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Updated radiative forcing estimates of 65 halocarbons 
and nonmethane hydrocarbons 

Kamaljit Sihra, 1 Michael D. Hurley, • Keith P. Shine, 
and Timothy J. Wallington = 

Abstract. The direct radiative forcing of 65 chlorofiuorocarbons, hydrochlorofiuo- 
rocarbons, hydrofiuorocarbons, hydrofiuoroethers, halons, iodoalkanes, chloroalka- 
nes, bromoalkanes, perfiuorocarbons and nonmethane hydrocarbons has been 
evaluated using a consistent set of infrared absorption cross sections. For the ra- 
diative transfer models, both line-by-line and random band model approaches were 
employed for each gas. The line-by-line model was first validated against measure- 
ments taken by the Airborne Research Interferometer Evaluation System (ARIES) 
of the U.K. Meteorological Office; the computed spectrally integrated radiance of 
agreed to within 2% with experimental measurements. Three model atmospheres, 
derived from a three-dimensional climatology, were used in the radiative forcing 
calculations to more accurately represent hemispheric differences in water vapor, 
ozone concentrations, and cloud cover. Instantaneous, clear-sky radiative forcing 
values calculated by the line-by-line and band models were in close agreement. 
The band model values were subsequently modified to ensure exact agreement with 
the line-by-line model values. Calibrated band model radiative forcing values, for 
atmospheric profiles with clouds and using stratospheric adjustment, are reported 
and compared with previous literature values. Fourteen of the 65 molecules have 
forcings that differ by more than 15% from those in the World Meteorological 
Organization [1999] compilation. Eleven of the molecules have not been reported 
previously. The 65-molecule data set reported here is the most comprehensive and 
consistent database yet available to evaluate the relative impact of halocarbons and 
hydrocarbons on climate change. 

1. Introduction 

The Kyoto Protocol calls for international limits on 
the emission of greenhouse gases such as CO2, N20, 
CH4, HFCs, and SF6. To compare the relative impact 
of different greenhouse gas control strategies, it is nec- 
essary to place the climatic impacts of various green- 
house gases on a common scale. For any meaningful 
scale, knowledge of the radiative forcing for each gas is 
required. As a result of the Montreal Protocol a large 
number of different compounds are under consideration 
as replacements for chlorofiuorocarbons. In comparing 
the environmental impacts of these replacements, it is 
necessary to consider their potential effect on global 
climate. Over the past 5-10 years, there have been 
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many studies which have reported cross-sectional mea- 
surements and radiative forcing calculations for possible 
CFC replacements [e.g., Christidis et al., 1997; Uler- 
baux et al., 1993; Good et al., 1998; Hansen et al., 1997; 
Heathfield et al., 1998; Imasu et al., 1995; Ko et al., 
1999; Myhre et al., 1998; Naik et al., 2000; Pinnock 
et al., 1995; Roehl et al., 1995]. Unfortunately, typi- 
cally only a few gases are studied in each investigation, 
and there are often significant differences in the method- 
ologies used in the different studies (e.g., different ab- 
sorption spectra, radiative transfer models and different 
atmospheric profiles of the most abundant gases). Com- 
parison of radiative forcing values reported from differ- 
ent laboratories is often not a straightforward process. 
A consistent and comprehensive set of well-documented 
forcing calculations is needed to provide a clear relative 
ranking of the potential climatic impacts of the large 
number of potential CFC replacements. The most com- 
prehensive study to date is that of Jain et al. [2000], who 
report results for 39 gases by combining distributions 
calculated with a two-dimensional chemical transport 
model with detailed radiative transfer calculations. 

In this study we have undertaken a systematic study 
of the infrared spectra and radiative forcing of 65 halo- 
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carbons and hydrocarbons, 11 of which have not been 
reported to our knowledge. To maximize the experi- 
mental precision, the infrared spectra of all of the com- 
pounds (except CFC-11, HFC-245fa, perfiuorocyclobu- 
tane, trichloromethane, and 1,2 dichloromethane) were 
measured using the same experimental techniques and 
apparatus [Pinnock et al., 1995]. Two different radia- 
tive transfer models were utilized for each of the gases 
in order to quantify the impact of the model on the 
radiative forcing result. 

Radiative transfer calculations performed using the 
line-by-line approach were carried out using a modified 
version of the Reference Forward Model (RFM) [Dud- 
hia, 1997], a fast forward model based on the GENLN2 
model [Edwards, 1987]. The RFM was compared with 
other line-by-line models from the Intercomparison of 
Radiation Codes Used in Climate Models (ICRCCM) 
and validated against observations by the Airborne Re- 
search Interferometer Evaluation System (ARIES) of 
the U.K. Meteorological Office. A discussion of the re- 
sults is given in section 2. 

Absorption spectra were measured over the 450 to 
2000 cm -• range to include not only the main spectral 
signatures typically found between 700 and 1500 cm -•, 
but also the generally smaller features which are present 
in the 450 to 700 cm -• spectral range. The 700 and 
1500 cm-• region is important since the principal gases 
found in the atmosphere absorb most weakly within 
this range. The 450 to 700 cm -• region, encapsulat- 
ing strong surface emissions but also strong absorption 
bands of water vapor and carbon dioxide, is less impor- 
tant [Pinnock et al., 1995]. However, for gases such as 
toluene, with 7.1% of the integrated cross section falling 
in the 450 to 600 cm -• range that contributes 16.5% to 
the radiative forcing, this frequency range is certainly 
significant. The infrared spectra, the integrated absorp- 
tion cross sections, and a discussion on contaminants 
are given in section 4. 

The impact of these gases on the atmosphere is quan- 
tified by their "adjusted radiative forcing" [Intergov- 
ernmental Panel on Climate Change (IPCC), 1995], 

which is defined as the net change in irradiance at the 
tropopause from the inclusion of a greenhouse gas, after 
the stratospheric temperatures have been allowed to ad- 
just to this change and return to a radiative equilibrium. 
To include clouds and stratospheric adjustment is com- 
putationally expensive for the line-by-line model. Hence 
the clear-sky "instantaneous radiative forcing," which 
does not include stratospheric adjustment, is also used 
for each gas to calibrate a narrowband model which is 
used for the calculation of the adjusted forcings. No pre- 
vious study has used line-by-line calculations for such 
a large number of gases. A discussion of the models, 
radiative forcings, global warming potentials (GWPs), 
and a comparison with other values found in the litera- 
ture concludes this study. 

2. Validation of the Reference Forward 

Model 

Line-by-line model calculations were performed using 
the Reference Forward Model (RFM) [Dudhia, 1997]. 
The irradiance calculation was included using a four- 
point Gaussian quadrature that approximates the zenith 
angle integration to better than 0.1% [Clough et al., 
1992]. This flux form of the model, hereinafter re- 
ferred to as the FRFM, was run at a spectral reso- 
lution of 0.0025 cm -•, which is sufficient to resolve 
Lorentz broadened lines from near the surface to the 

upper stratosphere. The ability to resolve lines above 
this height was found to produce a negligible change in 
downward irradiance to the tropopause. The HITRAN 
1996 line compilation [Rothman et al., 1998], "CKD2.1" 
water vapor continuum [Clough et al., 1992], and a line 
wing limit of 25 cm -• were also used for all model cal- 
culations. Furthermore, for each vertical profile layer, 
the Planck function was permitted to vary linearly with 
optical depth so that in the extremes, the radiance (or 
irradiance) from a layer boundary represented the tem- 
perature of that boundary at opaque frequencies and 
the mean layer temperature at optically thin frequencies 
[see, e.g., Wiscombe, 1976; Clough et al., 1992]. This 

Table 1. Comparison of Line-by-Line Models for Three Atmospheric Cases a 

Tropical Midlatitude Summer Subarctic Winter 

Fsfc Ftrp Ftoa Fsfc Ftrp Ftoa F•c Ftrp Ftoa 

ICRCCM 

Minimum 389.92 277.62 290.26 343.07 265.00 283.32 164.44 178.08 202.61 
Maximum 397.86 288.14 294.40 351.19 274.53 290.47 166.73 179.92 203.45 

FGENLN2 395.49 281.69 292.63 347.49 266.58 283.59 171.17 172.86 199.83 
LBLRTM 394.66 277.62 290.26 346.91 265.30 283.32 
FRFM 396.86 277.72 290.70 348.10 265.51 283.90 170.73 173.88 200.59 

airradiances are given in W m -2, where Fsfc is the downward irradiance at the surface, Ftrp is the net 
upward irradiance at the tropopause, and Ftoa is the upward irradiance at the top of the atmosphere. 
Abbreviations are ICRCCM, Intercomparison of Radiation Codes Used in Climate Models; FGENLN2, 
Flux version of the GENLN2 line-by-line model; LBLRTM, Atmospheric Environment Research line-by-line 
model; and FRFM; flux Reference Forward Model. 
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more realistic representation was also used in all of the 
model calculations. The model validation was carried 

out in two parts: a comparison with other line-by-line 
models and a validation against observations. 

2.1. Model Comparison 

The model comparison was performed using archived 
data from the four line-by-line modeling groups in the 
ICRCCM comparison [Ellingson et al., 1991]. The data 
were obtained from the Carbon Dioxide Information 

Analysis Center Web site (http://cdiac.esd.ornl.gov/ftp 
/ICRCCM-radiative_fluxes). The range of irradiances 
for these models is shown in Table 1 for three at- 

mospheric profiles: tropical, midlatitude summer, and 
subarctic winter (ICRCCM cases 25, 27, and 33, re- 
spectively). For each case, vertical concentration pro- 
files of water vapor, ozone, and carbon dioxide were 
also given (CO2 with a uniform concentration of 300 
ppmv). Irradiances from the Atmospheric Environ- 
ment Research line-by-line model (LBLRTM) are shown 
explicitly, since this is closest in formulation to the 
FRFM, and those from the flux version of the GENLN2 
model (FGENLN2), previously at Reading [Pinno& 
and Shine, 1998], are also included for comparison. 

The range of ICRCCM values is much greater for 
the tropical and midlatitude summer cases than for 
the subarctic winter. The profile for the latter case 
has a much lower surface temperature and a much 
weaker vertical structure, which make differences, par- 
ticularly from the type of water vapor continuum model 
used, less significant. Differing line wing limits, spec- 
tral databases, vertical resolution, and in one model, 
slightly different mixing ratios, all contribute to the 
variability. For the tropical and midlatitude summer 
cases the FRFM irradiances lie within the ICRCCM 

range. For subarctic winter, the models run with a 
greater number of approximations tend toward weaker 
absorption (emission) than the FRFM and FGENLN2. 
More important, for all three cases, the FRFM agrees 
to better than 1.5% with the LBLRTM and FGENLN2 

model irradiances. The instantaneous, clear-sky radia- 
tive forcings for a doubling of carbon dioxide concentra- 
tion from 300 to 600 ppmv for the midlatitude summer 
case are 5.55 W m -2 for the FRFM, 5.59 Wm -2 for 
the LBLRTM model, and 5.54 W m -2 for FGENLN2. 
These values are consistent within 1%, which is an ac- 
ceptable level of agreement given the differences be- 
tween the models. The average of the ICRCCM line- 
by-line models gives a forcing of 5.63 W m -2, which 
is somewhat higher than the FRFM value. However, 
the ICRCCM average is biased by the models calculat- 
ing weaker absorptions, for example, by using line wing 
limits of 10 cm -• instead of 25 cm -•. For these models 

the increase in CO2 concentration from 300 to 600 ppmv 
results in the strongly absorbing CO2 band centered at 
667 cm -• (15/•m) to saturate in transmittance. Since 
this band is already partially saturated at 300 ppmv in 

the more comprehensive models such as the LBLRTM 
and FRFM, the change in irradiance, and hence forcing, 
is less pronounced. 

2.2. Comparison With Observations 

A validation of the model, however, can necessarily 
be achieved only by a comparison with observations. In 
this case, radiance measurements were used that were 
recorded by the ARIES instrument and provided by J. 
P. Taylor (personal communication, 1999). The ARIES 
instrument is a thermal infrared interferometer capable 
of recording in either the zenith or nadir over an al- 
titude range of 30-9000 m. Validation was performed 
across the 700 to 3000 cm -x spectral range at 0.5 cm -x 
resolution. The tropospheric temperature and concen- 
tration profiles of water vapor and ozone were provided 
from in situ measurements on board the aircraft. The 

stratospheric profiles were taken from the global and 
multiannual atmosphere of Christidis et al. [1997]. Uni- 
form vertical profiles of carbon dioxide (358 ppmv), 
methane (1720 ppbv), nitrous oxide (312 ppbv), and 
carbon monoxide (137 ppbv) were included to repre- 
sent the present-day atmosphere. Figure la shows an 
ARIES zenith spectrum recorded at midlatitude in Oc- 
tober 1998, Figure lb shows the calculated result, and 
Figure lc shows the residuals (ARIES minus RFM). 

The model shows excellent agreement with observa- 
tions across the entire spectral range, with frequency- 
integrated radiances of 48.45 W m -2 sr -1 for the ARIES 
instrument and 47.65 W m -2 sr -x for the RFM, a dif- 
ference of 1.7%, not including the negative radiances 
between 2500 and 3000 cm -x and instrument noise be- 

tween 1400 and 1800 cm -x. A comparison of an ARIES 
spectrum measured in the nadir was also performed. 
The frequency-integrated radiances showed a smaller 
difference (better than 0.5%), which is expected since 
nadir spectra show less sensitivity to spectral differences 
given the surface emission term. The agreement be- 
tween the measured and modeled data in Figure 1 pro- 
vides a validation of the RFM line-by-line model. 

3. The Radiative Transfer Models 

The FRFM is not able to include clouds or strato- 

spheric adjustment. The narrowband model (NBM) of 
Shine [1991] is therefore used to calculate instantaneous 
cloud-free forcings, for comparison against the FRFM, 
as well as the cloudy, adjusted forcings. The line-by-line 
approach employs the most fundamental physics and 
high numerical accuracy to evaluate the radiative trans- 
fer equations. It is therefore thought to be the most 
accurate atmospheric radiative transfer model subject 
to the limiting and significant caveats of imprecise spec- 
tral line parameters and line shape. Hence the forcings 
from the FRFM are used to calibrate those from the 

NBM; the cloudy, adjusted forcings are scaled directly 
by a gas-dependent scale factor so that the instanta- 
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Figure 1. An Airborne Research Interferometer Evaluation System (ARIES) zenith spectrum 
recorded at midlatitude in October 1998 over the 700 to 3000 cm -• spectral range is shown in 
Figure la. The corresponding Reference Forward Model (RFM) calculated spectrum is shown in 
Figure lb. The spectrally integrated radiances are 48.45 W m -• sr -1 for the ARIES instrument 
and 47.65 W m-2sr -1 for the RFM. 

neous, clear-sky forcings from the NBM agree exactly 
with those from the FRFM. The NBM has a spectral 
resolution of 10 cm -•, with 250 bands across the 0 to 
2500 cm- • range. The model uses the Malkmus statisti- 
cal distribution of line strengths [Malkmus, 1967] since 
this "model" more closely represents reality than any 
of the other random band models. Transmittances are 

calculated using either the HITRAN 1996 database or 
absorption cross sections for the halocarbons, averaged 
into 10 cm-1 intervals and the CKD 2.1 water vapor 
continuum model. Irradiances are calculated again us- 
ing four-point Gaussian quadrature. Both models sub- 
layer the vertical profiles so that variations in the Planck 
function can be neglected. Three cloud layers can be in- 
cluded in the atmospheric profile using a basic param- 
eterization of optical depth, with the fractional cover- 
age of each cloud layer taken from the International 

Satellite Cloud Climatology Project (ISCCP) and with 
the uppermost cloud tuned to give an agreement of ap- 
proximately 1% with observed outgoing longwave radi- 
ation at the top of the atmosphere [Freckleton et al., 
1998]. Stratospheric adjustment was included by as- 
suming that the combination of constant solar heating 
rate and dynamical heating balances the infrared cool- 
ing rate and using an iterative technique to adjust the 
stratospheric temperatures unti. 1 the radiat,ive equilib- 
rium, upset by the inclusion of the new molecule, is 
restored [Pinnock et al., 1995]. 

Atmospheric profiles of temperature, cloud cover, and 
water vapor and ozone concentrations were used to rep- 
resent the tropics and the extratropics of each hemi- 
sphere (as described by Freckleton et aL [1998]). The 
profiles were based on multiyear averages of European 
Centre for Medium-Range Weather Forcasts (ECMWF) 



SIHRA ET AL.: UPDATED HALOCARBON RADIATIVE FORCING ESTIMATES 20,497 

analyses and combinations of different satellite instru- 
ment data (see Christidis et al. [1997] for a more com- 
plete description). Uniform profiles of carbon dioxide 
(358ppmv), methane (1720ppbv), and nitrous oxide 
(312ppbv) were used. The tropopause height was de- 
fined as the "conventional" thermal tropopause [World 
Meteorological Organization (WMO), 1986]. The back- 
ground concentration of the trace gases was assumed 
to be zero, with forcings calculated for a 0.1 ppbv uni- 
form increase in concentration. The global mean forcing 
is hence calculated by area-weighting the three forc- 
ings and linearly scaling to 1.0 ppbv. This ensures 
that no sharp spectral features saturate and that ab- 
sorptions remain within the regime of the weak limit, 
one of the regimes where the NBM most accurately cal- 
culates transmittance [see Pinnock et al., 1995]. This 
method is also more appropriate to calculate radiative 
forcings of trace gases for observed or anticipated atmo- 
spheric concentrations which are typically much lower 
than 1.0 ppbv. A significant error arises from the as- 
sumption of a uniform profile for short-lived gases. For 
this study we use correction factors from Jain et al. 
[2000] for gases common to our studies; for other gases 
we use a lifetime-dependent factor based on the results 
of Jain et al. [2000] to account simply for the impact 
of atmospheric lifetime. The validity of this method 
is discussed in section 5. Note that Jain et al. [2000] 
also calculate the forcing using the full latitudinal and 
seasonal variations in background conditions; the full 
profiles give a forcing typically 2-3% higher than for a 
global mean profile, reaching 7% for a few gases. As 
discussed later, such errors are no bigger than other 
sources of error, such as in absorption cross section or 
specification of tropopause position. 

4. Integrated Absorption Cross Sections 

Absorption cross-sectional spectra were measured at 
the Ford Motor Company, with additional spectra ob- 
tained from the Spectroscopy and Warming Potentials 
of Atmospheric Greenhouse Gases (SWAGG) project 
[Highwood and Shine, 2000] and from Clerbaux et al. 
[1993]. The spectra of CFC-12 from HITRAN 1996 
[Varanasi and Nemtchinov, 1994] and HFC-245fa (re- 
ported by Ko et al. [1999]) were also included; the 
gases measured by each of these sources, and their in- 
tegrated cross sections, are shown in Table 2. Where 
possible, the cross sections were recorded across the 450 
to 2000 cm -• spectral range; details of the Ford experi- 
mental setup are given by Christidis et al. [1997]. Forty- 
four of the trace gases and their forcings calculated us- 
ing this NBM have been reported by our group previ- 
ously [Pinnock et al., 1995; Christidis et al., 1997; High- 
wood et al., 1999; Highwood and Shine, 2000]. Eleven 
of the trace gases have not been previously reported to 
our knowledge. For completeness, in addition to the 
new measurements of infrared spectra for the hydroflu- 
oroethers, halons, and perfiuorocarbons listed in Ta- 

ble 2, we also ran checks of the infrared spectra of the 
44 compounds (hydrofiuorocarbons, hydrochlorofiuoro- 
carbons, and nonmethane hydrocarbons) that we had 
previously measured [Pinnock et al., 1995; Christidis 
et al., 1997; Highwood et al., 1999], some of which had 
been used by Naik et al. [2000] and Jain et al. [2000]. 

In the process of double checking the old spectra, we 
found there was a small shift in the baseline of 13 of the 

old spectra. Accordingly, we remeasured the infrared 
spectra of all of the gases and report the new results 
given in Table 2. After remeasurement, we found that 
seven of the 44 spectra had integrated cross sections 
which were more than 10% different from our published 
measurements. These compounds are indicated in Ta- 
ble 2. Smaller corrections are also made to some of the 

other gases. A small proportion of the infrared spec- 
tra were contaminated with water vapor lines between 
1400 and 2000 cm -•, which arise because of traces of 
water vapor in the infrared beam within the spectrom- 
eter. A Kalman filtering technique [Kalman, 1960] was 
used effectively to remove water lines to within the level 
of the noise (for a complete description of this method 
see $ihra [1998]). 

5. Radiative Forcings and Global 
Warming Potentials 

5.1. The Effect of Nonuniform Vertical Profiles 

The adjusted, cloudy-sky, global, and annual mean 
radiative forcings are shown in Table 3, for uniform 
1.0 ppbv vertical profiles and taking into account at- 
mospheric lifetimes. These uniform 1.0 ppbv values are 
regarded as reference values, as these allow a more ready 
comparison between different studies. The 1.0 ppbv val- 
ues will overestimate the forcing because of the falloff 
in concentrations above the tropopause. For some trace 
gases, notably CFC-11 and CFC-12, some observations 
exist with which to characterize the impact of nonuni- 
form distributions [e.g., Freckleton et al., 1998]. For 
others, 2-D chemical transport models can be used to 
deduce vertical profiles [see, e.g., Freckleton et al., 1998; 
Naik et al., 2000; Jain et al., 2000]. Such an approach 
is clearly the most comprehensive, but the lack of data 
with which to evaluate such models, particularly for 
the shorter-lived species, and the difficulties in repre- 
senting transport, especially in 2-D models, must be 
recognized. In addition, assumptions have to be made 
about the distributions of emissions (e.g., Freckleton 
et al. [1998] assumed emissions to be predominantly in 
the Northern Hemisphere, while Naik et al. [2000] and 
Jain et al. [2000] specify a constant surface mixing ra- 
tio everywhere). Furthermore, an assumption has to 
be made about whether the model is run to a steady 
state. As an example of the problems in using model- 
derived vertical profiles, Naik et al. [2000] report that 
the CFC-11 model-derived forcing is 11% smaller than 
for a constant profile case; Freckleton et al. [1998] used 
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Table 2. Integrated Absorption Cross Sections Over the Range 450-2000 cm -• Measured in the Present 
Work at 296 K (Ford Motor Company) and Previous Results From Clerbaux et al. [1993] and the Spec- 
troscopy and Warming Potentials of Atmospheric Greenhouse Gases Project (SWAGG) a 

Integrated Cross Section (10 -17 cm •' molecule -1 cm -1) 
Gas Chemical Formula Ford Clerbaux et al. [1993] SWAGG 

CFC-11 CClsF 9.31 
CFC-12 b CCI•.F•. 13.59 
HCFC-123 CHCI•.CFs 11.99 c 
HCFC-124 CHC1FCFs 13.85c 
HCFC-141b CHsCCI•.F 7.14 c 
HCFC- 142b CHs C C1F•. 9.58 c 
HCFC-21 CHFCI•. 7.48 
HCFC- 225ca d C HC1 •. CF•. CFs 18.41c 
HCFC-225cb CC1F•.CF•.CHC1F 15.39 c 
HCFC-22 CHC1F•. 10.16 c 
HFC-125 CHF•.CFs 16.47 c 
HFC-134 CHF•.CHF2 10.57 
HFC-134a CFH•.CFs 12.40 c 
HFC-143 CHF•.CH•.F 7.14 c 
HFC- 143a CFs CHs 12.71 c 
HFC-152a CHsCHF•. 6.87 c 
HFC-161 CHsCH•.F 2.46 
HFC-227ca CFs CF•. CHF•. 19.97 
HFC-227ea CFs CHFCFs 23.04 c 
HFC-236cb CFs CF•. CH•.F 16.96 
HFC-236fa CFsCH•.CFs 23.42 c 
HFC-23 CHFs 11.61 c 
HFC-245cb CFs CF•. CHs 16.71 
HFC-245fa e CFs CHq. CHF•. 19.57 
HFC-272ca CHsCF•.CHs 5.69 c 
HFC-32 d CH•.F2 5.65 c 
HFC-41 • CHsF 1.57 c 
HFE-245fa2 CFs CHq. OCHF•. 26.31 
HCFE-235da2 CFs CHC1OCHF•. 27.44 
HFE-125 CFsOCHF•. 31.55 
HFE-143a CF30CHs 20.16 
HFE-356mff2 CFs CHq. OCH•.CFs 27.33 
HFE-7100 C4F9OCHs 36.04 
HFE-7200 C4 F90 C•. H5 36.56 
i7100 i-C4F9OCH3 37.61 
n 7100 n-C 4 F90CHs 33.71 
i7200 i-C4 F90C•.H5 32.70 
H-Galden 1040X CHF•. OCF•. OC•. F40CHF•. 65.82 
Halon 1211 CF•.BrC1 12.51 
Halon 2402 CF•.BrCF•.Br 15.40 
Halon 1301 CFsBr 16.84 
Trifluoromethyl sulphur CFsSF5 25.44 c 
Pentafluororide 

Perfluoromet bane CF 4 21.93 
Perfluoroethane C2 F6 21.68 
Perfluoropropane Cs Fs 27.39 
Perfluorocyclobutane C4Fs 
Perfluorobut ane C4 F lo 31.41 
Iodopentafluoroethane CFsCF•.I 17.72 
Iodotrifluoromethane CFsI 15.47 
Dibromomet bane CHq. B r •. 2.07 
Difluorobromomethane CHF•.Br 10.04 
Methyl bromide d CHsBr 0.71 
1,2 dichloroethane CH•.C1CH•. C1 
Trichloromethane CHCls 
Acetylene d C•.H•. 3.90 
Benzene d C6H• 3.04 
Cyclohexane C• H1 •. 0.53 
Ethane C2H• 0.38 
Ethene C2H4 1.67 

12.17 

(14.43) 
6.84 

10.83 

17.49 
16.51 

9.98 

(16.11) 

12.67 

7.07 

10.23 

16.73 

13.62 

12.01 

6.70 

[10.09] 

5.62 

22.81 

21.56 

[2.o3] 
[5.08] 



SIHRA ET AL.' UPDATED HALOCARBON RADIATIVE FORCING ESTIMATES 20,499 

Table 2. (continued) 

Gas Chemical Formula 
Integrated Cross Section (10 -•7 cm 2 molecule -• cm -•) 

Ford Clerbauz et al. [1993] SWAGG 

n-butane d C4H•o 0.63 
n-pentane C5H•2 0.72 
Propane CsHs 0.54 
Propylbenzene C6HsCH2CH2CHs 2.43 
Styr ene C6 H5 CH CH 2 3.13 
Toluene C•HsCHs 2.34 

aWhere available, the 253 K data from the Clerbauz et al. [1993] and SWAGG studies are given; otherwise the 
spectra were recorded at 287K [Clerbauz et al., 1993] or 295 K (SWAGG), as indicated by values in parentheses 
and brackets, respectively. In the case of HCFC-22, the SWAGG spectrum was recorded at 273 K. Data for 
HFC-245fa were taken from Ko et al. [1999], and for CFC-12 the 259-K spectrum in HITRAN 1996 was used. 

bTaken from HITRAN (1996). 
cWavenumber range is 700-2000 cm -•. 
dIntegrated absorption cross sections which differ from our previously published results by more than 10%. 
eTaken from Ko et al. [1999]. 

Table 3. Global, Annual Mean, Cloudy-Sky Radiative Forcings for a 1.0-ppbv Change in Trace 
Gas Mixing Ratio, for a Uniform Profile and Estimated for Lifetime-Dependent Profiles Based on 
the Results of Jain et al. [2000] a 

Radiative Forcing, Wm -• ppbv -• 
Gas Constant Profile Lifetime Adjusted WMO [1999] Jain et al. [2000] 

CFC-11 0.269 0.242 0.25 0.240 
CFC-12 0.337 0.321 0.32 0.302 
HCFC-123 0.192 0.141 0.20 0.143 
HCFC-124 0.215 0.193 0.22 0.195 
HCFC-141b 0.150 0.130 0.14 0.131 
HCFC-142b 0.189 0.163 0.20 0.164 
HCFC-21 0.173 0.140 0.17 
HCFC-225ca 0.259 0.202 0.27 0.207 
HCFC-225cb 0.317 0.280 0.32 0.245 
HCFC-22 0.213 0.208 0.22 0.205 
HFC-125 0.236 0.223 0.23 0.249 
HFC-134 0.193 0.180 0.18 0.176 
HFC-134a 0.168 0.159 0.19 0.200 
HFC-143 0.134 0.118 0.13 0.115 
HFC-143a 0.154 0.148 0.16 0.160 
HFC-152a 0.119 0.095 0.13 0.097 
HFC-161 0.039 0.024 0.03 0.022 
HFC-227ca 0.268 0.249 0.31 
HFC-227ea 0.264 0.256 0.30 0.322 
HFC-236cb 0.239 0.217 0.23 
HFC-236fa 0.253 0.251 0.28 0.264 
HFC-23 0.177 0.171 0.20 0.248 
HFC-245cb 0.245 0.26 
HFC-245fa 0.256 0.241 0.25 0.261 
HFC-272ca 0.082 0.08 
HFC-32 0.114 0.105 0.13 0.155 
HFC-41 0.027 0.023 0.02 
HFE-245fa2 0.387 0.332 0.31 
HCFE-235da2 0.449 0.372 0.38 
HFE-125 0.424 0.407 0.44 
HFE-143a 0.198 0.172 0.27 
HFE-356mff2 0.362 
HFE-7100 0.402 0.347 0.31 
HFE-7200 0.412 0.303 0.30 
i7100 0.374 
n7100 0.465 
i7200 0.338 
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Table 3. (continued) 

Radiative Forcing, Wm -•' ppbv -• 
Gas Constant Profile Lifetime Adjusted WMO [1999] Jain et al. [2000] 

H-Galden 1040X 1.051 
Halon 1211 0.313 

Halon 2402 0.329 

Halon 1301 0.318 

CFaSF5 0.567 
CF4 0.117 
C•.F6 0.268 
CaFs 0.283 
C4Fs 0.318 
C4Flo 0.375 
CFaCF•.I 0.296 
CF•I 0.275 
CH•.Br•. 0.016 

CHF•.Br 0.166 
CH•Br 0.007 
CH•.C1CH•.C1 0.021 
CHCI• 0.136 
Acetylene 0.051 
Benzene 0.013 

Cyclohexane 0.004 
Ethane 0.003 
Ethene 0.037 
n-butane 0.004 

n-pentane 0.004 
Propane 0.003 
Propylbenzene 0.021 
Styrene 0.046 
Toluene 0.020 

0.987 1.05 

0.263 0.30 0.251 

0.289 0.32 0.273 

0.116 0.08 0.089 b 
0.266 0.25 

0.279 0.26 

0.314 0.36 

0.370 0.33 

0.26 0.293 b 
0.168 0.23 0.268 b 
0.011 0.01 0.019 b 
0.146 0.14 0.174 b 
0.005 0.01 0.007 b 

0.094 0.02 

aWhere available, these correction factors are applied directly; elsewhere, a correction factor based on an 
empirical least squares fit to the results of Jain et al. [2000] is applied, using lifetimes given by WMO [1999]. 
The forcings from WMO [1999] and the lifetime corrected forcings from Jain et al. [2000] are also included 
where data are available. The reference forcing and lifetime for HFC-245fa are from Ko et al. [1999]. The 
chemical formulae for the gases are given in Table 2. 

•Radiative forcing for a constant trace gas profile. 

latitudinally resolved satellite observations of CFC-11 
(which were found to agree with balloonsonde observa- 
tions) and calculated a forcing only 6% smaller than a 
constant profile case. For a number of gases common 
to the Naik et al. [2000] and Jain et al. [2000] studies 
the impact of model-derived profiles differs markedly for 
some gases (e.g., the corrections for HCFC-123 are 16% 
and 27% respectively). A. Jain (personal communica- 
tion, 2000) reports that results from Jain et al. [2000] 
should be regarded as the most reliable because of the 
more detailed approach in that study. For the five gases 
that Freckleton et al. [1998] and Jain et al. [2000] have 
in common, two gases have derived corrections which 
differ by more than 30%. 

With these words of caution, the following approach 
is adopted. For those gases common to this study and 
that of Jain et al. [2000] we adopt their correction fac- 
tor for the impact of vertical profile. For nine of the 
39 gases of Jain et al. [2000], vertical profiles were not 
available, and they assumed that these gases have a 
constant vertical profile, even for gases with short life- 
times. We choose, instead, to adopt a simple correction 

factor based on atmospheric lifetime. It is recognized 
that such a correction factor is best applied using the 
stratospheric lifetime, because it is this that determines 
the rate of falloff above the tropopause [see Freckleton 
et al., 1998; Naik et al., 2000]; indeed, plotting the cor- 
rection factors of Naik et al. [2000] against stratospheric 
lifetime yields a tight relationship (see Figure 2). How- 
ever, for most gases, the stratospheric lifetime is not 
available. Although less robust, there remains a gen- 
eral relationship between the lifetime and the impact 
of the vertical profile on the forcing (Figure 2). Using 
the Jain et al. [2000] results, we have derived an em- 
pirical curve fit such that the fractional correction to 

the forcing for lifetimes greater than 0.25 years is given 
by I- 0.241 t -ø'aSs, where t is the lifetime in years. 
For gases of shorter lifetime, we use the minimum value 
(0.61) in the Jain et al. [2000] study. There is clearly 
much uncertainty in applying such corrections, and this 
will be a significant source of error; however, the errors 
in using these corrections should be lower than the error 
in applying no correction at all. 

After application of these corrections, we believe that 
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Figure 2. The correction factors required to calculate radiative forcings which account for 
stratospheric decay from those calculated with a uniform profile are plotted as a function of 
lifetime. The plot shows an empirical least squares fit to the correction factors from Jain et al. 
[2000] to estimate the factors required for gases where the model-derived vertical profiles are not 
available. 

the uncertainties in the calculated forcings arising from 
different treatments of the vertical profile of the gases 
will be comparable to the errors in the spectroscopic 
measurements, the radiation scheme, and the choice of 
tropopause (each of the order of 5-10%). 

5.2. Results 

The global and annual mean forcing values, aver- 
aged where more than one cross section was used, are 
shown in Table 3. These assume that radiative forcing 
varies linearly with cross section, a valid assumption if 
temperature-dependent band changes are assumed to be 
negligible [see Christidis et al., 1997] and the magnitude 
of errors in the spectra, such as baseline drifts, are fre- 
quency independent. The forcings of Jain et al. [2000] 
and WMO [1999] have also been included for compar- 
ison. HFC-245fa is not included by WMO [1999], and 
so the lifetime and reference forcing of Ko et al. [1999] 
has been used instead. The 100-year global warming 
potentials (GWPs), computed using our forcings and 
the WMO [1999] lifetimes, are given in Table 4. The 
radiative forcings show good agreement in general, with 
51 of the 65 gases agreeing to within 15% of the WMO 
[1999] values (although it should be noted that some of 
the WMO [1999] values were based on our own earlier 
work). 

For the instantaneous forcings (not shown), the un- 
calibrated NBM values were found to vary between 98 
and 104% of the corresponding FRFM values for all but 
five gases. These remaining gases, acetylene, benzene, 
toluene, perfluoromethane, and methyl bromide, all ex- 
hibit sharp spectral features and showed deviations of 
up to 13%. This illustrates that the more approximate 
model, the NBM, in general performs very well except 
when the infrared spectrum contains sharply varying 
spectral features. This "problem" is more likely to 
be observed when cross-sectional spectra are used for 

lighter molecules (e.g., acetylene) since for molecular 
transitions the line spacing is inversely proportional to 
molecular moments of inertia (hence heavy molecules 
generally have strongly overlapping lines and less de- 
tailed line structure) [see, e.g., Griffiths and dellaseth, 
1986]. 

To investigate whether this artifact of the NBM af- 
fects the adjusted, cloudy-sky forcings in a consistent 
manner, we investigate an alternative method of forcing 
agreement between the FRFM and the NBM. The cross 
sections of each of the above five gases and CFC-11, rep- 
resenting the "typical" case, were scaled in frequency by 
the difference in the global-mean forcing spectra of the 
NBM and FRFM for the instantaneous clear-sky forc- 
ing. These effective cross sections were then used in the 
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Table 4. Global Warming Potentials (GWPs) Relative 
to CO2, Calculated Using Lifetimes From WMO [1999], 
the Lifetime-Corrected Forcings of This Study, and a 
100-Year Time Horizon a 

Forcing, Lifetime, 100-Year 
Gas W m -•' ppbv -• years GWP 

CFC-11 0.242 45 4,500 
CFC-12 0.321 100 10,600 
HCFC-123 0.141 1.4 80 
HCFC-124 0.193 6.1 540 
HCFC-141b 0.130 9.2 650 

HCFC-142b 0.163 18.5 1,900 
HCFC-21 0.140 2 170 
HCFC-225ca 0.202 2.1 130 
HCFC-225cb 0.280 6.2 540 
HCFC-22 0.208 11.8 1,800 
HFC-125 0.223 32.6 3,600 
HFC-134 0.180 10.6 1,200 
HFC-134a 0.159 13.6 1,300 
HFC-143 0.118 3.8 340 
HFC-143a 0.148 53.5 5,000 
HFC-152a 0.095 1.5 140 
HFC-161 0.024 0.25 10 

HFC-227ca 0.249 32.6 2,900 
HFC-227ea 0.256 36.5 3,200 
HFC- 236cb 0.217 14.6 1,300 
HFC-236fa 0.251 226 8,400 
HFC-23 0.171 243 13,000 
HFC-245fa 0.241 7.6 860 
HFC-32 0.105 5.6 710 
HFC-41 0.023 3.7 160 
HFE-245fa2 0.332 4.4 610 
HCFE-235da2 0.372 2.6 330 
HFE-125 0.407 165 14,000 
HFE-143a 0.172 5.7 620 
HFE-7100 0.347 5 440 
HFE-7200 0.303 0.77 60 

H-Galden 1040X 0.987 48 8,700 
Halon 1211 0.263 11 1,100 
Halon 1301 0.289 65 6,200 
CF4 0.116 50000 8,300 
C•.F6 0.266 10000 12,100 
C•Fs 0.279 2600 9,200 
CaFs 0.314 3200 9,700 
C4F•o 0.370 2600 9,600 
CFaI 0.168 0.005 <1 
CH2Br2 0.011 0.41 2 
CHF2Br 0.146 7 490 
CHsBr 0.005 0.7 2 
CHC13 0.094 0.51 30 

aThe lifetime for HFC-245fa is taken from Ko et al. [1999], 
and the chemical formulae for these gases are given in Ta- 
ble 2. 

NBM to calculate the adjusted, cloudy-sky forcings, as 
illustrated in Table 5. The NBM instantaneous, clear- 
sky forcings using the effective cross sections are in good 
agreement with the FRFM values, which suggests that 
the difficulties encountered by band models for sharp 
spectral signatures can be corrected for in the absorp- 
tion cross-sectional spectra. These two methods, cali- 
brating the broadband instantaneous (clear-sky) NBM 

forcing for each gas to that calculated using the FRFM 
and then scaling the adjusted (cloudy-sky) forcing, or 
calculating the adjusted forcing using an effective cross 
section, are shown to agree to better than 3% in Table 5. 
This strongly suggests that the differences in forcings 
between the two models for each gas are unaltered by 
the inclusion of clouds or stratospheric adjustment. 

H-Galden 1040X is the strongest greenhouse gas in 
this compilation, with a forcing of 0.987 W m -2 ppbv -1, 
where 59% of the integrated cross section lies within 
the 800 to 1200 cm -1 atmospheric "window" and con- 
tributes 76% of the forcing. The HFEs and HCFE- 
235da2 have forcings of the order of 0.4 W m -2 ppbv -1, 
which are stronger than the forcing of CFC-11. For the 
HCFCs, only HCFC-22, HCFC-141b, and HCFC-142b 
are currently detected in significant quantities in the at- 
mosphere, with HCFC-22 at 122 pptv in 1996, almost 
half the concentration of CFC-11 and increasing at a 
rate of 5pptvyr -1 [Miller et al., 1998]. The radiative 
forcing of HCFC-22 is 0.208 W m -2 ppbv -1, approxi- 
mately 86% of the CFC-11 forcing, but its shorter life- 
time of 11.8 years gives it a 100-year GWP, one measure 
of the integrated radiative effect of the trace gas over 
its atmospheric lifetime, of 1800 relative to CO2, com- 
pared with 4500 for CFC-11. For the two detectable 

HFCs in significant quantities (HFC-23 and HFC-134a), 
HFC-23, with a concentration in 1995 of 11 pptv and 
increasing at a rate of 5% yr -1 [Oram et al., 1998], is 
shown to have a forcing of 0.171 W m -2 and a strong 
GWP. Consistent with previous results [Highwood et al., 
1999], the nonmethane hydrocarbons are found to have 
very small radiative forcing values in the range 0.003- 
0.051 W m -2 ppbv -1. Differences between the forcing 
values for acetylene, benzene, n-butane, propane, and 
toluene given in Table 3 and those reported previously 
by Highwood et al. [1999] reflect the improved infrared 
absorption cross sections used for these species in the 
present work. Finally, the forcing for CF3SF5 is in- 
cluded here for completeness but is the subject of a 
separate study [Sturges et al., 2000]. 

Table 6 shows the trace gases which we calculate 
have forcings that differ from those reported by WMO 
[1999] by more than 15%. HFC-41 also shows a dif- 
ference but is not included because the forcing, which 
is small, agrees to the precision (two decimal places) 
of that reported.by WMO [1999]. The differences in 
forcing values for HFC-161, CH3Br, and CF3I from 
those reported by WMO [1999] from Christidis et al. 
[1997] are due purely to the different correction factors 
for stratospheric lifetime. HFC-227ca (WMO [1999], 
taken from Christidis et al. [1997]) and HFC-32 (WMO 
[1999], taken from Pinnock et al. [1995]) show differ- 
ences in their integrated cross sections of up to 16%, 
which is of the correct order for the difference between 
forcings, assuming the same correction factors. HFC-32 
absorbs strongly in the 800 to 1200 cm -1 atmospheric 
window, and consequently the difference in cross sec- 
tion is likely to have a greater influence on the forcing. 
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Table 5. Radiative Forcings Calculated Using Measured and Effective Cross Sections for CFC-11 
and Gases With Sharp Spectral Signatures a 

Gas 

Measured Cross Section Effective Cross Section 

FRFM Adjusted Adjusted and FRFM Scaled Instantaneous Adjusted 

CFC-11 0.3283 0.2710 0.2689 0.3283 0.2689 

Acetylene 0.0591 0.0466 0.0507 0.0591 0.0511 
Benzene 0.0166 0.0138 0.0134 0.0166 0.0130 

CF4 0.1350 0.1058 0.1168 0.1349 0.1168 
CHaBr 0.0078 0.0062 0.0065 0.0077 0.0065 

aThe adjusted forcing refers to the narrowband model (NBM) adjusted, cloudy-sky forcing. For the 
measured cross section, "scaled" represents the final adjusted forcing after calibration to the FRFM values. 
The effective cross section is calculated by multiplying the measured cross section by the difference in clear- 
sky global forcing, as a function of frequency, between the RFM and NBM. In this case the instantaneous and 
adjusted NBM forcings therefore require no linear scaling calibration, and the difference between columns 
four and six hence describes the reliability of this method. Values are given in W m -2 ppbv-1. 

Improvements made to the NBM, used in the studies of 
Pinnock et al. [1995], Christidis et al. [1997], and this 
study, will also contribute marginally to the forcing dif- 
ferences. The forcing for HCFC-21 also shows a signif- 
icant difference from that of WMO [1999] from Chris- 
tidis et al. [1997]. In that study a cloudy-sky, adjusted 
forcing of 0.185 W m -2 ppbv -• was calculated for a uni- 
form profile (compared with 0.173 in this study). A life- 
time corrected value using the WMO [1999] correction 
would therefore give 0.148 W m -2 ppbv-•(compared 
with 0.140 here) and not 0.17 Wm -2 ppbv -•, as in- 
correctly tabulated by WMO [1999]. 

Perfiuoromethane (CF4) is a stronger greenhouse gas 
in this study than reported by WMO [1999] from Myhre 
and $tordal [1997], and by Jain et al. [2000]. The cross- 
sectional spectrum of McDaniel et al. [1991] used for 
both of these studies was recorded at a higher resolu- 
tion than the Ford spectrum, but bands and particu- 
larly strong lines in the band centers, at 1283 cm -•, for 

example, are much weaker, giving an integrated cross 
section approximately 73% that of the Ford spectrum. 
This is due possibly to band saturation, as suggested 
by Roehl et al. [1995]; the integrated cross section of 
Roehl et al. [1995] agrees with that used in this study 
to within 7%, supporting the value derived here. 

The forcing for HFE-143a in this study is 36% lower 
than that reported by WMO [1999], based on the re- 
sults of Good et al. [1998]. The absorption cross section 
used by Good et al. [1998] was simulated from calculated 
rotational/vibrational frequencies and absolute intensi- 
ties as discussed by Good and Francisco [1998]. The 
simulated spectrum shows differences in spectral fea- 
tures, which are attributed to convolved or unresolved 
signatures in the measured spectrum, although the Ford 
spectrum, at a resolution of 0.06 cm -•, shows identi- 
cal features. The calculated raw forcing values of Good 
et al. [1998] use simulated spectra, with values varying 
from 6% (CFC-12) to 39% (HFC-134) stronger than 

Table 6. Gases for Which the Global Mean Radiative Forcing Calculated Here Differs From Those 
Reported by WMO [1999] by More Than 15% a 

Forcing, W m- 2 ppbv- 1 
Percentage 

Gas This Study WMO [1999] Difference Reference 

HCFC-21 0.140 0.17 -17.4 
HCFC-123 0.141 0.20 -29.7 
HCFC-142b 0.163 0.20 -18.4 
HCFC-225ca 0.202 0.27 -25.1 
HFC-32 0.105 0.13 -19.2 
HFC-134a 0.159 0.19 -16.6 
HFC-152a 0.095 0.13 -26.9 
HFC-161 0.024 0.03 -20.9 
HFC-227ca 0.249 0.31 -19.6 
CHCla 0.094 0.02 +370 
CHaBr 0.005 0.01 -52.8 
CF•I 0.168 0.23 -27.0 
CF4 0.116 0.08 +46.3 
HFE-143a 0.172 0.27 -36.2 

Christidis et al. [1997] 
Fisher et al. [1990] 
Fisher et al. [1990] 

Pinnock et al. [1995] 
Fisher et al. [1990] 

Uhristidis et al. [1997] 
Uhristidis et al. [1997] 

Uhristidis et al. [1997] 
Uhristidis et al. [1997] 
Myhre and Stordal [1997] 
Good et al. [1998] 

aThe source of the WMO [1999] data, where available, is indicated. 
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those reported by WMO [1999]. It is therefore not in- 
consistent with the overestimated forcing of HFE-143a, 
as observed here. 

The remaining gases of WMO [1999] are based either 
on the results of Fisher et al. [1990] or on "grey" lit- 
erature where no comparison is possible. In particular, 
the large difference in forcing for trichloromethane can- 
not be accounted for, since the WMO [1999] value was 
not based on a published estimate. The calculations by 
Fisher et al. [1990] are based on a radiative-convective 
model with broader spectral bands compared with those 
used here. Furthermore, a differing tropopause height 
definition can also affect the forcing value by up to 
9% [e.g., Freckleton et al., 1998], while differing absorp- 
tion cross sections have been shown to produce errors 
of a similar magnitude. Different vertical profiles in 
the reference profile and spectroscopic data also com- 
bine as second-order effects to enhance this difference. 

It is impossible to quantify exactly the contribution of 
these effects to the differences observed between the two 

studies given that this information was not published. 
A further nine trace gases (HCFC-124, HCFC-225cb, 
HFC-23, HFC-227ea, HFC-236fa, C4Fs, C4F•0, HFE- 
7100'and halon-1211) show radiative forcing differences 
from WMO [1999] of 10-15%. These forcings are based 
mainly on the results of Fisher et al. [1990], on grey 
literature, or on calculations using simple models. Er- 
rors of this magnitude are typically attributable to any 
of the factors mentioned previously and are therefore 
harder to assess given the lack of information. The ra- 
diative forcings for these gases, and indeed all of the 
gases reported here, have been calculated in a consis- 
tent manner and hence are easier to compare relative 
to a fixed forcing, such as CFC-11, if desired. 

Our values can be compared with the comprehensive 
study of Jain et al. [2000], most directly by comparing 
the constant profile cases in both studies. In general, 
the agreement is excellent. Of the 26 gases common to 
both studies, 11 agree to better than 5%, while a fur- 
ther 6 agree to within 10%. However, in addition to 
CF4 which was discussed above, the Jain et al. [2000] 
values for four gases are much higher than ours. These 
are HFC-134a (23% higher), HFC-227ea (24%), HFC-23 
(34%), and HFC-32 (35%); by coincidence, this list in- 
cludes the two most abundant HFCs in the atmosphere: 
HFC-134a and HFC-23. 

We are unable to fully explain these discrepancies. 
Differences in the absorption cross section can explain 
about half the discrepancy for HFC-23 and one third 
that for HFC-32 but very little for the other two gases. 
The narrowband and line-by-line results agree well for 
these gases, and our narrowband model is similar to 
that used by Jain et al. [2000]. It will probably be 
necessary to do a tight intercomparison of the two sets 
of work to resolve the cause of these differences. 

6. Conclusions 

Cloudy-sky, adjusted radiative forcings for 65 halo- 
carbons and nonmethane hydrocarbons have been cal- 
culated using a narrowband model and the FRFM line- 
by-line code. The FRFM was compared with other line- 
by-line radiation codes and found to agree in irradiance 
to better than 1.5% and in CO• forcing to better than 
1.0%. The FRFM was further validated against ob- 
servations using the ARIES instrument and found to 
agree to better than 1.8% in frequency-integrated radi- 
ance. Both models were used to calculate the radiative 

forcings, using absorption cross sections measured prin- 
cipally at the Ford Motor Company. The radiative forc- 
ings for 11 of the gases, including four isomers, have, to 
the author's knowledge, not been published previously. 
The adjusted, cloudy-sky radiative forcings are in good 
agreement with WMO [1999] values for 51 gases, while 
14 gases show differences greater than 15%. The agree- 
ment between our results and those of Jain et al. [2000], 
for the 26 gases in common, is generally excellent, al- 
though four gases were found to differ by more than 
20%. 

The combination of the use of a validated line-by- 
line code, the reassessment of the infrared spectra, and 
the use of a single methodology for all gases suggests 
that the forcings presented here are a general improve- 
ment over WMO [1999]. The 65-molecule data set re- 
ported here is the most comprehensive and consistent 
database yet available to evaluate the relative impact of 
halocarbons and nonmethane hydrocarbons on climate 
change. There remains a need to compare absorption 
spectra, radiative forcing values, and the impact of ver- 
tical profiles on the forcing. The work presented here 
will contribute to such comparisons. 
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