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SCI E NTI FIC SUMMARY 

I .  Radiative Forcing and C l i matic Impact of Ozone Change 

Recent one-dimensional studies support earlier conclusions that between 1980 and 1990 the observed decrease in 

stratospheric ozone has caused a negative global-mean radiative forcing (i. e. , it acts to cool the climate) that is 

about -0.1 wm-2; this can be compared to the direct radiative forcing due to changes in C02, CH4, N20, and the 

chlorofluorocarbons (the "well-mixed" gases) of about 0.45 wm-2 over the same period. An accurate assessment 

of the potential climatic effect of changes in stratospheric ozone is limited by the lack of detailed information on 

the ozone change, especially in the vicinity of the tropopause. A limited sensitivity study using different assump

tions about the vertical profile of ozone loss indicates that, for the same change in total column ozone, the ozone 

forcing could conceivably be up to a factor of two less negative. 

Model simulations and deductions from limited observations of the increase in tropospheric ozone since pre

industrial times suggest a positive global-mean forcing that may be around 0.5 wm-2; this can be compared to the 

direct radiative forcing due to changes in well-mixed gases of about 2.4 wm-2 over the same period. Particular 

difficulties are the verification of the geographical extent of the tropospheric ozone increases and the problems in 

accurately specifying the vertical profile of the change. 

On the basis of these estimates, the net global-mean radiative forcing due to ozone changes is likely to have been 

positive since pre-industrial times. However, Chapter 1 indicates that tropospheric ozone has changed little since 

1980 and so, since then, the stratospheric ozone change is likely to have dominated, giving a negative global-mean 

forcing due to ozone changes. 

An intercomparison of radiation codes used in assessments of the radiative forcing due to ozone changes has 

shown that, in general, differences between these codes can be explained; the intercomparison highlights the 

detail with which solar and thermal infrared processes must be represented. 

The only general circulation model (GCM) experiment to investigate the climatic impact of observed lower 

stratospheric ozone loss between 1970 and 1990 indicates the expected surface cooling in response to the negative 

radiative forcing. 

Other GCM simulations raise important, but as yet unresolved, issues about the way in which the global mean of 

a spatially very inhomogeneous radiative forcing, such as that due to ozone change, can be directly compared to 

the global-mean forcing due to, for example, changes in well-mixed greenhouse gases. 

The previous assessment noted that the negative radiative forcing due to stratospheric ozone loss in the 1980s is of 

a similar size as, but the opposite sign to, the positive direct radiative forcing due to halocarbons over the same 

period. Attempts have been made to partition the indirect negative forcing due to ozone loss amongst individual 

halocarbons. They have emphasized that bromocarbons are, on a per molecule basis, much more efficient at 

destroying ozone than chlorofluorocarbons (CFCs). One evaluation attributes about 50% of the 1980-1990 neg

ative forcing to the CFCs; since the CFCs dominate the direct forcing, their net effect is reduced by about 50% due 

to the ozone loss. Carbon tetrachloride and methyl chloroform each contribute about 20%, while bromocarbons 

contribute about 10% to the indirect forcing; these species contribute relatively little to the direct forcing so their 

net effect is likely to be negative. 
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I I. Lower Stratospheric Temperatu re Trends 

The temperature of the lower stratosphere showed a marked rise, of about 1 deg C in the global mean, due to the 

radiative effects of increases in stratospheric aerosol loading following the eruption of Mt. Pinatubo in June 1991. 

The maximum warming occurred in the six months following the eruption; temperatures have now returned to 

near pre-eruption levels. This warming has been successfully simulated by GCMs. 

• Data from radiosondes over the past three decades and satellite observations since the late 1970s continue to 

support the existence of a long-term global-mean cooling of the lower stratosphere of about 0.25 to 0.4 deg C/ 

decade; there is some indication of an acceleration in this cooling during the 1980s, but the presence of large 

temperature perturbations induced by volcanic aerosols makes trend analysis difficult. 

• Model calculations indicate that ozone depletion is likely to have been the dominant contributor to the tempera

ture trend in the lower stratosphere since 1980 and is much more important than the contribution of well-mixed 

greenhouse gases. In addition, observed temperature trends since 1979 are found to be significantly negative at 

the same latitudes and times of year as significant decreases in column ozone, with the exception of the southern 

rnidlatitudes in midwinter. However, there are other potential causes of lower stratospheric temperature change 

(such as changes in stratospheric water vapor or cirrus clouds) whose contributions are difficult to quantify. 

Ill. Radiative P roperties of H alocarbon Substitutes 

More laboratory measurements of the infrared absorption cross sections of actual and proposed substitutes to 

chlorofluorocarbons have become available, including molecules not hitherto reported in assessments. These 

cross sections have been included in radiative transfer models to provide estimates of the radiative forcing per 

molecule. The radiative forcing estimates are subjectively estimated to be accurate to within 25%, but not all of 

the studies have yet been reported in adequate detail in the open literature; this hinders a detailed understanding of 

differences in existing estimates. 
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8.1 INTRODUCTION 

In recent ozone assessments, changes in the radia

tion balance have been an issue because (i) the 

chlorofluorocarbons (CFCs) and their hydrohalocarbon 

replacements are powerful absorbers of infrared radia

tion and (ii) changes in stratospheric ozone have been 

shown to cause a significant radiative forcing of the sur

face-troposphere system (WMO, 1992). Hence both 

factors are of potential importance in understanding cli

mate change. 

The aim of this Chapter is to provide an update of 

research in these two areas. In addition, significant 

changes in stratospheric temperature have been reported 

in recent assessments (WMO, 1988); it is believed that 

changes in the radiative properties of the stratosphere are 

an important part of the cause of the temperature trends. 

Changes in ozone appear to be of particular significance; 

in turn, ozone may itself be affected by the temperature 

changes. This Chapter will update both the observations 

of temperature changes and our understanding of their 

causes; we will concentrate on the lower stratosphere 

because ozone losses are believed to be greatest in this 

region and also because it is changes in this region that 

are believed to be of most climatic significance. 

It is not our aim to provide an overall assessment 

of our understanding of the radiative forcing of climate 

change. Such an assessment will be part of IPCC 

(1994). Instead we concentrate on the radiative forcing 

due to halocarbons and ozone change, building on the 

discussion in IPCC (1994). In common with the rest of 

this assessment, we will also consider the role of tropo

spheric ozone changes. 

One important discussion in IPCC (1994) con

cerns the utility of the entire concept of radiative forcing. 

Radiative forcing is defined as the global-mean change 

in the net irradiance at the tropopause following a 

change in the radiative properties of the atmosphere or in 

the solar energy received from the Sun. As discussed in 

IPCC ( 1994 ), the preferred definition includes the 

concept of stratospheric adjustment, in which the strato

spheric temperatures are allowed to alter such as to 

re-establish a state of global-mean radiative equilibrium; 

this process is of particular relevance when considering 

the forcing due to stratospheric ozone change. 

The utility of radiative forcing has been based on 

model results indicating that the climate response is es-
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sentially independent of the forcing mechanism. 

Thus, a radiative forcing of X wm-2 due to a change 

in greenhouse gas concentration would give essen

tially the same climate response as x wm-2 at the 

tropopause due to, say, a change in solar output; this 

is despite the fact that the two mechanisms involve 

rather different partitioning of the irradiance change 

between the surface and troposphere as well as be

tween different latitudes and seasons. 

Recent, and rather preliminary, results from 

general circulation models (GCMs) indicate that this 

relationship may not be so well-behaved for radiative 

forcings due to changes in ozone and tropospheric 

aerosols, where there are strong vertical, horizontal, 

and temporal variations in both the concentrations of 

the species and their changes with time. 

If this work were to be confirmed, it would 

make it more difficult to intercompare the forcings in 

wm-2 between different climate change mecha

nisms; in particular it might be difficult to add the 

forcings from different mechanisms to achieve a 

meaningful total forcing. 

Hence radiative forcing must be used with 

some caution, although much more work is needed to 

investigate whether the concept lacks general validi

ty. Radiative forcing remains a useful measure for 

intercomparing different calculations of ozone forc

ing and for intercomparing the strength of different 

halocarbons. 

8.2 RADIATIVE FO R C I N G  DUE TO OZON E 

CHANGE 

8.2.1 Recent Calculations 

8.2.1.1 STRATOSPHERIC OZONE CHANGE 

The principal features outlined in IPCC (1992) 

and WMO (1992) concerning the net radiative forc

ing of the surface-troposphere system due to ozone 

depletion in the lower stratosphere are: 

a) the distinction between the solar component 

that acts to heat the surface-troposphere system 

and the longwave component that tends to cool 

it; 

b) the difference between the instantaneous forc

ing (referred to as "Mode A" in WMO, 1992) 
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and the forcing calculated using adjusted strato

spheric temperatures (referred to as "Mode B" in 

WMO, 1992); the consequent cooling of the lower 

stratosphere enhances the longwave radiative ef

fects to give a net negative forcing. 

These features have been supported by several 

model studies (Ramaswamy et al., 1992; Wang et al., 
1993; Shine, 1993; Karol and Frollds, 1994), as well as 

by an intercomparison exercise to be discussed in Sec

tion 8.2.2. 

An accurate knowledge of the magnitude of the 

ozone loss in the lower stratosphere in different regions 

is crucial in evaluating the global-mean radiative forc

ing. Chapter 1 indicates the possibility of a small ozone 

depletion in the tropics. The radiative forcing conse

quences of such a loss would depend on the vertical 

profile of the loss profile; it could be significant if it were 

to be concentrated in the lower stratosphere (Schwarz

kopf and Ramaswamy, 1993). 

The radiative forcing is strongly governed by the 

shape of the vertical profile of the ozone loss, particular

ly in the vicinity of the tropopause (Wang et al., 1980; 

Lacis et al., 1990). While it is unambiguously clear that 

a loss of ozone in the lower stratosphere will lead to a 

negative radiative forcing of the surface-troposphere 

system, the precise value is dependent on the assumed 

altitude shape of the ozone change. 

Schwarzkopf and Ramaswamy (1993) examine 

this problem by using 1978-1990 ozone changes at alti

tudes above 17 km derived from Stratospheric Aerosol 

and Gas Experiment (SAGE) observations; they make a 

range of assumptions about how the ozone changes be

tween the tropopause and 17 km. The results can be 

quoted in terms of the radiative forcing per Dobson unit 

(DU) change in stratospheric ozone. Their results de

pend on latitude, mainly because a smaller fraction of 

the ozone depletion is located near the tropopause at 

higher latitudes. In the tropics, the estimates range from 

0.007 to 0.01 wm-2/DU; at midlatitudes the relative un

certainty is greater with a range of 0.003 to 0.008 wm-2/ 

DU. Such values are obviously dependent on the SAGE 

ozone change profiles used in the calculations. 

Wang et al. (1993) report instances where the 

change in stratospheric ozone results in a warming rather 

than a cooling of the surface-troposphere system; this 

can be explained by the fact that the position of the 

tropopause in these calculations is such that some of the 
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ozonesonde-observed increases in tropospheric ozone 

are attributed to the lower stratosphere. Hauglustaine et 

al. (1994) also find that the decrease in stratospheric 

ozone causes a warming of the surface-troposphere sys

tem. They used a 2-D chemical-dynamical-radiative 

model to simulate changes in concentration of a number 

of gases, including ozone, since pre-industrial times; the 

sign of the stratospheric ozone effect in their model ap

pears to be because, in the Northern Hemisphere at least, 

their model simulates less ozone depletion in the lower 

stratosphere than is indicated by recent observations -

their fractional ozone loss is found to be highest in the 

mid- to upper stratosphere, where a decrease in ozone 

leads to a positive radiative forcing (Lacis et al., 1990). 

The model of Hauglustaine et al. ( 1994) does include an 

interactive dynamical response, so they are not depen

dent on assumptions such as those required when 

applying fixed dynamical heating. 

These recent model studies highlight the need for a 

detailed consideration to be given to the vertical profile 

of the depletion and for consistency between the tropo

pause level chosen to estimate the surface-troposphere 

forcing and the altitude profile of the ozone change. 

Model-dependent factors are also significant for the 

accuracy of the computed forcing, as will be discussed in 

Section 8.2.2. 

The overall effect of observed stratospheric ozone 

depletion on radiative forcing has not been significantly 

updated since WMO (1992), which reported a forcing of 

about -0.1 Wm-2 between 1980 and 1990. Hansen et al. 
(1993) compute a global mean change of -0.2 ± 0.1 

wm-2 between 1970 and 1990. Such values represent a 

small but not negligible offset to the greenhouse forcing 

from changes in C02, CH4, N20, and CFCs (the so

called "well-mixed" gases) that result in a forcing of 

about 0.45 wm-2 between 1980 and 1990. The results of 

Schwarzkopf and Ramaswamy (1993) show that differ

ent assumptions about the vertical profile of ozone 

change, for the same change in total column ozone, 

could conceivably result in an ozone forcing up to a fac

tor of two less negative. 

8.2.1.2 TROPOSPHERIC OzoNE CHANGE 

Estimates for the global effect of tropospheric 

ozone increases are scarcer, mainly because of the diffi

culties in making global estimates of ozone change from 



the limited observations that are available. The model 

study of Hauglustaine et al. ( 1994) found that their sim

ulated tropospheric ozone increases contributed about 

0.5 wm-2 to the radiative forcing ; this can be compared 

to the forcing of about 2.4 wm-2 due to the changes in 

well -mixed gases since pre-industrial tim es (IPCC ,  

1990). (See Chapter 7 for an assessment of the ability of 

current models to represent tropospheric ozone chang

es.) Marenco et al. (1994) have used observations from 

France in the late nineteenth century, together with re

cent observations of the meridional distribution of 

tropospheric ozone , to make a simple radiative forc

ing estimate ; they derive a global -mean radiative forcing 

since pre-industrial times of 0. 6 wm-2. Fishman (1991), 

using observed trends , estimates that between 1965 and 

1985, a 1 %/year trend in tropospheric ozone applied 

over the entire Northern Hemisphere implies an approx

imate global -mean forcing of 0. 15 wm-2 , or about 20% 

of the e ffect of well -mixed gases over this period. Par

ticular di fficulties in all studies of the radiative forcing 

due to tropospheric ozone change are the verification of 

the geographical extent of the ozone increases and the 

problems in accurately specifying the vertical profile of 

ozone change. 

8.2.1.3 NET EFFECT OF OzoNE CHANGE 

While it is clear that a tropospheric ozone increase 

would lead to a positive radiative forcing , and that this 

would be opposite to the effect due to the lower strato

spheric losses , the sign of the net effect is uncertain 

(WMO, 1986; Lacis et al. , 1990; Karol and Frolkis ,  

1994; Schwarzkopf and Ramas wamy, 1993; Wang e t  al. , 

1993). Wang et al. point out that the net forcing due to 

the total ozone change in the atmosphere at the locations 

of the sonde measurements could be positive or negative ; 

at Hohenpeissenberg the net forcing due to ozone 

changes between the 1970s and 1980s was calculated to 

be positive and comparable to that due to the increases in 

the well -mixed greenhouse gases over the same period. 

Lacis et al. (1990), on the other hand , found that for the 

period 1970-1982, the forcing due to the Hohenpeissen

berg changes was negative ; however the uncertainty, due 

to uncertainties in the trend estimate , was large. The ef

fects due to the total atmospheric ozone change are 

extremely sensitive to the vertical profile of the changes 
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(both in the troposphere and the stratosphere), the tropo

pause level assumed , and the latitude and season. 

On the basis of these estimates , the net global

mean radiative forcing due to ozone changes is likely to 

have been positive since pre-industrial times. However, 

Chapter I indicates that tropospheric ozone has changed 

little since 1980 and so , since then , the stratospheric 

ozone change is likely to have dominated , giving a nega

tive global -mean forcing due to ozone changes . 

8.2. 2 l ntercom parison of Models Used to 

Calcu late Radiative Forcing 

The recent work described above highlights the 

need to understand the reported differences in radiative 

forcing due to ozone change. Whilst the overall features 

of these differences were attributable to different as

sumptions about the vertical profile of ozone change , it 

60.0 

50.0 

40.0 

� 
� 30.0 

� 
20.0 

iO.O 

0.0 -30.0 -20.0 ·iO.O 0.0 10.0 
Percentage Ozone Change 

F i g u re 8-1 . Ideal ized change i n  ozone as a func
t ion of height used solely for the purposes of the 
i ntercomparison of radiative codes. The strato
spheric change is based on the midlatitude S2 
p rofi le  of Schwarzkopf and Ramaswamy ( 1 993), 
which was derived from SAGE/SAGE II measure
ments du ring the 1 980s above 1 7  km, then 
decreasing l inearly with altitude to zero at the tropo
pause at 1 3  km. The tropospheric increase is an 
ideal ized one of 1 0% up to 8 km, then decreasing 
l i nearly with alt itude to zero at the tropopause. The 
stratospheric decrease is 1 5.5  Dobson un its and 
the tropospheric i ncrease is 3.5 Dobson un its. The 
resu lts shown in Figure 8-2 to 8-4 are calcu lated 
us ing the change in the stratosphere only. 
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Table 8-1. Pa rticipants in Ozone Radiative Forcing l ntercompa rison and b rief description o f  
model type. I t  is emphasized that the spectral resolution of  a rad iative transfer scheme is not always 
a good ind ication of its accu racy. 

Group Thermal IR scheme Solar Scheme 

GFDL 10 cm- 1 narrow -band code - Wide -band code based on Lacis 

(Geophysical Fluid Ramaswamy et al. (1992) and Hansen (197 4) - two bands m 

Dynamics Laborator y) UV and visible 

GFDL (2) Line-by -line code - Schwarzkopf 

and Fels (1991) 

KNMI Wide-band scheme amended from Wide -band delta -Eddington 

(Koninklijk  Nederlands Morcrette (1991) to include more scheme from Morcrette (1991) -

Meteorolo gisch Instituut) trace gases one band in UV and visible 

KNMI (2) As KNMI( 1) but including 14 J..Lm As KNMI 

band of ozone 

LLNL 25 cm- 1 narrow-band scheme - Narrow-band code with 126 

(Lawrence Livermore Grossman and Grant (1994) bands between 17 5-7 25 nm using 

National Laboratory) adding method for scattering -

Grossman et al. (1993) 

NCARICNRS Longwa ve Band Model (LWBM )  Wide-band scheme based on 

(National Center for 100 cm - 1 resolution - Briegleb (1992) Lacis and Hansen (1974) - Kiehl et 

Atmospheric Research/ al. (1987) 

Centre National de la 

Recherche Scientifi que) 

Reading 10 cm- 1 narrow-band scheme - Delta-Eddington scheme from 

(University of Readin g) Shine (1991) Sl i ngo and Schrecker (1982) with 

10 bands in UV and visible 

Reading (2) As Reading but excluding 14 J..Lm As Reading 

and microwave bands of ozone 

SUNY Wide-band scheme - Wang et al. Wide-band scheme based on 

(State University of New (1991) 

York) 

is important to isolate to what extent differences are due 

to the radiative transfer methods employed in the stud

ies . An intercomparison of results from different 

radiative codes was initiated to study this issue. The re

sults are reported in more detail in Shine et al. (1994 ); 

the main conclusions of the study will be descr ibed here. 

The intercomparison used tightly specified input 

parameters to ensure that all groups were using the same 

conditions. A midlatitude summer clear-sky atmosphere 

was used with a spectrally constant surface albedo of 

0.1. The solar forcing was calculated using an effective 

daylength and mean solar zenith angle appropriate to 15 

April at 45°N. The vertical profile of ozone and ozone 

8.6 

Lacis and Hansen (1974) - Kiehl et 

al. (1987) 

change was specified ; the ozone change is shown in Fig

ure 8-1 and is described in the caption. Groups were 

asked to provide the change in so lar and thermal infrared 

irradiances at the tropopause for both the instantaneous 

and adjusted forcings (calculated using the fixed dynam

ical heating assumption [e.g., WMO, 1992]). Three 

different cases were considered: (i) stratospheric deple

tion only, (ii )  tropospheric increase only, and (iii) both 

stratospheric depletion and tropospheric increase. The 

results from the case with stratospheric depletion only 

will be concentrated on here. 

Six groups participated in at least part of the com

parison. They ar e listed in Table 8-1 along with an 
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Instantaneous Forcing 
Stratosphere On ly 

0.40 

0.30 

Solar (W/sq.m) o.2o 

Infrared (W/sq.m) 

0.10 

0.00 

0.00 

-0.02 

-0.04 

-0.06 

-0.08 

Rdg Rdg(2) KNMI KNMI(2) CNRS SUNY GFDL GFDL(2) LLNL 

-0.1 0 L._ _ _j__ _ _J___ _ _t_ _ ___[__----,--L._----,--_j__��--=-='":-----:---:-:-'-----:-----' 
Rdg Rdg(2) KNMI KNM1(2) CNRS SUNY GFDL GFDL(2) LLNL 

0.20 
Net (W/sq.m) 

0.10 

0.00 
Rdg Rdg(2) KNMI KNM1(2) CNRS SUNY GFDL GFDL(2) LLNL 

MODEL 

Figure 8-2. Instantaneous changes i n  solar, thermal i nfrared, and net (solar minus thermal i nfrared) i rradi
ances (Wm-2) at the tropopause fol lowing  a change in ozone in the stratosphere (see Figure 8-1 ) calculated 
by the part ic ipants in the Ozone Radiative Forcing l ntercomparison given in Table 8-1 . 

indication of the nature of the radiative transfer codes. 

Some groups cont ributed results from more than one 

model configuration. 

Figure 8-2 shows the change in solar, thermal in 

frared , and net irradiance at the tropopause for the 

instantaneous ,  stratospheric-depletion case. The spread 

in solar results is quite marked , ranging from 0.23 to 

0.31 Wm-2 ; these differences will be discussed later. In 

all cases the net change is positive , indicating a tendency 

to warm the surface-troposphere system. 

The most important conclusions from the instanta

neous case concern the thermal infrared. First, the 

narrow-band calcu lations are in very good agreement 

with the Geophysical Fluid Dynamics Laboratory 

(GFDL) line-by-line calculations. Second , it became 

apparent that the results were splitting into two classes 

those calculations that included the 14 J.Lm band of ozone 

8.7 

(which is spectroscopically very weak compared to th e 

9.6 J.Lm band) obtained a forcing of about -0.07 wm-2 , 

whilst those without this band reported a value of about 

-0.05 wm-2 ; i.e., the 14 Jlm band contributes about 30% 

of the total forcing. The University of Reading calcula

tions were repeated with and without the 14 J.Lm band , 

and this band was indeed shown to explain the differ 

ence. It should be noted that this band is not included in 

many general circulation model calculations. Further, 

the 14 J.Lm band contributes only 2% of the change in 

irradiance for the change in tropospheric ozone only, be 

cause in the troposphere this band is more heavily 

overlapped by pressure-broadened lines of carbon diox 

ide ; this indicates that models that neglect the 14 J.Lm 

band will give greater relative weight to tropospheric 

ozone changes compared to stratospheric ozone changes. 
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0.30 

Solar (W/sq.m) 0.20 

0.10 

Adjusted Forcing 
Stratosphere Only 

0.00 
Rdg Rdg(2) KNMI KNMI(2) CNRS SUNY GFDL GFDL(2) LLNL 

-0.05 

-0.15 
Infrared (W/sq.m) 

-0.25 

-0.35 
-0.45 L.---'----:"-----,-:c-"------,�----,.==----,-L----=-::'=-:�=:'-:--:-::--:-:-'-::--------' 
0.00 

-0.05 

Net(W/sq.m) -0.10 

-0.15 

-0.20 , __ _L__ _ _L_ _ __l_ _ __[__ _ ____[_ _ __j__-=-:-'-----,�----,----,�-
Rdg Rdg(2) KNMI KNMI(2) CNRS SUNY GFDL GFDL(2) LLNL 

MODEL 

Figure 8-3. As in Figu re 8-2, but after a l lowing for stratospheric temperatu re changes ("adjusted forcing" 
using Fixed Dynamical Heating) shown in Figu re 8-4. 

Figure 8-3 show s the change s in solar, thermal 

infrared , and net i rradian ce s  after allowing for strato

spheri c adjustment. The solar change s are only very 

slightly affe cted by the adju stment pro ce ss, but the 

strato spheri c cooling de crea se s  the thermal infrared (and 

hen ce net) irradian ce by typi cally 0.3 wm-2 compared to 

the in stantaneou s ca se. The relative effe ct of the 14 11m 

band i s  le ss than in the in stantaneou s ca se , but it i s  more 

important in an ab solute sen se and cont ribute s about 

-0.03 wm-2. All model s now indi cate that a de crea se in 

lower strato spheri c ozone lead s to a cooling tenden cy for 

the surface-tropo sphere sy stem, but the spread in the re

sult s i s  greater than for the in stantaneou s for cing (Figure 

8-2). 

Figure 8-4 show s the temperature change s cal cu

lated by ea ch of the model s; again there i s  a sub stantive 

spread. The effe ct of the adju stment pro ce ss can be a s-
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certained by computing the change in the net irradian ce 

between the in stantaneou s and adjusted cal culation s; the 

re sult s agree to within 10% . Thi s agreement i s  better 

than might be anti cipated from Figure 8-4. However, 

cal culation s with the Reading model indi cate that mo st 

of the change in net irradian ce at the tropopau se when 

adjustment wa s in cluded came from the temperature 

change s within about 3 km of the tropopau se ;  at the se 

level s the temperature change s predi cted by the model s 

are in mu ch better agreement. 

The re sult s were interpreted by Shine et al. (1994) 

a s  follow s. About 50% of the modeled temperature 

change i s  due to the change in solar heating rate s. Alti

tude s neare st the tropopau se are mo st influen ced by the 

longer wavelength (Chappui s) ab sorption band s of 

ozone ; the model s are in mu ch better agreement about 

the change in the se band s than the change s at shorter 
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wavelength s, so that the effect of adju stment is more 

similar in the model s. The re sult s can be brought into 

good agreement for the adju sted ca se by (i) adding the 

effect of the 14 11m band to tho se calculation s that do not 

include it and (ii) u sing a single value of the solar irradi

ance change , rather than u sing the solar irradiance 

change calculated by each model independently. The 

major conclu sion from thi s i s  that the main rea son for 

inter-model difference s i s  the way the solar forcing i s  

calculated; it i s  thi s a spect of the calculation s mo st in 

need of scrutiny in each model . As reported by Shine et 

al. (1994), high-re solution calculation s  of the solar irra

diance change appear to be in good agreement ; hence, 

the spread in shortwave re sult s is not believed to repre

sent the actual uncertainty in modeling irradiance s, but i s  

more a reflection of the simplification s u sed in exi sting 

parameterization s. 

8.9 

8.2. 3 General Circulation Model Calculations 

Han sen et al. (1992, 1994) have u sed a general cir

culation mo del (GCM) to evaluate the relative effect s of 

change s in the well-mixed greenhou se gase s  and ozone 

upon the surface temperature. A sequence of model run s 

with the 1970-1990 increa se s  in the well-mixed g reen

hou se gase s  only i s  compared with a sequence including 

ob served strato sphe ric ozone change s; the member s of 

each sequence differ only in their initial condition s. It i s  

e stimated that the 1970-1990 modeled surface warming 

(0.35 deg C )  due to greenhou se gase s  i s  reduced by 15% 

due to the ozone change s ( see Figure 8-5). There i s  a 

con siderable spread among the different GCM realiza

tion s in the sequence of experiment s performed; 

however, the re sult s indicate that the cooling induced by 

ozone lo ss has the potential to reduce the warming effect 

due to the halocarbon increa ses  over the time period con

sidered. The re sult s  from thi s study are broadly 
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Figure 8-5. Transient global surface temperatu re 
c�ange due to changes in g reenhouse gases, as 
stmu lated by the GISS GCM (Hansen et at., 1 992, 
1 994) . Five experiments were run with homoge
neously m ixed greenhouse gases (HMGG) (C02, 
CH4, N20, and CFCs) . Five addit ional exper iments 
were run with an ozone change i nferred from the 
Total Ozone Mapping Spectrometer (TOMS) and 
placed enti rely in the 70-250 mb layer in  addit ion to 
the changes in HMGG. 

consistent with the expected temperature changes antici

pated from the radiative forcing calculations. 

Hansen et al. ( 1994) also investigate the climate 

sensitivity to changes in the vertical profile of ozone us

ing a simplified 3-D model ; all previous studies have 

used 1-D models. Such an investigation of parameter 

space would be di fficult with a full GCM because of the 

computational cost. Instead, Hansen et al. use a sector 

version of the 9-level Goddard Institute for Space Stud

ies (GISS )  GCM they call the "Wonderland" Climate 

Model (see also Hansen et a!., 1993). The surface tem

perature response is a strong function of the height of the 

ozone change for two reasons . First, as is well -estab

lished (see Section 8.2.1), the radiative forcing is a 

strong function of the height of the ozone change ;  in ad

dition, the climate sensitivity (i.e., the surface warming 

per unit radiative forcing) is found to be a function of the 

height of the ozone change. This sensitivity is most 

marked in experiments that allow cloud feedbacks ; in 

experiments with large and idealized perturbati ons in 

ozone, the climate sensitivity to changes in tropospheric 

ozone is substantially modified when cloud feedbacks 

are included. 

8.10 

The results of Hansen et a!. (1994) have not yet 

been reported in detail and must be regarded as prelimi 

nary . In addition, the sensitivity to cloud feedbacks is 

likely to vary considerably amongst different GCMs be

cause of the recognized difficulties in modeling clouds 

in GCMs (e.g., IPCC, 1990, 1992). However, if con

firmed by other studies, the new results could have very 

significant implications for the way the possible climatic 

impacts of ozone changes are assessed. 

As discussed in IPCC ( 1994) available GCM sim

ulations raise important, but as yet unresolved, issues 

about the way in which the global mean of a spatially 

very inhomogeneous radiative forcing, such as that due 

to ozone change, can be directly compared to the global

mean forcing due to, for example, changes in well -mixed 

greenhouse gases . 

8.2.4 Attribution of Ozone Radiative Forci ng to 

Particul ar Halocarbons 

As discussed in earlier chapters, the weight of evi

dence suggests that heterogeneous chemical reactions 

involving halocarbons are the cause of the observed low

er stratospheric ozone depletion. Since several of these 

compounds, particularly the CFCs, exert a (direct) posi

tive radiative forcing, the (indirect) negative radiative 

forcing due to the chemically induced ozone loss has the 

potential to substantially reduce the overall contribution 

of the halocarbons to the global -mean greenhouse forc

ing, particularly over the past decade. 

Daniel et al. ( 1994) have employed simplified 

chemical considerations and partitioned the total direct 

and the total indirect forcing among the various halocar

bons (see also the discussion in Chapter 13 and Figure 

13-9). The indirect effect is strongly dependent upon the 

effectiveness of each halocarbon for ozone destruction. 

On a per-molecule basis, bromine-containing com

pounds are estimated to contribute more to the indirect 

effect because they are more effective ozone depletors 

than chlorine-containing compounds, whilst the chlori

nated compounds have a much bigger direct effect 

because they are stronger absorbers in the infrared. Thus 

for the total halocarbon forcing up to 1990, Daniel et al. 

estimate that the indirect effect of the CFCs is about 20% 

of the direct effect but has the opposite sign. For the 

halons, though, the (indirect) cooling effect is about 3 

times larger than the warming due to the direct effect. 

Nevertheless, because of their greater concentrations, 



the CFCs are estimated to have contributed about 50% of 

the total indirect forcing ; the precise value depends on 

the value used for the effectiveness of bromine , relative 

to chlorine , at destroying ozone. 

For the period 1980 to 1990, Daniel et al. attribute 

about 50% of the negative forcing to the CFCs,  about 

20% each to carbon tetrachloride and methyl chloro

form, and about 10% to the bromocarbons. The net 

(direct plus i ndirect) fo rcing for the CFCs is about 50% 

of their direct effect , while the net forcing for carbon tet

rachloride , methyl chloroform, and the bromocarbons is 

likely to have been negative. 

The analysis suggests that the net forcing by halo

carbons was probably quite strong in the 1960s and 

1970s (see Figure 8-6); then , when the ozone decrease 

became more marked , the growth in the net forcing de

creased substantially. Using projections for the change 

in halocarbons over the next century (based on the 

Copenhagen Amendment to the Montreal Protocol and 

projections of possible hydrofluorocarbon (HFC ) use), 

Daniel et al. estimate that the cooling effect due to ozone 

depletion will soon begin to decrease;  by the latter half 

of next century, the positive forcing due to HFCs will be 

the dominant contributor to the radiative forcing due to 

halocarbons. 

8.2.5 O utsta n d i n g  Issues 

Radiative forcing due to a specified ozone change , 

as a function of the ozone altitude , is qualitatively well 

understood. However, as revealed by the intercompari

son exercise , approximate radiative methods appear to 

differ in their estimates ; it is important that such di ffer

ences be understood. The principal limitation inhibiting 

an accurate estimate of the global ozone forcing is the 

lack of knowledge of the precise vertical profile of 

change with latitude and season. 

In contrast to the well -mixed greenhouse gases , 

ozone change causes a more complicated radiative forc

ing - neither the ozone profile nor the change are 

uniform in the horizontal and vertical domains .  The spa

tial patterns of the radiative forcing di ffer for changes in 

ozone and the well -mixed gases . Even the apportion

ment of the radiative forcing between the surface and the 

troposphere is different for ozone compared to the well

mixed greenhouse gases (WMO ,  1986, 1992). Ozone 

forcings have not been used for systematic climate stud

ies analogous to those carried out for the well -mixed 
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estimate of the associated stratospheric ozone loss 
( labeled "coo l ing") and net change using observed 
halocarbon changes and an "optimistic" scenario 
based on the Copenhagen Amendment to the Mon
treal Protocol and assuming b romine is 40 t imes 
more effective at destroying ozone than chlor ine. 
From Dan iel  et a/. ( 1 994) . 

greenhouse gases. A remaining question is the degree to 

which the irradiance change at the tropopause is a rea

sonable indicator of the surface temperature response in 

the case of ozone chang es ;  it is for the well -mixed green

house gases , but preliminary work indicates that it may 

not be for ozone. 

A further complication that needs to be explored is 

that changes in ozone in the vicinity of the tropopause 

have the potential to alter tropopause height. Thus ,  the 

energy received by the surfac e-troposphere system may 

be different in a model that allows changes in the tropo

pause height than in a model with a fixed tropopause. 

The vertical resolution of a model in the upper tropo

sphere could then be an important consideration. 

As discussed in earlier chapters , there is evidence 

that heterogeneous chemistry on sulfate aerosol leads to 

enhanced ozone loss .  The observations of unusually low 

ozone in the northern midlatitudes during the winter of 
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1992-93 and spring o f  1993 suggest a possible link with 

the Mt. Pinatubo aerosols.  Such a volcano-ozone link 

would imply an enhancement o f  the transient negative 

radiative forcing owing to the presence of unusually 

large volcanic sulfate aerosol concentrations. 

Additional complications in the determination o f  

the ozone forcing are uncertainties i n  the feedbacks re

lated to chemical processes. One example of this is the 

connection between stratospheric ozone loss , OH, and 

methane lifetimes . A depletion of stratospheric ozone 

would lead to an enhancement in tropospheric UV radia

tion , which in tu m increases the rate of production o f  OH 

and destruction of methane (see , e.g., Chapter 7 and 

Madronich and Granier [1992, 1994]). However, it is 

important to note that photochemical oxidation of meth

ane and other species that react with OH takes place 

largely in the tropics , where ozone losses are small or not 

statistically significant. Thus a quantitative assessment 

of this effect requires consideration not only of tropo

spheric chemistry but also the latitudinal distribution of 

ozone depletion (particularly the tropical trends and the 

sensitivity to them). A cooling of the lower stratosphere 

due to the ozone loss can affect the water vapor mixing 

ratios there , with the potential to alter heterogeneous 

chemical reactions .  Also , changes in methane in the 

stratosphere as a consequence of the altered tropospheric 

processes could be accompanied by changes in strato

spheric water vapor that , in tu m, would affect the 

radiation balance. 

8.3 OBSE RVE D  TEMPE RATURE CHANGES 

A large number of factors can influence strato

spheric temperatures (see , e.g., Randel and Cobb , 1994). 

Natural phenomena can result in a change in the radia

tive fluxes in the stratosphere , such as changes in solar 

output or in aerosols resulting from volcanic eruptions . 

Internal variability of the climate system, such as the 

quasi-biennial oscillation and the El Ni no-Southern Os

cillation , can induce dynamical effects that result in 

temperature change by advection and, if ozone changes 

as a result, also by radiative processes . Additionally, hu

man activity is resulting in changes in a number of 

radiatively active constituents , such as ozone and carbon 

dioxide , and these can perturb the radiation balance and 

hence the temperature; attempts to detect trends due to 

human activity require consideration of the natural pro-
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cesses . Most recent work on temperature trends has con

centrated on the lower stratosphere , so we will 

concentrate on this region in this section ; the particular 

emphasis will be on (i) the impact o f  Mt. Pinatubo and 

(ii )  the detection o f  long-term trends .  

8.3. 1  Effects o f  t h e  Volcanic Eruptions, 

Especial ly Mt. P i natubo 

A number of studies have reported the lower 

stratospheric warming following the eruption of Mt. Pi

natubo (Labitzke and McCormick, 1992; Angell , 1993; 

Spencer and Christy, 1993; Christy and Drouilhet , 

1994 ); this warming is associated with the increased ab

sorption of upwelling thermal infrared radiation and 

solar radiation by the stratospheric aerosol layer (see , 

e.g., WMO, 1988). 

Angell (1993), from a selection o f  radiosonde sta

tions , finds that the warming o f  the lower stratosphere 

following both Agung and El Chich6n was greatest in 

the equatorial zone and least in the polar zones . The 

warming following El Chich6n was slightly greater than 

following Agung everywhere except the south polar 

zone. Preliminary analysis for Mt. Pinatubo indicated 

that , in the north extratropics and the tropics ,  the warm

ing following this eruption was comparable to the 

warming following Agung and El Chich6n. However, in 

south temperate and south polar zones , the warming fol

lowing Mt. Pinatubo is considerably greater, perhaps due 

to a contribution from the eruption of Volc an Hudson in 

Chile . Globally, the warming of the lower stratosphere 

following Mt. Pinatubo is greater than that following El 

Chich on and Agung. 

Figure 8-7 (updated from Labitzke and Van Loon,  

1994) shows the Northern Hemisphere annual area

weighted temperature series from an analysis o f  

radiosonde data. The times o f  the Agung , El Chich6n , 

and Mt. Pinatubo e ruptions are marked, although it 

should be noted that other, less intense volcanic eruptions 

during this period probably led to some enhancement of 

the stratospheric aerosol load (e.g., Robock , 1991; Sato 

et al., 1993). Whilst the Northern Hemisphere post-Pi

natubo warming is clear, particularly at 50 mbar, it is not 

obviously larger than that due to El Chich6n. 

More recently, satellite observations from Channel 

4 of the Microwave Sounder Unit (MSU) on the NOAA 

polar-orbiting satellites have been used to monitor lower 

stratospheric temperatures (e.g., Spencer and Christy, 
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Figure 8-7. Ann ual mean area-weighted ( 1  0°-
900N) temperatu res (0C) at 30, 50, and 1 00 mb. 
The heavy l i nes are three-year running means. 
Based on dai ly radiosonde analysis by the Free 
University of Berl i n  (updated from Labitzke and Van 
Loon, 1 994). A, Ch, and P denote the times of the 
Agung, El Chich6n, and Mt. Pinatubo eruptions, re
spectively. 

1993; Christy and Drouilhet , 1994; Randel and Cobb , 

1994). The weighting function for Channel 4 peaks at 

about 75 mbar with half-power values at 120 and 40 

mbar (Christy and Drouilhet , 1994). Figure 8-8 shows 

the global and hemispheric monthly-mean anomalies 

from MSU between January 1979 and July 1994 (J. 

Christy and R. Spencer, personal communication). 

From the global data set , Mt. Pinatubo gives a slightly 

greater warming (about 1.1 deg C in 199111992) than El 

Chich6n (about 0.7 deg C in 198211983) compared to the 

im mediate pre-eruption temperatures .  
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The Northern Hemisphere MSU Channel 4 data in 

Figure 8-8 can be compared with the radiosonde data 

analysis in Figure 8-7 , although differences in the verti 

cal resolution of the data sets need to be recognized. 

Both d ata sets are in general agreement that the immedi 

ate post-eruption warming is similar for both El Chich6n 

and Mt. Pinatubo. The greater warming in the Southern 

Hemisphere following Mt. Pinatubo is consistent in both 

the MSU analysis (see Figure 8-8 and Christy and 

Drouilhet [ 1994]) and radiosonde analysis (Angell , 

1993). 

Hansen et al. (1993) show that the tropical warm 

ing in the lower stratosphere associated with Mt. 

Pinatubo is very well simulated by the GISS GCM with 

an imposed idealized volcanic aerosol cloud. 

One interesting development in the identification 

of volcanic signals is the use of temperature and ozone 

data together (Randel and Cobb , 1994; A.J. Miller, per 

sonal communication). Normally, temperatures in the 

lower stratosphere and total ozone are positively corre

lated; Randel and Cobb show that this co rrelation 

changes sign when the lower stratospheric aerosol layer 

is enhanced as a result of volcanic eruptions. 

8. 3. 2 Long-Term Trends 

Both Figures 8-7 and 8-8 emphasize that the detec

tion of long-term trends in temperatures in the lower 

stratosphere will be di fficult because of the episodic and 

frequent volcanic eruptions that cause a major perturba

tion to those temperatures. An additional problem 

concerns the quality of available radiosonde data (see , 

e.g., IPCC , 1992; Gaffen , 1994; Parker and Cox , 1994). 

Changes in instrumentation, ascent times ,  and reporting 

practices introduce a number of time-varying biase s  that 

have not yet been properly characterized ; they indicate 

the need for some caution when using data primarily in

tended for weather forecasting for climate trend 

analysis .  Nevertheless ,  since 1979, comparison of inde

pendent MSU Channel 4 data with radiosonde analyses 

in the lower stratosphere has shown good agreement 

(Oort and Liu , 1993; Christy and Drouilhet , 1994). 

Considering all available radiosonde reports for 

the period December 1963 through November 1988, 

Oort and Liu (1993) infer a trend in the global lower 

stratospheric (100-50 mbar) temperature of -0.4 ± 0.12 

deg C/decade ; the cooling trend is apparent during all 

seasons and in both hemispheres. These results were 
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Figure 8-8. Global and hemispheric month ly-mean lower stratospheric temperatu re anomal ies (from 1 982-
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compared with earlier e stimate s by Angell (1988), who 

u sed a sub set of 63 sonde station s, for the same time pe 

riod; Oort and Liu find that their global and hemi spheric 

trend s agree with Angell ' s  within the error bar s, although 

Angell ' s larger Southern Hemi sphere trend s are believed 

to be associated with undersampling. The se trend analy

se s are al so con si stent with the finding s in Miller et al. 

(1992). IPCC (1992) combine s the analy si s  of Oort and 

Liu with more recent data from Angell to deduce a glo

bal trend of -0.45 deg C/decade between 1964 and 1991 

for the 100-50 mbar layer. 

8.14 

A concern expre ssed in IPCC (1992) wa s that 

trend analy se s  starting in 1964 may be bia sed by the 

warming a ssociated with the eruption of Agung in 1963; 

however , Oort and Liu (1993) extend their own Northern 

Hemi sphere analy si s  and Angell ' s global analy si s  back 

to December 1958 and find the decadal trend s to differ 

little from tho se calculated for the period December 

1963 to November 1988. 

Latitudinal profile s of the e stimated trend s from 

Oort and Liu (1993) (see Figure 8-9) show that the cool

ing of the lower strato sphere ha s occurred everywhere , 
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Figure 8-9. Latitudinal  p rofi les of the est imated trends in the annual  mean temperatu res ( in deg C/decade) 
from the GFDL radiosonde analysis (after Oort and Liu ,  1 993) for the 1 00-50 mb layer during the period 
December 1 963 - November 1 989. The 95% confidence l imits are also shown. The hemispheric and global
mean changes are shown on the r ight of the figu re. 

but that the strongest temperature decreases ( -1 deg C/ 

decade) have occurred in the Southern Hemisphere ex

tratropics , strongly suggesting an association with the 

Antarctic ozone hole. 

Labitzke's (personal communication) analysis of 

Northern Hemisphere sonde data indicates an annual 

mean trend of -0.2 to -0.4 deg C/decade between 1965 

and 1992 between 30 and 80 mbar at most latitudes ;  

however, the trend varies greatly from month to month 

both in size and in sign , and is most di fficult to detect in 

the extratropics during the Northern Hemisphere winter 

when interannual variability is substantial . This sug

gests that the winter months are best avoided for 

long-term trend detection. There is an indication that the 

trend during springtime is more negative over the period 

1979-1993 than over the period 1965-1993. Figure 8-10 

shows the analyses for May for these two periods ;  for 

substantial regions the trend is almost double for the lat

er period , although it must be noted that th e significance 

level is much lower, as it contains fewer data. 

For the shorter period available from MSU Chan

nel 4 observations , trends are clearly sensitive to the 

period of analysis (Figure 8-8); Christy and Drouilhet 

(1994) report a trend of -0.26 deg C/decade for the peri

od January 1979 to November 1992, but comment that , 

because of the effects of the volcanoes , its significance is 

hard to assess.  Downward trends are most marked for 
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the temperatures in the lower stratosphere of the polar 

cap regions (defined as being 67 .5° to 83.SO), being -0.78 

deg C/decade for the north polar cap and -0.90 deg C/ 

decade for the south polar caps for the period January 

1979 to January 1994 (J .R. Christy, personal communi

cation). 

For the period 1979-1991, Randel and Cobb 

(1994), using MSU data , infer a significant cooling of 

the lower stratosphere over the Northern Hemisphere 

midlatitudes in winter-spring (with a peak exceeding 

-1.5 deg C/decade) and over Antarctica in the Southern 

Hemisphere spring (peak exceeding -2.5 deg C/decade) 

(Figure 8-11 ); the overall space-time patterns are similar 

to those determined for ozone trends .  The Northern 

Hemisphere trends derived from MSU data are in good 

agreement with the sonde analysis from the Free Univer

sity of Berlin (McCormack and Hood, 1994; K. 

Labitzke , personal communication). 

In summary, th e available analyses continue to 

support the conclusions of WMO (1992) that the lower 

stratosphere has , on a global -mean basis ,  cooled by 

about 0.25-0.4 deg C/decade in recent decades , although 

more work on the quality of the archived data sets is 

clearly warranted. 

In the upper stratosphere and mesosphere there is  

little new to report beyond the discussion in WMO 

(1992). Upper stratospheric temperature trends based on 



RADIATIVE FORC I N G  

a T R E N D  ( deg C/decade) May ( 1 965- 1 993) 
JO 

35 
40 
45 

:§_ 50 
55 

Q 
� 60 
00 65 00 
� 70 

a. 75 
80 
85 90 95 100 10N 

b 

Lat i tude 

Figure 8-1 0. (a) Upper Panel-Northern Hemisphere temperatu re trend derived from radiosonde analyses 
(deg C/decade) in May for the period 1 965-1 993 based on data at 1 00, 50, and 30 mb levels. Lower Panel
lines of 90, 95, and 99% sign ificance. (b) As (a) but for the period 1 979-1 993. (K. Labitzke, personal 
communicat ion). 

8.16 



satellite , rocket, and lidar data do not lead to a clear con

clusion concerning trends ; mesospheric coolings of 

several deg C per decade in the past decade have been 

deduced (see also Chanin, 1 993; Kokin and Lysenko , 

1 994). 

8.3.3 Interpretation of Trends 

Models indicate that the loss of ozone in the lower 

stratosphere leads to a decrease in the temperature there 

(WMO ,  1 992 and Section 8.2.1 .1 ). One-dimensional 

models ,  such as the Fixed Dynamical Heating (FDH) 

and the Radiative-Convective Models ,  compute signifi

cant temperature changes of several tenths of a deg C/ 

decade in the lower stratosphere due to the ozone 

changes of the past decade (WMO ,  1 992; Miller et al. , 
1992; Shine , 1 993; Karol and Frolkis ,  1994; Ra

maswamy and Bowen , 1994). It is this temperature 

change in the FDH models that determines , to a substan

tial extent , the negative forcing due to the ozone losses 

(see Section 8.2.1.1). 

The cooling trends in the lower stratosphere , either 

from the long-term records or those over the past decade , 

are too negative to be attributable to increases in the 

well-mixed greenhouse gases (mainly C02) alone 

(Miller et al. , 1 992; Hansen et al. , 1 993; Shine , 1 993; 

Ramaswamy and Bowen , 1994). In contrast , models 

employing the observed ozone losses yield a global tem

perature decrease that is broadly consistent with 

observations. This strongly suggests that , among the 

trace gases , stratospheric ozone change is the dominant 

contributor to the observed cooling trends. However, the 

potential competing effects due to unknown changes in 

other radiative constituents (e.g., ice clouds , water vapor, 

tropospheric aerosols ,  and tropospheric ozone: Hansen 

et al. , 1993; Ramaswamy and Bowen , 1 994) make it dif

ficult to rigorously quantify the precise contribution by 

ozone to the temperature trends.  

McCormack and Hood ( 1 994) calculate the tem

perature decreases using an FDH model employing the 

ozone changes deduced from Solar Backscatter Ultra

violet (SBUV) observations for the period 1979-1991 ; 

the temperature changes are comparable to or slightly 

less than the decadal change inferred from satellite and 

radiosonde data in regions where the observed trends are 

statistically significant. Importantly, the modeled latitu

dinal and seasonal dependences are in reasonable 

agreement with the observations. 
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Figure 8-1 1 .  Latitude-t ime sections of zonal-mean 
lower stratospheric temperatu re trends in deg C/ 
year calcu lated from MSU Channel 4 data (Randel 
a�d Cobb, 1 994) 

_
for the period 1 979- 1 991 . Stip

pling denotes regtons where the statistical f its are 
not d i�e:ent from zero at the 2cr level . (See text tor 
descnptlon of the weighting function of MSU Chan
ne l 4.) 

General circulation model (GCM) studies with 

imposed ozone losses in the lower stratosphere also ob

tain a temperature decrease in this region. Hansen et al. 
(1993) obtain a cooling in the lower stratosphere that is 

qualitatively consistent with and, in the global mean , 

agrees well with the decadal trend ( -0.4 deg C) inferred 

from radiosonde observations . Another GCM study (V. 

Ramaswamy, personal communication) finds a similar 

cooling of the lower stratosphere and shows that the 

FDH temperature changes exhibit a qualitatively similar 

zonal pattern to the GCM results . 

Mahlman et al. ( 1 994) present a three-dimensional 

chemical-radiative-dynamical investigation of the cli

matic effects due to the Antarctic ozone losses.  The 

transport of ozone and the ozone losses are handled ex

plicitly, although the modeled Antarctic ozone loss is 

somewhat less than observed. There is a decrease of the 

lower stratospheric temperatures in the Southern Hemi

sphere that is consistent with the observed trends .  An 

important aspect of the GCM calculations is that they 

simulate a slight cooling in the lower stratosphere at low

er latitudes as a dynamical consequence of extratropical 

ozone depletion; this is in contrast to FDH models which 
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calculate temperature changes only at  latitudes of  ozone 

change. Thus the presence of equatorial cooling in ob

servations (see , e. g. , Figure 8-9) cannot be used as a 

simple discriminator of whether ozone depletion has oc

curred in the equatorial lower stratosphere (see Chapter 

1) . In addition , the simulation of Mahlman et al. (1994) 

shows a dynamically induced heating in the Antarctic 

mid-stratosphere as a consequence of the loss of ozone 

in the lower stratosphere; such dynamical effects need to 

be taken into account when attempting to detect temper

ature trends from other causes , such as the increased 

concentrations of other greenhouse gases. 

It is encouraging that both the FDH models and 

the GCMs yield a cooling in the lower stratosphere that 

is consistent with the magnitude inferred from observa

tions.  Precise agreement might not be expected as , in all 

the model studies , the temperature changes in the lower 

stratosphere are subject to uncertainties related to the as

sumed vertical and horizontal distribution of the ozone 

change and there are uncertainties in the observed 

trends. 

8.4 HALOCARBON RADIATIVE FORCING 

8.4.1 Comparison of IR Absorption Cross 

Sections 

Since the review in the AFEAS (1989) report (see 

also Fisher et al. , 1990) , further work on the absorption 

cross sections of halocarbons has been reported; this is 

particularly important for some of the HCFCs (hydro

chlorofluorocarbons) and HFCs (hydrofluorocarbons), 

as some of the data used in earlier assessments were 

from a single source. Recent comparisons of strengths 

of many CFCs (chlorofluorocarbons) are presented in 

McDaniel et al. (1991) , Cappellani and Restelli (1992) , 

and Clerbaux et al. ( 1993) and are not repeated here. For 

newer HCFCs and HFCs ,  measurements are more limit

ed and the available measurements are reviewed. 

Molecules that are created by the destruction of halocar

bons have the potential to cause a radiative forcing , but 

their lifetimes are believed to be too short for them to be 

of importance (see Chapter 12) ; they are therefore not 

considered here. 

Measurements of infrared (IR) cross sections are 

normally made using Fourier transform IR spectrome-
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ters and , sometimes , grating spectrometers ; spectral res

olutions range from around 0.01 cm· 1 to 0.1 cm· 1 • 

Clerbaux et al. (1993) present a detailed error estimate 

with errors ranging from 1-2% for strong absorption and 

3-4% for weak absorption. Cappellani and Restelli 

(1992) estimate an uncertainty of 2.5% and other work

ers estimate uncertainties of between 5 and 10%. 

Table 8-2 lists the integrated absorption cross sec

tions of measurements of HFCs and HCFCs known to 

the authors . Measurements for a number of these mole

cules ,  as well as a number of halogenated ethers used as 

anesthetics , are also reported by Brown et al. (1990) ; 

however, the absorption cross sections are reported for 

only a limited spectral region (800 - 1200 cm· 1 ) that ne

glects some important absorption features .  Garland et 

al. (1993) report measurements in the region 770-1430 

cm· 1 of the absorption cross sections of HFC-236cb, 

HFC-236ea, and HFC-236fa , as well as the fluorinated 

ether E-134. Because the results are presented as rela

tive cross sections ,  they are not included in Table 8-2; 

their integrated strengths are reported to be between 1.5 

and 2.3 times stronger than CFC-11. 

As examples of the degree of agreement in the 

near-room temperature measurements , for HCFC-123, 

HCFC-141b ,  and HCFC-142b the spread of results is 

more than 25% of the mean cross section; however, the 

spread between the results from the two published stud

ies (Cappellani and Restelli , 1992; Clerbaux et al. , 1993) 

is generally smaller. For HFC-134a the spread is about 

10%. Detailed descriptions ,  including temperatures and 

pressures of the measurements , are not available for all 

the data sets , so it is difficult to comment on the discrep

ancies . Except for HCFC-22, only Cappellani and 

Restelli (1992) , Clerbaux et al. (1993) , and Clerbaux 

and Colin (1994) have published the details of their mea

surements of HFC/HCFC cross sections and presented 

measurements for a range of temperatures .  In general , 

the change in integrated cross section over the range of 

temperatures is less than 10% , although the two groups 

do not always agree on the sign of the temperature effect. 

The spread of results puts a limit on our knowledge of 

the accuracy with which the radiative forcing due to 

these gases can currently be modeled. 
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T a b l e  8-2. I n tegrated a bsorpti o n  c ross sect i o ns of H FC and H C FCs i n  un its of x 1 Q- 1 7 
c m- 1  (molec cm-2) - 1 . 

Gas Clerbaux 1 Briihi2 Gehring3 Majid3 Hurley4 Cappellani5 McDaniel6 

HCFC-22 10.0-10.3 8.9 9.5 10.9-10.3 8.3-9.0 

HFC-23 12.7 

HFC-32 6.3 

HFC-41 1.7 

HCFC-123 12.2-12.9 13.6 9.5 10.6 12.5 13.1-12.8 

HCFC-124 14.4 14.8 15.1 

HFC-125 16.1 1 5.7 14.5 

HFC-134a 12.7-12.6 12.5 11.8 12.2 13.0 14.1-13.2 

HCFC-14lb  6.8-7.8 9.0 6.5 7 .1 7.6 

HCFC-142b 10.8-11.1 12.1 9.2 9.6 10.3 11.3-10.7 

HFC-143 7.0-6.9 

HFC-143a 11.4 12.7 

HFC-152a 7 .1-6.9 5.9 6.1 7 .3 7 .5-6.9 

HCFC-225a 17.5-17.7 

HCFC-225b 16.5-15.6 

HFC-227ea 21.2 

1. Clerbaux et a!. 1993; ranges correspond to values at 253 K and 287 K ,  respectively;  where only one value 

is quoted , it is for 287 K. Measurements in spectral interval 600-1500 cm- 1 at 0.03 cm- 1 resolution. HFC-

143 is from Clerbaux and Colin (1994). 

2. C .  Briihl , personal communication of room temperature measurements at Max-Planck Institute-Mainz; 

measurements over interval 500-1400 cm- 1 approx .  Values supplied in cm- 1 (atm em at 296 K)- 1 -

converted by multiplying by 296 + (273 x 2.687x l 01 9 ). 

3. Reported in Fisher et al. (1990); measurements made at room temperature . Values reported as cm- 1 

(atm em at STP)- 1 . Converted by multiplying by 1 + 2.687x101 9 .  Some authors (Clerbaux et al. ,  1993, 

and Cappellani and Restell i ,  1992) convert assuming the gas amounts are atm em at 296 K; we have 

been unable to resolve this with D .  Fisher. If original units are indeed at 296 K instead of STP ,  the 

values in the above table should be multiplied by 1.08. 

4. M .  Hurley and T.J .  Wallington , personal communication of measurements by Ford; integrated cross 

sections derived by S. Pinnock (University of Reading ). Measurements in spectral interval 700-3800 

c m- 1 at 0.12 cm- 1 resolution at 296 K; estimated uncertainty is 5% . Experimental set-up described in 

Wallington et al. (1989). 

5. Cappellani and Restelli , 1992. Range corresponds to values at 233K and 293 K.  Measurements in 

spectral interval 600-1500 cm- 1 at 0.01 cm- 1 . 

6. McDaniel et al. ,  1991. Range corresponds to values at 203 K and 296 K. Measurements in spectral 

interval 600 - 1500 cm- 1 at 0.03 cm- 1 . 

8. 1 9  
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8.4.2 Comparison of Radiative Forcing 
Calculations 

In IPCC (1990, 1992, 1994) a specific definition 

of radiative forcing was adopted such that: 

The radiative forcing of the surface-troposphere 

system (due to a change,  for example , in green

house gas concentration) is the change in net · 

irradiance (in wm-2) at the tropopause after al

lowing for stratospheric temperatures to 

re-adjust to radiative equilibrium. 

The tropopause is chosen because , in simple mod

els at least , it is considered that in a global and annual

mean sense , the surface and troposphere are so closely 

coupled that they behave as a single thermodynamic sys

tem (see , e.g. , Rind and Lacis ,  1993; IPCC ,1994) This 

follows earlier work (e.g. , Ramanathan et al. , 1985, 

Hansen et al. , 1981, and references therein). One advan

tage of allowing for the stratospheric adjustment is that 

the change in the net irradiance at the top of the atmo

sphere is then the same as the change at the tropopause; 

this is not the case when stratospheric temperatures are 

not adjusted (see Hansen et al. , 1981). 

In preparing this review some difficulty has been 

experienced in intercomparing work performed by dif

ferent authors , because some have applied the term 

"radiative forcing" to the instantaneous change in tropo

pause irradiance , not allowing for any change in 

stratospheric temperature. In other works , it is not clear 

which definition of radiative forcing has been adopted. 

It is  also emphasized here that the forcing should be cal

culated as a global mean using appropriate vertical 

profiles of temperature , trace gas concentrations , and 

cloud conditions - again , it is not always clear, in pub

lished estimates , what conditions are being used for 

calculations . An added problem is that if perturbations 

used to calculate the forcings are too small , the results 

can be affected by computer precision , an effect that will 

vary between models ,  depending on their construction. 

Finally, when results are presented as ratios of forcings 

to other gases (e.g. , C02 or CFC-11) rather than as abso

lute forcings (e.g. , as wm-2 ppbv- 1 ), it is important to 

know the absolute forcing of the reference gas to rigor

ously intercompare different works. Again , such 

information is not always presented. 

The first calculations of the radiative forcing due 

to a large range of HFCs and HCFCs were reported in 
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Fisher et al. (1990). More recent calculations include 

those of Shi ( 1992), BrUhl (personal communication), 

Clerbaux et al. (1993) and Clerbaux and Colin (1994); 

C .  Granier (personal communication) has updated the 

Clerbaux et al. (1993) calculations to account for the ef

fect of clouds , and these new values are used here . The 

results from these sources differ in general , because of 

the use of different radiation schemes , different spectro

scopic data , different assumptions about vertical profiles 

of temperatures ,  clouds , etc ., and whether stratospheric 

adjustment was included. 

The Fisher et al. (1990) values for this class of 

gases were instantaneous forcings. The effect of adjustment 

can be estimated from the ! -dimensional radiative-con

vective model values in Fisher et al. (1990) (see footnote 

to Table 8-3). The adjustment leads to the adjusted forc

ing being up to 10% greater than the instantaneous 

forcing because an increase in the concentrations of 

these gases generally leads to a warming of the lower 

stratosphere , increasing the downwelling thermal infra

red irradiance at the tropopause. The values most 

affected are those for the more heavily fluorinated gases 

(such as HFC-125 and HFC-134a). 

Table 8-3 lists recent estimates of the strengths of 

the HFC and HCFCs ,  on a per-molecule basis ,  relative to 

CFC-11. The variations of the relative forcings from dif

ferent studies show little consistency. The same spectral 

data in different radiation schemes do not always give 

the same relative forcings amongst the HFCs and 

HCFCs ;  and schemes using different spectral data do not 

always show differences that would be anticipated from 

the cross sections used. For the majority of gases , Shi 

(1992) computes a radiative forcing weaker than those 

given in IPCC (1990), by as much as 30% for HFC-125. 

The results from Bruhl and Clerbaux et al. generally 

show no systematic difference compared with the Atmo

spheric and Environmental Research, Inc. (AER) values. 

For only two gases is there a consistent and large devia

tion from AER values: HFC-125 and HFC-152a. 

More systematic work needs to be done to estab

lish the effect of factors such as overlap with other 

species ,  stratospheric adjustment , the vertical profile of 

the absorber, and the dependence of the calculation on 

the spectral resolution , if the range in the current esti

mates is to be understood better. 

Table 8-4 presents our recommended forcings for 

a wide range of gases , all relative to CFC-11. We have 
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Table 8-3. R a d i at ive forc i n g  d u e  to H FC a n d  H C FCs on a per-molecule basi s  relative to 
CFC-1 1 for gases for which more than one assessment is avai lable. 

Gas AERI AER adj2 Du Pont3 Shi4 Briihl5 Granier6 

HCFC-22 0.86 0.92 0.80 0.75 0.79 0.87 

HCFC-123 0.80 0.82 0.69 0.67 0.80 0.89 

HCFC-124 0.87 0.93 0.81 0.88 0.95 0.93 

HFC-125 1.08 1.19 0.89/0.93 0.74 0.91 0.90 

HFC-134a 0.77 0.84 0.7 1 0.65 0.66 0.78 

HCFC-14 l b 0.62 0.64 0.57 0.64 0.68 0.65 

HCFC-142b 0.82 0.89 0.76 0.63 0.93 0.81 

HFC-143a 0.63 0.68 0.65 0.50 0.58 

HFC-152a 0.53 0.56 0.44/0.46 0.44 0.48 0.49 

HFC-227ea -/1.24 1.09 

1. AER results from Fisher et al. (1990). They are instantaneous forcings. 

2. AER-adjusted forcings deduced from results in Fisher et al. (1990), Tables 3 and 4. These authors wrote 

the climate sensitivity A in terms of instantaneous forcing so that the surface temperature change equals 

A times the instantaneous forcing . The climate sensitivity is reasonably independent of gas when using 

the adjusted forcing (e. g . ,  Rind and Lacis , 1993). The adj usted forcing , relative to CFC-11, can be 

estimated by multiplying the instantaneous forcing relative to CFC-11 by the ratio of the instantaneous 

sensitivity of a given gas to the instantaneous sensitivity for CFC-11. 

3. Du Pont forcings from Fisher et al. (1990). They are instantaneous forcings.  The adjusted forcings could 

be deduced as for the AER forcings above. Second values , where quoted , are more recent values from D .  

Fisher (personal communication). 

4. From Shi ( 1992) and includes overlap with methane and nitrous oxide using spectral data from Fisher et  

al. ( 1990). The calculations are not believed to  include stratospheric adjustment. 

5. From C .  Bruhl (personal communication) using MPI-Mainz absorption cross sections and including 

overlap with methane and nitrous oxide. 

6. From C .  Granier (personal communication) using measurements from Clerbaux et al. (1993). The results 

include clouds and do not include stratospheric adjustment; the original Clerbaux et al. values were for 

clear skies.  

chosen to retain values used in IPCC (1990) where there 

was neither a large nor a consistent deviation from more 

recent calculations . We replace the earlier values for 

HFC-125 and HFC-152a by those from C .  Granier (per

sonal communication). In cases where details of 

calculations have not been provided , we simply take the 

means of available estimates . It is subjectively estimated 

that these values are accurate to within about 25% , but it 

is anticipated that further revision will be necessary in 

the future. Another feature of Table 8-4 is that an at

tempt is made to classify HFC/HCFC species on the 

basis of likely emissions (using information from A. 

McCulloch [personal communication]). 
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Estimates for the forcing due to increased concen

trations of HFCs and HCFCs between 1990 and 2100 

include 0.15 wm-2 by Daniel et al. (1994) and between 

0.2 and 0.4 wm-2 by Wigley (1994). For the sets of as

sumptions used by these authors , the forcing is a small 

fraction of the estimates of forcing due to increases in 

the well-mixed greenhouse gases between 1990 and 

21 00; the various scenarios used in IPCC ( 1992) give 

that forcing to lie between 3.4 and 8.5 wm-2 . The actual 

radiative forcing due to future emissions of the HFCs 

and HCFCs depends critically on factors such as growth 

rates in emissions and the precise mix of species used. 
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Tab l e  8-4. Radiative forc i n g  relative to C FC-1 1 per u n it mass a n d  per  molecule change in  the 
atmos phere. The tab le shows di rect forc ings on ly .  The absolute radiative forcing  due to CFC- 1 1 is 
taken from IPCC 1 990 and is 0 .22 dX Wm-2 , where dX is  the pertu rbation to the vol ume mixi ng  rat io 
of CFC- 1 1 i n  ppbv. 

GAS Forcing per 

unit mass molecule 

CFCs and other controlled chlorinated species 

CFC- 1 1 CFCl3 1 .00 
CFC- 1 2  CF2Cl2 1 .45 
CFC- 1 1 3  CF2ClCFCl2 0.93 
CFC- 1 1 4  CF2ClCF2Cl 1 . 1 8  
CFC- 1 1 5  CF3 CF2Cl 1 .04 
*Carbon tetrachloride CCI 4 0.41 
Methyl chloroform CH3CCl 3 0.23 
HFC/HCFCs in production now and likely to be widely used 
HCFC-22 CHF2Cl 1 .37 
HCFC- 1 4 1 b  CH3CFCl2 0.73 
HCFC- 1 42b CH3CF2Cl 1 . 1 2  
HFC- 1 34a CF3CH2F 1 .04 
*HFC-32 CH2F 2 1 .06 
HFC/HCFCs in production now for specialized end use 
HCFC- 1 23 CF3CHCl2 0.72 
HCFC- 1 24 CF3CHFCl 0.88 
*HFC- 1 25 CF3CHF2 1 .03 
HFC- 1 43a CH3CF3 1 .03 
*HFC- 1 52a CH3CHF2 1 .02 
*HCFC-225ca CF3CF2CHCl2 0.72 
*HCFC-225cb CClF2CF2CHClF 0.87 
HFC/HCFCs under consideration for specialized end use 
* HFC-23 (+) CHF3 1 .59 
*HFC- 1 34 CHF2CHF2 1 .08 
*HFC- 1 43 CH2FCHF 2 0.85 
*HFC-227 CF3CHFCF3 0.95 
*HFC-236 CF3CH2CF3 1 .06 
*HFC-245 CHF2CF2CFH2 0.95 
* HFC-43- 1 Omee C 5H2F I O  0.86 
Fully fluorinated substances 
*CF4 0.69 
*C 2F 6 1 .36 
*C 3F 8 0.77 
*perfluorocyclobutane cC 4F 8 1 .00 
*C 6f l 4  0.75 
* SF 6 2.75 
Other species 
CFC- 1 3  CClF3 1 .37 
CHCl3 0.09 
CH2C12 0.23 
halon 1 301  CF3Br 1 . 1 9  
*CF3I 1 .20 

+ Also emitted as a by-product of other halocarbon production 

1 .00 
1 .27 
1 .27 
1 .47 
1 . 1 7  
0.46 
0.22 

0.86 
0.62 
0.82 
0.77 
0.40 

0.80 
0.87 
0.90 
0.63 
0.49 
1 .07 
1 .29 

0.8 1  
0.80 
0.52 
1 . 17 
1 . 1 7  
0.93 
1 .58 

0.44 
1 .37 
1 .05 
1 .46 
1 .84 
2.92 

1 .04 
0.078 
0. 1 4  
1 .29 
1 .7 1  

Source 

IPCC ( 1 990) 
IPCC ( 1 990) 
IPCC ( 1 990) 
IPCC ( 1 990) 
IPCC ( 1 990) 
IPCC ( 1 990) 
IPCC ( 1 990) 

IPCC ( 1 990) 
IPCC ( 1 990) 
IPCC ( 1 990) 
IPCC ( 1 990) 
Fisher (personal communication) 

IPCC ( 1 990) 
IPCC ( 1 990) 
Granier (personal communication) 
IPCC ( 1 990) 
Granier (personal communication) 
Granier (personal communication) 
Granier (personal communication) 

Fisher (personal communication) 
Fisher (personal communication) 
Clerbaux and Colin ( 1 994) 
Mean of B rUhl and Fisher (pers. comms.) 
Fisher (personal communication) 
Fisher (personal communication) 
Fisher (personal communication) 

Isaksen et al. ( 1 992) 
Isaksen et al. ( 1 992) 
BrUhl (personal communication) 
Fisher (personal communication) 
Mean of BrUhl and Ko (pers. comms.)  
Mean of Ko et al. ( 1 993)/Stordal et a/. ( 1 993)  

Mean of  BrUhl and Fisher (pers. comms.) 
Fisher (personal communication) 
Fisher (personal communication) 
IPCC ( 1 990) 
Pinnock (personal communication) 

* Indicates value amended from IPCC 1 990, or gas not previously listed; the mass factor for CCl 4 has altered due to a typographical 
error in IPCC 1 990. 
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