared absorption spectrum reported oue et al
the lifetime-corrected REs froiajakumar et al[2006] [2008]. A precise comparison of the spectra recorded by
are 0.16, 0.20, and 0.10 W rhppb * for HFC-245ea, Barry et al [1997] andinoue et al [2008] is not possible
HFC-245eb, and HFC-263fb, respectively. Using thebecauseBarry et al [1997] did not report an integrated
REs, we derive the recommended GWPs given absorption cross section. Here we have used the better
Table 7. documented absorption cross section fromue et al
4.1.3.20. HFC-245fa (CHRCH,CR;) [2008] to calculate a radiative forcing of 0.22 Whppb ™.

[159 Published estimates of the RE of HFC-245fa lie i@ur RE estimate is approximately 6% higher (prior to
the range of 0.240.29Wm ?ppb * (mean: 0.27Wm? rounding) than the value used in AR4 (see Table 7).
ppb 1) [Jain et al, 2000; Ko et al, 1999; Naik et al, 4.1.3.24. HFC-43-10mee (CECHFCHFCRKLCF)
2000; Orkin et al, 2003;Sihra et al, 2001], and the value [163 AR4 reports a RE of HFC-43-10mee of 0.40 Wi
of 0.28Wm ?ppb * from Ko et al [1999] has been usedppb * which is based on Fisher (personal communication)
in recent assessments. We calculate a lower mean RE vAIBEC, 1994] (original value was scaled WMO [1999]
of 0.24Wm 2ppb * (range: 0.240.25W m ?ppb *) when because of a change in the recommended forcing of CFC-
using the absorption cross sections fr8ira et al [2001] 11—see the discussion of CFC-11 in section 4.1.1). No pub-
andOrkin et al [2003] (Tables 6 and 7). Part of the reasolished estimates of the RE of this compound exist, and no
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ccly temperature adjustment and an additional correction factor to
3 5 130 — account for the non-homogeneous mixing (see section 3.3.4)
5 13 22 to derive recommended REs of 0.004, 0.002, and 0.074W
%: 4r Ls? 2 m 2ppb ! for HFC-1132a, HFC-1141, and (Z)-HFC-1336,
S 357 "~ 98 respectively. Lifetimes necessary for the RE lifetime correc-
§ § 3 12 E g tion and GWP calculation were taken fraMMO [2011] for
QEZE 15 é“& HFC-1132a and HFC-1141, and froBaasandorj et al
S ol = < [2011] for (Z2)-HFC-1336.
gov ' 9% 4.1.3.26. (2)-HFC-1225ye (CECF=CHF(Z))
s o;: 105 8 \;" [165 Literature values of the RE of (Z)-HFC-1225ye
§ ok ‘ ‘ ‘ s E © are in close agreement with a range of .25
0 500 1000 1500 2000 2500 0.26 Wm ?ppb * (mean: 0.26 Wm?ppb 1) [Hurley et al,
Wavenumber [cm ] 2007;Papadimitriou et al 2008a]. Our RE calculation using

Figure 14. Absorption spectrum of Cglat 296 K from the absorption spectrum frarurley et al [2007] and assum-
Nemtchinov and Varanaf2003] (solid line) and Oslo sim- ing homogeneous mixing throughout the troposphere is 0.26 W
ulation of Pinnock curve (dotted line). m “ppb %, in good agreement with the literature data.
However, when we account for the substantially non-
new calculations have been carried out here; thus, we retairttbeogeneous mixing of this short-lived species, we arrive at
RE from AR4 as our best estimate, except that we scale the much lower RE value of 0.02W rfppb * (Table 7).
value by a factor 0.26/0.25 =1.04 to account for the updateNeither of the two literature studies account for the non-
our recommended RE of CFC-11. Our recommended REhaimogeneous mixing of GEF=CHF in the troposphere.
HFC-43-10mee is then 0.42W rppb . Also, the GWP Our recommended RE and GWP values are given in Table 7.
(100) value has been updated to account for the changel.ih.3.27. (E)-HFC-1225ye (CECF=CHF(E))
AGWPco, and the updated lifetime (16.1years \WiMO [166] There has been one published study of the RE of (E)-

[2011] compared to 15.9 years in AR4). HFC-1225ye which gave a value 0.24 WHppb * [Hurley
4.1.3.25. HFC-1132a (CH2=Ck), HFC-1141 (CH,= et al, 2007]. We have used the absorption spectrum from
CHF) and (2)-HFC-1336 (CECH=CHCR(2)) Hurley et al [2007] and calculated a RE value of 0.01W

[164 The REs of HFC-1132a, HFC-1141, and (Z)-HFOm 2ppb ! (Tables 6 and 7). As for the (Z)-HFC-1225ye
1336 were not assessed in AB&asandorj et al[2010] have compound discussed above, our RE estimate is in close
estimated the radiative aefiencies of HFC-1132a and HFC-agreement with the published value when we assume homo-
1141 to be 0.09 and 0.08Wrhppb *, respectively. geneous mixing of (E)-HFC-1225ye.

Baasandorj et al[2011] estimated the radiative efency of 4.1.3.28. (2)-HFC-1234ze (CECH =CHF(2))
(2)-HFC-1336 to be 0.38 W nfppb *. The RE values from [167] There has been one published study of the RE of (2)-
both studies are instantaneous REs derived using the origitiBC-1234ze which gave a value 0.20Wippb !
Pinnock et al [1995] method for the forcing calculations[Nilsson et al 2009]. We calculate a RE value of 0.02W
We apply a 10% increase to account for stratosphemic?ppb ! using absorption spectrum frohlsson et al

TABLE 8. Integrated Absorption Cross Sections §) for Chlorocarbons and Hydrochlorocarbons$'

Wwn.
Range /

Name CAS#  Trivial Name Formula DAita T/K cm?! & Reference Databdse
1,1,1-Trichloroethane 71-55-6 Methyl chloroform {€l; E 295 4861490 5.1 [Orkin et al., 2003]

E 296 7061500 5.0 [Imasu et al, 1995]

E 669-1397 4.5 Fisher et al, 1990]
Perchloromethane, 56-23-5 Carbon CCl, E 297 756812 6.2 [Nemtchinov and Varanasi2003] G
tetrachloromethane tetrachloride

E 297 756812 6.2 [Varanasi, personal communication, H

2000]

E 298 736825 5.9 Prlando et al, 1992]

E 298 773802 3.7 Brown et al, 1987]

E 298 786806 3.6 Massie et al 1985]

E 616934 4.5 Fisher et al, 1990]
Chloromethane 74-87-3 Methyl chloride [247] E 6611646 1.4 {Grossman et al 1997]
Dichloromethane 75-09-2 Methylene  CH,Cl, A 250-3300 3.3 Bera et al, 2009]

chloride

Trichloromethane 67-66-3  Chloroform CHCI E 295 5461600 5.6 [McPheat and Duxbury 2000]
1,2-Dichloroethane 107-06-2 GEICH,CI E 293 6061700 2.1 [Vander Auwera 2000]

#Spectra used in RE calculations in the present study are indicated in bold.

bType of data: E, Experimental; A, Ab initio.

“Integrated absorption cross-section in units of*i@n? molecule * cm * for the wavenumber interval speet.
Database: H, HITRAN 2008; G, GEISA 2009.
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TABLE 9. Lifetimes, Radiative Ef ciencies, and Direct GWPs (Relative to C¢) for Chlorocarbons and Hydrochlorocarbon$

Radiative Efciency (W m 2 ppb %) GWP 100 year
This study— This study— This study—

Acronym / name Formula Lifetime (yr) AR4 const. prole lifetime corr. AR4 lifetime corr.
Methyl chloroform CH5CCl 5.0 0.06 0.08 0.07 146 160
Carbon tetrachloride CCly 26.0 0.13 0.18 0.17 1,400 1,730
Methyl chloride CHgCI 1.0 0.01 13 12
Methylene chloride CH.ClI, 0.4 0.03 9 9
Chloroform CHClg 0.4 0.11 0.14 0.08 31 16
1,2-Dichloroethane CITICH,CI 65.0 days 0.02 0.01 <1

3Compounds in bold either have sigoant current atmospheric concentrations or a clear potential for future emissions. Recommended RE and GWP 100
year values are indicated in bold. Lifetimes are fidO[2011].

[2009] (Tables 6 and 7). The RE value estimated here isuncertainties associated with the lifetime correction factor
good agreement with the published value when homogae very large on a percentage basis for such short-lived
neous distribution is assumed. The lifetime of 10 days Species (see Figure 9 and associated discussion in section
taken fromNilsson et al[2009]. 3.3.4). The absorption cross sections used here areAinrem
4.1.3.29. HFC-1234yf (CRCF=CH,) dersen et al[2012a] (Table 6), and the lifetimes necessary
[168] Literature values for the RE of HFC-1234yf fall in thdor the fractional correction and GWP calculation have been
range of 0.220.24Wm “ppb * (mean: 0.23Wm?ppb 1) taken fromAndersen et al[2005].
[Nielsen et al 2007; Orkin et al, 2010; Papadimitriou 4.1.4. Chlorocarbons and Hydrochlorocarbons
et al, 2008a]. We calculate a mean RE value of 0.02\¥m [171] Chlorocarbons and hydrochlorocarbons are ozone-
ppb ! both when using the absorption cross section frogepleting substances and are therefore controlled under the
Orkin et al [2010] and fromNielsen et al[2007] (Tables 6 Montreal Protocol. Lifetimes for the chlorocarbons and
and 7). Neither of the previous studies accounted for thedrochlorocarbons considered here range from less than a
non-homogeneous mixing of this short-lived compound agdar for CHCICH,CI to 26 years for CGl(carbon tetrachlo-
we note that our estimate is in excellent agreement with tide). Figure 1 shows the contrasting time-histories of
mean of published RE values when we assume unifothe atmospheric concentrations of the most abundant
mixing of HFC-1234yf, chlorocarbon (CG) and hydrochlorocarbon (GBCls,
4.1.3.30. (E)-HFC-1234ze (trans-C§¥CH=CHF) methyl chloroform). Methyl chloroform concentrations fell
[169) Results from the published studies of the RE of (Ejapidly after implementation of the Montreal Protocol, due
HFC-1234ze lie in the range of 0-B127Wm ?ppb ! to a combination of rapidly decreasing emissions and its
(mean: 0.26 Wm?ppb %) [Orkin et al, 2010;Sgndergaard short (5 year) lifetime. By contrast, due to continued emis-
et al, 2007]. We calculate a RE value of 0.04Wippb * sions of carbon tetrachloride it remains the fourth most
when using absorption cross sections from both of thestundant of the compounds considered here (about 90 ppt),
studies (Tables 6 and 7). The non-homogeneous mixingwith concentrations decreasing only rather slowly (at a rate
this short-lived compound was not accounted for in tlé about 1.2 pptyear) [WMO, 2011]. Figure 14 shows
two studies; our estimate of RE is consistent with the pulie absorption spectrum of carbon tetrachlerittee symme-
lished values if we assume uniform mixing. try of this molecule results in a quite simple spectrum, with
4.1.3.31. HFCA243zf, HFC-1345zfc, 3,3,4,4,5,5,6,6,6- most of the absorption concentrated in the-B80cm *
nona uorohex-1-ene, 3,3,4,4,55,6,6,7,7,8,8,8-trideca uo spectral region. Previously published absorption cross sections
rooct-1-ene and 3,3,4,4,5,5,66,7,7,8,8,9,9,10,10,10-hepta are listed in Table 8, while updated atmospheric lifetimes,
deca uorodec-1-ene (GF»+1CH=CH, (x=1, 2, 4, 6, and 8)) radiative efciencies, and 100-year GWP values for
[170] In the recent study byAndersen et al[2012a], REs chlorocarbons and hydrochlorocarbons are presented in
were calculated for ve compounds that have not beeffable 9 and discussed below. With the exception of carbon tet-
included in previous assessments. They used the origirmahloride, which is mainly lost by photolysi&/MQ, 2011],
Pinnock et al [1995] method to calculate instantaneoubeS-shaped t from section 3.3.4 (equation (2) and dark blue
REs of 0.16, 0.18, 0.34, 0.38, and 0.42W4ppb * for curve in Figure 9) has been used to account for a non-uniform
HFC-1243zf, HFC-1345zfc, 3,3,4,4,5,5,6,6,6-nar@ohex- vertical pro le and geographic distribution for all compounds
l-ene, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridagarooct-1-ene, and presented in this subsection.
3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptademadec-1-ene, 4.1.4.1. Methyl chloroform (CH 3CCls)
respectively, assuming uniform mixing of these gases. A$i72 The studies that have calculated RE of methyl chloro-
can be seen in Table 7, the corresponding REs calculdman present values in the range of G:080 W m Zppb *
in this study are in close agreement Andersen et al (mean: 0.07Wm?ppb ) [Fisher et al, 1990; Imasu
[2012a], while they are substantially lowen the range etal, 1995;Jain etal, 2000;0rkin et al, 2003]. BothFisher
of 0.030.03Wm ?ppb *—when accounting for non- et al [1990] andJain et al [2000] used the same absorption
homogeneous mixing. It should be noted here that tbess sectionHisher et al, 1990]. Orkin et al [2003]
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o 14 Halon-1301 a5, 4.1.4.2. Carbon Tetrachloride (CCL)

o o [173) Previous studies of carbon tetrachloride RE present
g ¥ 1® 2<° valuesin the range of 0.09.13Wm ?ppb *(mean: 0.11W
=10 125% 2 m 2ppb Y [Fisher et al, 1990;Jain et al, 2000;Myhre and

% 2 o N Eiz Stordal 1997]; Fisher et al [1990] andJain et al [2000]

§§ §NE based their calculations on the absorption cross section
gEe 6 115 3 £  presented byisher et al [1990], whileMyhre and Stordal
St al N Eg [1997] employed the absorption cross sectionMafssie
£° 23 etal[1985]. AR4 adopted the RE of 0.13W fippb * from

s 2f 1958 £ Jain et al [2000]. We have used the more recent absorption
< A & °  cross section from the study dfemtchinov and Varanasi

L I . - 0
1000 1500 2000 2500
Wavenumber [cm 1]

0 ‘
0 500 [2003], which includes temperature and pressure dependency
and an inter-comparison of all previous data, and derive a
Figure 15. Absorption spectrum of Halon-1301 at 296 K ifRE value of 0.17Wm?ppb *. This is signi cantly higher
933 hPa (700 Torr) air diluent froBihra et al [2001] (solid (35% higher) than the AR4 value (Table 9) and entirely due
line) and Oslo simulation of Pinnock curve (dotted line).  to the higher integrated absorption cross section of the newer
data (Table 8) than that was used in the RE calculatidaiof
presented a 9% larger absorption cross section and, baseet@h [2000]. In contrast to the other compounds listed in this
the measured spectrum of the Eatlutgoing radiation section, carbon tetrachloride is mainly lost by photolysis rather
obtained by NIMBUS 4Kunde et al, 1974], a relative RE than reaction with OHV/MQ 2011]. Hence, we have used the
to CFC-11 of 0.38. AR4 adopted the RE value of 0.06 \W m exponential t from section 3.3.4 (equation (1) and red curve
ppb *fromFisher et al[1990]. We have used the absorptioin Figure 9) instead of th&shaped t to account for a
cross sections from two sourcém@su et al 1995;0rkin  non-uniform vertical prde, although this has only a small
et al, 2003] and calculated a slightly higher RE value @afmpact on the RE because this compound is relatively well-
0.07Wm 2ppb * for both spectra. mixed in the atmosphere (lifetime of 26.0years).

TABLE 10. Integrated Absorption Cross Sections$) for Bromocarbons, Hydrobromocarbons, and Halon3

Acronym / trivial Whn.

Name CAS# name Formula Dafa T/K range/cm?* & Reference Databdbse
Bromomethane 74-83-9 Methyl bromide B E 296 4562000 0.7 [Sihra et al, 2001]

E 296 4562000 0.8 (Christidis et al, 1997]

E 556-1600 1.2 ({5rossman et al 1997]

E [Graner, 1981]
Dibromomethane 74-95-3 Methylene bromide ,8H E 296 4562000 2.1 [Sihra et al, 2001]

E 296 4562000 2.0 Christidis et al, 1997]

Bromodi uoromethane 1511-62-2 Halon-1201 CHBrFE,A 298 5361460 10.2 [Charmet et al, 2010]

E 295 5361400 10.1  [Orkin et al., 2003]
E 296 4562000 10.0 [Sihraetal, 2001]
E 296 4562000 9.9 (Christidis et al, 1997]
Dibromodi uoromethane 75-61-6 Halon-1202 GBr E 295 4061600 11.8 [Orkin et al., 2003]
Bromochlorodi uoromethane 353-59-3 Halon-1211 CBILIF E 296 4562000 12.4  [Sihra et al, 2001]
E 296 4502000 11.5 Christidis et al, 1997]
Bromotri uoromethane 75-63-8 Halon-1301 CBrF E 298 4612500 16.7 [Charmet et al, 2008]
E 298 7261250 15.4 Prage et al, 2006]
E 295 7261250 16.4  [Orkin et al., 2003]
E 296 4562000 17.0 [Sihraetal, 2001]
E 1046-1250 16.0 Yaranasi and
Chudamani1988b]
E 10461250 16.1 Ramanathan et al
1985]
E 726-1250 15.9 Person and Polol1961]
2-Bromo-1,1,1-triuoroethane 421-06-7 Halon-2301 BACF; E 295 5961510 12.8 [Orkin et al., 2003]
2-Bromo-2-chloro-1,1,1- 151-67-7 Halon-2311/ CHBrCICR E 298 6561500 12.2 [Andersen et al 2012b]
tri uoroethane Halothane
E 295 4861370 13.0 [Orkin et al., 2003]
2-Bromo-1,1,1,2- 124-72-1 Halon-2401 CHFBrGF E 295 4961480 14.6  [Orkin et al, 2003]
tetra uoroethane
1,2-Dibromo-1,1,2,2- 124-73-2 Halon-2402 CBEEBIF, E 296 4562000 15.4 [Sihraetal, 2001]

tetra uoroethane

#Spectra used in RE calculations in the present study are indicated in bold.

bType of data: E, Experimental; A, Ab initio.

“Integrated absorption cross-section in units of*i@n? molecule * cm * for the wavenumber interval speet.
Database: H, HITRAN 2008; G, GEISA 2009.
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TABLE 11. Lifetimes, Radiative Ef ciencies, and Direct GWPs (Relative to C¢ for Bromocarbons, Hydrobromocarbons,
and Halong

Radiative Efciency (W m 2 ppb %) GWP 100 year
This study— This study— This study—

Acronym / name Formula Lifetime (yr) AR4 const. prole lifetime corr. AR4 lifetime corr.
Methyl bromide CH3Br 0.8 0.01 0.01 0.00 5 2
Methylene bromide CH,Br, 0.3 0.01 0.02 0.01 2 1
Halon-1201 CHBrk, 5.2 0.14 0.17 0.15 404 376
Halon-1202 CBsF, 2.9 0.31 0.27 231
Halon-1211 CBrCIR, 16.0 0.30 0.31 0.29 1,890 1,750
Halon-1301 CBrk; 65.0 0.32 0.31 0.30 7,140 6,290
Halon-2301 CHBrCR; 34 0.15 0.14 173
Halon-2311 / Halothane CHBrCIGF 1.0 0.18 0.13 41
Halon-2401 CHFBrCk 29 0.21 0.19 184
Halon-2402 CBrF,CBrF, 20.0 0.33 0.34 0.31 1,640 1,470

#Compounds in bold either have sigoant current atmospheric concentrations or a clear potential for future emissions. Recommended RE and GWP 100
year values are indicated in bold. Lifetimes are fidiO[2011] except those in italics (see text for details).

4.1.4.3. Methyl Chloride (CHsCI) absorption cross section\ddnder Auwerd2000]. The present
[174] Only one study has estimated the methyl chloride Rialculations, employing the same spectroscopic data, yield a RE
presenting a value of 0.01W rmppb * [Grossman et al about half the magnitude, 0.01 W fippb * (Tables 8 and 9).
1997], which is also the value that has been used in the for chloroform, the calculated RE value is consistent with
AR4 assessment. Grossman and co-workers employed a dbi- previous studies when a homogeneous distribution
bination of absorption cross sections flBmwn et al [1987] is assumed.
and HITRAN. No new calculations have been carried out hetd.5. Bromocarbons, Hydrobromocarbons, and Halons
for this compound; thus, we retain the RE from AR4 as our[17g] The bromocarbons, hydrobromocarbons, and halons
best estimate. The GWP(100) value has, however, beeea ozone-depleting substances on account of both presences
updated to account for the change in AGWER of bromine, and in some compounds, also chlorine. They are
4.1.4.4. Methylene chloride (CH,CI,) controlled under the Montreal Protocol. Lifetimes for the com-
[175) No estimate of the methylene chloride RE has bepounds considered here range from less than a year in the case
found in the published literature. AR4 reports a RE of 0.03 Wf methylene bromide (CiBr,) to 65years in the case of
m 2ppb ! that has been used in all assessments §@€ Halon-1301 (CBrE). The most abundant hydrobromocarbon
[1994] and is based on Fisher (pers. comm.) (scaled to th¢éhe atmosphere is methyl bromide (about 7.5 ppt, decreasing
previously recommended CFC-11 RE of 0.25Wppb ). at 0.2 pptyear') [WMQ, 2011] and the most abundant halon
No new calculations have been carried out here for tlisHalon-1211 (about 4.2 ppt, decreasing at 0.05 pptykgar
compound; thus, we retain the RE and GWP(100) from ARWMOQ, 2011]. Figure 15 shows the absorption spectrum of
as our best estimate (the GWP(100) for this compound rouihtidon-1301 (CBrg)—the relatively simple structure of this
to 9 after updating the AGWR, value). molecule is reected in an absorption spectrum where most
4.1.4.5. Chloroform (CHCI3) of the intensity is concentrated in two narrow bands between
[17¢) The two previous reports on chloroform RE are in thi,000 and 1,200 cnt.
range of 0.090.11Wm 2ppb * (mean: 0.10Wm?ppb %) [179] Previously published absorption cross sections are
[Highwood and Shine2000;Sihra et al, 2001] and are both listed in Table 10, while updated atmospheric lifetimes, radi-
based on the spectroscopic data fidicPheat and Duxbury ative ef ciencies, and GWP(100) values for bromocarbons,
[2000]. AR4 has adopted the RE of 0.11W4ppb * from hydrobromocarbons, and halons are presented in Table 11
Highwood and Shin2000]. We have employed the absorptioand discussed below. Three of the compounds are mainly
cross section frorlcPheat and Duxburf2000], but we derive lost by photolysis in the stratosphere (Halon-1211, Halon-
a substantially lower RE value of 0.08 W fippb * (Tables 8 1301, and Halon-2402)fMQ, 2011], and we have there-
and 9). The reason for the ~30% lower value in the present sttmhle used the exponentiat from section 3.3.4 (equation
is linked to the different miebds correcting for the non-(1) and red curve in Figure 9) to account for a non-uniform
homogeneous mixing of thishort-lived speciesdighwood vertical prole for these compounds. The remaining com-
and Shing2000] used a factor of 0.8 froffreckleton et al pounds are mainly lost through reaction with OH, and we
[1998] while we use a fractional correction factor of 0.55 baskdve therefore used th&shaped t from section 3.3.4
on the method described in 8en 3.3.4 and a lifetime of (equation (2) and dark blue curve in Figure 9) to account
0.4 years\WMQ, 2011]. Recommended RE and GWP valuefr a non-uniform vertical prde and geographic distribu-
based on our calculations, are presented in Table 9. tion for these compounds.
4.1.4.6. 1,2-Dichloroethane (CH,CICH,CI) 4.1.5.1. Methyl Bromide (CH3Br)
[177] 1,2-dichloroethane has a relatively low RE with [180 The RE of methyl bromide is low with a mean of
estimates of 0.02Wnfppb ! in the literature Hlighwood 0.006 Wm ?ppb ! (range: 0.0050.007 Wm ?ppb 1)
and Shing 2000; Sihra et al, 2001]; both studies use thefrom published estimates Christidis et al, 1997;
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w70 CFs 35, Charmet et al[2010] (Tables 10 and 11). Our RE estimate
o to  isin agreement with the value froBihra et al [2001], but it

o 3 2z ismorethan 5% higher than the AR4 estimate (Table 11). De-
‘oo s0) 25% 2 spite the higher RE, our recommended GWP(100) value is
2 2 22 lower than in AR4 due to the shorter lifetime recommended
s % o ? 3 e by WMO [2011] (5.2years compared to 5.8years in AR4)
22 30 15 é”g and the higher AGWER, used here.

SE Lol . E= 4.154. Halon-1202 (CBKF,)

% ° ¢9 [189 One study has estimated RE due to Halon-1202
s 1 105 2% with a value 0.29Wm?ppb * [Orkin et al, 2003]

g 0 J £ °  (when scaled to our recommended CFC-11 RE of 0.26 W

L L . L - - 0
500 1000 1500 2000 2500
Wavenumber [cm 1]

o

m ?ppb ). We have used the absorption cross section
from the same study and calculated a slightly lower RE of
Figure 16. Absorption spectrum of GFat 296 K in 933 0.27Wm ?ppb . It should be noted that the recent study
hPa (700 Torr) air diluent frorSihra et al [2001] (solid by Papanastasiou et al[2013] suggests a lifetime of
line) and Oslo simulation of Pinnock curve (dotted line). 2.52years, which is shorter than the 2.9yeahtMp,
2011] used here.
4.1.5.5. Halon-1211 (CBrCIR)

[184] Previous reports of the RE of Halon-1211 are in the
Grossman et aJ 1997; Jain et al, 2000; Sihra et al, range 0of 0.250.33Wm zppb 1(mean: 028Wm2ppb l)
2001]. AR4 has adopted a RE of 0.01 Wfppb * based [Christidis et al, 1997;Jain et al, 2000:Sihra et al, 2001].
on the results ofrossman et al[1997] andChristidis AR4 reports a RE of 0.30 W nfppb *, which is based on
et al [1997] (rounded to two decimalskrossman et al the results ofChristidis et al [1997] (note that AR4
[1997] used the molecular parameters Aofttila et al accounted for stratospheric dec8YNIO, 1999]). We have
[1983] andGraner and Blas$1975] to model the CkBr  ysed the absorption cross section frBihra et al [2001]
spectrum. We have used the absorption cross section frgfd calculated a RE value of 0.29 WHppb 1, which is
Sihra et al [2001] and derive RE=0.004Wrippb * consistent (within 5% difference) with the AR4 value
(Tables 10 and 11), which is lower than the AR4 valugrables 10 and 11). For Halon-1211 we have carried out
(0.006 Wm ?ppb *). The reason is that the previous studsxplicit simulations using the Oslo LBL model and
ies assumed a constant vertical peo while we applied a derived a factor of 0.937 to account for the non-uniform
lifetime correction factor of 0.70 using the method dgrertical pro le induced by loss through photolysis in the
scribed in section 3.3.4 and a lifetime of 0.8yeakgratosphere (see section 3.%#details), and this factor
[WMQ, 2011]. The present calculations are in excelleRhs been used to derive the RE of 0.29 Wppb 2. It
agreement with the 0.007Wrhppb * calculated by should be noted thaPapanastasiou et al[2013] have
Christidis et al [1997] when a constant vertical pte recently suggested a slightly longer lifetime of 16.4 years
of methyl bromide is assumed. The best estimate RE ajtfinpared to the 16.0 yeat®MO, 2011] which have been
GWP are shown in Table 11. used here.
4.1.5.2. Methylene Bromide (CH;Br,) 4.1.5.6. Halon-1301 (CBrR)

[181] Previous studies of RE due to methylene bromide[iss] Estimates of the RE of Halon-1301 in the literatures
are in the range of 0.040.021Wm2ppb * (mean: range from 0.27 to 0.33Wnippb * (mean: 0.30 W m?
0.017Wm 2ppb 1) [Christidis et al, 1997; Jain et al, ppb %) [Charmet et a| 2008; Drage et al, 2006; Jain
2000; Sihra et al, 2001]; AR4 recommends RE of 0.01 Wet al, 2000;Orkin et al, 2003; Ramanathan et gl 1985;

m 2ppb * (rounded to two decimals) fro@hristidis et al ~ Sihra et al, 2001]. AR4 used a RE of 0.32 W ppb *
[1997] (note that AR4 accounted for stratospheric dectaken fromRamanathan et a[1985]. We have used absorp-
[WMQ, 1999]). When using the absorption cross sectigion cross sections from three sourdgkdrmet et a| 2008;
from Sihra et al [2001], we calculate a RE value of 0.008 WOrkin et al, 2003;Sihra et al, 2001] and calculated a mean
m 2ppb *, which leads to a new recommended GWP(10QE value of 0.30W m?ppb ! (range: 0.290.31Wm ?
value of 1 (Tables 10 and 11). ppb 1), about 6% lower than ARA4.

4.1.5.3. Halon-1201 (CHBrF,) 4.1.5.7. Halon-2301 (CH,BrCR;)

[187 Literature reports of Halon-1201 RE are in the range[18e] One study has estimated RE due to Halon-2301 with
of 0.150.18Wm?ppb ! (mean: 0.17Wm?ppb ) avalue 0.17Wm?ppb *[Orkin et al, 2003] (scaled to our
[Christidis et al, 1997;Jain et al, 2000;Orkin et al, 2003; recommended CFC-11 RE of 0.26 W fippb ). We have
Sihra et al, 2001]; AR4 adopted a RE of 0.14 Wppb * used their absorption cross section and calculated a lower
which is taken fronChristidis et al [1997] (note that AR4 RE value of 0.14 Wm?ppb *. Our value includes correc-
accounted for stratospheric decsyMIO, 1999]). We derive tions for stratospheric temperature adjustment and non-
a mean RE of 0.15Wnfppb * (range: 0.150.16Wm 2 homogeneous mixing, which were not accounted for in the
ppb 1) when using the absorption cross sections fihma published estimate. The lifetime of 3.4 years is taken from
et al [2001], Orkin et al [2003] and the recent study byOrkin et al [2003].
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TABLE 13. Lifetimes, Radiative Ef ciencies, and Direct GWPs (Relative to C¢) for Fully Fluorinated Specie$

Radiative Efciency (W m 2 ppb 1) GWP 100 year
This study This study This study

Acronym / name Formula Lifetime (yr) AR4 —const. prole —lifetime corr. AR4  —lifetime corr.
Nitrogen tri uoride NF3 500.0 0.21 0.21 0.20 17,200 16,100
Sulfur hexa uoride SFs 3,200.0 0.52 0.57 0.57 22,800 23500
(Tri uoromethyl)sulfur penta uoride SRKCR; 800.0 0.57 0.60 0.59 17,700 17,400
Sulfuryl uoride SQF, 36.0 0.21 0.20 4,090
PFC-14 CF,4 50,000.0 0.10 0.09 0.09 7,390 6,630
PFC-116 CoFs 10,000.0 0.26 0.25 0.25 12,200 11,200
PFC-c216 c-GsFe 3,000.0 0.42 0.23 0.23 17,300 9,200
PFC-218 CiFg 2,600.0 0.26 0.28 0.28 8,830 8,900
PFC-318 c-CyFg 3,200.0 0.32 0.32 0.32 10,300 9,540
PFC-31-10 C4F10 2,600.0 0.33 0.37 0.36 8,860 9,200
Per uorocyclopentene cEq 310 days 33 0.08 2
PFC-41-12 n-CsFy, 4,100.0 0.41 0.41 0.41 9,160 8,550
PFC-51-14 N-CgF14 3,100.0 0.49 0.45 0.44 9,300 7,910
PFC-61-16 n-gFg 3,000.0 0.51 0.50 7,820
PFC-71-18 GF1s 3,0000 0.56 0.55 7,620
Per uorodecalin (mixed) CioF1s 2,000.0 0.56 0.56 0.55 7,500 7,190
Per uorodecalin (cis) Cis-CioF1s 2,000.0 0.57 0.56 7,240
Per uorodecalin (trans) trans-GoF1s 2,000.0 0.49 0.48 6,290
PFC-1114 CE=CR, 1.1 days 0.12 0.00 <1
PFC-1216 CECF=CR 4.9 days 0.25 0.01 <1
Per uorobuta-1,3-diene GECFCF=Ck 1.1 days 0.24 0.00 <1
Per uorobut-1-ene CERCF=CR 6.0 days 0.30 0.02 <1
Per uorobut-2-ene CEF=CFCR 310 days 0.29 0.07 2

#Compounds in bold either have sigoant current atmospheric concentrations or a clear potential for future emissions. Recommended RE and GWP 100
year values are indicated in bold. Lifetimes are fitiO[2011] except those in italics (see text for details). RE and GWP values in italics are based on
previous publications (see text for details).

4.1.5.8. Halon-2311 / Halothane (CHBrCICF;) 0.31Wm 2ppb %, about 6% lower than that used in AR4.
[187] The RE of Halon-2311 has not been assessed in AR% have used a lifetime of 20.0 yeavgNIOQ 2011], but we
but was estimated to be in the range of 80lZ1Wm ? note that the recent study Byapanastasiou et a]J2013] has
ppb 1 (mean: 0.19Wm?ppb %) in previous studies estimated a signcantly longer lifetime of 28.3 years and con-
[Andersen et al 2012b;Orkin et al, 2003]. Both these stud- sequently higher GWP values for this compound.
ies assumed homogeneous mixing throughout the trogot.6. Fully Fluorinated Species
sphere andAndersen et al [2012b] used the original [190] Fully uorinated compounds are generally long-
Pinnock et al[1995] method to calculate the instantaneolised compounds removed by photolysis in the stratosphere,
RE. We calculate a lower RE with a mean value of 0.13 @hthough unsaturated compounds may be very short-lived
m 2ppb ! (range: 0.130.14Wm 2ppb ) when using the because of their reactivity towards OH radicals.
absorption cross sections froimdersen et al[2012b] and Per uorocarbons (PFCs) usually have strong absorption in
Orkin et al [2003] (Tables 10 and 11). The lower value calcihe 1200-1300cm' region of the spectrum (as illustrated
lated here primarily reects the correction factor we have apgfor CF, in Figure 16) and so are radiatively active in the
plied to account for non-homogeneous mixing, but it is alsdmosphere. As a resatand combined with their long life-
a result of the difference between the original Pinnock cunimmes—saturated PFCs have some of the largest GWPs of
and the new curve presented in section 3.3.1, whereas the lattgr compounds detected in the atmosphere. These com-
curve generally yields lower REs (in this case ~5% lower).pounds are idented within the Kyoto Protocol as gases
4.1.5.9. Halon-2401 (CHFBrCRE) whose presence in the atmosphere must be controlled, as
[188] Orkin et al [2003] have estimated the RE due to Haloritas sulfur hexauoride. As noted in section 1, nitrogen
2401 with a value 0.23Wnfppb * (when scaled to our tri uoride was added to the basket of greenhouse gases in
recommended CFC-11 RE of 0.26 WHppb ). We have the second commitment period of the Kyoto Protocol.
used their absorption cross section and calculated a RE v&lublished absorption cross sections are listed in Table 12,
of 0.19Wm 2ppb *. Again, the lower value results mainlywhile updated atmospheric lifetimes, radiativecincies,
from the lifetime correction factor applied here to account fand GWP(100) values for fully uorinated species are
non-homogeneous mixing. The lifetime of 2.9years is takpresented in Table 13 and discussed below. For sulfuryl
from Orkin et al [2003]. uoride and six short-lived compounds we have used the
4.1.5.10. Halon-2402 (CBrRCBrk) Sshaped t from section 3.3.4 (equation (2) and dark blue
[189] Sihra et al [2001] estimated the RE of Halon-240Zurve in Figure 9) to account for a non-uniform vertical
presenting a value of 0.33W mppb *, which is also the pro le and geographic distribution due to their reactivity
RE adopted by AR4. We have used the absorption crassards OH. The remaining compounds have very long
section fronmSihra et al [2001] and calculated a RE value ofifetimes & 500years) and are lost by photolysis in the
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stratosphere, hence we have used the exponentialcalculate a RE value of 0.20 W rippb * using the absorp-
from section 3.3.4 (equation (1) and red curve in Figure 9)tton spectrum fromAndersen et al[2009] (Tables 12 and
account for a non-uniform vertical pile for these 13)—in good agreement with the previous literature.
compounds. 4.1.6.5. PFC-14 (CEk)
4.1.6.1. Nitrogen Tri uoride (NF3) [195] Previous reports of the RE of PFC-14 are in
[101] There is one study of the RE for nitrogen troride the range of 0.08.12Wm %ppb * (mean: 0.10W m?
in the literatureRobson et a[2006] calculated a cloudy-skyppb ) [Bravo et al, 2010b; Hurley et al, 2005; Jain
adjusted radiative forcing of 0.21 W rfppb * by using a et al, 2000; Myhre and Stordal 1997; Roehl et al
combination of line-by-line and narrow band radiative tran$995; Sihra et al, 2001; Zhang et al, 2011a]. Bravo
fer models, and this value has been used in IPCC and WMOal [2010b] report a relatively low RE value of 0.08 W
assessments (Sinc&/MO [2007]). Earlier assessmentsn 2ppb ! (instantaneous RE) from their B3LYP/6-
reported a much lower value of 0.13 W fippb * (instanta- 31G** calculations, but it should be noted that,Gfas
neous RE), but these calculations were based on incompfeg of the training set used to determine corrections to
cross-section data. We have used the spectrumRaiison band positions. AR4 adopted a RE of 0.10 Wppb *
et al [2006] and calculated a RE value of 0.20 Wappb *  from Hurley et al [2005], and we calculate a similar mean
(Tables 12 and 13), which is consistent (within 5% diffeRE of 0.09 W m2ppb * (range: 0.090.10 Wm ?ppb %)
ence) with AR4. Since ARA4, the lifetime of NRas been when using absorption data frofurley et al [2005]
studied byPrather and Hsu[2008] who suggest a much(only the Ford data, and not the M.S.F./R.A.L. data) and
shorter lifetime of 550years, partly due to inclusion dfom the HITRAN database (Tables 12 and 13). Interest-
the OD)+NF; reaction, compared to the 740yearmgly, as PFC-14 has a very strong and narrow
recommended in ARAVMO [2011] used an updated rateabsorption band centered near 1280 tnwhich is close
constant for the GD) reaction to obtain a lifetime of to the edge of the atmospheric window region, the spectral
500years, which is the value we have used here. It shotddolution is more important for PFC-14 than for other
be noted that a very recent study Bgpadimitriou et al compounds. When using a 10 chresolution instead of
[2013] measured the temperature dependence of the NEm * in our calculations, the RE of PFC-14 is
UV absorption spectrum and suggested a longer lifetimederestimated by ~8%, as shown in Figure 6 and Yrie
for NF; of 585 years ( 20%). discussed in section 3.3.1. For PFC-14, we have carried out
4.1.6.2. Sulfur hexa uoride (Sk) explicit simulations using the Oslo LBL model and derived
[192 Previous studies of the RE for sulfur hexaride a 10.5% increase to account for stratospheric temperature
are in the range of 0.49.68Wm Zppb * (mean: 0.56 W adjustment (see section 3.3.3 for details), and this value has
m 2ppb Y) [Jain et al, 2000; Myhre and Stordal1997; been used (rather than the generic 10% increase) in the
Zhang et al, 2011a]Zhang et al[2011a] estimated a muchcalculation of the RE value of 0.09 W frppb *.
higher RE than the other studies, and this was also the c&de6.6. PFC-116 (GFg)
for several of the HFCs calculated Biang et al [2011b] [196] Previous reports of RE of PFC-116 are in the range
(see discussion of HFC-125 in section 4.1.3). AR4 adoptefl 0.25-0.35Wm ?ppb * (mean: 0.27Wm?ppb Y
a RE of 0.52Wm?ppb ! from Myhre and Stordal [Bravo et al, 2010b;Highwood and Shine2000; Myhre
[1997], while we calculate a 10% higher RE value of 0.57 \&hd Stordal 1997; Roehl et al, 1995;Sihra et al, 2001;
m “ppb ! (range: 0.540.59Wm Zppb ) using absorp- Zhang et al, 2011a].Bravo et al [2010b] report a value
tion cross sections from the GEISA and HITRAN databasks RE of 0.23W m?ppb ! (instantaneous RE) from their
(Tables 12 and 13). B3LYP/6-31G** calculations, but it should be noted that
4.1.6.3. (Tri uoromethyl)sulfur penta uoride (SECF;) CoFe was part the training set usto determine corrections
[193) Previous reports of RE of (truoromethyl)sulfur to band positionsPapasavva et al[1997] obtained an ab
penta uoride are in the range of 0-87Z59Wm %ppb ! initio RE value of 0.33W m?ppb * using the MP2 with
(mean: 0.58Wm?ppb ) [Nielsen et a| 2002; Sihra awavenumber scaling factor of 0.9427. In AR4, a RE value
et al, 2001; Sturges et a) 2000], and AR4 adopted theof 0.26Wm ?ppb ! was used and is taken from
RE of 0.57Wm?ppb * from Sturges et al[2000]. We Highwood and Shind2000]. We calculate a mean RE
calculate a mean RE value of 0.59Wppb * (range: value of 0.25Wm?ppb * (range: 0.240.26 Wm ?
0.58-0.61Wm “ppb %), consistent (within 5% difference)ppb ), which is in good agreement with AR4, and we have
with the AR4, using absorption cross sections from twesed absorption cross sections from three soues¢
sources Nielsen et al 2002; Rinsland et al 2003] etal,2010b;Sihraetal, 2001;Zou et al, 2004] (Tables 12
(Tables 12 and 13). Both of these spectra include an absaped 13). It should be noted here that as Htavo et al
tion feature at 612.5cnd which was not included in the [2010b] andHighwood and Shing2000] present absorp-
measurements dbturges et al[2000], and this explains tion data from M.S.F./R.A.L., we here choose the most
the slightly higher RE calculated here. recent spectrum measurement frBmavo et al [2010b].
4.1.6.4. Sulfuryl uoride (SOF) Also note that theZou et al [2004] spectrum does not
[194 Previous reports of RE of sulfurylioride are in the include the absorption band located at 715trut this
range of 0.260.22Wm ppb ! (mean: 0.21Wm?ppb 1) had negligible impact on the RE, thus we keep this spec-
[Andersen et al 2009; Papadimitriou et al 2008b]. We trum in our calculation.
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4.1.6.7. PFC-c216 (c-GFe) 4.1.6.11. Per uorocyclopentene (c-GsFg)

[197] Assessments sind®MO[1999] have used a RE for [201] Previous reports of RE of parorocyclopentene
PFC-c216 of 0.42W nfppb * which is reported to have are in the range of 0.28.32Wm ?ppb * (mean: 0.27W
been taken fromPapasavva et al [1997]. However, m 2ppb %) [Bravo et al, 2010b:Vasekova et gl2006]. Part
Papasavva et al[1997] did not report a RE for this com-of the reason for the large difference between these two studies
pound and so the origin of the value used in AR4 is uncle# thatVasekova et aJ2006] applied a factor of 0.8 to account
The only estimate of the RE for ¢l that we are aware of for non-homogeneous vertical pte, while Bravo et al
is from a calculation (B3LYP/6-31G**), which gives an in{2010b] assumed a constant vertical pegoNo new calcula-
stantaneous RE of 0.21 W mppb * [Bravo et al, 2010b]. tions have been carried out here for this compound, and to
An updated RE (assuming a 10% increase to account fwovide recommended RE, we therefore use the average
stratospheric temperature adjustment) and GWP valuesdbthe instantaneous REs reported in the literature (0.30W
PFC-c216 are given in Table 13. m 2ppb 1) and account for stratospheric temperature adjust-
4.1.6.8. PFC-218 (GFg) ment as well as non-homogeneous mixing (see sections

[108 Previous reports of RE of PFC-218 are in the ran@e3.2 and 3.3.4) and end up with a RE value of 0.08 V¥ m
of 0.26-0.28Wm ?ppb * (mean: 0.27Wm?ppb %) ppb *. The only lifetime reported in the literature for this com-
[Bravo et al, 2010b; Roehl et al 1995; Sihra et al, pound is 1.0year frorWasekova et a[2006] who refer to a
2001]. Bravo et al [2010b] also report an instantaneouson-traceable source. Considering tBatetto et al[2010]

RE value of 0.27 Wm?ppb * from their B3LYP/6-31G** estimated a lifetime of only 31 days for §LFF = CFCF, we
calculations—consistent with their instantaneous RE derivetink that the lifetime fronVasekova et al[2006] may be
from experimental cross sections. AR4 reports a RE tob long and instead use a value of 31 days when applying
0.26 Wm ?ppb * which is taken fronRoehl et al[1995]. the lifetime correction and calculating the GWP value.

We calculate a slightly higher mean RE value of 0.28\¥ m4.1.6.12. PFC-41-12 (n-GFy,)

ppb ! (range: 0.270.28 Wm ?ppb 1) using experimental [207 Previous reports of RE of PFC-41-12 are in the
absorption cross sections from two sourd@sayo et al, range of 0.400.41W m %ppb * (mean: 0.41 W m?ppb 1)
2010b;Sihra et al, 2001] (Tables 12 and 13). The highefBravo et al, 2010b; Roehl et al 1995]. Bravo et al

RE calculated here can be explained by the much lower inf2010b] also report an instantaneous RE of 0.40\&m
grated absorption cross section in the PFC-218 spectrunppb * from their B3LYP/6-31G** calculatiorsin agree-
Roehl et al[1995] compared to other studies (see Table 12)ent with their instantaneous RE estimate based on experi-
4.1.6.9. PFC-318 (c-GFg) mental absorption cross sections (it should be noted that

[199] Previous reports of RE of PFC-318 based o@sFi>was part the training set used to determine corrections
experimentally measured absorption spectra are in the rarmyéand positions). AR4 has used a value of 0.41\¥m
of 0.31-0.32Wm ?ppb * (mean: 0.31Wm?ppb %) ppb * which is taken fromRoehl et al [1995], and we
[Highwood and Shine2000; Sihra et al, 2001;Vasekova calculate the exact same RE value when using the experi-
et al, 2006], whileBravo et al [2010b] report a value for mental absorption cross section fr@ravo et al [2010b]

RE of 0.30Wm?ppb ! from their B3LYP/6-31G** (Tables 12 and 13).

calculations, in good agreement with the values derived fréni.6.13. PFC-51-14 (n-GFy4)

the experimentally measured spectra. AR4 reports a RE dbogl Previous reports of RE of PFC-51-14 are in the range
0.32Wm ?ppb ! taken fromHighwood and Shinf2000]. 0f0.43-0.49Wm ?ppb *(mean: 0.46 W m?ppb *) [Bravo

We have used the absorption spectrum from the same statgl, 2010b;Roehl et al 1995].Bravo et al [2010b] also

and our calculations give a RE value of 0.32Wppb *  report an instantaneous RE of 0.42 Wppb * from their
which is in agreement with AR4 (Tables 12 and 13). B3LYP/6-31G** calculations, but it should be noted that
4.1.6.10. PFC-31-10 (GFyo) CsF14Was part of the training set used to determine corrections

[20d Previous estimates of the RE for PFC-31-10 based tanband positions. AR4 report a RE of 0.49 Wippb *
experimentally measured absorption spectra are in the rangeta€h is taken fronRoehl et al[1995]. We calculate a RE
0.33-0.37Wm 2ppb * (mean: 0.36Wm?ppb %) [Bravo value of 0.44Wm?ppb ! when using the experimental
et al, 2010b;Roehl et al 1995;Sihra et al, 2001].Bravo absorption cross section frdBnavo et al [2010b] (Tables 12
et al [2010b] also report an instantaneous RE of 0.34 W mand 13). The lower RE value calculated here is presumably
ppb * from their B3LYP/6-31G** calculatiors-consistent due to the lower integrated absorption cross secti@namo
with their instantaneous RE derived from experimental crastsal [2010b] than irRoehl et al[1995] (Table 12).
sections. AR4 report a RE of 0.33 W Appb *whichistaken 4.1.6.14. PFC-61-16 (n-GFy)
from Roehl et al[1995]. We calculate a higher RE value of [204 Ivy et al [2012] calculated the RE of PFC-61-16
0.36Wm ?ppb * when using the experimental absorptionsing experimental absorption data and derived a value of
cross section fronBravo et al [2010b] (Tables 12 and 13).0.48 Wm Zppb . Bravo et al [2010b] reported a value
As for PFC-218, the higher RE calculated here can b&0.45Wm 2ppb ! using absorption data from B3LYP/
explained by the lower integrated absorption cross sectior6#31G** calculations, in reasonable agreement with the
Roehl et al[1995] compared tBravo et al [2010b]. Updated result obtained using experimental absorption data. We have
values of recommended RE and GWP for PFC-31-10 arged the absorption spectrum frong et al [2012] and cal-
given in Table 13. culated a RE value of 0.50 W rippb * (Tables 12 and 13).
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Isoflurane 135, and 13) and the correction factor for non-uniform mixing
Y discussed in section 3.3.4.
4.1.6.18. PFC-1216 (CECF=CR)

[208] Only one study has estimated RE due to PFC-1216,
with a value 0.04Wm?ppb ! [Acerboni et al 2001]
(vertical proles from a CTM distribution were used). We
have used their spectrum and calculated a RE value
of 0.01Wm?ppb * when accounting for the non-

homogeneous vertical prie (Tables 12 and 13).
U‘r\/\ 4.1.6.19. Per uorobuta-1,3-diene (CR=CFCF=CEk)

. ) , L o [209 Previous reports of RE of Parorobuta-1,3-diene

500 1000 1500 2000 2500 are in the range of 0.60.20Wm ?ppb * (mean: 0.11W

Wavenumber [cm ] m 2ppb 1) [Acerboni et al 2001;Bravo et al, 2010b].
Figure 17. Absorption spectrum of isarane at 296 K in (Acerboni et al [2001] used vertical prdes from a
933 mbar (700 Torr) air diluent frorAndersen et al CTM distribution whileBravo et al [2010b] assumed a
[2010c] (solid line) and Oslo simulation of Pinnock curveonstant prole.) We calculate a RE value which rounds
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(dotted line). to 0.00W m ?ppb * when using the absorption cross sec-
tion from Acerboni et al[2001] (Tables 12 and 13).
4.1.6.15. PFC-71-18 (GFys) 4.1.6.20. Per uorobut-1-ene (CRCRCF=CRk)

[205] Previous experimental results for RE of PFC-71-18[210 Only one study has estimated RE due to perobut-
are in the range of 0.50.57Wm 2ppb * (mean: 0.53W 1-ene, with a value 0.29 W mppb * Young et al[2009a].
m 2ppb %) [Bravo et al, 2010b; Ivy et al, 2012]. We We calculate a RE value of 0.02W fppb * when using
calculate a mean RE value of 0.55Wppb * (range: their absorption cross section, and account for stratospheric
0.51-0.59Wm ?ppb ) when using absorption cross sectemperature adjustment and non-homogeneous distribution.
tions from both of these studies (Tables 12 and 13). TAdifetime of 6 days has been used in the RE and GWP calcu-
large range in our calculations is caused by the large diffetion for this compound, assuming that its lifetime is compa-
ence in the integrated absorption cross sectionBra¥o rable to the lifetime of PFC-1216.
et al [2010b] andvy et al [2012] (Table 12). The lifetime 4.1.6.21. Per uorobut-2-ene (CRCF=CFCEk)
of 3,000 years is taken froBravo et al [2010b], who also  [211] Previous reports of RE of penorobut-2-ene
report a value for RE of 0.50Wrppb * from their are in the range of 0.30.32Wm 2ppb * (mean: 0.31W
B3LYP/6-31G** calculations, but it should be noted than 2ppb %) [Cometto et al 2010; Young et al 2009a].
PFC-71-18 was part of the training set used to determMé& calculate a RE value of 0.07Wfppb * when

corrections to band positions. using the absorption spectra and lifetime estimate
4.1.6.16. Per uorodecalin (mixed CigFig, Z-CioF1g, (31days) fromCometto et al [2010], and accounting
E-GioFis) for stratospheric temperature adjustment and non-

[206] The RE of peruorodecalin has been reported to bBomogeneous distribution.
0.56 Wm 2ppb * [Shine et al 2005b], and this value 4.1.6.22. Other PFCs
was adopted by AR4. We calculate a RE value of 0.55W217 In the sections above, recommended values of RE
m 2ppb ! using the absorption cross section fr@hine have been presented for the range of fullyorinated
et al [2005b] (Tables 12 and 13), which was derived expartempounds considered in AR4, along with a small number
imentally in the wavenumber range of 60600cm?®, of others, where experimental data are available. In addi-
while the absorption bands were calculated in the low#wn, Bravo et al [2010b] report estimates of RE for a
wavenumber range of-800cm *. Our calculations for range of other PFCs, based on theoretical calculations.
the isomersZ-C,gF,g and E-C,gFg yield REs (in the 4.1.7. Halogenated Alcohols and Ethers
wavenumber range of 6a0500cm ) of 0.56 and 0.48W  [219 This is a very broad range of compounds with life-
m 2ppb 2, respectivelyBravo et al [2010b] report instanta- times stretching from days to centuries. The generally com-
neous RE values of 0.58, 0.60 and 0.56\Wppb * for plex structure, compared to other compounds considered
CioF1g (mixed), Z-CioF15, E-CioF1s respectively, from their here, leads to a rich infrared absorption spectrifigure 17
B3LYP/6-31G** calculations. shows the spectrum of isarane (CHEOCHCICF), a mole-
4.1.6.17. PFC-1114 (CF=CR,) cule used as an inhalation anesthetic, which has absorption
[207] Previous results for RE of PFC-1114 are in the rangp@nds stretching across much of the infrared.
of 0.0:0.11Wm 2ppb * (mean: 0.06 Wm?ppb ) [214] Previously published absorption cross sections are
[Acerboni et al 2001; Drage et al, 2006]. @cerboni listed in Table 14, while updated atmospheric lifetimes, radi-
et al. [2001] used vertical prdes from a CTM distribution, ative ef ciencies, and 100 year GWP values for halogenated
while Drage et al [2006] assumed a constant pie) Due alcohols and ethers are presented in Table 15 and discussed
to the short lifetime of 1.1 days, we calculate a RE valirelow. In contrast to sections 4.4411.6, not all compounds
which rounds to 0.00 W nf ppb * when using the absorp-have their own individual piece of text in this section. For
tion cross section frorAcerboni et al [2001] (Tables 12 the purpose of presentation quality and brevity, some
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compounds are grouped together where we found it appas-reported iWWMO [1999]). We have used the absorption
priate. However, all the information about previously puleross sections fror8ihra et al [2001] and calculated a RE
lished estimates (both based on experimental and ab initf®.41 W m 2ppb *, 8% lower than that in AR4.
absorption spectra) and results from our calculations ¢af.7.2. HFE-134 (HG-00) (CHEOCHF,)
be found in Tables 14 and 15, and in Table S7 in the[21g] Previous reports of RE of HFE-134 (HG-00) are in
supporting information. With the exception of PFPMIE, whicthe range of 0.4@.44Wm ?ppb * (mean: 0.43Wm?
is lost by photolysis in the upper atmosphereung et al ppb ) [Andersen et al 2010a;Heath eld et al, 1998;
2006], thes-shaped t from section 3.3.4 (equation (2) and darkmasu et al, 1995; Myhre et al, 1999]. IPCC AR4 used
blue curve in Figure 9) has been used to account for a nanRE value of 0.45Wnfppb ' which is taken from
uniform vertical prole and geographic distribution for allGood et al [1998] and Heath eld et al [1998] after
compounds presented in this subsection. rescaling inWMO [1999]. Here we have used the absorp-
[215) In what follows, we focus particularly on the expertion cross section fronmasu et al [1995] and calculated
imental studies. There have been ab initio studies from thee®E value of 0.44 W nfppb *, which is in good agree-
groups Blowers et al 2007; 2008bBravo et al, 2011a; ment with AR4. Due to an update in the lifetime for this
Good et al, 1998]. We can make the following general obecompound (24.4years ilWMO [2011] compared to
servations about these studies. The work from the group2éfyears in AR4), and a higher AGW§&-> value, the
Blowers tends to calculate REs that are sigantly higher GWP(100) value is signcantly lower than that in AR4
than those obtained from experimentally determined valugsee Table 15).
Differences are around 25%, but can be as high as 40%. ik 7.3. HFE-143a (CHOCF;)
group does not adjust for atmospheric lifetimes, so the diff219 Previous reports of RE of HFE-143a are in the range
ferences can appear greater. The calculations Boamo of 0.17-0.19Wm ?ppb * (mean: 0.18 Wm?ppb 1)
et al. [2011a] tend to agree with experimental values with[iChristensen et al 1999;Sihra et al, 2001]. IPCC AR4
about 10-15%, although the more sophisticated lifetimeports a RE of 0.27 W nfppb * which is taken from the
adjustment applied here can make the differences appaainitio study ofGood et al [1998] after rescaling assum-
larger. However, REs calculated for the HEFPEs are ing CFC-11 RE=0.25Wnfppb ! in WMO [1999].
some 35% higher than experimental values, althoughWe calculate a RE value of 0.18 W Appb * using absorp-
should be noted that only one group has studied thdsm cross section frorSihra et al [2001]. Our estimate is
compounds experimentallyAfidersen et al 2004]. Good much lower (34% lower) than the AR4 value, which is
et al [1998] examined only three compounds using l@ased on an ab initio study, but in good agreement with
narrow band model; they obtain values that are somewbaperimental studies.
higher than those using experimentally determined cr@k4.7.4. HFE-227ea (CECHFOCK;)
sections. In the text below, we do not discuss the ab initid220] Previous reports of RE of HFE-227ea are in the
calculations except where they provide the only RE valueange of 0.320.42 W m Zppb * (mean: 0.37 Wm?ppb 1)
or are of special note. Whenever RE values based on[hlbasu et al 1995;Jain et al, 2001;Oyaro et al, 2005;
initio calculations are presented, this has been cleaflgkahashi et a] 2002]. IPCC AR4 reports a RE of 0.40W
marked in the text. m 2ppb ! which is taken fromimasu et al[1995] as mod-
[216] A large number of the compounds in this section wereed by WMO [1999]. We calculate a RE value of 0.44 W
examined bymasu et al[1995], who reported both laboratorym Zppb * both when using absorption cross sections from
spectroscopy measurements and REs, calculated for a cl@garo et al [2005] andimasu et al [1995]. Our estimate
sky mid-latitude atmosphere. WIMO[1999] (which became is 10% higher than in AR4.
a source for REs used in many subsequent IPCC and WMQ@.7.5. HCFE-235ca2 (enurane) (CHR,OCF,CHFCI)
Ozone assessments), these were approximately converted[tei] Previous studies of RE due to HCFE-235ca2
global-mean all-sky adjusted RE by taking their RE relatien urane) are in the range of 0-4245Wm 2ppb *
to Imasu et dls[1995] own CFC-11 calculation and then mul{mean: 0.43Wm?ppb ) [Andersen et al 2012b;
tiplying by the CFC-11 RE (0.25W nippb ) used inWMO Dalmasso et aJ 2006]. We have used the absorption
[1999] (see footnote i of Table 10-6\WMO[1999]). Hence- cross sections from these two studies and calculated a
forth in this section, we refer to these forcing$lasasu etal mean RE value of 0.41Wnrippb * (range: 0.39
[1995] as modied by WMO[1999]” When referring to the 0.42Wm Zppb ).
Imasu et al[1995] REs we renormalize theMO[1999] forc- 4.1.7.6. HCFE-235da2 (isourane) (CHR,OCHCICR)
ings to account for our recommended 4% increase in the CF(z22] Previous reports of RE due to HCFE-235da2
11 RE (see section 4.1.1). (iso urane) are in the range of 0-3748Wm “ppb *
4.1.7.1. HFE-125 (CHROCF;) (mean: 0.44Wm?ppb 1) [Andersen et al 2010c;
[217] Previous reports of RE due to HFE-125 are in th@hristidis et al, 1997; Ryan and Nielsen2010; Sihra
range of 0.410.44Wm “ppb ! (mean: 0.42Wm?ppb 1) et al, 2001]. IPCC AR4 accounted for stratospheric decay
[Christidis et al, 1997;Heath eld et al, 1998;Sihra etal, and reports a RE of 0.38 W rAppb * which is taken
2001]. IPCC AR4 uses a RE of 0.44W fppb * taken from Christidis et al [1997]. We calculate a RE value of
from Christidis et al [1997], Good et al [1998] and 0.42Wm ?ppb ' both when using absorption cross
Heath eld et al [1998] (the latter two after rescalingsections fromAndersen et al[2010c] and fromRyan and
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Nielsen[2010]. Our estimate is about 10% higher than ippb * which is taken fromImasu et al [1995] as

ARA4. modi ed by WMO [1999]. We calculate a mean RE value
4.1.7.7. HFEs Studied Theoretically byBlowers et al. of 0.45Wm ?ppb ! (range: 0.450.46Wm Zppb %)
[2007] and Blowers et al. [2008a] using absorption cross sections from three sources

[229 For some HFE compounds, no RE estimates badéddersen et al 2010c;Imasu et al 1995;Oyaro et al,
on experimental absorption cross sections exist, and the2@8P5]. Our RE estimate is in good agreement with AR4,
initio studies ofBlowers et al [2007] andBlowers et al but due to an updated lifetime estimate (10.8years in
[2008a] provide the only RE estimates of these HFEs. The8®10 [2011] compared to 5.8years in AR4), our GWP

compounds are as follows: (100) value is much higher, despite the higher AGWP
value used here.
HFE-236ca (CHEOCFK,CHF,) 4.1.7.9. HFEs Studied bymasu et al.[1995]
[226] For a number of HFE compoundénasu et al
Fluoro(methoxy)methane (GACH,F) [1995] is the only study providing REs based on experimen-

tal absorption cross sections:
Di uoro(methoxy)methane (GABCHF,)
HFE-236fa (CECH,OCR;)
Fluoro( uoromethoxy)methane (GHOCH,F)
HFE-245cb2 (CECF,OCHs)
Di uoro( uoromethoxy)methane (GHOCHFE,)
HFE-245fal (CHECH,OCFs)
Tri uoro( uoromethoxy)methane (GHOCKR;)
HFE-329mcc2 (CHECFR,OCR.CF;)
Tri uoro(tri uoromethoxy)methane (GBCFs)
HFE-338mmz1 ((CE.CHOCHR)
[224] Note thatBlowers et al [2007] estimated REs for
some hydrouoroethers not listed in this sectidBlowers HFE-338mcf2 (CECH,OCRCFy)
et al. [2007] andBlowers et al[2008a] calculated instanta-
neous REs by using the theoretical procedure described b{FE-347mcf2 (CHECH,OCF,CFs)
Papasavva et al[1997] combined with thé&innock et al
[1995] method (their RE estimates are listed in Table S7 ilHFE-347mmy1 ((CE),CFOCH;)
the supporting information). Since absorption spectra were
unavailable for the seven compounds listed above, no newdFE-356mec3 (CEDCR,CHFCR;)
calculations have been carried out here. Thus, we use the
REs fromBlowers et al[2007] andBlowers et al[2008a], HFE-356pcf2 (CHECH,OCFR,CHF,)
accounting for stratospheric temperature adjustment and life-
time correction (see sections 3.3.2 and 3.3.4, respectivelyHFE-356pcf3 (CHFOCH,CF,CHF,)
and present new best estimate RE and GWP values in
Table 15. The lifetime of HFE-236ca is froM/MO HFE-356pcc3 (CHOCRCF,CHF,)
[2011], the lifetime of uoro(methoxy)methane is from
Urata et al [2003], and a lifetime estimate could not be 1,1,1,3,3,3-Hexauoro-2-(tri uoromethyl)-2-propanol
found for tri uoro(tri uoromethoxy)methane; thus, we only(CF3);COH)
present RE assuming a uniform distribution for this
compound. The lifetimes of the remaining compounds are?,2,3,3,4,4,5,5-Octaiorocyclopentanol (-(GzCH(OH)-)
taken from Blowers et al [2008a]. The resulting
REs are 0.56, 0.07, 0.17, 0.19, 0.30, 0.33, and1l,1,1,3,3,3-Hexauoropropan-2-ol ((C§.CHOH)
0.53Wm ?ppb * for HFE-236ca, uoro(methoxy)meth-
ane, di uoro(methoxy)methaneporo( uoromethoxy)methane, [227] Many of the compounds listed above have also been
di uoro( uoromethoxy)methane, troro( uoromethoxy)meth- studied using ab initio methodsBtowers et al[2007] and
ane, and triuoro(tri uoromethoxy)methane, respectivelyBravo et al [2011a] (see Table 14). As previously men-
However, it should be stressed that these REs are basediamred, the uncertainties are larger for theoretical studies
ab initio studies, and the uncertainties are therefore larger taad we choose to focus on the experimental studies when
for REs based on experimental absorption spectra, these are available. With the exception of 1,1,1,3,3,3-
discussed in section 3.6.1. hexa uoro-2-(tri uoromethyl)-2-propanol, for which no
4.1.7.8. HFE-236ea2 (desurane) (CHR,OCHFCFR;) lifetime estimate is available in the literature, all the 15 com-
[225] Previous studies of RE of HFE-236ea2 (demne) pounds listed above, and their REs, have been reported in
are in the range of 0.46.47Wm ?ppb * (mean: 0.46 W AR4 based orimasu et al [1995] as modied by WMO
m “ppb ) [Andersen et al 2010c;Imasu et al 1995; [1999]. We have used tHmasu et al[1995] cross sections
Oyaro et al, 2005]. IPCC AR4 used a RE of 0.44W f to calculate new estimates of RE, taking into account both
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stratospheric temperature adjustment (by increasing #ggeement with the published instantaneous RE estimates

instantaneous RE by 10% as described in section 3.3(Rable S7 in the supporting information).

and fractional correction (by using the method describddL..7.12. HFE-254ch2 (CHOCF,CHF,)

in section 3.3.4). Table 15 presents the results of our calcyz23q Previous calculations of RE of HFE-254cb1 are in

lations and highlights the best estimate RE and GWP(1@8¢ range of 0.280.30Wm %ppb * (mean: 0.29 W m?

values for each compound. For 5 of the 14 compoungpb 1) [Heath eld et al, 1998;Imasu et al 1995]. IPCC

which are listed above and included in AR4, our calculatigkR4 used a RE of 0.28 W nfppb * which is taken from

of RE differed by more than 5% compared to AR4. The difmasu et al [1995] as modied by WMO [1999]. We

ferences in RE between our calculation and AR4 were largaiculate an 8% lower RE value of 0.26 W#ppb * using

for compounds which were not well-mixed in the atmabsorption cross section framasu et al[1995].

sphere (with lifetimes typically less than a few years},1.7.13. HFE-263fb2 (CRCH,OCH)

because lifetime corrections were not considered in AR4231] Previous reports of RE of HFE-263fb2 are in the range

(recall from the introduction to section 4.1.7 thatfhasu 0f0.19-0.21Wm ?ppb *(mean: 0.20 W m?ppb *) [Imasu

et al [1995] results were scaled to a CFC-11 value of 0.25&¥al, 1995;0sterstrom et al2012;0yaro et al, 2005]. IPCC

m “ppb ! as explained inWMO [1999]). In many of the AR4 gives a RE of 0.20 W nfppb * which is taken from

cases, the REs in our calculation were in good agreement viittasu et al [1995] as modied by WMO [1999]. Using

ARA4, but the updated lifetimes, which we take frdtMO absorption cross sections from three studiemg$u et al

[2011], led to a change in the GWP(100) compared to ARQ95; Osterstrom et al 2012;Oyaro et al, 2005] that give

(note also that the updated AGWH2 lead to ~5% lower the same results we calculate a much lower (81%) mean RE

GWHP(100) for all compounds compared to AR4). value of 0.04Wm?ppb *. The reason for the large differ-

4.1.7.10. HFE-245fa2 (CHEOCH,CR) ences between our estimate and the AR4 is the lifetime correc-
[22¢] Previous calculations of RE of HFE-245fa2 are in thigion factor of 0.18 (for a lifetime of 23 days)VyMQ, 2011]

range of 0.330.39Wm Zppb * (mean: 0.37Wm?ppb 1)  which has been applied here to account for non-uniform distri-

[Christidis et al, 1997;Imasu et al 1995; Oyaro et al, bution (vertical and horizontal). It should be noted here that the

2005;Sihra et al, 2001]. IPCC AR4 reports a RE of 0.31 Wuncertainties associated with this correction factor are very

m 2ppb * which is taken fronChristidis et al [1997], but large on a percentage basis for such short-lived species (see

modi ed to approximately account for stratospheric decayFigure 9 and associated discussion in section 3.3.4). Our calcu-

described i'WWMO[1999]. We have used absorption cross selated RE is, however, in good agreement with the results from

tions fromOyaro et al [2005], Sihra et al [2001] andimasu Imasu et al[1995], and hence AR4, if we compare instanta-

et al [1995] and calculated a RE value of 0.36 Wppb *  neous RE (i.e., without applying corrections for stratospheric

for all three absorption spectra. The reason for the 16% higtemperature adjustment and lifetime correction) (Table S7 in

RE value calculated here compared to AR4 is related to the thie supporting information).

ferent factors to account for the non-uniform distribution intie1.7.14. HFEs studied byOyaro et al. [2005]

atmosphere. AR4 used a crude factor of 0.8 fEsetkleton  [232 For the following HFE compoundsQyaro et al

et al [1998], while our method (see section 3.3.4) yields a fd@005] is the only study providing REs based on experimen-

tor of 0.93 for a lifetime of 5.5 years. tal absorption cross sections:
41.7.11. 2,2,3,3,3-Penta uoropropan-1-ol (CRCF
CH,O0H) HFE-263 m1 (CEOCH,CH,)

[229] Previous studies of RE due to 2,2,3,3,3-
penta uoropropan-1-ol are in the range of G226 Wm ? 1,1,2-Tri uoro-2-(tri uoromethoxy)-ethane
ppb 1 (mean: 0.25Wm?ppb %) [Antifiolo et al, 2012b; (CHF,CHFOCF,)
Imasu et al 1995;Sellevag et a) 2007]. IPCC AR4 reports
a RE of 0.24Wm?ppb * which is taken fromimasu et al 1-Ethoxy-1,1,2,3,3,3-hexaoropropane
[1995] as modied by WMO [1999]. We calculate a mean(CRCHFCROCH,CHy)
RE value of 0.14Wm?ppb ! (range: 0.130.15Wm ?
ppb %) using absorption cross sections from three sourced,1,1,2,2,3,3-Heptaioro-3-(1,2,2,2-tetraioroethoxy)-
[Antifiolo et al, 2012b;Imasu et al 1995;Sellevag et a] propane (CECF,CF,OCHFCR)
2007]. Our estimate is much lower (42% different) than that
in AR4. The short lifetime of 0.3yeardiftifiolo et al, [233 Ab initio studies are available for these compounds
2012b] for this compound leads to a strong effect of the frg&lowers et al 2007;Bravo et al, 2011a] (Table 14), but we
tional correction factor which has been applied to accodntus here on the experimental data fr@yaro et al
for non-uniform mixing (vertical and horizontal). It should2005]. They used théinnock et al [1995] method to
be noted here that the uncertainties associated with #stimate instantaneous REs of 0.21, 0.35, 0.33 and 0.563V m
correction factor are very large on a percentage basis for spph * for HFE-263 m1, 1,1,2-Truoro-2-(tri uoromethoxy)-
short-lived species (see Figure 9 and associated discussiathane, 1-Ethoxy-1,1,2,3,3,3-hexaropropane, and 1,1,1,
section 3.3.4), and we further note that our calculated instar®2-3,3-Heptauoro-3-(1,2,2,2-tetraioroethoxy)-propane,
neous RE (i.e., without applying corrections for stratospheraspectively. The corresponding RE estimates from our
temperature adjustment and lifetime correction) is in goodiculations (now taking into account stratospheric temperature
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adjustment and inhomogeneous distribution in the troposphdog) stratospheric temperature adjustment and applying the
are 0.13,0.35, 0.33 and 0.58 W fppb %, respectively, when lifetime correction (assuming a lifetime of 6years) from
using absorption cross sections fr@yaro et al [2005] and section 3.3.4 of 0.93. This yields our recommended value
lifetime estimates of 0.4Bfavo et al, 2011a], 9.8, 0.4 and of 0.48Wm 2 ppb *.
67.0years Qyaro et al, 2005], respectively. None of theset.1.7.19. HFE-356mff2 (CRCH,OCH,CR)
compounds are included in AR4, thus we provide new besfzzg Previous experimental studies of HFE-356mff2 have
estimates of RE and GWP for all these compounds. reported values for RE in the range of 8335 W m Zppb *
4.1.7.15. 3,3,3-Tri uoropropan-1-ol (CF;CH,CH,OH) (mean: 0.35W m?ppb 1) [Oyaro et al, 2004;Sihra et al,

[234] Previous experimental studies of 3,3,3tidropropan- 2001;Wallington et al, 1998]. We calculate a mean RE value
1-ol have reported values for RE in the range of-@ZOW of 0.17Wm ?ppb * (range: 0.170.18 Wm 2ppb %) using
m Zppb * (mean: 0.19W m?ppb ) [Jimenez et al 2010; absorption cross sections from two sourd®@yafo et al,
Sellevag et al 2007]. We have used absorption cross sectiop804; Sihra et al, 2001]. The non-homogeneous mixing of
from Jimenez et a[2010],Sellevag et a[2007] andWVaterland  this short-lived compound was not accounted for in the three
et al [2005] and calculated the same RE of 0.02 W ppb * previous studies; our estimate of RE is consistent with the pub-
for all three spectra. Our calculated instantaneous REslistied values if we assume uniform mixing.
0.21Wm ®ppb * and 0.17Wm?ppb * using spectra from 4.1.7.20. HFE-356mmz1 ((CE),CHOCHS)
Jimenez et al[2010] andSellevég et al[2007], respectively, [23q Previous experimental studies of HFE-356mmz1
compare well with the previously published REs (which disdave both reported values for RE of 0.31Wippb *
not account for stratospheric temperature adjustment and [ifevasu et al, 1995;Oyaro et al, 2004] (note that themasu
time correction). The lifetime of 12.0days is taken fromst al [1995] value is here scaled to our recommended CFC-

Jimenez et a[2010]. 11 RE of 0.26 Wm?ppb 1). Thelmasu et al[1995] value
4.1.7.16. Sevo urane, HFE-347mmz1 ((CE‘)chO (as m0d| ed by WMO [1999]) Of O30Wm2ppb 1 was
CH_F) used by IPCC AR4. We have used the absorption cross sec-

[235] Experimental studies have reported RE2 valu?s f86ns fromimasu et al [1995] andOyaro et al [2004] and
sevourane in ghe range of 0.36.37Wm ppb calculated a RE value of 0.15W fppb * for both of these
(mean: 0.36 Wm~ppb ) [Andersen et al 2010c;Ryan  gpecira. Our estimate is 50% lower than AR4, and this is

and_NieIsen 2010]. we havg used the absorption Crosgn,qq entirely due to the factor applied here to account for
sections from these two studies and calculated a RE v f-homogeneous mixing for this short-lived species

of 0.32Wm *ppb * for both spectra. It should be_ nOted(lifetime of 97.1days)Qyaro et al, 2004]. The best esti-
here thatAndersen et_aI[ZOloc] andRyan :_:md Nielsen mate RE and GWP values are shown in Table 15.
[2010] calculated the m;tantaneous RE usingRimmock 4.1.7.21. HFE-365mcf3 (CECRCH,0OCHs)
et al [1995] method while we have accounted for s_,tra_to—[m] Previous experimental studies of HFE-365mcf3
sphe_nc temperature adjustment and non-uniform distrij, o reported values for RE in the range of 6283 W
tion in the troposphere. m 2ppb * (mean: 0.30 W m?ppb Y) [Imasu et al, 1995;
4.1.7.17. HFE-347mcc3 (HFE-000) (CH;OCF.CRCR)  Ovyaro et al, 2004; Thomsen et al 2011] (note that the
[23¢] Previous experimental studies of HFE-347mcc3 (HFEmasu et al[1995] value is here scaled to our recommended
7000) have reported values for RE in the range of@.35W CFC-11 RE of 0.26 W m?ppb ). Thelmasu et al[1995]
m Zppb ! (mean: 0.34Wm?ppb ) [Bravo et al, 2010a; value (as modied by WMO [1999]) of 0.27 Wm?ppb *
Imasu et a| 1995;Ninomiya et al 2000]. We have used thewas used by IPCC AR4. In contrast to the published
absorption cross sections fioall these three studies and/alues we have accounted for stratospheric temperature
calculated a mean RE value of 0.35W3ppb * (range: adjustment and non-homogeneous mixing in the tropo-
0.33-0.36Wm 2ppb %). Our estimate is in reasonable agre§Phere (assuming a lifetime of 19.3 daySyaro et al,
ment with the RE of 0.34 W nfppb * in AR4 (which origi- 2004], and calculated a RE value of 0.05Wppb

. when using absorption cross sections from bOtraro
natted frommasu et al[1995] as modied byWMO[1999)). et al [20091] andlraasu et al [1995]. Our estimate is

4.1.7.18. HFE-347pcf2 (CHRCF,0CH,CF;) ~80% lower than that in AR4, but it should be noted
[237 One experimental study has reported a value of Rfgre that the uncertainties associated with the lifetime
for this HFE-347pcf2Hieath eld et al, 1998]. The original correction factors are very large on a percentage basis
value (0.47Wm?ppb *) was determined using thefor such short-lived species (see Figure 9 and associated
Pinnock et al [1995] method. There is some confusiomiscussion in section 3.3.4), and we further note that
regarding the RE of this molecul/MO [1999] (where it our calculated instantaneous RE is consistent with the
is referred to as HFE-347mfc2) use tHeath eld et al published estimates.
[1998] value—this molecule then does not seem to appedrl.7.22. HFEs Studied Theoretically byBravo et al.
in IPCC or WMO/UNEP ozone assessments tabulations uj2011a]
til IPCC [2007] which recommends a value of 0.25Wn  [241] For a number of HFE compounds, no RE estimates
ppb % this is perhaps a lifetime-corrected version of the edrased on experimental absorption cross sections exist and
lier value, although no reference is given. We recommetie ab initio study oBravo et al [2011a] provides the only
instead, using the origindleath eld et al [1998] value, RE estimate of these HFEs. These compounds are as
applying our generic correction of a 10% increase to accofwitows:
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HFE-365mcf2 (CECFR,OCH,CHa) (mean: 0.31Wm?ppb ) [Heatheld et al, 1998; Imasu
et al, 1995). AR4 uses a RE of 0.25W fippb * taken from
HG-02 (HRCHOCRCF,),—OCRH) Heath eld et al [1998], but modied inWMO[1999] to crudely
account for non-homogeneous mixing by applying a factor of
HG-03 (HRCHOCRCF,)s—OCRH) 0.8 based ofrreckleton et al[1998]. We calculate a RE value
of 0.30Wm ?ppb * using absorption cross sections from
HG-20 (HRCHOCR,)—OCFH) Imasu et al[1995]. Due to the different methods used to ac-
count for non-homogeneous mixing, our estimate is 19% higher
HG-21 (HRC-OCF,CF,O0CROCFR0-CFH) than in AR4. The lifetime of 5.0 years is taken from ARA4.
4.1.7.24. 4,4,4-Tri uorobutan-1-ol(CF(CH,),CH,OH)
HG-30 (HRCHOCR,)s—OCFH) [244) Jimenez et al [2010] used thePinnock et al
[1995] method and report an instantaneous RE value for
1-Ethoxy-1,1,2,2,3,3,3-heptaoropropane 4,4,4-tri uorobutan-1-ol of 0.11 W nfppb 1. We have used
(CRCRCR0OCH,CHy) their absorption cross section and calculated the same instanta-
neous RE. When taking into account stratospheric temperature
Fluoroxene (CECH,OCH=CH,) adjustment and non-homogeneous mixing in the troposphere
(assuming a lifetime of 4.0 days)ithenez et al 2010], our
1,1,2,2-Tetrauoro-1-( uoromethoxy)ethane calculation yield a RE value of 0.01 W fmppb ™.
(CH,FOCRCF,H) 4.1.7.25. HFE-43-10pccc (H-Galden1040x, HG-11)
(CHR,OCFR,OC,F,OCHF;)
HG210 (CH;OCF,OCHy) [245] Previous experimental studies of HFE-43-10pccc
(H-Galden 1040x, HG-11) have reported values for RE in
HG%20 (CH;O(CF,0),CHs) the range of 0.991.37Wm ?ppb * (mean: 1.12Wm?
ppb 1) [Christidis et al, 1997; Myhre et al, 1999; Sihra
HG230 (CH;O(CF,0);CHa) et al, 2001;Wallington et al, 2009]. IPCC AR4 use a RE

of 1.37Wm ?ppb * taken fromMyhre et al [1999]. We

[242) For all of the compounds listed above we have usé@dve used the absorption cross section fidtallington
the theoretical absorption cross sections f@ravo et al et al [2009] and calculated a 26% lower RE value of 1.02W
[2011a] to calculate estimates of RE, taking into accoumt >ppb *, which is the same as the estimat&\allington
both stratospheric temperature adjustment (by increasi@l [2009]. It should be noted here that the spectrum from
the instantaneous RE by 10% as described in section 3.3\2)llington et al[2009] supersedes previous Ford measure-
and fractional correction (by using the method describedrnrents of HG-11Christidis et al, 1997;Sihra et al, 2001]
section 3.3.4). For three of these compounds ¥HG and that the cross section frabavalli et al [1998], which
HG%20, HG-30), no lifetime estimates were found in thédas been used iMyhre et al [1999], is an overestimate
literature, and hence the RE estimates for these compouallington et al, 2009].
assume a uniform vertical and horizontal distribution in thel.7.26. HFE-449s1 (HFE-7100) (§0OCH)
atmosphere. Lifetimes for the remaining nine compoundg$24¢] Previous studies of RE due to HFE-449s1 (HFE-
were taken fromBravo et al [2011a). The study of 7100) are in the range of 0-3L37Wm ?ppb * (mean:
Bravo et al [2011a] used th@innock et al [1995] method 0.34 W m Zppb ) [Bravo et al, 2010a;Sihra et al, 2001;
to estimate instantaneous REs, and accounted for n@fellington et al, 1997]. IPCC AR4 report a RE of
homogeneous mixing by applying the exponential functid@h31 W m Zppb * which is taken fromWallington et al
from Sihra et al [2001] (see section 3.3.4) for compoundfl997] as modied by WMO [1999]. We estimate a 17%
where lifetime estimates were known. The RE estimateshigher RE of 0.36 Wm?ppb * using the absorption cross
Bravo et al [2011a] are listed in Table S7 in the supportingections from two sourcedBiavo et al, 2010a; Sihra
information, while our results are presented in Table 15. &b al, 2001] and applying our lifetime correction. The
general, differences are small butget the use of an updatedmain reason for the higher estimate is due to lower
Pinnock et al[1995] curve in this study, and that the stratdifetime correction with a factor of 0.92 instead of 0.8
spheric temperature adjustment was not taken into accourgpplied inWMO [1999].
Bravo et al [2011a]. None of the compounds listed abow.1.7.27. HFEs Studied bySihra et al.[2001]
are included in AR4, thus we provide new best estimates of247] For the following HFE compoundsSihra et al
RE and GWP for all these compounds. It should, howev§001] is the only study providing REs based on experimen-
be kept in mind that RE estimates based on ab initio calculaabsorption cross sections:
tions are associated with larger uncertainties than estimates
based on experimental cross sections, as discussed in sectioHFE-7100 (-C4,FsOCHz)
3.6.1 (see also Table 1).
4.1.7.23. HFE-374pc2 (CHRCFR,OCH,CHy) i-HFE-7100 {-C,FsOCH)

[243] Previous experimental studies of HFE-374pc2 have
reported values for RE in the range of 6382Wm ?ppb * i-HFE-7200 (-C4FgOCH5)
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[24¢] Ab initio studies are available for these compound&999] absorption cross section and calculated a similar RE
[Blowers et al 2007;Bravo et al, 2011a] (Table 14), but value of 0.86 W m?ppb *. We use an updated lifetime of
we focus here on the experimental data fi6ihra et al 12.9years \WMQ, 2011], compared to 6.2years in AR4,
[2001]. They assumed homogeneous distribution in thed this leads to a GWP(100) value which is about a factor
atmosphere and estimated REs of 0.47, 0.37 and 0.34% @ higher than in AR4.
ppb * for n-HFE-7100, i-HFE-7100 andi-HFE-7200, 4.1.7.32. 2-Ethoxy-3,3,4,4,5-penta uorotetrahydro-
respectively. Our calculations are consistent withSitea 2,5-bis[1,2,2,2-tetra uoro-1-(tri uoromethyl)ethyl]-
et al [2001] results if we make the same assumption afidan (C,oHsF1905)
use their absorption cross sections. When accounting fdess] Javadi et al [2007] used thd?innock et al [1995]
non-homogeneous vertical and horizontal distribution, omrethod to estimate an instantaneous RE due to 2-ethoxy-
calculations vyield lower REs with values of 0.42, 0.33,3,4,4,5-pentauorotetrahydro-2,5-bis[1,2,2,2-tetteoro-1-
and 0.24Wm?ppb * for n-HFE-7100,i-HFE-7100, and (tri uoromethyl)ethyl]-furan of 0.60 W nippb *. Since no
i-HFE-7200, respectively. We have then assumed that tteav calculations have been carried out here for this com-
lifetime of n-HFE-7100 and-HFE-7100 are the same agound, we apply our generic correction of a 10% increase
for HFE-7100 (4.7 years)yMQ, 2011], and thai-HFE- to account for stratospheric temperature adjustment, and
7200 has the same lifetime as HFE-7200 (0.8 yeats)r lifetime correction factor (assuming a lifetime of 1.0 year
[WMO, 2011]. None of these compounds are included joavadi et al, 2007]) from section 3.3.4 of 0.74, and recom-
AR4, thus we provide new best estimates of RE and GVWMfend a RE value of 0.49 W rfi ppb 1.
for all these compounds. 4.1.7.33. HFEs studied byAndersen et al.[2004]
4.1.7.28. HFE-569sf2 (HFE-7200) (§F0C;H5) [254 For the following HFE compoundg#ndersen et al

[249 Previous studies of RE due to HFE-569sf2 (HFE2004] is the only study providing REs based on experimental
7200) are in the range of 0-3M39Wm prb 1 (mean: absorption Cross sections:
0.33Wm ?ppb Y [Bravo et al, 2010a;Christensen et gl
1998; Sihra et al, 2001]. IPCC AR4 report a RE of 0.30 W
m 2ppb ! which is taken fromChristensen et al[1998]
as modied by WMO [1999]. We have used absorption
cross sections from two sourc&rdvo et al, 2010a;Sihra
et al, 2001] and calculated a mean RE value of 0.30\¥ m
ppb * (range: 0.280.32Wm ?ppb 1)—in agreement with

AR4,
4.1.7.29. Nn-HFE-7200 (n-GFsOC,Hs) [255) RE estimates using ab initio calculations are avail-

[s4 The only estimates of the RE @EHFE-7200 are gble for these compoundBravo et al, 2011a] (Table S7

from the ab initio studies oBravo et al [2011a] and in the' supporting information), but we focus here on the
Blowers et al [2007] who both used theinnock et al experimental data frorAndersen et al[2004]. They used

[1995] method to calculate instantaneous REs of 0.47 4h8 Pin?ock et al[1995] method toﬁ?stim?tef instan(;[aneous
0.55Wm ?ppb !, respectively. We have used the theoretﬁEﬁ cz) O'izi_'g?'m’ and O'.83|W _I_pr or HGd'.Ol’RE
cal absorption spectrum froravo et al [2011a] and calcu- G_ -02, an 03, respectllve y. 1he corresponding

lated a similar instantaneous RE (0.45Wppb ). When estimates from our calculatlops (now taklng into account
accounting for stratospheric temperature adjustment ﬁ&'&‘t%slohe”? t(:]mperaturehadjustmentzand mhon;loge?n e\(;\llj S
non-homogeneous tropospheric distribution, our RE e |stribution in the troposp ere) are 0.29, 0.56 and 0.76

mate is 0.35Wm?ppb L. We have then assumed thal" ppb *, respectively, when using absorption cross sec-
n-HEE-7200 has the same lifetime as HFEE-72d#ns and lifetimes fronAndersen et al[2004]. None of

(0.8years) WMO, 2011]. these comp(_)unds arfe included in ,fAR4i| tnus, we provide
4.1.7.30. HFE-236cal2 (HG-10) (CHEFOCF,OCHF,) new best estimates of RE and GWP for all these compounds.

[251] The RE of HFE-236cal2 (HG-10) has been estimaté(fl'7'34' HFE-329me3 (CECFHCROCH) .
to be 0.66 WmZppb L in Myhre et al [1999], and this value 256) Wallington et al [2004] have calculated an mlstanta-
was used in the AR4 report. We have used the absorption cfQuS RE value of HFE-329me3 of 0.48 Wippb * by
section from the same study and calculated a RE valueU§fn9 experimental absorption cross section and the
0.65Wm 2ppb “—in good agreement with AR4. Due toPinnock et al[1995] method. We have used the absorption
an updated lifetime for this compound, from 12.1 years fipectrum from the same study and calculated the same RE
AR4 to 25.0years inWMO [2011], our calculated GWP value when accounting for stratospheric temperature ad-
(100) value is considerably higher than in AR4, despitestment. Due to the relatively long lifetime of 40years

HG201 (CHOCF.CF,OCHs)
HG202 (CHO(CF.CF,0),CH)

HG203 (CH;O(CRCF,0)sCHa)

the higher AGWR, value used here. [Wallington et al, 2004], the compound is well-mixed in
4.1.7.31. HFE-338pccl3 (HG-01) the troposphere and the lifetime correction factor does not
(CHR,OCFK,CFR,0CHF,) impact the RE value.

[2529] Myhre et al [1999] have estimated a RE due t@.1.7.35. HFE-338mec3 (CECFHCROCF,H)
HFE-338pccl3 (HG-01) of 0.87Wrhppb !, which is  [257 Previous experimental studies of RE due to HFE-
the value adopted by AR4. We have usedNhére et al  338mec3 are in the range of 0-09%51 W m Zppb * (mean:
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0.50Wm ?ppb ) [Oyaro et al, 2005; Wallington et al,

4.1.7.39. HFE-216 (CEOCF=CFR)

2004]. We have used the absorption cross sections from bofbs2] Mashino et al [2000] have estimated the instanta-
these studies and calculated a mean RE value of 0.513% meous RE of HFE-216 by using tinnock et al [1995]

ppb ! (range: 0.520.52Wm ?ppb ) when assuming a method and report a value of 0.28 W#ppb . We have
uniform distribution in the atmosphere. This is probably arsed their absorption cross section, accounted for strato-
upper estimate as no fractional correction factor has bepheric temperature adjustment and lifetime correction,

applied because of the large disagreement found in
literature of the lifetime for this compoun@®yaro et al,
2005;Wallington et al, 2004].
4.1.7.36. HFEs Studied bywaterland et al. [2005]

[25¢] For the following HFE compounddyaterland et al

#red calculated a much lower RE value of 0.02Wm
ppb . The reason for the large difference is the short life-
time of 8.4 days fashino et al, 2000] which leads to a
strong correction when accounting for non-homogeneous
horizontal and vertical distribution in the troposphere. It

[2005] is the only study providing experimental absorpticshould be noted here that the uncertainties associated with

Cross sections:

3,3,4,4,5,5,6,6,7,7,7-Undeasroheptan-1-ol (CfCF,)
4CH,CH,0H)

3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-Pentadecmononan-1-ol
(CF5(CFR,)6CH,CH,0OH)

3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-
Nonadecauoroundecan-1-ol (GFCF;)sCH,CH,OH)

the lifetime correction factors are very large on a percentage
basis for such short-lived species (see Figure 9 and associ-
ated discussion in section 3.3.4).

4.1.7.40. HFEs Studied Theoretically by Bravo

et al. [2011b]

[263] For a number of HFE compounds, no RE estimates
based on experimental absorption cross sections exist and
the ab initio study ofBravo et al [2011b] provides
the only RE estimate of these HFEs. These compounds
are as follows:

[2sd Waterland et al[2005] did not estimate REs of the Tri uoromethyl formate (HCOOGF
compounds listed above, but we have used their absorption
cross sections to calculate REs of 0.06, 0.07 and 0.05% m Per uoroethyl formate (HCOOGEF;)

ppb * for 3,3,4,45,5,6,6,7,7,7-undecsroheptan-1-ol,

3,3,4,4,5,5,6,6,7,7,8,8,9,9,9-pentademononan-1-ol, and Per uoropropyl formate (HCOOGEF,CF;)

3,34,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-nonadecaLnde-

can-1-ol, respectively. The lifetimes for all three compoundsPer uorobutyl formate (HCOOGEF,CF,CFs)

were assumed to be 20 days baseélis et al [2003].
4.1.7.37. 2-Chloro-1,1,2-tri uoro-1-methoxyethane
(CH30CR,CHFCI)

[260 One experimental study has used Bienock et al

2,2,2-Tri uoroethyl formate (HCOOCJEF;)

3,3,3-Tri uoropropyl formate (HCOOCHEH,CFs)

[1995] method to estimate an instantaneous RE due to 2-

chloro-1,1,2-triuoro-1-methoxyethane of 0.26 W ppb *

1,2,2,2-Tetrauoroethyl formate (HCOOCHFGF

[Dalmasso et a] 2006]. We have used their absorption

cross section to calculate a slightly lower RE value of1,1,1,3,3,3-Hexauoropropan-2-yl formate (HCOOCH(8H
0.21Wm ?ppb * (now taking into account stratospheric

temperature adjustment and inhomogeneous distribution iPer uorobutyl acetate (C}£OOCRCF,CF,CFs)

the troposphere). The lifetime of 1.4years is taken from

Dalmasso et al[2006].
4.1.7.38. PFPMIE (peruoropolymethylisopropyl ether)
(CROCF(CR)CROCFK,0OCF;)

Per uoropropyl acetate (GJEOOCRCF,CF3)

Per uoroethyl acetate (GEOOCRCF;)

[261] One experimental study has estimated RE due to
PFPMIE (peruoropolymethylisopropylether), with a value Tri uoromethyl acetate (GEOOCR)

0.65Wm %ppb ! [Young et al 2006] which is used in

IPCC AR4. We have used the same absorption cross sectiadethyl carbonouoridate (FCOOCE)

and calculated the same RE value. In contrast to the other

compounds listed in this section, PFPMIE is lost by photol-Fluoromethyl carbonaioridate (FCOOCF})
ysis in the upper atmosphere and this results in a long life-

time of approximately 800yearsygung et al 2006].
Hence, we have used the exponentiafrom section 3.3.4

Di uoromethyl carbonaioridate (FCOOCHH)

(equation (1) and red curve in Figure 9) rather than theTri uoromethyl carbonaioridate (FCOOCH

Sshaped t to account for a non-uniform vertical pie,

although this has almost a negligible impact on the REPer uoroethyl carbonauoridate (FCOOCKCF;)
because such long-lived compounds are relatively well-

mixed throughout the atmosphere.

2,2,2-Tri uoroethyl carbonauoridate (FCOOCHCFs)
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and GWP for all these compounds. It should, however, be kept

1,1-Di uoroethyl carbonauoridate (FCOOCKCH3) in mind that RE estimates based on ab initio calculations are
associated with larger uncertainties than estimates based on

Per uoropropyl carbonauoridate (FCOOCJCF,CFs) experimental cross sections, as discussed in section 3.6.1
(see also Table 1).

Tri uoromethyl 2,2,2-triuoroacetate (GEOOCH) 41.7.41. 2,2,3,3,4,4,4-Hepta uorobutan-1-
ol (C3F7CH20H)

Per uoroethyl 2,2,2-triuoroacetate (GGEOOCRCF3) [265] One experimental study has estimated the instanta-

neous lifetime-corrected RE due to 2,2,3,3,44,4-
1,1-Di uoroethyl 2,2,2-triuoroacetate (EOOCRCH;)  hepta uorobutan-1-ol with a value 0.20 W rippb * [Bravo

etal, 2010a]. We have used their absorption cross section and
1,1,1,3,3,3-Hexauoropropan-2-yl  2,2,2-truoroacetate calculated the same RE value when also taking into account

(CRCOOCH(CR),) stratospheric temperature adjustment and when using our
own lifetime correction methodB(avo et al [2010a] used
Vinyl 2,2,2-tri uoroacetate (GEOOCH =CH) the exponential function &ihra et al [2001]). The lifetime
Ethyl 2,2,2-tri uoroacetate (GEOOCH,CHs) of 0.6 years is taken frofdravo et al [2010a].

4.1.7.42. 2,2,3,3-Tetra uoro-1-propanol
2,2,2-Tri uoroethyl 2,2,2-triuoroacetate (GEOOCHCF;) (CHR,CRCH,OH)
[266] Previous experimental studies of RE due to 2,2,3,3-

Allyl 2,2,2-tri uoroacetate (GEOOCHCHCH,) tetra uoro-1-propanol are in the range of 0-Q@3W m 2
ppb * (mean: 0.22W m?ppb ) [Antifiolo et al, 2012b;

Methyl 2,2,2-tri uoroacetate (GEOOCH)) Sellevag et a] 2007]. We have used the absorption
cross sections from these two studies and calculated a RE

Phenyl 2,2,2-triuoroacetate (GGEOOPhH) value of 0.11Wm?ppb ' for both sources. The
lifetime correction applied here is the main reason for the

Methyl 2- uoroacetate (JCFCOOCH) lower value compared to earlier work where the instanta-
neous RE assuming constant distribution was estimated.

Di uoromethyl 2,2-diuoroacetate (HGEOOCHR) The lifetime of 91.2days is taken fromntificlo et al
[2012b].

Methyl 2,2-di uoroacetate (HGEOOCH;) 4.1.7.43. 2,2,3,4,4,4-Hexa uoro-1-butanol
(CRCHFCR,CH,0H)

Di uoromethyl 2,2,2-triuoroacetate (GEOOCHR) [267 The experimental study dBellevag et al[2007]

has used th@innock et al [1995] method to estimate an

[264] For all of the compounds listed above, we have usatstantaneous RE due to 2,2,3,4,4,4-hexao-1-butanol
the theoretical absorption cross sections f@mavo et al  of 0.37 Wm ppb 1. We have used their absorption cross
[2011b] to calculate estimates of RE, taking into account batéction and calculated a RE value of 0.19 Wppb *
stratospheric temperature adjustment (by increasing the instamen taking into account stratospheric temperature adjust-
taneous RE by 10% as described in section 3.3.2) and the fraent and lifetime correction. The lifetime of 94.9 days is
tional correction (by using the method described in sectitaken fromSellevag et al[2007].
3.3.4). For 14 of the 34 compounds listed above, no lifetidel.7.44. 2,2,3,3,4,4,4-Hepta uoro-1-butanol
estimates were found in the literature; hence, the RE estimé&&sCFRCFR,CH,0OH)
for these compounds assume a uniform vertical and horizontfdes] One experimental study has estimated the instanta-
distribution in the atmosphere. Lifetimes for the remaining 2@ous RE due to 2,2,3,3,4,4,4-heptaro-1-butanol, with
compounds were taken from various sourd@srico and a value 0.30Wm?ppb * [Sellevdg et aJ 2007]. We
Terue] 2007; Bravo et al, 2011b; Chen et al 2006; calculate a RE value of 0.16 Wrhppb * using the
Christensen et gl 1998; Oyaro et al, 2004; Wallington absorption cross section from the same study. Our RE esti-
et al, 1988;Wallington et al, 1997;WMQ, 2011] (see Table mate accounts for stratospheric temperature adjustment and
S7 in the supporting information for details). TBeavo lifetime correction; the latter factor explains the lower RE
et al [2011b] study used theinnock et al[1995] method to calculated here. The lifetime of 0.3years is taken from
estimate instantaneous REs, but they did not account $milevag et al[2007].
non-homogeneous mixing. The RE estimateBrafvo et al 4.1.7.45. 1,1,2,2-Tetra uoro-3-methoxy-propane
[2011b] are listed in Table S7 in the supporting information(CHF,CF,CH,OCH )
while our results are presented in Table 15. In general, differfezes] One experimental study has estimated the instanta-
ences reect the use of an updatBihnock et al[1995] curve neous RE due to 1,1,2,2-tettsoro-3-methoxy-propane
in this study, and that stratospheric temperature adjustmeith a value 0.24 W m?ppb ! [Oyaro et al, 2004]. We
and lifetime correction were not taken into accourBriavo have used their absorption cross section and calculated a
et al [2011b]. None of the compounds listed above arauch lower RE value of 0.04 Wmppb * when taking
included in AR4, thus we provide new best estimates of RiEo account stratospheric temperature adjustment and non-
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TABLE 16. GWP and GTP for Selected Gases

GWP GTP
Acronym / name Formula Lifetime (year) RE (Wfppb 1) 20years 100years 500years 20years 50years 100 years
CFC-11 CCiF 45.0 0.26 6,900 4,660 1,490 6,890 4,890 2,340
CFC-12 CCJF 100.0 0.32 10,800 10,200 4,590 11,300 11,000 8,450
CFC-113 CCFCCIR 85.0 0.30 6,490 5,820 2,390 6,730 6,250 4,470
HCFC-22 CHCIR 11.9 0.21 5,280 1,760 503 4,200 832 262
HCFC-141b CHCCLF 9.2 0.16 2,550 782 223 1,850 271 111
HCFC-142b CHCCIR, 17.2 0.19 5,020 1,980 567 4,390 1,370 356
HFC-23 CHR 222.0 0.18 10,800 12,400 8,720 11,500 13,000 12,700
HFC-134a CHFCR; 13.4 0.16 3,710 1,300 371 3,050 703 201
HFC-152a CHCHF, 1.5 0.10 506 138 39 174 24 19
Methyl chloroform CHCCl, 5.0 0.07 578 160 46 317 34 22
Carbon tetrachloride Cgl 26.0 0.17 3,480 1,730 504 3,280 1,570 479
Sulfur hexauoride Sk 3,200.0 0.57 17,500 23,500 31,500 18,900 23,800 28,200
PFC-14 Ck 50,000.0 0.09 4,880 6,630 9,410 5,270 6,690 8,040

homogeneous distribution in the troposphere (these factérs.7.50. 2,2-Di uoroethanol (CHF,CH,OH)

were not taken into account in the published RE estimate)274 One experimental study has estimated RE due
The lifetime of 14.2days is taken fro®yaro et al to 2,2-di uoroethanol, with a value 0.02W rfppb *
[2004], and it should be noted here that the uncertainties gellevag et aJ 2004b]. We used their absorption cross-
sociated with the lifetime correction factor are very large @ection and calculated a higher RE value of 0.04\¥m

a percentage basis for such short-lived species (see Figupet® . As discussed in section 3.3.4 and illustrated in

and associated discussion in section 3.3.4), Figure 9, the uncertainties when applying lifetime correc-
4.1.7.46. Per uoro-2-methyl-3-pentanone (CRCF,C tions are large for such short-lived compounds (lifetime of
(O)CF(CR),) 40.0 days) $ellevag et a] 2004b].

[270 No RE estimates of penoro-2-methyl-3-pentanone4.1.7.51. 2,2,2-Tri uoroethanol (CF;CH,OH)
exist in the literature. Here we have used the absorptiofe7s] Previous experimental studies of RE due to 2,2,2-
cross section fro®’ Anna et al [2005] and calculate a REtri uoroethanol are in the range of 6:049Wm Zppb *
value of 0.03W m?ppb * assuming a lifetime of 7.0 days(mean: 0.14Wm?ppb 1) and stem from the work &ellevag
[D’Anna et al, 2005]. et al [2004b] andmasu et al[1995] (note that the RE from
4.1.7.47. 3,3,3-Tri uoro-propanal (CRCH,CHO) the latter study has been scaled to our recommended CFC-11
[2711 No RE estimates of 3,3,3-ttioro-propanal can be RE of 0.26 Wm ?ppb %). We calculate a RE value of 0.10 W
found in the literature, but here we have calculated its RE lhsyzppb 1 when using the absorption cross-sections from both
using the absorption cross sectionsAafifiolo et al [2011] these sources. Our value is close to the RE of 0.09Wm
and Sellevag et al[2004a]. Due to the very short lifetimeppb * from Sellevag et al[2004b] who used a CTM to
of only 2.0days for this compoundAiftifiolo et al, account for the non-homogeneous tropospheric distribution.
2011], our calculated RE rounds to 0.00W4ppb ! The lifetime of 0.3 years is taken froBellevag et al2004b].
when applying the lifetime correction (section 3.3.4%.1.7.52. HFEs Studied byAndersen et al.[2010b]
Uncertainties related to the fractional correction are largg.z¢) For the following HFE compound#ndersen et al
for compounds with such short lifetimes. The mean RB010b] is the only study providing REs based on experi-
calculated here when assuming a uniform horizontal am@ntal absorption cross-sections:
vertical distribution is 0.16 Wnfppb %, and should be
considered an upper estimate. 1,1%Oxybis[2-(di uoromethoxy)-1,1,2,2-

4.1.7.48. 4,4,4-Tri uorobutanal (CF3(CH,),CHO) tetra uoroethane (HCIO(CFR.CF,0),CF,H)
[272] No RE or lifetime estimates of 4,4,4-trorobutanal

can be found in the literature. Here we have used the absorg-1,3,3,4,4,6,6,7,7,9,9,10,10,12,12-hexadeceo-

tion cross section frorntifiolo et al [2012a] and calculated 2,5,8,11-Tetraoxadodecane (HOFCF.CF,0);CF,H)

a RE value of 0.16 W nfppb * assuming a constant hori-

zontal and vertical distribution in the troposphere. Hencel,1,3,3,4,4,6,6,7,7,9,9,10,10,12,12,13,13,15,15-eic0sa-
this RE value should be considered an upper estimate. 2,5,8,11,14-Pentaoxapentadecane @CEFRCF,0),CF,H)
4.1.7.49. 2-Fluoroethanol (CH,FCH,OH)

[273 Inthe experimental study &ellevag et a[2004b]a  [277] Andersen et a[2010b] used th@innock et al[1995]
broadband model and a CTM were used to estimate the REthod to estimate instantaneous REs of these compounds.
due to 2- uoroethanol with a value 0.02W rfippb . We Since absorption spectra were unavailable for the three com-
have used their absorption cross section and calculatedpbends listed above, no new calculations have been carried
same RE value. The lifetime of 20.4days is taken froout here. Thus, we use the REs froAmdersen et al
Sellevag et al[2004b]. [2010b], accounting for stratospheric temperature adjustment
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Figure 18. Comparison of radiative efiencies calculated in this study (lifetime-corrected adjusted
cloudy-sky) and from AR4Horster et al, 2007]. Green dots represent compounds where the RE in this
study is less than 5% different from AR4, while red and black dots represent compounds where the REs are
signi cantly different$ 5% and> 10%, respectively). Black dots have been labeled and represent compounds
where the RE calculated here is more than 10% different from AR4. Two compounds are off scale and there-
fore not shown in the plot: HFE-43-10pccc-Gélden 1040x, HG-11) with a RE of 1.02 W fppb *
calculated in the present study (compared to 1.37 Wppb * in AR4) and HFE-338pcc13 (HG-01) with

a RE of 0.86 W m? ppb * calculated in the present study (compared to 0.87 Wppb * in AR4).

and lifetime correction (see sections 3.3.2 and 3.3.4, respeselection of gases together with GTP values for the same gases
tively), and present new best estimate REs of 1.15, 1lia3Table 16. The GTP values vary with time horizon in a way
and 1.46 Wm?ppb * for 1,1%0xybis[2-(di uoromethoxy)- that depends on adjustment time and how this compares with
1,1,2,2-tetrauoroethane, 1,1,3,3,4,4,6,6,7,7,9,9,10,10,12,1the time scale for the response of £Bor gases with short
hexadecauoro-2,5,8,11-tetraoxadodecane and 1,1,3,3,4,446d medium lifetimes (e.g., HFC-152a and HCFC-22), the
6,7,7,9,9,10,10,12,12,13,13,15,15-eicagao-2,5,8,11,14- GTP falls rapidly with time horizon from 20 to 100 years. By
pentaoxapentadecane, respectively. We have used the s@ngast, the longer-lived gases, such as HFC-23 and CFC-12,
assumption as iAndersen et a[2010b] of a lifetime for all show GTPs that increase from time horizons of 20 to 50 years,
three compounds of 26 years. before decreasing, while fahe very long-lived gases (SF
and PFC-14), the GTP values continue to increase out to
4.2. Additional Metrics for the Most Important Gases:  100years. The contrast between the GWP and GTP values in
GTPs and GWPs for Other Time Horizons Table 16 is particularly noticeable for gases with short and me-
[27¢] While we have used a time horizon of 100 years in tlthum lifetimes—for example, for HCFC-22, the GWP drops by
main tables, we also show GW8&lwes for 20 and 500 years foran about a factor of 3 between time horizons of 20 and
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Figure 19. GWP 100year of all compounds calculated in this study.
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100years, whereas the GTP drops by more than an ordet@tm *resolution, but it is greater for some compounds, most
magnitude. This reects the fact that the integral nature of theotably CE where the difference is 8%.
GWP means that it keeps the memory of the strong shorfes4] Simulations using a chemical transport model and
lived forcing, while the GTP, beg an end-point metric, retainsresults from the existing literature were used to develop sim-
less of a memory, and the impact of the forcing pulse on tempsie lifetime-dependent correction factors to account for inho-
ature has largely dippeared after 100 years. mogeneous mixing in the atmosphere. Application of these
[279 Compared td-uglestvedt et a[2010], the GWP and correction factors is shown to be particularly important for
GTPs for CCJ are higher due to the higher RE calculated Wery short-lived compounds and leads to substantially lower
this study compared to the recommended RE in AR4 (SREs than generally reported in the literature.
discussion of CGlin section 4.1.4 for details). The metric [2s5 We estimate that the uncertainty (5-95% adence
values for Sk have also increased (except for GWP 50f@inge) in RE of compounds for which we have experimental
year) due to the increase of the best estimate RE for thigsorption cross sections is approximately 13% for gases
compound (see section 4.1.6). with atmospheric lifetimes greater than 5years, and approxi-
[28d It should be noted that while the impulse responsgately 23% for gases with lifetimes less than 5years.
function for CQ includes climate-carbon cycle feedback$or compounds for which only ab initio cross-sections
no feedbacks are included for the nonJGfases. The mag- are available, the estimated uncertainties are 16% and 25%
nitude of this bias has not been assessed for the gasesompounds with lifetimes greater and less than 5years,
addressed here. Howevegillett and Matthews[2010] respectively. These estimates assume that empirical correc-
found that for NO and CH the GWP-100 values increasedions based on knowledge of the spectra of related
by 20% when climate-carbon cycle feedbacks wegempounds have been applied to the ab initio cross-sections
included; which gives some indication of the bias in the account for systematic errors in the calculation of the
GWP values presented here. wavenumbers of the vibrational modes. Where more generic
corrections have been made, the errors can be somewhat
larger. Our estimated uncertainties are larger than the value
5. SUMMARY AND CONCLUSIONS of 10% given in IPCC AR4 for the RE of the long-lived
[281] We present a comprehensive assessment of the ragi@enhouse gases. The uncertainty in @R 344iS €sti-
tive ef ciencies (REs) for a large number of halocarbons anmhated to 24%, 34%, and 37% for a 20, 100, and 500 year
related radiatively active compounds including CFCs, HCFGisne horizon. For CFC-11 the GWP uncertainties are 23%,
bromo uorocarbons and bromochlorgrocarbons (halons), 38% and 47% for a 20, 100, and 500 year time horizon.
HFCs, PFCs, S§-NF3, and related halogen containing com- [286] Compared to AR4, the REs presented here differed
pounds. A consistent method for calculating RE has been usigghi cantly (by more than 5%) for 49 compounds, while
for all compounds ruling out any differences related to the #2 compounds had similax 6% difference) RE as in
diative transfer method. Further, our results have been cakR4. For 7 of the compounds included in AR4, we have
pared with previously published literature and new beasbt carried out calculations because spectrally resolved ab-
estimates have been presented for lifetimes, REs, and GV¢Bmtion cross-section data were not available, but for two
A total of 223 compounds were included in this study. Heod these compounds, we have updated the recommended
we summarize our maimdings: RE based on values from the literature. Best estimate REs
[282) Absorption cross-sections have been collected fraand GWPs have also been presented for 112 compounds
various sources including freely available databases andwhich were not included in AR4. For 20 additional com-
quests to authors of individual studies. The absorptipounds, we have only presented new REs and not GWPs
cross-section data used include experimental data anddab to missing lifetime estimates.
initio calculations. For most of the important halocarbons 287 Substantial updates in REs are made for several
several independent sources are available for absorptimportant gases: CFC-11, CFC-115, HCFC-124, HCFC-
cross sections. However, wad insuf cient data available 225cb, HFC-143a, HFC-245fa, CCCHCL, and Sk.
(and hence encourage further studies) for HFC-23, HFCf2sg] As shown in Figure 18, where there are substantial
236ea, HFC-245ca, Cgland several HFEs. differences between the REs evaluated in the present work
[283) An updated version of the simpid method and those given in AR4, the values evaluated here tend to
presented iPinnock et al[1995] to calculate REs was develbe lower than those given in AR4. This trend largelyes
oped and is presented. In the updated version an improved egpimprovement in the methodology used to correct for
resentation of clouds and the spatial distribution tie inhomogeneous mixing of shorter lived species (see sec-
temperature and water vapor leads to changes in the estimited3.3.4).
REs of up to 10% from those estimated using the values givefesg SFs has the highest GWP(100) with a value of
by Pinnock et al [1995]. For most compounds, we apply 23,500 (relative to C¢) as a result of its high RE and very
generic correction to account for the effect of stratosphdiong lifetime. A majority of the compounds considered here
temperature adjustment. The simulations by the siegli have a GWP(100) below 1,000, and almost 40% of the
method are performed with a LBL model and resultsompounds have a GWP(100) below 100. (See Figure 19
are presented on a 1 cresolution. There was very little showing GWP(100) values in ordered ranking for all the
(1-2%) difference between REs calculated using 'cor  compounds investigated in this study.) The AGWPs for
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CO, have been updated, and this leads to a lowering of #gknowledge the help of lvan Bravo for his early work on updating

GWP(100) values of approximately 6% compared to AR4he Pinnock method, and for many useful discussions. G. Marston
[2900 We have calculated GWPs for 20, 100, and 500 ye%i?d K. P. Shine acknowledge the RAL Molecular Spectroscopy Fa-

time horizons and global temperature change potenti‘éﬂgy for their role in facilitating halocarbon absorption cross-section

asurements, including those under grants from the UK Natural En-
EBGVC? ;g(rj zc(;)_’l_govglz ?aslci)so yz%;; Fr1|e ?\cc))?it(;::lt)ll()ae?(l)vreeg {\ﬁr%nment Research Council (NMSF/0506/06 and NMSF/1112/01).
ith sh d di lif p d y he i | 9 S‘?ﬁe Editor on this paper was Alan Robock. He thanks Donald
with short and me "_Jm ! etlmes and exts the integral na- Wuebbles and two anonymous reviewers for their review assistance
ture of the GWP which retains memory of the strong shofs this manuscript.

lived forcing, while the GTP, being an end-point metric,

has less of a memory.
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