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Volcanic Dust, Sunspots, 
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A calculated global surface temperature histc 

some similarities to known temperature his 

Stephen H. Schneider and Cliffoi 

Many possible causes of climatic change 
have been postulated over the years (1). 
The most deterministic of these causes are 
labeled external, since they are not them- 
selves thought to be influenced by the cli- 
matic state. Small variations in the earth's 
position relative to the sun, variations in 
the total flux of solar radiation reaching 
the earth's orbit (the solar "constant"), 
volcanic eruptions that periodically inject 
dust into the stratosphere, or changes in 
the composition of the atmosphere or the 
characteristics of the earth's surface due to 
human activities are examples of such ex- 
ternal causes. 

On the other hand, fluctuations in cli- 
mate might also result from internal ex- 
changes of energy between the large reser- 
voirs-the atmosphere, oceans, and ice 
masses-which collectively comprise the 
climatic system. Lorenz (2) termed the 
possible existence of some internal causes 
of climatic change or self-fluctuations in 
the climatic system "almost intransitivi- 
ty." To what extent the statistics of the ac- 
tual climatic system can be attributed to 
internal or external causes, or to a com- 
bination of these, is perhaps the chief open 
question in climate theory (3). 

Our purpose in this article is to examine 
quantitatively the extent to which two of- 
ten proposed external causes of climatic 
change, volcanic dust and variations in the 
solar constant correlated with variable 
sunspot activity, might account for the 
general patterns of surface temperature 
variation since A.D. 1600. We examine the 
consequences in a simple climatic model of 
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S), and the difference between individual 
measurements often exceeds the stated ac- 
curacy of each measurement. Further- 
more, many of these data were taken with- 
in the earth's atmosphere, which increases 
the chance that the record was con- 

and taminated by fluctuations in atmospheric 
turbidity. Thus, the report of the Study of 

ends Man's Impact on Climate concluded that 
our precise knowledge of the solar parame- 
ter was insufficient for climatic theory and 

wry has modeling and recommended that it be de- 
termined to an absolute value of "better 

4tories. than + 0.5%, and that the spectral distri- 
bution of solar radiation from 1800 A to 
40,000 A" be determined "to a few per- 

rd Mass cent" (5, p. 87). 
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group at the Smithsonian Astrophysical 
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The variation of N has been recorded for 
many years by astronomers and is given in 
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Fig. la, which is the source of N(t) values 
used for model forcing. The sunspot num- 
bers before 1710 shown by the solid line 
are from Eddy (9), and those shown by the 
dashed lines are our interpolations between 
Eddy's data. Thus, temperatures comput- 
ed for dates before about 1650 are also in- 
terpolations. The data between 1710 and 
1960 are from Waldmeier (10), those be- 
tween 1961 and 1975 are from the Solar 
Geophysical Data prompt reports (11), 
and the projection for 1975 to 1989 (dotted 
line) is from Sleeper (12). Combining N(t) 
from Fig. 1 with Eq. 1 gives the time his- 
tory of the modulation of S by sunspot 
activity, ASs(t), which is part of the input 
to the climate model. The remarkable 
feature of Fig. la is the relative absence of 
spots from about 1650 through about 1700, 
the so-called Maunder minimum. Eddy 
(9), who has delved into rare book collec- 
tions to uncover accounts of astronomers 
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at that time, concludes that the Maunder 
minimum may well be an indication of 
the absence of sunspots, not simply a 
dearth of measurements. 

Volcanic dust veils. Volcanic dust veils 
have been proposed as an external cause of 
climatic change primarily because they can 
screen out (scatter and absorb) several per- 
cent of the direct solar beam, thereby pre- 
venting some of the solar energy from 
reaching the lower atmosphere. We mimic 
this effect on solar radiation by defining a 
relationship between increases in volcanic 
dust concentrations and effective decreases 
in the solar parameter, which is scaled pro- 
portional to the dust increase. The "dust 
veil index," compiled and tabulated by 
Lamb (13) from a combination of histori- 
cal accounts and direct measurements of 
volcanic contributions to the stratospheric 
aerosol, is used here as given in Fig. lb. 
Again, we are not attempting to comment 
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Fig. 1. Input forcing to the model calculations. (a) Mean annual sunspot (Wolf) numbers versus time 
(see text for sources). (b) Volcanic dust veil index of Lamb (13). (c) Combination of sunspot and dust 
variability into a time-varying record of solar parameter variation S(t) (see text). 
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on the validity of such an approach to the 
reconstruction of volcanic dust concentra- 
tions, but rather are interested in how this 
time series of volcanic dust concentrations 
might influence the time series of comput- 
ed surface temperature patterns. 

We use the observations from Mauna 
Loa Observatory in Hawaii to scale 
Lamb's dust veil index against S(t). Obser- 
vations at Mauna Loa show that the trans- 
mission of direct solar radiation dropped 
sharply, by nearly 2 percent, after the erup- 
tion of Mount Agung in Bali in 1963 (14). 
Since most of the extinction of direct solar 
radiation is scattered downward, it reaches 
the lower atmosphere in any case. We as- 
sume that only 25 percent of the extinction 
of the direct beam should be used for de- 
termining the equivalent decrease in solar 
parameter, ASD, due to volcanic dust. 
(Note that we are referring here to down- 
ward scattering and not to forward scatter- 
ing-in the direction of the incident solar 
beam-for which somewhat more than 75 
percent would be assumed to reach the 
lower atmosphere.) Since Agung's erup- 
tion decreased direct transmission z 2.0 
percent, we scale the dust veil index so that 
its value for Agung (160 in Lamb's relative 
units) is equivalent to a 0.5 percent de- 
crease in the solar input at the top of the 
lower atmosphere. (This scaling includes 
time variations in S attributed to sun- 
spots.) This 0.5 percent value for Agung is 
in good agreement with the calculated val- 
ues of Coakley and Grams (15). 

Modeling the influence of stratospheric 
dust veils on climate by an equivalent de- 
crease in S is reasonable as a first-order 
approximation to the influence of a strato- 
spheric aerosol on the radiative input to 
the lower atmosphere (16). However, sev- 
eral other mitigating or enhancing effects 
are possible. Probably the most significant 
additional effect would be an increase in 
downward infrared (IR) radiation at the 
tropopause, which would tend to offset 
somewhat the cooling effect of a strato- 
spheric aerosol on the lower atmosphere. 
The effect of a dust veil on the downward 
IR radiation can be broken down into (i) 
an increase in the IR opacity of the strato- 
sphere due to the dust, and (ii) a change in 
stratospheric temperature traceable to 
changes in the net heating by visible and 
IR radiative fluxes in the stratosphere. 
Whereas the first effect would always tend 
to increase the downward IR (and thus off- 
set the cooling below the dust layer), the 
second could act either to increase or de- 
crease it, depending on whether the per- 
turbed radiation field tended to heat or 
cool the stratosphere. Unfortunately, the 
warming or cooling is a complicated func- 
tion of the wavelength-dependent absorp- 
tion and backscattering coefficients of the 
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particles, the particle size distribution, the 
optical depth of the aerosol layer, the verti- 
cal distribution of the aerosol concentra- 
tion, the vertical temperature and humidity 
profiles of the atmosphere, the zenith angle 
of the sun, and even the albedo of the lower 
atmosphere. It is possible that a particular 
dust veil could have opposite effects on 
stratospheric temperature at different lati- 
tudes or seasons. 

In the past few years measurements of 
the composition and optical properties of 
stratospheric aerosols have been made, 
and very recently some of these have been 
used in horizontally averaged vertical col- 
umn radiative models [see (3) for a dis- 
cussion of climatic models] to estimate the 
influence of stratospheric aerosols on vis- 
ible and IR radiation fluxes. Results of 
Coakley and Grams (15) and Harsh- 
vardhan and Cess (17) suggest that while 
IR effects tend to offset the surface cooling 
effect of a dust veil, the cooling effect is 
dominant. Therefore, we consider that our 
attempt to include the effects of dust veils 
in our forcing function S(t) by an equiva- 
lent decrease in solar parameter ASD(t) is 
a reasonable first-order parameterization. 
However, we have included this somewhat 
lengthy discussion of possible offsetting 
mechanisms to emphasize that such a 
simple parameterization may not be valid 
for all volcanic dust veils or where condi- 
tions are not globally averaged. Further- 
more, the dynamical response of the 
stratosphere to aerosol-induced changes in 
its temperature structure could produce al- 
terations to stratospheric motions that 
might have (positive or negative) feedback 
effects on the temperature structure of the 
lower atmosphere. We suspect that such 
feedback effects would be secondary to the 
radiative effects, but point out that our 
simple energy balance modeling approach 
does not include them. 

Combining ASs and ASD we have 

S(t) = ASs(t) + SD(t) + So (2) 

where So is for N = 0. The total effect S(t), 
shown in Fig. lc, is used as input data to 
the climate model. 

Climate Model: Sensitivity to 

Energy Inputs 

The sensitivity Os of the global surface 
temperature to changes in solar parameter 
is defined as 

Os=soaT, (3) 
aS 

Various values for fs can be obtained by 
using different physical and mathematical 
models to compute the relationship be- 
tween Ts and S. The simplest approach, 
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Fig. 2. Global surface temperature computed by 
the climate model, Eq. 4. The solid curve is for 
the nominal case where S(t) is given by Fig. lc, 
and the dotted curve is obtained by doubling the 
dust effect while leaving the sunspot effect unal- 
tered. 

however, is to use not Ts but the planetary 
radiative equilibrium temperature Tp. 
Then the planetary radiation balance rela- 
tion 

Tp4 =( (1 - a) 
4 

where a is the earth's albedo and a is the 
Stefan-Boltzmann constant, can be used to 
estimate the sensitivity 

p = So0 aT 
aS 

For mean earth conditions (a ; 0.3 and 
Tp c 255?K), /p 65? K. That is, a 1 per- 
cent decrease in S would lower Tp by 
0.65?K. But, the global surface tem- 
perature Ts is about 2870K, and its 
sensitivity to changes in S depends on the 
changes in absorbing gases in the earth's 
atmosphere that might occur simulta- 
neously with changes in Ts. In the one-di- 
mensional radiative-convective model of 
Manabe and Wetherald (18) it is assumed 
that the relative humidity of the earth's at- 
mosphere is nearly constant, and this as- 
sumption leads to an estimate O,s 120? K, 
nearly double the estimate for 3p (see ap- 
pendix). 

If the positive feedback effect of ice, 
temperature, and albedo were included /s 
could be increased by as much as a factor 
of 4, and if negative climatic feedbacks 
were included it might be reduced sev- 
eralfold (1, 3). However, since the uncer- 
tainties in the present state of the art 
cannot resolve even the algebraic sign of 
all improperly accounted for climatic 
feedback mechanisms, it is sufficient for 
our purposes to use the order of magnitude 
estimates obtainable from a simple global 
energy balance formula 

RaTS =S -(1 - a) - 
FIRt(Ts) (4) at 4 

where R is a planetary thermal inertia 
coefficient and FIR' is the outgoing IR ra- 
diation flux to space written as a function 
of Ts. An empirical formulation for FIRT 
derived by Budyko (19) and used here is 

FIRt (Ts) = a + b(Ts - 273) cal cm-2 min-' 
(5) 

where, in these units, a = 0.289 and b = 
2.08 x 10-3. The coefficient R merely 
scales the surface temperature response to 
changes in S, and is chosen on the basis of 
a water planet with about a 75-m mixed 
layer (20). A simple-centered finite differ- 
ence solution to Eq. 4 gives 

R b Ts( )-(t 
- + 

2 p t 

(6) 

where At is a 1-year time step. 
The sensitivity to changes in S of the 

asymptotic steady-state temperature from 
Eq. 4 is Os = 152?K, which is close to the 
Manabe-Wetherald value of 120?K (21). In 
the appendix we present an analysis of 
these temperature-energy sensitivity co- 
efficients, 3, and the role of climatic feed- 
back mechanisms in modifying 3. 

The solution to Eq. 6 with S(t) as input 
forcing is shown in Fig. 2, with initial con- 
ditions Ts (t = A.D. 1600) = To, where To 
is the equilibrium steady-state value of Ts 
corresponding to S = So. The solid curve 
in Fig. 2 shows the temperature evolution 
for the "nominal case" in which S(t) is as 
given in Fig. lc. The dotted curve in Fig. 2 
is for a doubling of the dust veil effect 
while the sunspot influence is left as before. 
Since much of the sunspot data before 
1650 is interpolated between observations, 
the temperatures in Fig. 2 should also be 
regarded as interpolations during this peri- 
od. 

Discussion of Results 

Despite the uncertainties in the observa- 
tional records of global surface temper- 
atures, especially before 1880, and the im- 
proper modeling or omission of climatic 
feedback mechanisms, the calculated 
curves (Fig. 2) are similar in some general 
features to a number of historical records 
(Fig. 3, a to d) (22). Particularly striking 
are the "little Ice Age" temperature mini- 
mum between 1650 and 1700, the sub- 
sequent rise in temperature until about 
1800, and the fall and rise to 1880. At this 
point we can compare Fig. 2 to more accu- 
rate instrumental records, such as the well- 
known work of Mitchell (23) (Fig. 3e). 
Mitchell's records show that not long after 
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the eruption of Krakatoa in the Sunda 
Strait in 1883, the temperature began to 
rise; it continued to rise until the middle of 
the 20th century, after which it fell again 
(or leveled off in Mitchell's Southern 
Hemisphere curve). The rise in temper- 
ature after 1890 is followed in Fig. 2. The 
Lamb dust veil index (Fig. lb) shows that 
there was negligible volcanic activity be- 
tween 1915 and 1963 (when Mount Agung 
erupted). Thus, the "explanation" of the 
temperature drop indicated in Fig. 2 im- 
mediately after 1950 is to be found in Fig. 
la, which shows very high sunspot activity 
and thus a reduction in S. 
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If the dust effect is doubled the rise in 
temperature from 1890 to about 1950 is 
more pronounced, as is the subsequent 
cooling between 1963 and about 1968. We 
doubled the dust effect to show the relative 
importance of dust and sunspots in the 
computed temperature history. Suppose, 
for example, that Kondratyev and Ni- 
kolsky's relation was qualitatively correct 
but that the magnitude of the difference in 
S for N = 0 and N = 80 was considerably 
less than 2.5 percent of S (8). This would 
amplify the relative effect of dust, although 
it would reduce the magnitude of the com- 
puted temperature variations considerably, 

Change in 
Tree ring mean annual 

1860 1880 1900 1920 1940 1960 1980 

Year 

Fig. 3. Measurements of the earth's surface temperature (or records related to temperature). (a) Fif- 
ty-year moving average of a relative index of winter severity compiled for each decade from docu- 
mentary records in the region of Paris and London. (b) Record of 6180 values preserved in the ice 
core taken from Camp Century, Greenland. (c) Records of 20-year mean tree growth at the upper 
treeline of bristlecone pines, White Mountains, California. At these sites tree growth is limited by 
temperature, with low growth reflecting low temperature. (d) Fifty-year means of observed and esti- 
mated annual temperatures over central England. (e) Instrumental records of Mitchell (23). 
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diminishing the computed cooling after 
1950 as well as reducing the little Ice Age 
cooling before 1700. However, we could 
then assume that the ice-albedo-temper- 
ature positive feedback mechanism was 
operative in Eq. 4, which would increase As 
significantly and restore the magnitude of 
the temperature variations. Although we 
recognize that in the present state of cli- 
matic theory As can only be estimated 
within a wide range about the "no-feed- 
back" value of 150?K (and thus we cannot 
rule out the possibility that 3s > 150?K), 
we are hesitant to try to improve the fit of 
our calculations to the observations by 
"tuning" the model-that is, using various 
combinations, within the uncertainties in 
present knowledge, of S(N), As, and scaling 
factors for ASD versus S(t). With so many 
parameters to vary one could fit almost 
anything to anything, and our chief pur- 
pose here is to try to show the con- 
sequences for computed surface temper- 
atures of accepting a set of assumptions 
and observations already in the literature. 

Returning to Fig. 2, although a best-fit 
curve drawn through either the solid or the 
dotted lines would (even with the present 
assumptions) produce a curve strikingly 
similar to Mitchell's observations (Fig. 3e), 
we have not drawn such a curve in order to 
emphasize the high degree of short-term 
fluctuation that appears on our simulation 
but does not seem to show up on this ob- 
servational record. Some implications of 
this discrepancy are discussed in the next 
section. 

Another interesting feature of Fig. 2 is 
the rise in computed global surface tem- 
perature beginning about 1968, since there 
is widespread belief that the earth's surface 
temperature has been cooling since the 
1950's. Thus, either (i) the sunspot-volcan- 
ic dust mechanism we have been using is 
incomplete or wrong, (ii) the "cooling 
trend" is not global (as are the calculations 
on Fig. 2), (iii) some other mechanism has 
been operating in addition to those we have 
modeled, (iv) the sensitivity of our model 
to changes in S(t) is wrong, (v) our thermal 
coefficient R is too low, or (vi) we don't 
really have a statistically significant record 
of global surface temperatures with which 
to compare Fig. 2. 

Finally, we used Sleeper's extrapolation 
(12) of sunspot activity to the year 1989 to 
"forecast" a temperature pattern for a vol- 
cano-free period [except for the eruption 
of Mount Fuego in Central America in 
late 1974, whose effect on S(t) is assumed 
equivalent to that of Mount Agung]. It is 
well known that human input of carbon 
dioxide into the atmosphere is increasing 
exponentially and, using Broecker's (24) 
table for the projected CO2 effect to the 
year 1989, we find that CO2 warming 
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dominates the surface temperature pat- 
terns soon after 1980, but that super- 
imposed on that warming is a very strong 
temperature minimum between 1976 and 
1981. These results are shown in Fig. 4, 
where the solid line is the same as the solid 
line on Fig. 2 up to 1975, but because of the 
expanded scale shows the short-term oscil- 
lations more clearly, and the dotted line in- 
cludes the CO2 effect (25). More thorough 
discussions of the uncertainties in present 
estimates of CO2 effects on climate are giv- 
en in (26). 

Conclusions and Perspective 

Bryson, among others, has often argued 
that the rise in temperature to about 1945 
could be correlated with a lull in volcanic 
activity, but that the subsequent fall in 
temperature might be related to anthropo- 
genic dust increases, Bryson's so-called hu- 
man volcano (27). However, while the re- 
sults in Fig. 2 are consistent with the first 
part of his hypothesis, they also show that 
the downturn in temperature after 1950 
can be explained in terms of the extremely 
high sunspot numbers and Kondratyev and 
Nikolsky's relation between the solar pa- 
rameter and sunspot numbers (Eq. 1), al- 
though the magnitude of our computed 
global cooling is rather small in any case. 
On the other hand, there could be longer- 
term trends in the solar parameter which 
we have excluded here, and a host of other 
possibilities could be invoked to explain 
the temperature drop, including a spec- 
trum of internal causes. It is difficult to test 
our results shown in Fig. 2 against observa- 
tions because no statistically significant 
global record of temperature back to 1600 
has been constructed. Thus, the results in 
Fig. 2 are, at best, no more than in agree- 
ment with the most general features-the 
very cool period before 1700 and the 
warming to 1950-that seem to recur on 
nearly all of the few temperature recon- 
structions we have seen. Finally, the possi- 
bility exists that the suggestive correspon- 
dence between our computed results and 
these features of the observed general pat- 
terns of temperature variations in the 
Northern Hemisphere back to 1600 oc- 
curred by chance. 

We have played down computation of a 
correlation coefficient between our results 
and a 400-year record of global surface 
temperature observations because we do 
not know what such a global surface tem- 
perature record should look like. The four 
curves we have referred to, Fig. 3, a to d, 
are not global temperature records, but 
only local (or regional) time series. In fact, 
with the possible exception of the recent 
part of Fig. 3d, they are not even temper- 
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Fig. 4. Global surface temperature computed by 
the climate model. The solid line is for the nomi- 
nal case given by Fig. lc, and the dotted curve 
includes the added effect of increasing atmo- 
spheric CO2 (24). The calculations for 1975 to 
1989 are not based on actual observations, of 
course, but are extrapolations (see text) given 
only to show the consequences for a climatic 
model of accepting a set of assumptions about 
possible external causes of climatic change. 

ature records, but observations of quan- 
tities related to temperature. What is the 
global surface temperature history over the 
past 400 years? We believe that this ques- 
tion has not been answered with sufficient 
accuracy to permit much confidence in any 
correlation between the record and our 
computations, particularly for the South- 
ern Hemisphere. Nevertheless, all of the 
records in Fig. 3 (and several others we 
have seen for the Northern Hemisphere) 
seem to have a few common features, most 
notably the strong temperature minimum 
before 1700 and the rise in temperature 
through the middle of the 20th century. 
Since our computed results also evidence 
these qualitative features, we are motivat- 
ed to look deeper, both observationally 
and theoretically. 

It will be particularly important in the 
future to compare the time spectrum of the 
computed global surface temperature with 
observed global surface temperature 
spectra, keeping in mind that the comput- 
ed temperatures are truly global averages, 
while observational records are seriously 
limited by sparsity of good data over vast 
regions of the earth's surface. The avail- 
able observational data are subject to er- 
rors at individual stations, and statistical 
sampling considerations imply that aver- 
ages of real data incorporate statistical 
noise levels. Thus, the apparent absence of 
11-year fluctuations in observational 
records of Ts comparable to those comput- 
ed using Eq. 2 need not necessarily be a 
refutation of the validity of Eq. 2; it could 
simply be an indication that the amplitude 
of the instrumental and sampling errors in 
a global average taken from a limited 
number of stations is comparable to the 

amplitude of computed 1-year fluctua- 
tions. In any case, the relative magnitudes 
of the power spectra and the correlation 
between both observed and computed time 
histories need to be evaluated (28). Fur- 
thermore, it is possible that the earth-at- 
mosphere-ocean system possesses a longer 
thermal relaxation time than we have as- 
sumed here, and this could be an alterna- 
tive explanation for the smoothing out of 
short-term power in the observations. 

The causes of climatic change are far 
from explained by this simple exercise; 
however, the feasibility of external climatic 
influences contributing significantly to 
long-term temperature trends is too strik- 
ing to allow further delay in obtaining a 
continuous record of high-precision extra- 
terrestrial measurements of solar variabili- 
ty. If a long-term record of external forc- 
ing could be obtained (29), and if this input 
were then used in conjunction with a long- 
term climatic record, the sensitivity, /s, of 
the climatic system to external forcing 
could be obtained implicitly [in much the 
same way that a "transfer function" can be 
inferred from knowledge of input and out- 
put functions by classical methods of sys- 
tems analysis (30)]. Such a finding would 
be of great help to those trying to unravel 
(or at least bound) the response of the real 
climatic system to changes in external in- 
puts by use of climatic models. Moreover, 
reducing the uncertainty of fs has, as 
argued by Schneider (31), benefit beyond 
its mere scientific interest since ,s gives 
an indication of how urgent it is for so- 
ciety to deal with the growing burden of 
thermal pollution and atmospheric carbon 
dioxide-external climatic forcing func- 
tions that are increasingly competing 
with the natural factors that cause climatic 
change. 

Appendix: Temperature-Energy Sensitivity 

Analysis 

Equation 4 represents the time-depen- 
dent energy balance for the earth-atmo- 
sphere system. To first order in T, FIR can 
be written in the form 

FIR = ai+ biTi (7) 

When i = p (for planetary radiative equi- 
librium conditions), ai = 0, and bi = aTp3, 
and when i = s (for surface conditions), 
ai = -0.279 and bi = 2.08 x 10-3, as in Eq. 
5. 

To derive a relationship between the 
sensitivity parameters 3p and 3s we rewrite 
Eq. 4 for equilibrium conditions (that is, 
d/dt--0) and include Eq. 7 

S (l-a)=ai+biTi 4 (8) 
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Differentiating Eq. 8 by Ti, rearranging 
terms, and multiplying by S0 gives 

S ^ /dTi I -a 
so TI(9) 

dS 4 b dbi 

dTi/ 

which is equal to 3i, as in Eq. 3. For i = 

p Eq. 9 reduces to 

p= 1- 1- ) So (10) 
4 aTp 

and for i = s Eq. 9 becomes 

Is= 1-a )S0( 4 bs 

Thus 

1p/s= 1 b5 (12) 
4 aTp3 

For present conditions aTp3 1.2 x 10-3 
cal cm-2 min-' and bs is empirically de- 
termined by Budyko to be 2.08 x 10-3 in 
these units. Thus 

/p/s = 0.43 

which is indicative of the fact that the 

empirical coefficient bs implicitly includes 
the positive feedback "greenhouse" ef- 
fect of increased atmospheric water vapor 
that is expected to accompany increased 

temperatures (5). If other climatic feed- 
back processes were included in this anal- 

ysis, they could be approximated to first 
order by the coefficient X, which could be 
combined with Eqs. 4 and 7 to yield (drop- 
ping the subscript i) 

RT= -(b + )T+ Q (13) 
at 

where Q amalgamates all inhomogeneous 
constant terms. If b + X > 0, then the so- 
lution to Eq. 13 is bounded. If X > 0 the 
new equilibrium value of T resulting from 
a perturbation in S will be reduced (nega- 
tive feedback) relative to the case of X = 0, 
but if X < 0 a perturbation in S will result 
in an amplification (positive feedback) of 
the response in T relative to the X = 0 case. 
If X + b < 0 the solution to Eq. 13 becomes 
unbounded and exhibits unstable behav- 
ior (such as a transition to an ice-covered 

earth). However, it is not yet known to 
what extent physical processes not in- 
cluded in our simple energy balance 

equation (Eq. 4) would amplify or dampen 
the response of T to a perturbation in 

energy input (1, 3, 5). Thus, a primary 
task of climate theory still remains: de- 
termine X. 
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