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EXECUTIVE SUMMARY

Since the 1990 [PCC Scientific Assessment (IPCC, 199()), there
have been significant advances in our understanding of the
impact of czone depletion and sulphate aerosols on radiative
forcing and of the limitations of the concept of the Global
Warming Potential (GWP).

Radiative Forcing due to Changes in Stratospheric QOzone:
Observed global depletions of ozone (O3} in the lower
stratosphere have been used (o calculate changes in the radiative
balance of the atmosphere, Although the results arc scnsitive to
atmospheric adjustments, and no General Circulation Model
{GCM) studies of the implications of the O changes on surfacc
temperature have been performed, the radiative balance
calculations indicate that the O4 reductions observed during the
1980s have caused reductions in the radiative forcing of the
surface-troposphere system at mid- and high latitudes. This
reduction in radiative forcing resulting from O4 depletion could,
averaged on a global scale and over the last decade, be
approximately equal in magnitude and opposite in sign to the
enhanced radiative forcing due to increased chlorotluorocarbons
(CFCs) during the samc time period.

Radiative Forcing due to Changes in Tropospheric Ozone:
While there are consistent observations of an increase in
tropospheric ozone {up to 10% per decade) at a limited number of
locations in Europe, there is not an adequate gtobal set of
observations to quantify the magnitude of the increase in
radiative forcing. However, it has been calculated that a 10%
uniform global increase in tropospheric ozone would increase
radiative forcing significantly compared to forcing by other
greenhouse gascs.

Radiative Effects of Sulphur Emissions:

Emissions of sulphur compounds from anthropogenic sources
tead to the presence of sulphate aerosols which reflect solar
radiation. This is likely to have a cooling influence on the
Northern Hemisphere. For clear-sky conditions alone, the cooling
caused by current rates of emissions has been estimated to be up
@ 1Wm2 averaged over the Northern Hemisphere, a value which
should be compared with the estimate of 2.5Wm2 for the heating
due to anthropogenic greenhouse gas emissions up to the present.
The non-uniform distribution of anthropogenic sulphur sources
coupled with the relatively short atmospheric residence time of
sulphur compounds produce large regional variations in their

cffecis. In addition, sulphate aerosols may affect the radiation
budget through changes in cloud optical properties.

Global Warming Potentials:

Gases can exert a radiative forcing both directly and indirectly:
direct forcing occurs when the gas itself is a greenhouse gas;
indirect forcing occurs when chemical transformation of the
original gas produces a gas or gases which themselves are
greenhouse gases. The concept ol the Global Warming Potential
(GWP) has heen developed [or policymakers as a measure of the
possible warming cffect on the surface-troposphere system
arising from the cmission of cach gas relative 1o carbon dioxide
(CO3). The indices arc calculated for the contemporary
atmosphere and do not take into account possible changes in
chemical composition of the atmosphere, Changes i radiative
forcing due 1o CO5 are highly non-lincar with respect 10 changes
in atmospheric CO, concentrations. Henee, as COy levels
increase from present values, the GWPs of the non-CQ5 gases
would be higher than those evaluated here. For the concept to be
maost useful, both the direct and indirect components of the GWP
need to be quantitiecl.

Direct Global Warming Potentials:

The direct components of the GWPs have been recalculated,
taking into account revised estimated lifetimes, for a set of time
horizons ranging from 20 o 500 ycurs, with CO, as the reference
gas, The same ocean-atmosphere carbon cycle model as nsed in
IPCC (1990) has been used to relate CO, emission to
concentrations. While in most cases the values are similar 1o the
previous IPCC (1990) values, the GWPs for some of the
hydrochlorofluorocarbons (HCFCs) and hydrofluorocarbons
(HFCs) have increased by 20 to 50% because of revised estimates
of their lifetimes. The direct GWP of methane (CHy) has been
adjusted upward, co.rrectiug an errot in the previous IPCC report.
The carbon ¢ycle model used in these calculations probably
underestimates both the direct and indirect GWP values for afl
non-CO, gases. The magnitude of the bias depends on the
atmospheric lifetime of the gas, and the GWP time horizon.

Indirect Global Warming Potentials:

Because of our incomplete understanding of chemical processes,
most of the indirect GWPs reported in IPCC (1990} are hikely 1o
be in substantial crror, and nonc of them can be recommended.
Although we are not yet in a position to rccommend revised
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numerical values, we Jo know that the indirect GWP for methane
is positive and could be comparable in magritude to its direct
value. In contrast, the indircct GWPs for chlorinated and
brominated halocarbons are likely 10 be negative. The concept of
a GWP for short-lived, heterogencously distributed constituents,
such as carbon monoxide (CO), non-methane hydrocarbons

Radiative Forcing of Climare A2

(NMHC), and nitrogen oxide (NQ,} may prove inapplicable,
although these constituents will affect the radiative balance of the
atmosphere through changes in tropospheric ozonc and the
hydroxyl radical {OH}. Similarly, a GWP for sulphur diexide
(805) 15 viewed to be inapplicable because of the non-uniform
distribution of sulphate aerosols.
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A2 Radiative Forcing of Climate

A2.1 Introduction

This section is an update of the discussions presented in
Section 2 of the first Intergovernmental Panel on Climate
Change Scientific Assessment (IPCC, 1990) concerning
the radiatively and chemically important species in the
atmosphere. The present update has five major objectives:

(i’ to extend the discussion on Global Warming
Potentials (GWPs), and 1o rc-evaluale their numer-
ical values in view of revisions to the lifetimes of the
radiatively active species;

{ii) to characterize the rudiative impacts of the observed
stratospheric O, losses between 1979 and 1990;

(ili) to discuss the changes in the concentrations of
radiatively aclive gases occurring through chemical
processes, and their implications for radiative
forcing;

{tv) o characterize the radiative forcing due to tropo-
spheric and stratospheric sulphate aerosol con-
centrations;

{v) 1o extend the discussion on the radiative forcing due
1o solar irradiance variations.

Some of the scientific details regarding the new
developments have already appcared in the 1991 Scientilic
Assessment of Ozone Depletion (WMQ, 1992).

A2.2 Radiative Forcing

The radiative forcing due to a perturbation in the
concentration of a species is defined (see WMO, 1986;
IPCC, 1990;: WMO, 1992) by the net radiative {lux change
induced at the tropopause, keeping the concentrations of
all other specics constant. The change in the radiative flux
is determined using a one-dimensional radiative transfer
model in which the surface and tropospheric temperatures
arc held lixed at some reference values, while the
stratospheric temperatures are allowed to relax to a new
cquilibrium in response to the perturbation. The definition
assumes that the stratosphere undergoes a purely radiative
adjustment, i.e., there is no change 10 the dynamical
heating of the stratosphere due to the perturbation (WMO,
1986).

The radiative forcing is interpreted as a gain (positive}
or loss (negative} for the surface-troposphere system as a
whole. The motivation for this concepl arises from
radiative-convective modelling exerciscs, where the
change in the global mean surface temperature can be
refated simply to the net radiative flux change al the
tropepause (WMOQ, 1986), This has led to the adoption of
the radiative forcing of the surface-troposphere system as a
simple and convenient basis for estimating the potential
climatic effects of various trace species.
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A2.3 The Global Warming Potential (GWP) Concept

The aim of the GWP index is 1o offer a simple char-
aclerization of the relative radiative effects of the well-
mixed species. It was created in order to enable
policymakers to evaluate options that affect the emissions
of various greenhouse gases, by avoiding the need to make
repeated, complex calculations. IPCC (1990) discussed the
GWP concept in considerable detail and only the salient
features are addressed here. However, as noted below,
there are serious limitations associated with the calculation
of GWPs that constrain their practical utility.

A2.3.1 Definition

The Global Warming Potential is a measure of the relative.
globally-averaged warming effect arising from the
emissions of a particular greenhouse gas.

» It is a relative measure in that it cxpresses the
warming effect compared to that of a reference gas
{or "molecule’).

o It is a global measure in that it is derived [tom the
globally- and annually-averaged net radiative luxes
al the tropopause, and thus deseribes the cffects on
the whole surface-troposphere system.

o It is a time-integrated measurc of warming over a
specificd Lime horizon, taking account of the change
with timc of the species concentration.

The GWP of a well-mixed gas was defined in IPCC (1990}
as the time-integrated change in radiative forcing due to
the instantaneous release of 1kg of a wrace gas expressed
relative to that from the release of 1kg of CO,. Calculation
of the GWP for a particular species requires specification
of the following:

(i} the radiative forcing both of the reference gas and of
the species. per unit mass or conceniration change;

(i1) the time horizon over which the forcings have to be
integrated:

(iti)} the atmospheric litetime both of the species and of
the reference gas;

{iv) the pathway ol chemical breakdown of the species
and the extent to which it gives rise to other
greenhouse species, ¢.g., O production from CH,,
NO,, CO and NMHCs;

{(v) the present and luture chemical state of the
atmosphere, i.e., levels of the background concen-
trations of various species throughout the
troposphere;

(vi) the present and future physical state of the
atmosphere, i.e., values ol meteorological variables
throughout the troposphere (e.g., wemperature profile,
cloud properties).

Factors (ii1) and (iv) are inimately related to (v) and (vi)
and are the sources of greatest uncertainty in the
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calculation of GWPs - sec Section A2.3.4 below.

It is possible to offer alternative definitions of GWP, for
example based on sustained rather than pulse emissions
(Wigley er al., 1990). Such alternatives can lead to
numerical values of GWP which are different from those
under the present definition, but in general not so ditferent
as to alter the relative ranking of the important species.

A2.3.2 Reference Molecule

Given the conceptual framework of the GWP and its
implications for policy-making, the choice of a reference
molecule is dictated by the need to evaluate the results in
terms of the dominant contributor in the greenhouse gas
problem. IPCC (1990} therefore chose CO, as the
reference gas for the determination of GWPs. Although
another gas or surrogate would have a simpler atmospheric
decay behaviour compared to CO, (e.g., CFCs; see Fisher
ef al., 1990), the evaluation of GWPs presented here
continucs, aller extensive review, to use CO, as the
reference gas.

To avoid the nced to use a single lifetime {for CO,, IPCC
(1990) used a carbon cycle model to calculate the
integrated radiative forcing for CO,, specilically the
ocean-atmosphere box diffusion model of Siegenthaler and
Ocschger (1987; sce also Siegenthaler, 1983) which
assumed a net neutral biosphere. We adopt the same model
for the direct GWP cstimales in this assessment.

A2.3.3 Time Horizons for GWPs

Because greenhouse gases have a variety of removal
mechanisms they have different residence times, or
lifetimes, in the atmosphere. The calculated value of GWP
thus depends on the integration period chosen. There is no
single value of integration time for determining GWPs that
is ideal over the range of uses of this concept, though the
choice of a time-scale for integration in the GWP
calculation need not be totally arbitrary (see [PCC {1990)
and WMO (1992) for a discussion on the choice of time
horizons). In this report, GWPs are calculated over time
horizons of 20, 100 and 500 years (as employed in IPCC,
1990). It is believed that these three time horizons provide
a practical range for policy applications.

A2.3.4 Limitations of Present GWPs

Whilc the GWP, as defined in IPCC (1990), is a

convenicnt and reasonably practical index for ranking the

relative and cumulative impact of greenhouse gas
emissions, it has the following limitations, some of which

Arc very serious:

{a) the modelling of radiative transfer within the
atmosphere contains uncertainties, as was pointed
out in IPCC (1990y;

(by since the direct GWP is a measure of the global
effect of a given greenhouse gas emission, it is most

(©

(d)
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appropriate for well-mixed gases in the troposphere
(c.g., CO,, CHy, nitrous oxide (N,O) and halo-
carbons). The radiative forcing employed in the
determination of GWPs does not purport to
characterize the latitudinal and seasonal dependence
of the change in the surface-troposphere radiative
fluxes. Different well-mixed gases can yield
different spatial patterns of radiative forcings (Wang
etal., 1991,

the GWP definition used here considers only ihe
surface-troposphere radiative torcing rather than a
particular response (e.g., surface temperature} of the
climate system. While the surface-troposphere
radiative flux perturbations can be related to
temperature changes at the surface in the context of
one-dimensional radiative-convective models
(WMO, 1986), such a general interpretation for the
temperature response either in three-dimensional
General Circulation Models or in the actual surface-
atmosphere system must be approached with caution.
Further, although the GWP of a well-mixed gas can
be regarded as a first-order indicator of the potential
global mean temperature change due to that gas
relative to CO,, it is inappropriate for predicting or
interpreting regional climate responses;

GWP valucs are sensilive to uncertainties regarding
atmospheric residence times. Thus, revisions to
GWP values should be expected as scientific
understanding improves. Because CO; is used as the
reference gas, any revision to the calculation of irs
integrated radjative forcing over time will change all
GWP values, GWP results are also sensitive to the
choice of carbon cycle model used to calculate the
time-integrated radiative forcing for CO;. In
particular, because the Siegenthaler-Oeschger model
has only an ocean CO, sink, it is likely to
overestimate the concentration changes and to lead
to an underestimate of both the direct and the
indircct GWPs. The magnitude of this bias dcpends
on the atmospheric lifetime of the gas, and the time
horizon;

as deflined here, GWPs assume constant
concentration backgrounds at current levels, The
calculated GWPs depend on the assumed
background levei(s). The indices are calculated for
the contemporary atmosphere and do not take into
account possible changes in the chemical
composition of the atmosphere. Changes in radiative
forcing due to CO,, CH, and N,O concentration
changes are non-linear with respect to these changes.
The net effect of these non-linearities is such that, as
CO;, levels increase from present values, the GWPs
ol all non-CO, gases would become higher than
those evaluaied here (sec WMOQ, 1992);
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() Tor the GWP concept to be most useful, both the
direct and the indirect components need to be
gquantificd. However, accurate cstimates of the
indirect effects are more difficult to obtain than those
for the direct effects for the following reasons:

(i) there are uncertainties in the details of the
chemical processes as well as in the spatial and
temporal variations of species involved in such
transtormations. As shown later, there is fair
confidence in the sign of some of the indirect
effects; however, precise estimates are lacking.
Because of our incomplete understanding of
chemical processes, it is now recognized that
the uncertaintics in the indirect components of
GWPs reported in [IPCC (1990) are so large that
their use can no longer be recommended;

(ii) for gases that arc not well-mixed (e.g.,
tropospheric ozone precursors), the GWP
concepl may not be meaningtul;

(iii) {further, while the GWP concept thus far has
becn applied to gases with perturbations only in
the longwave spectra, it may not adequately
account for the seasonally and latitudinally
varying radiative effects due to inhomo-
geneously distributed specices with a significant
interaction in the solar spectrum (e.g.,
aerosols).

In conclusion, given the above limitations, great care must

be exercised in applying GWPs in the policy arena.

A2.3.5 Direct GWPs of Well-Mixed Trace Gases

New dircet GWPs (i.e., ignoring any radiative cffects due
to the products of chemical transformation) of several
well-mixed species have been determined. For CFC-13,
CFC-14, CFC-116, CHCl; and CH,Cl, the lifetimes and
radiative forcings are as given by Ramanathan er al.
(1985); for the other compounds radiative forcings are as
before (Tables 2.2 - 2.6 of IPCC, 1990) but lifetimes have
been updated according to WMO (1992). Note that the
lifetime of methane is here assumcd to be 10.5 years,
which accounts for a sink mechanism in the soil (see
IPCC, 1990).

These new GWPs are listed in Table A2.] for the three
time horizons mentioned above. Changes in the lifetime
and variations of radiative forcing with concentration
change are neglected. Most of the new direct GWPs
computed are generally within 20% of the valuces
appearing in Table 2.8 of the TPCC {1990} study: the
difference is enfirely due to the differences in assumed
lifetimes (WMO, 1992). HFC-125, HCFC-141b and HFC-
143a, all have increases in GWPs exceeding 20% for the
100- and 500-year time horizons, while CF;Br (Halon
1301) has a decrease of more than 20% for the 500-year
lime horizon; again, these differences arc a manifestation

P
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of the changes in the lifetimes. The direct GWPs for CH,
here arc substantially higher than those that can be inferred
from TPCC (1990) owing to a typographical crror
appearing in that report. Note that CO, NMHC and NO,
have a negligible direct GWP component.

A2.3.6 Indirect GWPs of Well-Mixed Trace Gases
Because of our incomplete understanding of chemical
processes, and their latitudinal and temporal dependence, it
is not possible to quantify accurately the indircet GWPs,
As noted above, the indirect GWPs reported in IPCC
{1990) are likely to be in error and should not be used. In
particular, the valuc for NG, was probably overestimated
by a substantial amount (Johnson er af., 1992). Although
we dre not yel in a position to calculate new indirect
GWPs, we can estimate the sign most likely for some
compounds based on currentl understanding (see Table
A2.1). For example, the indirecct GWP for methane is
positive and could be comparable in magnitude to the
direct value. Because the weight of evidence suggests that
halocarbons are largely responsible for the observed global
stratospheric ozone loss over the past decade (WMO,
1992), chlorine- and bromine-containing compounds are
likely to have negative indirect values. Although CO, is
not ttsell involved in chemical reactions affecting the
concentrations of radiatively active species, it could affect
chemical processes through its influences on the
atmospheric thermal structure. Other compounds such as
CO, NMHC and NO, indirectly affect the radiative
balance of the atmosphere throogh changes in tropospheric
ozone and OH (see Section A2.5). For such shori-lived
gases, however, the GWP concept may have little practical
applicability.

A24 Radiative Forcing due to Stratospheric Ozone

A2.4.1 Lower Stratospheric Losses
‘There have been statistically significant losses of ozone in
the middle and high latitudes beiween 1979 and 1990
which have important ramifications for radiative forcing
(Tor details, the reader is referred to WMO, 1992). The
TOMS satellite data (Stolarski er af., 1991) point to a
reduction in the column ozone, while the SAGE sateltite
data (McCormick er al., 1992) and the ozonesonde data
(Stachelin and Schmid, 1991) indicate that these losses
have occurred mainly below 25km in the lower
stratosphere. The weight of evidence suggests that these
losses, both in the polar and the middle latitudes, are due in
large part to the anthropogenic emissions of CECs, as well
as to other chlorine- and bromine-containing compounds
(WMO, 1992),

These changes in ozone substantially perturb both solar
and longwave radiation (WMO, 1986 and 1992), While the
solar effects due to ozone losses are determined solely hy
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Table A2.1: Numerical estimates of the “Direct” GWP and the sign of the “Indirect” effect of several gases. The

lifetimes of various non-CO» species follow WMO (1992) and Ramanathan et al. (1985}, The carbon cycle model

employed follows IPCC (1990). The 20, 100 and 500-vear time horizons denote the tine elapsed after a pulse release of
the gas in consideration. The radiative forcing values follow IPCC (1990) and Ramanathan et al. (1985). The following
important points should be noted regarding the entries in the Table:

1. the lifetimes of the varieus species ure not as precisely known as the Table indicates: they are used for the GWP calculations
primarily to ensure consistency wirh the lifetime values in the references cited.

2. This assessment does nat calculate the “Total” (divect + indivect) GWP as did IPCC (1990). Note that CO. NMHC and N, are all
short-lived gases having a negligible direct GWF component.

3. The indirect GWPs are uncertain but could conceivably be comparable in magnitude to the direct GWPs. Only the signs of the
indirect effects are estimated here, based on current understanding. The estimates of the indirect effects for the chlorine- and
bromine-contairing compounds are based on the weight of evidence relared to the observed lower stratospheric ovoite depletion
{WMO, 1992).

4. IPCC (1990) contained a typographical error for the indirvect effect of methane which led to the inference of an incorrect value for
its divect GWP. Also in that repori, the incdirect effect of NO was probably overestimated by a large factor (Johnson et al., 1992).

Liletime Direct Effect for Time Horizons of Sign of “Indirect”

Gas {ycars) 20 years 100 years 300 years Eftect
O, ¥ | 1 I none '
CHy 10.5 35 L 4 posilive
N20 132 260 270 170 ungertain
CFC-11 55 4500 3400 1400 negative
CFC-12 116 7100 7106 4100 negative
CFC-13 400 11000 13000 15060 negative
CFC-14 >500 >3500 >4500 >5300 none "%
HCFC-22 15.8 4200 1600 540 negalive
CFC-113 110 4600 4500 2500 negative
CFC-114 220 6100 7000 5800 negative
CFC-113 550 3500 7000 8300 negative
CFC-116 >500 >4800 56200 57200 none “1F
HCFC-123 1.71 330 90 30 negative
HCFC-124 6.9 1500 440 150 negative
HFC-125 40.5 5200 3400 1200 none 77T
HEC-[34a 15.6 3100 1200 400 none * 1
HCFC-141b 10.8 1800 580 200 negative
HCEC-142h 22.4 4000 1804 620 negative
HFC-143a 64.2 4700 3800 1600 none T
HFC-152a 1.8 530 150 49 none T
cCl, 47 1800 1300 480 negative
CH,CCl, 6.1 60 100 34 negative
CF3Br 77 5600 4900 2300 negative
CHCI, 0.7 92 25 9 negative
CH,Cly 0.6 54 15 5 negative
co months - - - positive
NMHC days to months - - - positive
NO, days | - - - uncertain

T The persistence of carbon dioxide has been estimated by explicitly integrating the box-diffusion model of
Siegenthaler (1983); an approximate lifetime is 120 yeats.

(), is not involved in chemical reactions affecting the concentrations of the radiatively active species. However, it
could aftect the relevant chemical reactions through its infllug¢nces on the atmospheric thermal structure.

T No currently known or negligible indirect etfect.
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the total column ozone amounts, the longwave effects are
determined both by the amount and 1ts vertical location
(Manube and Strickler, 1964; Ramanathan and Dickinson,
1979; WMO, 1986; Lacis er al., 1990). The loss of ozone
in the lower stratosphere induces three distinct radiarive
effects (Ramanathan ¢t af., 1985; Ramaswamy er al.,
1992 ):

57

Lo a further reduction of the longwave emission into

the troposphere, the magnitude of the reduction

being sengitive Lo the decrease in stratospheric
temperatures.

Twa sets of radiative transfer modelting studies (WMO,

1992; Ramaswamy et al., 1992), employing slightly

different assumptions about the vertical profite of the

(a)  a reduction in the absorption by stratospheric ozone  lower stratospheric ozone loss over the past decade, have
of incoming solar radiation, lcading to an increasc in been performed and lead to similar conclusions. They
the amount reaching the surface-troposphere systenm:  suggest an enhancement of the ozone-induced longwave

(b1 in the absence of strawospheric temperature changes,  effects (effects b and ¢) over the solar (effect a) in the
a deercase in the emission of longwave radiation  middle 1o high tatitudes, corresponding to the larger ozone
from the stratosphere inlo the surface-troposphere  losses there. Because of the spatial variability in the ozone
system which is oppasite Lo the solar cflect; and depletions and the presence of the solar component, the

(¢)  a reduction of the in-sitn solar heating and a change  calculated ozone forcing depends on the season and the
in the convergence of the longwave radiation within  geographical region. Apother facior that has a significant
the lower stratosphere. Because the thermal balance  influence on the ozone radiative forcing is the
of the lower stratosphere is sensitive to radiative  meteorological state of the troposphere. particularly the
perturbaiions (Fels ef af., 198(), Shine, 1987; Kiehl e+ distribution of clouds (WMO, 1992).
al.. 1988) this third effect results, in the absence of Figure A2.1 (from Ramaswamy et af.. 1992) illustrates,
ary compensatory dynamical heating. in a decrease  for the four seasons and for both hemispheres, the changes
of temperatures at these altitudes. This, in turn, leads  in radiative forcing due to ozone, due to CFCs alone, and
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doe to the sum of the non-ozone gases {(CO,, CH,, N,O
and the CECs). The illustration indicates that, for the
decade of the 1980s, (he net ozone radiative forcing in
middle to high latitudes is negative, being opposite in sign
to the effects due to the non-ozone gases. Poleward of 30
degrees (N and S), the magnitude ol the (negative) decadal
ozone forcing becomes increasingly comparable to and can
cven cxeeed the {positive) CEC forcing over the same lime
period (WMO, 1992). In higher latitudes, the ozone
forcing cun counteract a significant fraction of the
{(positive) total nen-ozone gas forcing over the same time
period (WMO, 1992). When globally- and annually-
averaged (Ramaswamy et al., 1992) and assuming that
there is no change in the dynamical heating of the
stratosphere, the ozone forcing (-0.08 to -0.09Wm2), is
comparable in magnitude {~80%) but opposite in sign 1o
the decadal CFC greenhouse forcing (0.10 to 0.11Wm2).
The globally-averaged ozone forcing is opposite in sign
and is about 18% of the sum of the non-ozone decadal
trace gas forcing (0.45 to 0.47Wm2),

It is emphasized that the ozone forcing is extremely
sensitive to the altitude of the losses (Ramanathan et al.,
1985, Lacis ef al., 1990). There still is some uncertainty
regarding the exact profile and the magnitude of the loss in
the immediate vicinity of the tropopause. The SAGE
profiles are available globally only [rom ~17km and
above, and suggest an increasing percentage of loss with
decreasing altitude in the lower stratosphere. As an
illustration of this sensitivity, let us suppose that the losses
observed by TOMS ure uniformly distributed through the
cntire stratospheric column (sce WMO, 1986). For this to
be the case, the principal ozone depletions would have to
occur at altitudes higher than observed over the past
decade, in which case a much smaller global ozone forcing
(-0.01 to -0.04Wn12) would result. Thus, inferences about
ozone forcing depend crucially on both the total column
change as well as the change in the vertical profile.

The radiative forcing due to ozone is unique in two
respects when compared to that due to the non-ozone
gases. First, although there is an approximate global mean
offsef of the direct CFC forcing by the ozone losses
occurring during the 1979-1990 period, this arises because
of a significant nepative forcing by ozone occurring only
in the middle to high latitudes, in particular the radiative
forcing due o increasing CFCs and decreasing ozone
ranges from a nct positive one at low latitudes to a net
negative one al higher latitudes for the period considered
(WMO, 1992). Because of the spatial dependence of the
ozone losses and consequently the ozone forcing, the
globally averaged results represent a considerable
simplificatien and must be treated with caution.

Second, for ozone, unlike the other radiatively active
species, both solar and the longwave interactions become
significant. The negative surface-troposphere forcing at the
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mid-to-high latitudes consisis of a solar-induced warming
tendency at the surface, combined with a longwave-
induced cooling tendency of the troposphere (Ramanathan
and Dickinson, 197%9; WMO, 1992),

A2.4.2 The Greenhouse Effect of Ozone Losses
The weight of cvidence suggests that the obscrved
strulospheric ozone losses are due to heterogencous
chemical reactions involving chlorine- and bromine-
containing chemicals (halocarbons), particularly the
anthropogenic emissions of CFCs (WMO, 1992). The
computed ozone radiative forcings indicate that the
indirect chemical effects due to the halocarbons have
substantially reduced the radiative contributions of the
CFCs to the greenhouse forcing over the past decade
{(WMQ, 1992), Thus, the net greenhouse impact attributed
10 the CFCs taken together, including the indirect as well
as direct contributions, may be significantly reduced
because of the halocarbon-induced destruction of ozone.
Three-dimensional General Circulation Model (GCM)
simulations of the impacts on the Earth’s climate duc Lo
the ozone losscs have not been performed as yel, so
estimales of the eflects on the surface temperature arc not
avatlable. In an investigation ol the climatic effects due to
the Northern Hemisphere mid-latitude ozone changes
around the tropopause during the decade of the 1970s,
Lacis et al. (1990) estimated a cooling of the surface at
those latitudes. One-dimensional globally- and annually-
averaged radiative-convective models indicate that, while a
loss of ozone in the lower stratosphere leads to a surface
cooling, ozone losses in the middle and upper stratosphere,
as predicted from homogeneous gas-phase chemistry
models, vield a warming of the surface (Ramanathan er al.,
1985).

A2.4.3 QOzone Depletion and Stratospheric Temperature
Changes
The indirect effect of CFCs on the climate system due to
depletion of ozone in the lower stratosphere is critically
sensitive to the actual temperature change and its
distribution in the lower stratosphere. Because atmospheric
circulation can change in response to radiative
perturbations, the dynamical contribution to the heating
could also change, thereby contributing to the actual
temperature change in the stratosphere (Dickinson, 1974).
The observed global ozone depletion has not yet been
simulated in a GCM, but simulations for the [ollowing
scenarios of ozone changes have been performed: (a) a
uniform decrcase of Qg throughout the stratospheric
column (Fels ef afl., 1980; Kichl and Boville, 1988), (b) a
homogeneous gas-phase chemical model prediction of
ozone depletion (Kiehl and Boville, 1988), which is
different from the observed losses, and (¢) observed
springtime depletion in the Antarctic region (Kiehl er al,,
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1988). The resulting stratospheric temperature changes in
these studies indicate that, unless the column depletions
are large (>50%), the GCM response is similar to the
response indicated by the fixed dynamical heating model
bui there are some latitude-dependent differences. The
GCM studies of Rind ef af. (1990, 1991) suggest that
dynamically forced temperature changes can result from
subtle interactions between changes in the atmospheric
structure, upper tropospheric latent heat release, and the
forcing and runsmission of planetary waves and gravity
waves.

Turning to the observed temperature trend (see Section
C3.3). the long-term temperature trends in the lower
stratosphere suggest a cooling. While this would be in
accord with the ozone-induced radiative cooling tendency
of the lower stratosphere (Lacis et al., 1990, WMO, 1992;
Miller et al., 1992) considerable difficulties remain in
atiributing a part or all of the observed stratospheric
temperature trends to the ozone losses. Other physical
tactors, such as possible changes in the physical state of
the roposphere, volcanic aerosols, change in stratospheric
circulation, ctc., which are not accounted for in the
determination of the radiative forcing, could also be
contributing o the trends. Thus, significant questions
remain with regard to the influence of ozone losses on
stratospheric temperatures.

A2.5 Radiative Forcing due to Gases in the
Troposphere

A2.5.1 Introduction

Indirect greenhouse gas effects, induced by changes in the
chemistry of the troposphere, are likely to be significant.
Gases which are key compounds for the indirect effects
(and for the oxidation processes in the troposphere) are O,
and OH,

Orzone is a greenhouse gas by itself. It is formed in sity
in the atmosphere by photochemical processes. Tropo-
spheric O3 concentrations are influenced by the
distribution of CH,, CO, NO, and NMHCs, leading to
indirect greenhouse contributions for these gases. OH is of
importance [or the greenhouse effect because it controls
the loss of a targe number of greenhouse gases in the
troposphere (CHy, HFCs, HCFCs, etc.), thereby
determining their chemical lifetimes. Furthermore, 05 and
OH will be affected by the release of these gases, leading
to important feedback effects on their lifetimes. Additional
indirect greenhouse effects arise from CH,, CO and
NMHCs since CO, is the end product of their chemical
oxidation in the troposphere.

Since the tropospheric chemical processes determining
the indircct greenhouse effects are highly compiex and not
fully understood, the uncertainties connected with
estimates of the indircetl effects are larger than the
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uncertainties of those connected to estimates of the direct
effects. Added 1o these uncertaintics are the limitations of
the curreni models in formulating the distribution and
spatial variability of NOy in the troposphere, or the impact
of clouds on gas phase chemistry (sce Chapter 5, WMO,
1992).

This sub-section examines the key processes for Oy and
OH formation, the role of gaseous emissions of CHy, NO,,
CO and NMHC in changing the O3 and OH distributions
(and thereby leading to indirect effects), and uncertainties
in estimating these impacts. The impact of increased UV
fluxes n the troposphere due to reduced ozone columns,
and enhanced water vapour content resulting from
enhanced temperatures are not included. Both effects are
likely to enhance the OH levels in the troposphere.

A2.5.2 Chemical processes and changes in O3 and OH
Although tropospheric O only makes up about 10% of all
ozone in the atmosphere, its presence is ceniral to the
problem of the oxidizing efficiency of the troposphere. O,
photolysis is the primary source of OH radicals as well as
being an oxidizing species itself. Through the formation of
OH it determines the cleansing efficiency of the
troposphere. Ultimately, therefore, ozone is one of the
most important constituents in determining the chemical
composition of the troposphere.

The production of ozone depends on the concentrations
of NO, (WMO, 1992, Chapter 5). As the latter compounds
are short-lived, and their concentrations vary strongly in
the troposphere, ozonc production is believed to vary
significanily throughout the troposphere. There is also an
in situ chemical loss of ozone in the troposphere in arcas
where NO)y, concentrations are particularly low (less than
approximately 20 pptv). This occurs in the middle
troposphere and in remote oceanic areas where there are no
NO, sources (Liu et al., 1987). Ozonesonde measurements
reported in WMO (1992) indicate that ozone has increased
by 1-1.5% per year in the free troposphere over Europe
during the last 20 to 25 years (Stachelin and Schmid,
1991). A similar trend in tropospheric ozone has
previously been reported for stations influenced by
regional air pollution (Logan, 1985; Bojkov, 1987;
Penkett, 1988).

Methane is oxidized primarily in the troposphere
(>90%) through reaction with the hydroxyl radical. Since
this reaction also provides a substantial fraction of the OH
loss in the troposphere, there is a strong inleraction
between OH and CH,. This causes OH 10 decrcase when
CH, increases, leading to a further increase in CHy - a
positive feedback (Chameides et al., 1977; Sze, 1977;
Isaksen, 1988).

Because of the central role O3 and OH play in
tropospheric chemistry, the chemistry of CO, CH;, NMHC
and NO, is strongly intertwined, making the interpretation
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of emission changes rather complex. In general, increases
in the emissions of hydrocarbons and of CO may lead to
increases in the global average O4, but 1o reductions in OIT
Tevels (Isaksen and Hov, 1987). The result will be a slower
atmospheric loss of methane and other species controlled
by OH (e.g., HFCs, HCFCs). The impact of NO, changes
is different. Increased emissions of NO, lead to increases
in both globally averaged (3; and OH (lsaksen and Hov,
1987). The increased OH levels reduce the lifetime of
methane. The important consequence of this is that NO,
emissions have opposing effects on the two greenhouse
gases O and CH,.

Significant changes in the giobal distribution of OH may
have occurred over the last two centuries as the trace gas
composition of the troposphere has changed dramatically.
Key compounds like CIi; and CO have increased in
concentrations. This is expected to have led 10 reduced OH
levels, On the other hand, increases in the concentrations
of NO, that are believed to have occurred (although it has
not been possible to measure any changes) will have
tended 1o reduce OII levels. The net effect is difficult to
estimale, and there are no dircel measurements of Ol
which can give reliable information on the global
distribuuon or changes over time. Several indirect methods
have, however, been used o derive a global distribution of
OH (WMO, 1992). A recent estimate of the O trend is
the anatysis of Prinn er al. (1992). They deduce a tend in
global OH from the ALE/GAGE CH3CCly record of
+1.0H}.8% per year over the puast decade. Their resolt was
bused on a simple tropospheric box maodel.

A2.5.3 Sensitivity of Radiative Forcing 1o Changes in
Tropospheric Ozone

The radiative forcing due to increases in tropospheric
ozone has been investigated in earlier reporis {WMO,
1986). Even though tropospheric ozone amounts are less
than in the stratosphere, their effective langwave optical
pathlength is comparable to that in the stratosphere
{Ramaaathan and Dickinson, 1979}, thus rendering them
radiatively tmportant. In particular. the upper tropospheric
concentrations are most significant (Lacis er al., [990). A
10% uniform increase with height in the concentrations of
tropospheric ozone {rom current levels at 40°N (Januvary
conditions) vields a positive radiative forcing of about
0.1Wm2 (WMO, 1992). Althongh the radiative effect of
increases in tropospheric ozone could be extremely
important in the greenhouse forcing of climate, there is, at
present, insufficient evidence that such increases are
actually taking place globally, especially in the radiatively
significant upper tropospheric regions. In the absence of
data from which meaningful global trends can be derived,
it is not possible at this stage 10 quantify the current
contribution of tropospheric orzone to the global
greenhousc radiative forcing.
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Figure A2.2: Calculated global average ozone increases due 10 a
doubling (compared to current levels) of surface emissions of
methane (2-D model calculations with the Harwell and the Oslo
models refered o in WMO, 1992} and a doubling of the surface
concenwrations of methane (1-D model calculations with the
NASA/GSFC model. 1n the latter case, ozone production is most
likely underestimated compared to the other two cases because it
implies smaller emission increases (see discussion in the 1ext}.

A2.5.4 Indirect Effects due to CH 4 Emissions

A2.5.4.]1 Changes in Lifetimes due to Changes in OH
Enhanced surface emissions of CH, cause increased ozone
levels which show moderate variations with latitude and
season (WMO, 1992). The increase is most pronounced in
the lower troposphere and decreases with height. Figure
A2.2 shows calculated global and seasonal average ozone
increases (in motecules per em?) with height for three
different tropospheric models resulting from a doubling of
surface CH, (fluxes and concentrations).

The positive feedback on methane through the impact
on the OH distribution is found to be substantial.
Furthermmore, the fecdback is non-linear: it increases with
increasing CHy emission in the sense that the relative
increase in steady-state concentration for a given increase
in emissions increases fuster than the relative increase in
emissions. For example, a 10% increasc in emission leads
to a 13 to [4% increase in steady-state concentration,
while a doubling of emissions leads to a 150% increase in
concentration, In a similar way the feedback will affect the
concentrations when emissions are reduced, but it will
become less significant at lower concentrations.

A2.5.4.2 Radiative Forcing Changes from CH ;-Induced
Changes in Ozone

Methane has an indirect effect on the radiation balance

through its influence on ozone. Ozone changes in the

troposphere due to increased CH, surface fluxes (Figure
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A2.2) have been used to calculate the change in radiative
forcing at different latitudes and seasons using a radiative-
convective model (W.-C. Wang, personal communication).
The relative effect of ozone on the long wavelength
radiation (compared 1o the clfect of CH, alone) varies
between 10 and 22%. The globally-averaged effect is
around 14%.

The CHj ctffect in these calculations includes the direct
cffect and the indircct effect resulting from reduced OH
leveis (the positive feedback effect). Approximately 0.7 of
the methane elfect is a direct effect, and 0.3 is due to the
OH feedback. The calculated indirect global effect through
ozone increases is therefore approximately 20% of the
direct methane effect.

A2.5.4.3 Effects of CH; on Stratospheric Water Vapour
Methane has an indirect effect through its oxidation in the
stratosphere to water vapour. In [PCC (1990) it was
assumed that this would enhance the methane forcing by
30% over its direct value in the absence of N,O
ahsorption-band overlap (sec Table 2.2 in TPCC, 1990).
More recent modelling studies have shown that this
cnhancement is highly uncertain. In WMO (1992} the
range is 22 10 38%, while Lelieveld and Crutzen (1992)
give a value ol 5%. These differences may partly reflect
the dilferent types of numerical experiment performed to
calculate the effect. They may also reflect the fact that
changes depend critically on the verticai profile of the
water vapour change (A A, Lacis, personal commu-
nication),

A2.5.4.4 Oxidation to CO;

Oxidation of CHy leads o formation of CO, and thus
contributes indirectly to greenhouse warming. The
contribution will depend on the time horizon used. It
should be noted that only oxidation of fossil {uel-related
CH, leads to a CO;, increase; most CH, emitted into the
atmosphere is short-term recycled biogenic CO-.

A2.5.4.5 Indirect GWP for CH,.

While the results given here demonstrate the importance of
a number of processes in amplifying the direct radiative
forcing effect of increasing methane concentrations, they
cannot be applied to directly scale up the direct GWP for
methane. The experiments performed give only the steady-
state changes due to a sustained emission change, whercas
the GWP definition used here considers the integrated
time-dependent response Lo a pulse emission.

A2.5.5 NO, Emissions

The culculated glohal ozone changes from increases in
N}, surface emissions show large seasonal, latitudinal and
height variations (WMO, 1992). The impact on ozone
drops off rapidly with height in the troposphere. This is

6]

significant as the impact on surface temperatures from
ozone changes is likely to be height dependent in the
troposphere with the largest effect resulting from changes
1n the upper troposphere (Wang and Sze, 1980; Lacis ez
al., 1990). Furthermore, the calculations show that the
results are highly model sensitive, leading to large
differences (more than a factor of 2} in ozone impact
between the 2-D models used.

Calculation of the impact on ozone from NO, emissions
from aircraft indicate that this source of NOy may be morce
than an order of magnitude more cfficient in cnhancing Q4
levels than surface cmissions of NO,. The erhancement
occurs also at higher altitudes (middle and upper
troposphere) where ()4 changes have larger effects on
surface emperatures (Wang and Sze, 1980; Lacis et al.,
[990).

Increased N, levels are expected to increase global
amounts of OH, and thus to lead to a reduction in CH,.
NO, increases theretore have an opposite effect on the
abundance of the two greenhouse gases, Oy and CH,.
Calculattons also indicate that the radiative forcings caused
by NO,-induced changes in Oy and CH, could be of the
same magnitude. Taking all this inte account, estimates of
the radiative forcing of NO, changes are extremely
uncertain and cannot be reliably made at present.

There is a consistent picture emerging from the
calculations of OH sensitivity to enhanced fluxes of source
gases showing that increased NO, emissions lead to
increased OH and thereby to increased oxidation in the
troposphere, while increases in the cmissions of the other
source gases lead 1o reduced OH values.

A2.5.6 CO and NMHC Emissions

Ground-based emissions of CO and NMHC lead 10 O,
production, but these are found to be less efficient ozone
producers on a global scale than CHy. OH is also
increased. The increases show pronocunced global and
seasonal variations making estimates of indireci GWP
highly uncertain.

A2.5.7 Summary

A summary of the indirect contributions to radiative
torcing from CH,, NO,, CO and NMIIC is given in Table
A2.2. The Table gives the sign of the contribution from the
individual processes and the net effect, but no absolute
values for the indirect effects are presented.

For CH,. all the indircet contributions are believed to be
positive and therefore they add to the direct GWP. The
sum of their contributions is likely Lo be significant,
possibly similar in magnitude to the direct effect. Indirect
effects for methane will thus add substantially to the direct
values given in Table A2.1. CO and NMHC will also make
positive indirect contributions, although they are believed
to be less significant than the contribution from CH, and



62

Radiative Forcing of Climate A2

Table A2.2: Summary of the impact of emissions of CHy, NOy, CO and NMHC on OH, on
03 and those other greenhouse gases affected by changes in OH

Effect on concentrations of

Increased emission of: OH 03 CH,, HCFCs, HCFs
CH4 - + +
NO, + + -
CO - + +
NMHC ; + +

more difficult to assess due to temporal and spatial
variations in concentrations. For NO,, uncertaintics are
large and it is not possible to give even the sign of the
indirect effect, It should be noted, however, that NO,
emitted from aircraft in the upper troposphere could have a
large tmpact on the chemistry and, thereby, on the
radiative forcing on the surtace-troposphere-system.

Although indirect GWP values were given in IPCC
(1990), we are now aware of additional complications
affecting such calculations and are less swre of the results.
As a consequence, no indirect GWP values are given in
this report. For methane, however, the indirect
contributions to the GWP are likely to be significant,
possibly as large as the direct effect.

A2.6 Radiative Forcing due to Aerosol Particles

A2.6.1 Tropospheric Particles

A2.6.1.1 Background

Aecrosol particles influence the Earth’s radiative balance
dircetly by scaftering and absorption of shortwave ({solar)
radiation. An increase in concentralions of aerosol
particles will enhance this effect. Acrosol particles also
gbsorb and emit longwave (infrared) radiation, but this
effect is usually small because {a) the opacity of aerosols
decreases at longer wavelengths and (b) the aerosols are
most concentrated in the lower treposphere where the
atmospheric temperature, which governs emission, is
practically the same as the surface temperature {Coakley et
al., 1983; Grassl, 1988).

Aerosol particles also serve as sites on which cloud
droplets form (cloud condensation nuclei, CCN). Increased
concentrations of aerosol particles have the potential,
therefore, to alter the microphysical, optical and radiative
properties ol clouds, changing their reflective properties
and possibly their persistence.

By providing additional surfaces for condensation and
heterogeneous chemistry, aerosol particles may also
influence the chemical balance of gaseous species in the
atmosphere. This may be especially important for the
balance of O in the lower stratosphere.

In the unperturbed atmosphere, the principal aerosol
constituents contributing to light scattering are sulphate
from biogenic gaseous sulphur compounds and organic
carbon from partial atmospheric oxidation of gaseous
biogenic organic compounds. Seasalt and windblown soil
dust contribute substantially at some locations but their
effect on the global climate is generally unimportant
because the particles are large and wsually short-lived and
thus transported only short distances. Other aerosol
substances may also be locally and regionally important,
especially those that are sporadic such as {rom volcanoes,
wildfires, and windblown dust from deserts.

Submicrometre (diameter <10-6m) anthropogenic
aerosols are produced in the atmosphere by chemical
reactions of primarily sulphur-, but also nitrogen- and
carbon-containing gases, predominantly sulphur dioxide.
These particles are efficient light scatterers, so changes in
them may alter the energy balance of the atmosphere. The
overall cffect also depends on changes in the amount of
energy absorbed. Light absorption is dominated by
particles containing clemental carbon produced by
incomplete combustion ol carbenaccous fuel. The light
scattering effect is dominanl at most latitudes, but
absorption might dominate at high latitude, cspecially over
highly reflective snow- or ice-covered surfaces (Blanchet,
19893, Over surfaces with low albedo (<0.1} characteristic
of most of the surface of the Earth, anthropogenic aerosols
cool rather than warm the Earth (Coakley ef al., 1983);
thus in global terms the scattering by sulphate should
dominate over absorption by elemental carbon.

A2.6.1.2 New findings

The most important new information that has become
available since IPCC (1990) refers to the backscattering by
sulphate aerosols. Based on simulations of the global
distribution of sulphate aerosols (Langner and Rodhe,
19913, Charlson er af. (1990, 1991 and 1992) uscd
previously acquired information on scattering and
backscattering coellicients per unit mass of sulphate o
estimate the impact of anthropogenic sulphur emissions on
the shartwave radiation balance in cloud-free regions. The
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Figure A2.3: Cualculated increase of reflected flux to space due to tropospheric sulphate aerosols derived from anthropogenic sources.

Unit: Wmr2 {from Charlson et al., 1991).

geographical distribution of the calculated increase of
reflected solar flux to space is shown in Figure A2.3. The
authors concluded that the effect for current emission
levels, averaged over the Northern Hemisphere,
corresponds 10 a negative forcing at the Earth’s surface of
about 1Wm2, with about a factor of two uncertainty. This
is comparable (but of opposite sign) to the forcing due to
anthropogenic CO, (+1.5Wm-2) or to the direct forcing of
the other greenhouse gases (+1Wm-2), In addition to the
direct effect on climate of sulphate aerosols, there is an
indirect effect - via changes in CCN and cloud albedo -
which tends to act in the same direction (i.e., towards a
cooling) with a magnitude that has not yet been refiably
quantified (Charlson et l.,1990 and 1992; Kaufman ef al.,
1991).

A very important implication of this estimate is that the
net anthropogenic radiative lforcing over parts ol the
Northern Hemisphere during the past century is likely to
have been substantially smaller than was previously
believed. A quantitative comparison between the positive
forcing of the greenhouse gases and the negative forcing
due to sulphate is complicated by the fact that the latter is
much less uniformly distributed geographically than the
former, cf, Figure A2.3.

A2.6.1.3 Discussion

Future changes in the forcing due to sulphate aerosels and
greenhouse gases will depend on how the corresponding
emissions vary. Because of the short aimospheric lifetimes
of sulphale and its precursors, atmospheric concentrations
will adjust within weeks o changes in emissions. This is a
very different situation from that for most greenhouse gases
which have effective lifetimes of decades to centuries. For
example, the concentration of CO, will continue {o rise for
more than a century even if emissions are kept constant at
today’s level. This difference is illustrated in Figure A2.4
{from Charlson ef al., 1991}, which shows schematically

how the climate forcings due to CO, and aerosol sulphate
could change if the global fossil fuel consumption levelled
off and eventually were reduced. More detailed
calculations have been given by Wigley (1991), Because
of the rapid growth in emissions during the past decades
both the enhanced greenhouse forcing due to CO, and the
opposite forcing due to aerosol sulphate have grown
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Figure A2,4: Schematic llustration of the elfects ol a scenario
of future global fossil fuel combustion (a) on the atmospheric
loadings of CO» and sulphate (b). The differences in response
arisc [rom their different atmospheric residence times, CO»
produces a positive radiative forcing (heating) and sulphate a
negative forcing (cooling) (from Charlson er al.. 1991).
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accordingly. During a levelling off phase, the greenhouse
forcing due to CO, will continue to grow whereas the
acrosol forcing will remain constant. During a decay
phase, the greenhouse forcing will start to level off and the
aerosol forcing decline. This simple example illustrates
that the relative importance of these two major
anthropogenic forcing agents in the future will depend
critically on the character of changes in fossil {ucl use
(large-scale desulphurization measurcs would also have to
be considered).

Becuause of the very different character of the torcing
due to aerosol sulphate as compared to that of the
greenhouse gases, no attempt is made here to define a
negative Global Warming Potential (GWP) for
anthropogenic sulphur emissions. In addition to the well-
known negative deleterious environmental effects of
sulphates - including acidification - there are several
reasons why increases in sulphur emissions cannot simply
be considered as trade-offs against reductions in
greenhouse pas emissions. Among these are: the very
different horizontal and vertical distributions of radiative
forcing due to sulphates compared with greenhouse gases,
the greal uncertainty about their etfcets on clouds and the
subsequent effects on the climate system, and the fact that
the distribution of sulphates globally is Targely inferred
from models rather than being directly measured.
Although in a global sense the negative lorcing due to
acrosols may offset a substantial part of the positive
greenhouse forcing, the dilferences in spatial distribution
ol greenhouse radiative forcing and acrosol effects mean
that incrcascs in sulphates can never be expected to
compensate for the climatic effects of greenhouse gas
increases.

It is clear that a better quantitative description of the
climate influence of anthropogenic aerosols is necessary in
maodels of past, present and future climate, Modelling
studies need to take into account sulphate acrosol
concentrations and their radiative influence as a function
of location and time as governed by emissions of sulphur
gases. To do this, models should accurately represent the
direct light scattering effect and also the influences of
these aerosols on cloud opticul, radiative, and persistence
propertics. At present, the influences on clouds in
particular cannot be esumated with confidence. Further,
there is only a mecagre data base of observations with
which to validate the models of atmospheric chemistry,
transport and removal processes that are required to relate
acrosol concentrations to precursor emissions. There is,
simifarly, little observational information on the
relationships between aerosol microphysical properties and
cloud microphysical properties, between aerosol and cloud
microphysical properties and their radiative properties, and
between cloud microphysical properties and cloud
persistence.

Radiative Forcing of Climate A2

A2.6.2 Stratospheric Sulphate Particles

Observations over the past decade (lidar, satellite, balloon,
sunphotometer) indicate that the stratospheric aerosol
concentration throughout most of the 1980s remained
higher than that measured in 1979 (a relatively quiescent
period). This is probably largely attributable to the major
El Chichon volcanic eruption in 1982 together with the
cffects of a few other minor eruptions (McCormick and
Trepte, 1987). Anthropogenic sources may have provided
an additional contribution (Hofmann, 1990). With the
recent major eruption of the Mt. Pinatubo volcano, there is
now a fresh accumulation of particulates in the
stratosphere (optical depth estimated to be between (1.1 and
0.3 one month after the eruption; M. P. McCormick,
personal communication). For more details, the reader is
referred to the special issue of Geophysical Research
Letters (Vol. 19, 149-218, 1992).

The radiative elfects due to these particles may be
alrcady manifest in an observed warming of the lower
stratosphere (sce Scction C4.2.4.2; also labitzke and
McCormick, 1992). Radiative forcing calculations indicate
that these aerosols can also he expected to exert g
stgnificant negative bul trunsient radiative forcing
(~0.5Wm-2 or more in magnitude) on the surface-
troposphere sysiem over the next few years (Hansen ef al.,
1992). This is opposite in sign to the preenhouse gas-
induced forcing. General Circulation Model simulations
(Hansen er al., 1992) suggest that such an aerosol-induced
forcing could yield a temporary cooling tendency at the
surface and dominate the global surface temperature record
in the next year or more (see Section C4.2.4.2).

A2.7 Forcing Due to Solar Irradiance Changes

For a recent review of changes in solar irradiance, sec
Lean {1991). A 1% change in total irradiance is cquivalent
Lo a radiative forcing of 2.4Wm-2 at the top of the
troposphere, comparable to the total enhanced greenhouse
forcing to date. Considerably smaller changes than this
could, if sustained for a number of years, noticeably affect
global climate and cither enhance or offset the effects of
increasing greenhouse gas concentrations. It is necessary,
therefore, to monitor future and, if possible, reconstruct
past irradiance changes with an accuracy of substantially
better than £1%.

To obtain better accuracy. it is necessary to place
instruments high in or above the atmosphere. Continuous
observations require satellite instrumentation and the
available record spans only the period from 1978 to the
present, These data show a strong link between solar
magnetic activity (sunspots, faculae and the background
“active” network radiation) and total irradiance on time-
scales of days to years. During the sunspot minimum of
1986, 1otal irradiance was about (.1% less than during the
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previous (1980) maximum, with the reduction in output
from bright fealures outweighing the decreased blocking
effect of sunspots (Foukal and Lean, 1988, 1990; Lean,
1989). Changes since 1986 have continucd to parallel the
1J-year sunspot ¢yele (Willson and Hudson, 1991).

The small amiplitude of the observed solar-cycle-related
irradiance changes does not preclude the existence of
additional lower-frequency effects operating on the 10 to
100 veur time-scale (Foukal and T.ean, 1994); Lean, 1991).
To vestigate this possibility further. there have been
attempts to extend the observational record back before
1980 by wusing rocket- and balloon-based measurements
(Frohlich, 1987 These show an apparent change in
irradiance between the late 1960s and the late 1970s of
around 0.49%. There is considerable doubt, however. about
the representativeness of these values (measured over
tme-scales ol a day) and about the absolute accuracy of
the instruments uscd (o obtain them (Lean, 1991).
Although Reid (1991) argues against these problems, it is
clearly difficult to identify a long-term trend using
extremely noisy daily data (rom instruments ol uncertain
accuracy.

Apart from these data, there are no useful dirccet
irradiance measurements prior to 1978, so various authors
have tried to deduce irradiance forcing indircctly. For
example, Reid (1991) has suggested that low-frequency
irradiance changes run parallel to the envelope of sunspot
activity, which shows quasi-cyclic behaviour with a
roughly 80-year period, and Friis-Christensen and Lassen
(1991) have hypothesized that low-f{requency irradiance
changes are related to changes in the length of the solar
cycle. In both cases, there i a strong visual corres-
pondence between the solar irradiance proxy and globat-
mean temperature changes over the past 100 years - sce
Section C4.2.1. These resulls are intriguing, but they have
vel to be fully evaluated in terms of the implied changes in
solar forcing compared to greenhouse forcing (Kelly and
Wigley, 1990).

An entirely different approach has been used in a study
by Baliunas and Jastrow (1990) - see also Radick er al.
{1990). They have examined the magnetic activity of solar-
type stars to try (o throw some light on possible changes in
irradiance associated with events like the Maunder
Minimurmn of sunspot activity (1645-17153). The precisely-
datcd record of aitmospheric radiocarbon measurements
shows thal similar periods of prolonged sunspot minima
have occurred on many occasions during the past 8000
years {randomly spaced, but every 500 years on average).
It has been suggested that they correspond to perieds of
fowered irradiance and global cooling (Eddy, 1976;
Wigley and Kelly. 1990). Baliimnas and Jastrow (1990) tind
ihat solar-type stars exhibit two modes of activity, a cyclic
mode similar to the Sun’s present condition, and a less
variable mode (with lower magnetic activity) akin to
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conditions thought to prevail during the Maunder
Minimum. They conclude that the Sun’s irradiance during
the Maunder Minimum {(and other similar periods) was
“several tenths of 4 per cent” less than current levels.

A more sophisticated interpretation of these stellar data
has been carried out by Lean et al. (1992) using knowledge
of the mechanisms of irradiance vartations gleaned from
extant solar data, They consider two possible effects:
changes in irradiance associated directly with changes in
magnetic activity, and changes associated with u reduced
basul emission during prolonged periods ol reduced
activity, The estimated irradiance reduction during a
Maunder Minimum period is 0.25£0.1%.

It should be noted that these astronownical results do not
yet prove that the Sun’s irradiance was reduced during
periods like the Maunder Minimum. Since no star has been
observed to change mode. it is not yet known whether the
observed sicllar ditferences reflect different types of star or
different modes of variation lor individual stars.
Nevertheless, the magnitude of the potential changes
estimated by Lean er al. (1992) and Bulivnas and Jastrow
(1990) compares favourably with the empirical estimale
(based on palacoclimatic data) Tor a Maunder Minimum
irradiance reduction of 0.22-0.55% given by Wigley and
Kelly (19903 Al three estimates are substantialiy below
that ol Reid’s (1991) estimate of around 1%. Wigley und
Kelly (1990) note that, were a similar event to begin now
or in the near future, then it would partially offset the
anticipates increasce in forcing due Lo increasing
greenhoeuse 2as concentrations but only by a small amount.
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