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CHEMISTRY AND CLIMATE
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and
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Abstract—The halocarbons (chlorofluorocarbons, CFCs, and their replacement chemicals: the hydro-
chlorofluorocarbons, HCFCs, and the hydrofluorocarbons, HFCs) are greenhouse gases. The atmospheric
accumulation of these gases is expected to add to the global warming predicted for expected increases of
CO,, CH,, N, O, tropospheric ozone and H,O. Over the next decades, production of CFCs is scheduled to
be phased out, while emissions of their alternatives are expected to increase. A simple model is used to
illustrate the methodology for determining the time variations of the radiative forcing and temperature
changes attributable to the direct greenhouse effect from potential emissions of the halocarbons. Although
there are uncertainties associated with the lifetimes of the greenhouse gases, CFCs and their substitutes, the
future growth rates of these gases, and the parameters used to simulate the response of the Earth—climate
system, the method serves to illustrate an important aspect of the greenhouse warming issue beyond what is
provided by the various greenhouse warming indices. OQur results show that for likely substitution scenarios,
the warming due to halocarbons will correspond to 4-10% of the total expected greenhouse warming at the
year 2100. However, uncontrolled growth of the substitutes could result in an eight-fold increase in
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halocarbon production and a doubling of the halocarbon contribution by 2100.

Key word index: Greenhouse warming, global warming potential, halocarbons, CFC substitutes.

INTRODUCTION

The halocarbons (chlorofluorocarbons, CFCs, and
their replacement chemicals: the hydrochlorofluoro-
carbons, HCFCs, and the hydrofluorocarbons, HFCs)
are greenhouse gases (see Ramanathan, 1975; Wang et
al., 1976; WMO, 1986). Previous definitions used to
characterize the greenhouse warming of trace gases
tended to emphasize the integrated direct effect over a
fixed period of time. The global warming potentials
(GWPs) for the CFCs and their alternatives
(Houghton et al., 1990) are defined as the ratio of the
integrated radiative forcing (not the surface warming)
over a specified time horizon (20, 100 or 500 years)
relative to that for the same mass of CO, emitted.
Halocarbon global warming potentials (HGWPs)
have been defined as the surface warming relative to
CFC-11 at steady state for sustained emissions at the
same constant rate (Fisher et al.,, 1990). The question
left unanswered by the GWPs, HGWPs and the
similarly defined “discounted” global warming poten-
tials (Lashof and Ahuja, 1990) is how the time scales of

*Present address: Department of Geosciences, University
of California, Irvine, CA 92717, U.S.A.
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atmospheric chemistry and climate couple to produce
a realized climate warming over the next century. The
emissions of these gases are expected to vary so that
their concentrations will continue to change without
reaching steady state over the next century. At any
given time, only part of the equilibrium temperature
response corresponding to the instantaneous forcing is
realized due to the large thermal inertia of the
land—ocean-atmosphere system (Ramanathan, 1981;
Hansen et al., 1985; Houghton et al., 1990). It could
take decades or even centuries to reach equilibrium,
even if a constant forcing were sustained.

DESCRIPTION OF METHODOLOGY

The model-calculated climate forcing of a green-
house gas can be expressed (Dickinson, 1982; Rama-
nathan, 1982; Ramanathan et al., 1985; Fisher et al.,
1990; Houghton et al., 1990) in terms of the model-
calculated radiative forcing, R(W m~2 ppbv ') which
is the net radiative flux change (W m™~2) at the tropo-
pause due to the addition of 1 ppbv of the greenhouse
gas to the atmosphere. This quantity is calculated as a
radiative transfer problem for a fixed atmospheric
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temperature and assumed scale height for each species.
We assume, as in Houghton et al. (1990), that the
surface temperature is in equilibrium with the radia-
tive forcing in the year 1765. The change in forcing at
the tropopause for a halocarbon species, j, at time, ¢, is
defined relative to the corresponding reference value
in the year 1765 as

AF;[£1=R,(f;,[£]—£,[1765]), )

where fj[t] is the tropospheric concentration of spe-
cies, j, at time, ¢, and f; [1765] =0 for all halocarbons.
The coefficients, R s, for the halocarbons are given in
Table 1. This forcing corresponds to the direct green-
house forcing and exclude any indirect forcing that
may arise due to the redistribution of other green-
house gases. (See Houghton et al., 1990; Ramaswamy
etal., 1992; WMO, 1992, chap. 7, for discussions of the
indirect greenhouse effect.) In the calculations, the R;s
for HCFCs and HFCs are held fixed and assumed to
be independent of other trace gases and global temper-
ature.

One can define an instantaneous equilibrium warm-
ing (Hansen et al., 1989) for a given AF ;[ t] at any time,
t, by

AT;[t]=AF,;[t]/B, @

where B is the climate feedback parameter. The value
of B depends on the physical and dynamical processes
within the model such as the prediction of changes in
water vapor, cloud cover and sea-surface temper-
atures for increased temperature. It may vary for
different species because different vertical distribu-
tions of radiative forcing may lead to different feed-
backs (Wang et al., 1991; Molnar and Wang, 1992).
However, we assume here that B is the same for all
species.

There are many models with varying degrees of
geophysical details that have been used to calculate
the realized temperature response to a specified radia-
tive forcing (Hansen et al., 1984; Wigley and Schlesin-
ger, 1985; Fisher et al., 1990; Houghton et al., 1990). If

Table 1. Lifetimes and forcing at the tropopause for the

species
Lifetime* R=AF/ppbt

Species (years) (Wm~2 ppb~1)
F-11 60 0.18

F-12 120 0.25
F-113 90 0.22
F-114 200 0.26
F-115 400 0.20

F-22 15 0.15
ccl, 50 0.08
CH,CCl, 6 0.038
HCFC (115 amu) 15% 0.14
HFC (100 amu) 25% 0.14

*Reference lifetime from Prather and Watson (1990).
tAER model result as reported in Fisher et al. (1990).
1Assumed.
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a time-dependent change in forcing at the tropopause
(AF[¢]) is introduced, the instantaneous net imbal-
ance at the tropopause (F™*') changes according to
(Dickinson, 1986; WMO, 1986; Prather, 1989):

F'[]=AF[t]— BAT[1], 3)

where AT[t] is the change in surface temperature
relative to 1765 and B is the model climate feedback
parameter as discussed above. One can solve for the
time-dependent response, AT4[t], using

%AT“ []=F"[f]/C=AF[t]/C— BAT*[1]/C, (4)

where we have introduced C as the effective heat
capacity or thermal inertia of the Earth. The exact
value for C depends on the efficiency of heat exchange
between the mixed-layer and the thermocline in the
ocean. If there is limited heat exchange with the deep
ocean, the effective heat capacity of the earth is
estimated to be 10 W m~2°C~1! yr, corresponding to
the heat capacity of a 100 m deep mixed-layer (Han-
sen et al., 1981). The value of C should be larger and
could be a function of the surface temperature if ocean
mixing responds to climate change. When C and AF
are constant in time, a uniform forcing gives a solution
for Equation (4) in the form

AT[1] =é£(1 —exp(—t/1)) ©)
B .

where 7, defined as C/B, can be identified as the
characteristic response time of the climate system.
With the assumption that AF(t), B and C are inde-
pendent of the absolute temperature and other species
concentrations, we can linearly separate Equation (4)
and ascribe a unique greenhouse warming for each
species, AT¢, by

d
S ATS [ =(AF (1]~ BAT{[A))/C. (6)

The sum of Equation (6) over all species results in
Equation (4). The per cent contribution from the
halocarbons is defined as

YATE[]/Y AT, ™
h i

where subscript h is restricted to halocarbons and
subscript j includes also CO,, CH, and N,0O. Thus,
this method also allows us to ascribe a unique war-
ming to each greenhouse gas.

We use the above method to calculate the transient
response of the globally averaged temperature
(AT4[r]) to the radiative forcing of the individual gas
(AF;[t]) by adopting values for the climate feedback
parameter, B and the characteristic response time of
the climate system, 1. The values cited for B for a
doubling of CO, from energy-balance models and
general circulation models range from 0.9 to 2.5 W
m~2°C~1! (Cess et al., 1989; Houghton et al., 1990),
corresponding to a warming of 4.9-1.8 °C for a forcing
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of 44 W m~? from CO, doubling. Previous models
(Hansen et al., 1984; Wigley and Schlesinger, 1985)
assumed that oceanic uptake of heat below the mixed
layer is by diffusion and showed that 7 is proportional
to K/B?, where K is the effective thermal diffusivity of
the ocean. For example, with K=1 cm?s™! and B
=14Wm 2°C™ !, Hansen et al. (1984) calculated ©
=55 years. We adopt here values of 1.4 Wm™2°C™!
for B and 40 years for 7. Results for different values of
B and 7 will be discussed.

Figure 1 shows the calculated AT*[t] and AT?[f]
relative to 1765 due to CO,, CH, and N,O using the
radiative forcing given for the business as usual (BaU)
case and case D in table 2-7 of the IPCC report
(Houghton et al., 1990). These two cases correspond to
concentrations for CO,, N,O and CH, in the year
2100 of 825 ppmv, 415 ppbv and 4.0 ppmv; and
450 ppmyv, 370 ppbv and 1.5 ppmv respectively. The
calculations used B=14 W m~2°C~?! and response
times of 20, 40 and 100 years. As expected for the case
with monotonically increasing forcing, AT? always
lags behind AT° (Wigley and Schlesinger, 1985). Our
results are similar to those reported in Houghton et
al. (1990) which uses a 1-D energy-balance climate
model with an upwelling-diffusion ocean (Schlesinger
and Jiang, 1991). The calculated warmings in 1980 for
values of B between 1.0 and 3.0 W m~2°C~! ranges
from 0.35 to 1.2 °C (not shown), bounding the value of
0.5 °C derived from observed trends (Houghton et al.,
1990).

SCENARIOS FOR CALCULATION

Over the next decades, production of CFCs is
scheduled to be phased out, while emissions of their
alternatives are expected to increase (Montreal Pro-
tocol, 1987, London Amendment, 1990). Prather and
Watson (1990) examined the time-dependent response
of atmospheric chlorine concentrations to different
strategies for CFC phase-out and alternative CFC
replacement. They focussed on peak chlorine levels
and the subsequent rate of decrease in atmospheric
chlorine content. To obtain the radiative forcing, it is
necessary to calculate the time-dependent tropo-
spheric concentrations of the halocarbons from the
given emission scenarios. These are calculated using
the method described in Prather and Watson (1990)
by equating emission rates with production rates.
More accurate treatment would account for use and
banking of halocarbons between production, use and
emissions (Wigley, 1988). The atmospheric lifetimes
that are used in the calculations are taken from
Prather and Watson (1990) and are given in Table 1.
These are current best estimates of the lifetimes based
on model calculations and observations. The typical
uncertainty range is about a factor of 1.5 to 2.

Production rates prior to 1985 are taken from CMA
(1990) for CFC-11 and CFC-12, Midgley (1989) for
CH,CCl;, and WMO (1986) for CFC-113, CFC-114,
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CCl, and HCFC-22. Production rates for 1985 are
taken from Prather and Watson (1990). A 4% per year
growth in production (i.e. emission) is assumed for
CFC-11, CFC-12, CFC-113, CFC-114, CFC-115,
CH,CCl;, CCl, and HCFC-22 between the years
1985 and 1990. Production for all species is assumed
to remain constant between 1990 and 2000. Although
additional information is now available to update the
production rates after 1985, we decided to keep the
previous assumptions so that they can be compared
directly with the scenarios used in Prather and Wat-
son (1990) and WMO (1992).

Most of the scenarios assumed phase-out of the
HCFCs by 2030 in order to meet the goal of reducing
chlorine content below 2 ppbv by the year 2075. We
assume that concern over ozone depletion will lead to
a phase-out of HCFCs around the year 2030; however,
no such restriction is assumed for the HFCs since they
contain no chlorine. The calculations performed are
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Fig. 1. Calculated equilibrium (——) and realized
surface warming (°C) due to increases in CO,, CH,
and N,O for the business as usual (BaU) scenario
(a) and scenario D (b) in Houghton et al. (1990). The
forcing (AF[t]) can be read off the equilibrium curve
using the scale on the right. The temperature re-
sponses are calculated with B=1.4Wm~2°C~ ! and
1=24(----),40(-------)and 100(- --- - ---) years.
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Table 2. Summary of emission scenarios

Scenario 1 Stop emissions of halocarbons (CFC + CCl,, + CH;CCl; + HCFC-22) after
2000, no substitutes

Scenario 2 Continuous emissions of halocarbons at 1990 rates (2214 ktons yr~!) after 2000

Scenario 3 Stop emissions of halocarbons after 2000; 50% substitution of 1985 emissions
of 1820 ktons yr~! with 80:20 split between HCFCs and HFCs; 3% per
year growth in emissions for both HCFCs and HFCs; stop HCFC emissions
in 2030; HFCs continue to grow at 3% per year

Scenario 4 Stop emissions of halocarbons after 2000; 100% substitution of 1985
emissions with 80:20 split between HCFCs and HFCs; emissions for both
HCFCs and HFCs held constant; stop HCFC emissions in 2030; HFCs
continue as before

Scenario 5

Same as scenario 3 except that HFC emissions replace HCFC emissions in

2030 and continue to grow at 3% per year

intended to illustrate the climate response to the range
of parameters that define the scenarios.

Definition of emission scenarios after 2000 are given
in Table 2. Substitution levels referred to in scenarios
3-5 apply to replacement of the 1985 emissions (100%
=1820ktonsy~*), using an 80:20 split between
HCFCs and HFCs. The findings of the technological
review panel for the Montreal Protocol (UNEP, 1992)
indicated that the demand for CFC products will
diminish by one-third due to conservation; another
third will be met by non-halocarbon alternatives;
and the remaining third will be met by halocarbon
products, with a 75:25 split between HCFCs and
HFCs. The 80:20 split assumed here corrects for the
continued use or substitution of current non-CFC
halocarbons (e.g. CH;CCl, and HCFC-22) used in
refrigeration, foam blowing and cleaning. Although
the properties of these chemicals are similar to those of
the HCFCs, we assume that they will also be replaced
by a mix of HCFCs and HFCs. Scenario 3 is identified
here as the most likely scenario, incorporating a 50%
substitution of current halocarbon usage with a 3%
per year growth for both HCFCs and HFCs after the
year 2000. The 3% per year value reflects the assump-
tion of no growth in CFC alternatives in the developed
world and a 10% per year growth in developing
countries. The zero growth in CFC alternative does
not imply a stagnant economy for the developed
world; we expect that conservation, improved effici-
ency, recovery practice and not-in-kind technology
will continue to hold the usage fixed despite growth in
applications.

Rather than considering specific individual substi-
tutes, we will use a proxy substitute as in Prather and
Watson (1990). The lifetimes of the HCFCs and HFCs
range from 2 to 20 years and 2 to 40 years, respectively
(Derwent and Volz-Thomas, 1990; Prather, 1990;
Prather and Spivakovsky, 1990; Fisher et al., 1990).
We adopt conservative values of 15 and 25 years for
the proxy HCFC and LZFC. It is also assumed that the
forcing for all proxy substitutes are 0.14 W
m~2 ppbv™! corresponding to the averages of the
HCFC and HFC values reported in Fisher et
al. (1990).

RESULTS

The integrated nature of the realized warming
smooths over short-term fluctuations in forcing, as
seen by comparing equilibrium warmings (Fig. 2a)
and realized warmings (Fig. 2b) for four selected
halocarbon  scenarios  calculated with B
=14Wm~2°C™! and t=40 years. In scenario 2,
where the emissions of CFCs, CCl,, CH,CCl; and
HCFC-22 were continued indefinitely past 1990 at the
sum total of 2214 ktons yr~ !, the calculated warming
continues to increase, reaching 0.55 and 0.7 °C by 2100
for the realized and equilibrium values, respectively,
with the realized warming lagging behind the equilib-
rium warming. In contrast, for scenario 1 with a
complete phase-out of halocarbons after the year
2000, the realized warming reaches a smooth max-
imum of 0.15 °C about 40 years after the peak equilib-
rium value of 0.25°C. Thus, the realized warming is
committed for a longer time and the calculated war-
ming of 0.11°C is 50% greater than the equilibrium
value of 0.08°C at 2100.

In scenario 3, all halocarbon emissions after 2000
are replaced by 728 ktonsyr~' of HCFCs and
182 ktonsyr~! of HFCs. With the 3% per year
growth, the HFC emissions reach 3500 ktons yr ! by
the year 2100. The warming in this case is smaller than
that in case 2, despite the much larger emissions of
HFCs around 2100. The lack of a minimum in the
realized warming for scenario 3 underscores the com-
plex relation between the climate response and the
instantaneous forcing. Comparison of the warmings
for scenarios 1 and 3 indicates that the CFCs left in the
atmosphere from emissions before 2000 are still re-
sponsible for 50% of the calculated halocarbon war-
ming by 2100 in this scenario.

For comparison, we included a case (scenario 4)
which represents 100% substitution of the 1985 pro-
duction by HCFCs and HFCs with no growth and
phase-out of HCFCs in 2030. Because of the shorter
lifetime and smaller forcing, the warming is signific-
antly smaller compared to scenario 2. In scenario 5,
the HCFC emissions at 2030 are replaced by HFC
emissions which are assumed to grow at 3% per year.
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The calculated realized warming exceeds that of scen-
ario 2 by 2080 reaching 0.8°C by 2100 (not shown)
when the total emissions are 17, 500 ktons yr ™!, or a
factor of 8 larger than the 1985 emissions.

The percentage contribution of the halocarbons to
the total realized warming for two different IPCC
scenarios shown in Fig. 1 are depicted in Figs 3a and
3b, respectively. The calculated warming (for CO,,
CH, and N,O alone) is a factor of 1.8 smaller in
scenario D by the year 2100 and the relative contribu-
tions from CFCs and CFC substitutes are larger by a
corresponding amount. Results for other values of
B (not shown) are very similar indicating that the
percentage warming is not sensitive to the choice of B
and 1. Contribution from the halocarbons would be
limited to 12-18% of the total warming in scenario D,
even if emissions were allowed to continue indefinitely
at the 1990 rates. A complete phase-out of CFCs in
2000 without substitutes would limit this fraction to
less than 10% in the next century leading to stabiliz-
ation of the halocarbon-induced greenhouse warming
both in absolute value and relative to the likely CO,-
generated warming. The warming for scenario 3 cor-
responds to 10-13% of the total warming in the year
2040, and 4-6 or 6-10% in the year 2100, depending

0.8
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Fig. 2. Calculated equilibrium (a) and realized war-
mings (b) due to different halocarbon scenarios. The
warmings are calculated using B=1.4 Wm~2°C~! and
7=40 years. Scenario 1 (——), scenario 2 (- - - -), scen-
ario 3 (—-~—-) and scenario 4 (- --- - «--). See Table 2
and text for discussion of halocarbon scenarios.
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on the assumptions made for other trace gases. Fi-
nally, continued growth in the emissions of the CFC
substitutes beyond 2030 (scenario 5) could lead to a
warming in the year 2100 that approaches 30% of the
combined effects of CO,, N,O and CH, in scenario D.

The above results will be different if the actual
atmospheric lifetimes are different from those listed in
Table 1. For example, longer lifetimes for the halocar-
bons would result in larger warming. The exact effect
has to be evaluated on a case-by-case basis as new
information on the individual lifetimes becomes avail-
able. An estimate can be made as follows. In both
scenarios 1 and 2, the warming in 2100 is dominated
by the contribution from CFC-12. If the actual lifetime
for CFC-12 were 1.5 times longer than listed, the
calculated forcing at 2100 would be 35 and 15% larger
for scenarios 1 and 2, respectively.

CONCLUDING REMARKS

We limited our discussion to the direct greenhouse
effects of the trace gases. Indirect effects attributable to
the degradation products of the greenhouse gas (e.g.
CO, and H,O from oxidation of CH,) and redistribu-

S
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Scenario BaU used for "background"
S
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Scenario D used for "background”

Fig. 3. Per cent contribution of halocarbons to total
realized greenhouse warming. Warmings relative to
BaU (a) and scenario D (b). See Table 2 and text for
discussion of scenarios. The heavy set curves are
calculated using B=14 W m~2°C~! and =40
years. Each heavy set curve is bounded by two light
set curves that are calculated with t=24 and 100
years. The scenarios are: scenario 1, unshaded;
scenario 2, hatched; scenario 3, dimpled.
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tion of ozone (e.g. ozone changes in the upper tropo-
sphere associated with CH, increases and ozone
changes in the lower stratosphere associated with
N,O and CFC emissions) could modify the global
warming effects in a significant way (see Houghton et
al., 1990; Ramaswamy et al., 1992; WMO, 1992). These
effects could be accounted for in the method described
here by incorporating the indirect radiative forcing
changes and different values of B; for each species.
However, with B, different for different species, Equa-
tion (4) can no longer be separated into its com-
ponents as in Equation (6), making it less straightfor-
ward to quantify the per cent contribution from each
species.

While the limitations of this simple approach are
quite obvious, it provides an efficient method for
evaluating the likely transient climate response to
CFC phase-out and substitution, similar to the ap-
proach of using chlorine loading to estimate ozone
impact (Prather and Watson, 1990). In view of the
importance of transient effects in the calculated global
warming, we recommend that formulation of the
control policy for these chemicals be based on consid-
eration not only of static equilibrium indices such as
HGWPs and GWPs, but also of the time evolution of
the expected warming.
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