Physical aspects of the greenhouse effect and global warming
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According to the simplest model of the earth’s radiative balance, global warming will occur with
certainty as humankind increases its production and consumption of nonsolar energy. This
prediction is revisited, using a broader model that allows the greenhouse effect to be considered. The
new model predicts a global warming AfTe=(114 K)e, wheree is the rate of surface energy
release in units of the average incident solar radiation, 342\W rand ATg is the average
temperature rise at the earth’s surface. Present values of these quantities, excluding geothermal
sources, aree=0.69x10"% and ATe=7.9mK. The model assigns a small number of optical
parameters to the atmosphere and surface and qualifies the simple warming prediction: It is rigorous
only if parameters other thanare unchanged. The model is not complex and should serve as an aid
to an elementary understanding of global warming. 1999 American Association of Physics Teachers.

[. INTRODUCTION In Sec. Il the model on which the original Rose calculation
is based is described and expanded into a two-layer, two-

The simplest model for the earth’s radiation baldrper- temperature model. In Sec. Il surface energy release is in-
trays the planet as a spherical blackbody or “black ball” troduced and its consequences evaluated. The sensitivity of
receiving radiation from the sun, which is also considered aghe average surface temperature to each of the model param-
a blackbody with an effective temperature of 5800 K. In theeters is calculated. In Sec. IV, we compare the temperature
steady state, the model black ball has a temperature of 27%hanges caused by human energy production with global
K, which is remarkably close to 288 K, the average temperatemperature variations of similar orders of magnitude and
ture at the earth’s surfaé€. This temperature is currently discuss some of the issues raised by the new model. Five
measured globally by satellite sensing of the microwave raprief problems(with answer} are found at the end of the
diation from certain transitions in the oxygen moleéu@d  paper.
by more conventional weather balloon and surface sefisors.

Photographs of the earth show that it is hardly black and
has considerable reflectivity. Nonetheless, the better-thadl: THE ELEMENTARY MODEL AND THE
order-of-magnitude success of the black-ball model encourGREENHOUSE EFFECT
aged Ros®’ to use it to point out that as humans produce
and consume energy that is not of current solar origin, thé\. Introduction: The black-ball model and an extended
temperature of the earth rises. Rose warned that the increagodel
would become significant if this human activity were to in-

crease by a factor of 10 and possibly dangerous if it were tg The sqlar ﬂl.JX dgnsny '?lc'deg%t?r?n a plane n_c;rmal tp the
increase by another factor of 10. propagation direction at the eafthis 1368 W m < and is

It is well established that the greenhouse efféitis re- called the solar constant. Expressed as an average over the

sponsible for keeping the temperature near the the earth%urfaqe and over time, it is reduced P%/ a factor of 4 o an
surface higher than its effective radiative temperature. Th&fective solar constant d§,=342Wm *. The factor of 4
greenhouse effect is due to the atmosphere behaving diffef@ be understood as follows: Energy is captured fr0r2n solar
ently with respect to incomingmainly visible-ultraviolet ~ flux in accordance with the cross section of the eantRg,

and outgoing(mainly infrared radiation. The surface and whereRg is the earth’s radiysand in steady state is radiated
lower troposphere exchange energy with the upper atmdrom a total area #Ré. Therefore the ratio of the outgoing
sphere, which radiates at a lower temperatfir@ith its  flux density to the full solar constant is 1/4. We will refer to
single temperature parameter the black-ball model is necesy, as the solar constant in keeping with common usage in
sarily silent about the greenhouse effect. We therefore aseady-state modeling. The flows are sketched in Fig). 1
whether, and how, Rose’s argument should be modified. The temperaturelg required of a blackbody to radiate

Current discussions on long-term changes in the surfacgy, iy densitySe is obtained from the Stefan—Boltzmann
temperature of the earth deal with the possible effect of hu

man activities. These discussions rarely include Rose’s en-
ergy effect itself, because it is quite small. Our model is able  Sg= aT‘é, (D)

to address the broader human effect as well as the Rose _ g o a _

effect through its reflectivity, emissivity, and absorptivity pa- whSrea—5.16/547_05< 107"Wm “K . We takeSg=S, and
rameters. External factors also affect the surface temperaturée= (Se/0)"=279K. As sketched in Fig. (b), when a
The solar radiation intensity variésand changes in the solar realistic reflectivity of 35% is introduced, the ball needs to
wind may affect the atmosphere’s optical parametéra.  radiate only 222Wm2- Including this factor not only
general climatological approach to global warming is wellreduces the predicted surface temperature [{®.65
beyond the scope of this paper, but the reader can find points 342)/0-]Y4= (222/0) 4= 250K, but also raises the ques-

of entry into the literature in texts>*°reviews!®'¢"and in  tion of the validity of using the blackbody at all in the model.
a Resource Lettéf The story of the development of a mod- We will return to this question after a look at Rose’s appli-
ern interest in global warming has been told by Wéart. cation of the simple model.
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Fig. 2. The blackbody spectrum of the earth and the sun, assumed to be at
288 and 5800 K, respectively, are seen to occupy nearly disjoint regions of
the spectrum. On this plot, which expresses the distributions in terms of flux
density per energy bandwidth, the sun’s distribution, scaled to unity, peaks
at 1.39 eV(889 nn). The 288 K curve has been multiplied by 7000, but is
(b) Tg =2502 K otherwise scaled correctly. Choosing 0.40 @1 um) as a boundary, we

find that 2% of the 5800 K energy lies in the infrared and 0.008% of the
Fig. 1. (a) Energy flow in the simplest model of the earth in radiative steady 288-K energy lies in the visible-ultraviolet.

state. Absorptivities and emissivities are taken to be unity and the incoming
solar flux density is 342 W nf. Radiative dissipation of this flux density
necessitates a surface temperature of 279 K. In this and similar figures, flux

densities are assumed to be global and are given in terms of their time- an@uch a two-layer model, which in its present form dates back
geometrically averaged values in W Horizontal arrows represent the to Arrhenius? makes use of the fact that the radiation in-
redistribution of the energy at the surfade) The same at) except forthe  yglved can be discussed in terms of two distinct spectral
assumption of a 35% reflectivity. The surface temperature adjusts to 250 Kfegions, the near-infrared-visible-ultravioléUVv” ) and the
infrared (IR). The importance of the distinction is that im-
H . itional f portant atmospheric constituents differ greatly in their optical
uman activity produces additiona power output from roperties in the two regions. In particular, IR radiation en-
fossil fuels and nuclear sources that must be dissipated in the) |1 heavy absorption by water vapor and carbon diox-
steady state. Because neither convection nor conduction ISe while UV radiation does nét There is a fairly natural
available to the isolated earth, its rate of radiation and there: X

f its t t {i i split between these regions at a wavelength of aboub
ore IS temperature must increase. (Fig. 2). Unless precise values of parameters are required, the
Se+AS=0(Tg+ATe)4, (2)  dividing line between the two regions is inconsequential and

. . . can be placed anywhere in the largely transparent red or
where AS is the additional time-and-surface averaged fluXjn¢areq lroegion of tm’ spectrum. gely P
density andATe is the associated temperature rise. Energy The two-layer model does not appear in many physics

derived from sources associated with contemporary solar efexts despite its simplicity and importaneThe general
ergy such as wind, water power, and photovoltaic cells argyinciple is brought out in Fig. @), the two-layer generali-
excluded fromAS. With ¢'=AS/Sg, we write zation of Fig 1a). We will set up equations that determine
ATe=Te[(1+&")¥—1] (Telde'. 3) the steady-state temperatu_res of thg two layers. The earth’s
e'<1 surface, the lower layer, will be assigned a temperalige
As we will see belowg’ is currently of order 104, so the and an average UV reflectivitys. As before, it will emit in
approximate form is adequate in practice. the IR with a flux densitySEzch‘é because it is assigned
Using Eq.(3), Rosé discussed the temperature rise that100% absorptivity in that region. The atmosphere, or upper
would occur if humans were to increase their energy contayer, is more detailed. If it were a perfect blackbody radiator
sumption. He pointed out that increasigigto 0.1 or 1 would  at a temperatur&,, its surface emission flux density would
be disastrougA Tz=7 and 55 K, respectivelyand settled on  pe SAZUTAA- We assign the layer an IR absorptivity,
a value ofe’=0.01 as the “absolute upper limit,” for which which by Kirchhoff's law dictates an identical value for its
ATe~1K. He chose this limit becaudéexperts may dis-  emissivity, so that radiation occurs with a flux densits, .
agree on whether such a temperature rise would have majghe upper layer is also given two UV properties that can be
[deleteriou$ effecs.... .” varied, namely, an average UV reflectivity and the frac-
Rose dismissed the greenhouse effect as a mere wake-ygp, f of nonreflected incident UV that is absorbed. Complet-

call: “It is a lucky accident that it alerts us to seriously ina the list of six variable parameters in the model
consider a change in world energy suppl§Ref. 7, p. 159. 9 b 8i°

: L discussed above, arf§|r, a nonradiative flux density esti-
His concerns seem well worth revisiting in the context of a ted to h te of 100 Wh(Ref. 10 that tak
model that accounts for reflectivity and does not automatiNat€d 0 have a raté o (Ref. 10 that takes en-

cally preclude a greenhouse effect ergy from the lower layer to the upper layer through convec-
' tion and latent heat of evaporation. This convective flux
B. A two-temperature, two-layer model density enters as the parameer Syr/Sp.

The number of parameters in the model is kept small by
We seek an understanding at the simplest meaningful levelssuming that all IR incident at the surface is absorbed, that

and consider two layers whose temperatures are differenho IR is reflected by either the surface or the atmosphere, and
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The UV flux density first arriving at the surface &
=(1-1)(1-ra)Sy. Of this flux, (1-rg)S, is absorbed and
rsS; is reflected. As shown in Appendix A, the total flux
density absorbed by the surface is increased by multiple re-
flections tok,(1—rg)S;. The resulting lower-layer equation
is

Kn(1—rg)(1—F)(1—rpa)Sp+9Sa=Seg+ S\r- (4b)
(@) Tp =2787K

Tg =3314K In EqQ. (4b) the terms on the left are inputs, namely the UV
that is absorbed by the surface in the first and subsequent
passes and IR received from the upper layer. On the right is
the output, the sum of the IR and net nonradiative flux den-
sities leaving the lower layer.

For simplicity, we have assumed that the total areas of all
layer surfaces are equal. Taking the earth’s radius to be 6.4
Mm and a typical layer altitude of-10km, the error pro-
duced by this assumption is approximately 20/6400
=0.31% in emissions and (20/640050.08% in the tem-

(b) Ty =2502K peratures.

Tg =2975K Equations(4a) and (4b) are readily solved if they are re-

arranged into matrix form,

Fig. 3. (&) Energy flow in a two-layer model of the earth in radiative steady

state. For this “maximal greenhouse” model, all IR absorptivities and emis- 2 _ S AS.+S A+h
sivities are taken to be unity and the UV absorptivity and reflectivities are 9 9 ( A) = S NR) = ( ) , (5)
zero. The upper layer radiates from both its inner and outer surfaces, causing -g 1 Se BS—Swr B—h

the need for a higher dissipation at the lower layer. The new flux density o _ _ _ _ 2 _
684 (see Fig. 1 caption for unitsiecessitates a surface temperature of 331(Nhere A=TF(1=rp)+Tknrs(1=F)(1=rn)" and B=ky(1

K. The upper layer takes on the same temperature as the single layer of Fig: 's)(1—f)(1—ra). The result is

1(a). (b) The same a&) except for the assurr_]ption of 35% reflectivity of the s T4 > _a\"YA+h

upper layer. The surface temperature adjusts to 298 K. The upper layer ( A) _ ( o 2\) _ ¢} g) ( )
oTg

assumes the same temperature as the single layer of (Big. 1 Se -g 1 B—h
S A+h+g(B—h) .
“92—9) | g(A+h)+2g(B—h)|- ©

that the UV reflectivityr , is the same at the top and bottom A . . . .

of the upper layer. Our convention allows the absorption ayVe Will discuss some interesting special cases of this solu-
well as reflection parameters to range simply from 0 to 1. [HoN and set up a s}andard parameter set for discussion of
summary, five material parameters have been introduced: tH%cis‘? sf!deas a?dl related tpplcsh deal | diat
upper-layer absorptivitie§ and g, the UV reflectivitiesr 5 td'slzz'ré.t usetu ;O f.exzm'”? the 1 ?a two-layer tra |:E1)t|ve
andrg, and one parametérfor the net upward nonradiative model,” Fig. 3@, defined in terms of our parameters y
flow. =0,g=1, ra=rg=0, andh=0. The upper layer transmits

Our strategy is to computE, and Tg by finding S, and all UV and absorbs all IR. Under these conditions Eds)

Sg, the two unknowns that appear linearly in two balanceand (4b) reduce to

equations. Setting up the equations is straightforward but is Sg=2S,, (79
complicated by the fact that surface UV reflectivity implies a
second encounter with the surface, a third with the upper So+Sa=Se- (70)
level, and so on, all of which generate an infinite multiple-The solutions of these equations a8g=S,=342W m 2

reflection sum. The upper-layer balance equation is and Sc=25,=684Wm?2 yielding Te=331K and T,
[f+f(1—r Kl (1= F)](1—T ) So+ 9SS+ Sar =279’},<, as shown in Fig. @). For these “perfect green-
house” conditions, the surface is very warm indeed because
=29%, (43 it must dissipate twice as much energy as does the surface in

where the terms on the left are inputs and the one on the rigﬁpe single-layer model. If we again account for reflectivity by

- ' ; ; : ttingr ,=0.35, effectively reducinds, in Egs. (78 and

is the output. The first term on the left is the UV input, which € A . )

is proportional to the initially received nonreflected flux den-(70 10 9550 we obtain S,=222Wm* and Sg
sity (1—rA)S,. The factor in square brackets contains the=444Wm %, implying Tg=298K and T,=250K, as
primary UV absorptivityf and a term representing the ab- shown in Fig. 8b). This calculation puts the surface almost

; ; ~ as close to the “true” temperature as it was in the original
Z?erg())_n?géh?nmﬁg;gﬁefég%idps aer(;?:gtaézq L?:E;\ﬁ;apir;’ black-ball model; the near-miss suggests adjusting the model
Kn=1/(1—rarg)=1. The termg: is the absorbed fraction parameters to produce the observed valge: 288 K.
of the surface’s IR emission ar&| is the nonradiative flow
from the surface. A factor of 2 appears on the right becaus
the upper layer has two radiating surfaces, one facing th
lower layer and one facing outward. Finally, appears on Before attempting to fine-tune the model, we consider the
the right in its role as IR emissivity. case in which the surfaces do not reflect UV and in which the

g. The case of zero reflectivity
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(a) perature of the surface, which is in thermal equilibrium with

L0Q - l 1 ; the atmospherénow the surface’s only source of eneygy
321K e ' While an average temperature of 279 K does not seem too
~ 0.8 - 298 K/ // . wintry, it is characteristic of the deepest ice-age climates
g - e ) (~9 K below the current average; see Ref. 15, p.)3&5en
T 06 /—/ 279 K/ /1 if we could stand the cold, life as we know it would be
g V7 o 7/ impossible inside this extended black ball because “high-
2 0.4 - e 250K J quality” UV radiation, the very top of the food chain, is
o ° R / prevented from reaching the surface.
02 7 24/8K 1 Moving down the right side of Fig.(4), at (f,g)=(1,0)
R /«/ /34K the lowest surface temperatures and the highest atmospheric
0.0 ' ' ' ' 0 temperatures to be found anywhere on the diagram are
b reached. The surface, still seeing only the weakly emitting
100 BE . : : atmosphere, has dropped to (279}#2234.3 K. The atmo-
/OK/ZSSK - P sphere’s temperature formally increases without limit be-
08 [ * Standard model - par cause, despite its weak emissivity, it must dispose of virtu-
&b ‘,/'/ a ally all the absorbed UV radiation. Wheg=10 4, for
£ g6} 20K /'/ pat example, the temperature required to accomplish this emis-
I3 o 253K 7 sion isT,=10(279)/2"*=2343 K. In reality, at these higher
2 04 s i F temperatures visible-UV emission from the atmosphere
< e 22K 7/ would become important, halting the model-induced diver-
= o2t /./ P 230K 4 gence and warming the surface. The model atmosphere in
e S this case mimics the existing upper atmosphere, which is
0.0 L . L /1 218KG physically very thin and yet absorbs UV quite well, reaching
00 02 04 06 08 10 temperatures of about 1000 K in the thermosphere and exo-
UV absorptivity (f) sphere(Ref. 15, p. 63.

Figure 4b) shows the effect of including UV reflectivities.
Fig. 4. TemperatureSe of the lower layer(surfacg as determined by the  The partial symmetry of Fig.(4) is gone, and because less
atmospheric absorptlv_lt)_/_paramete‘rsand g. In (a), the reflectivities are energy is being received by the whole system, the tempera-
zero. In(b), the reflectivities are those of the standard madelper layer ture at every point is lower. Variations in the temperature
25.5%, lower layer 16% A very narrow range of values dfandg exists across the diagram are uélitativel the same but are less
for which the surface may attain a temperature of 288 K. g q y .
severe, and they may be understood generally on the basis of
the same physical arguments that were used with Kay. 4

nonradiative term is absent. The results are instructive and _ o
show how an outer layer can act in some cases as a thermlal Choice of parameters for a realistic atmosphere

hield inst f an amplifier. . . .
shield instead of an amplifie An implementation of the two-layer model will be re-

Figure 4a) shows a selected set of compufgdisotherms e .

- garded as reasonable if(it) predicts a surface temperature
as the parameterSandg range fro‘r‘n Zero to unity. At thﬁ of 288 K, (2) predicts the atmosphere’s temperature of 245 K
upper left, where {,g)=(0,1), the “maximal greenhouse” 4 yithin a few degree®?*(3) predicts an albedo, defined
case is found. As we proceed directly downward on the diays the fraction of the total incident UV returned to space by
gram, the outgoing IR begins to penetrate the atr_nospher@eﬂection, in the region of 30%—35%ee Ref. 10, p. 198
Because more energy has escaped, less is reradiated to igq (4) involves parameter values that are compatible with
surface and the surface temperature _drops. The lower lefthown properties of the surface and atmosphere. Except as
corner (f,g)=(0,0) represents an “IR-thin” atmosphere that noted, the following values of the parameters have been se-
reproduces the black-ball result at the surface. The atmqgected on the basis of these criteria and have not been sub-
sphere’s temperatur€,, not shown, has also dropped, but jected to optimization or independent estimates.
not to zero; less IR is being absorbed but the rate of emission When reflectivity is absent, a wide range of absorptivities
is correspondingly smaller by Kirchhoff's law. Using Eq. is available for the target surface temperature of 288 K. To
(5), we find that the limiting value ofT, for f=0 is  narrow the parameter space, we maintéin0, g=1, and
279/2"*=234 K. An IR-thin and UV-transparent atmospherer ,=0, and introduce a surface reflectivity=0.150, which
essentially represents removal of the second layer. The poiiig within the range estimate quoted by Seftéend is equal
(f,g9)=(0,0) is, in fact, pathological because the limiting to the average quoted by Henderson-Sellers and Robinson
value of T, depends strongly on the value bfsee Problem (Ref. 15, p. 47. This choice produces an albedo of 15% and
3). surface temperature of 319 K, neither of which is acceptable.

For the casd =g, we move up the diagonal of Fig(a  As we increase the atmospheric reflectivigyfrom its initial

and find that the surface temperature is constant. The surfag@lue of zero, it is found that by the time the albedo has
loses UV input and makes up the deficit exactly from the IRclimbed to 37%, the surface temperature has dropped only to
reradiation(see Problem )1 At (f,g)=(1,1) we find what 295 K. The reasonableness criterion not having been met,
one might call “maximal nuclear winter,” a completely adjustments irf, g, andr, must be made. Through a rapidly
opaque atmosphere that is evoked to various degrees in digonverging process of trial and error, our most successful set
cussions of the aftermath of a nuclear war. The temperaturkas been found to bé=0.080,g=0.890, r,=0.255, and
of the atmosphere is agaifi,=279 K, matching the tem- rg=0.160. Along withh=0 they are adopted as standard
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Fig. 5. Energy flow in a modified two-layer model Of_ the the earth in SteadyFig. 6. Characterization of the results of more complex atmospheric energy
state. The parameter§ g, h, ra, r's, andec are given standard-model g,y calculations in terms of the two-layer picture. The numbers are adapted

values to produce a surface temperatlige=288 K, an atmosphere tem- o g report of Kiehl and TrenberiiRef. 10 and are discussed in the text,
peratureT,=246 K, and an overall albedo of 33.3%ee the text, Sec. ggc. |ID. See the caption of Fig. 1 for units.

IID). The dashed arrow represents nonradiative heat flow and the small
arrow ‘“‘AS’ represents terrestrial energy inputs such as geothermal and
that produced by civilization’s activities. See the caption of Fig. 1 for units.
cluded in our standard parameter set=(0). Issues associ-

ated with nonradiative flow are discussed in Sec. IV C.

model parameters, or in brief “the standard model.” The

predicted albedo is 33%, the atmosphere is at 245 K, and th@, EFFECTS OF ENERGY SOURCES AT THE
surface is at 288 K. We claim no uniqueness for this paramsyrgACE

eter set, but experience shows that any simple alteration

pushes the results away from “reasonable.” The flux densi-A. Formalism

ties involved with the standard parameter set are shown in o ) )
Fig. 5 and Table 1. Nonsolar energy sources at the surface originate primarily

An adaptation of the results of climatological estimates ofin the activity of civilization and in geological phenomena.
the components of the earth’s energy budfyet given in These sources can be treat_ed in terms of fluxes averaged over
Fig. 6. The agreement with the corresponding components ifh€ surface, called, respectivelySc andASg, and charac-

Fig. 5 is not bad, considering the simplicity of the two-layer terized in the usual way by parametesrg=ASc/S, and
picture and its associated physics. Quantitative balancing afc=ASg/Sy. They are readily included in the two-layer
the flux densities can be seen most easily in the individuaformalism as an additional source term for the lower layer:

figures, while Table | draws attention to discrepancies be- B
tween the simple treatment and the climatological treatment. ( 29 —9|(Sa :( A+ SR ):( Ath ) ,
Most striking is the fact that the climatologically modeled -9 1/1S/ |BS-SwtAS] |B-h+te

atmosphere radiates more IR to the surface than it does to

outer space, a fact that probably can be traced to the hetergrhere AS=AS.+ASg and e=gc+2g. All other quanti-

geneity of the temperature distribution of the atmosphere anfles are defined as in the original E§). The solutions are as
its internal radiative transfer processes that are absent in ogisily modified,

model. Another difference between the two treatments is the 4 L

much larger amount of UV absorbed in the real atmospheri.SA) _[oTa _( 29 —9) ( A+h )

This second disagreement is qualitatively consistent with the S/ aT‘é “l-g 1 B—h+e¢

first: The additional downward IR needs a source, part of

which is the additional UV absorbed and another part of % ( At+h+g(B—h+e) ) ©)
which is the nonradiative flowsyg. The latter is not in- g(2—g) | g(A+h)+29(B—h+¢)/"

Table I. Comparison of standard two-layer model results with those of estimates of the annual global mean
energy budgetKiehl and Trenberth, Ref. 20

Energy Two-layer
budget model

Descriptions (Wm?) (Wm? Two-layer model expression
Solar input 342 342 S
UV reflected by atmosphere 77 97 1aSy
UV reflected by surfacénet) 30 22 (=) %k s(1—72) Sy
UV absorbed by atmosphere 67 19 [f+fkrg(1—F)(1-ra)](1-Ta)SH=AS
UV absorbed by surface 168 204 Kyn(1-rg)(1-f)(1-ra)Sy=BS
IR emitted by surface 390 388 S
IR absorbed by atmosphere 350 349 g
IR emitted by atmosphereip) 195 184 gSa
IR emitted by atmospher@own) 324 184 gSy
IR to space(total) 235 223 gS\+(1-9)Se
Thermals, evapo-transpiration 102 a0 hg

aSee the text. The parameters in the standard model must be modified to handle this nonradiative flux.
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Table Il. Temperatures, albedo, and fluxes resulting from the standard model, three attempts to include an
adequate nonradiative flow within the confines of the two-layer model, and the maximal warming case. Param-

eters are defined in the text, and the calculations are discussed in Sec. IV. Subscripts on the partial derivatives
indicate evaluation with all parameters held constant and equal to the values shown.

Calculation 2

Calculation 3

Standard  Calculation 1  (seeks UVabs, (seeks Maximal

Quantity Units model (seeksTg,Syr) S\R) compromis¢  warming
S Wm? 342 342 342 342 342
f 1 0.080 0.011 0.224 0.090 0
g 1 0.890 0.990 1.00 0.965 1
h 1 0 0.297 0.298 0.117 0
ra 1 0.255 0.253 0.225 0.270 0
rs 1 0.160 0.04 0.234 0.100 0
Te K 288 288 269 288 331
Ta K 246 257 254 252 279
albedo % 33.3 275 315 315 0
SR Wm?2 0 102 102 40 0
Uv—atm wWm2 23 2.9 68 24 0
UV—sfc W m™2 205 145 166 210 342
(dTeldec)y K 114 126 154 122 82.8
(aTelaf)y K —27.4 -42.6 -30.6 -35.1 —41.4
(0Te/d9)q K 64.9 71.2 67.4 69.6 82.9
(dTelarp)e K —85.8 -95.2 —100.2 -92.9 -82.9
(dTelarg)y K —60.6 -70.3 -71.1 —59.6 -82.9
(dTeldSe)g  MK/W m™2 211 210 197 211 242

The formalism tends to obscure the interesting fact that adB=1, and ¢Tg/de)o=Tg/4, identical in form to the result
ditional flux density originating at the surface is also subjectfor the black-ball model! See E¢3) and the discussion fol-
to the greenhouse effect and is “reflected to the surface” agowing it. The reason is thatoth Tz andAS are enhanced by

infrared radiation by the atmosphere. To appreciate this faghe greenhouse effect, as mentioned above. Rose’s applica-
we directly modify the simplified two-layer model, Eq3a  tion of the black-ball model is not unreasonable for deter-

and(7b): mining variations in surface temperature despite using a sur-
Se=2Sy, (7d) face flux that_is wholly inadequate for computing the surface
temperature itself on that model.
Sot+Sp+AS=S¢. (7b") The coincidence just described is only an approximate one

. , , 4 o for general values of the parameters, in which case(&q.
The S°|Ut'°ns4 of Egs(7d) and (7b') gre ‘TTA__SAfSO must be used. Of greater importance is the nature of the
+AS and oTg=S5=25,+2AS. The first solution illus-  gerjvative. Rose’s calculations imply a total derivative, there
trates the radiative disposition of the excess flux density outheing no other model parameters. Processes causing an in-
side the atmosphere and the second illustrates the factor of#ease ine may also cause atmospheric parameters to
enhancement of the surface flux density contribution to thehange. Examples are changes in absorptivities caused by
surface temperature. atmospheric pollutants, whether introduced geologically or
In applications of global temperature models, response t@y power plants. In general,
small changes of parameters is usually of greatest interest.
We represent these changes by partial derivatives with a sub- dTg [ dTg JdTg| df
script “0,” which means that all parameters except the vary- gz ~ | 9¢ of | de
ing parameter are held constant, and all parameters are evalu- 0 0
ated at their standard model values other values as noted  |n principle there are sources for which the termsffog, h,
An important example of these derivatives &TE/de)o,  andr, in Eq. (9) are negligible. We definelean energy
whose analytical form is readily obtained from E@:): production as that which creates or increades without
JTe TeSy 29 Te 2 changes in any model atmospheric parameters. The surface
( 9 )O— 4 S.9(2—g) 4 A+2B—h+2s" ) reflectivity rg is ;pemﬂcally gxcluded from the o_Ief|n|t|on,
partly because it is more easily controlled and estimated than
A complete set of analytical expressions for the partial dethe atmospheric parameters and partly because atmospheric
rivatives will not be presented because they are readily compollution is the principal consequence of power plants that
puted numerically in typical applications of the theory. Tableare not clean in the popular sense of the word.
Il contains some important examples of the surface tempera- One example of a clean source is the nonvolcanic geother-
ture derivatives. mal flux’® whose magnitude i4 Sg=82mW m 2. It is con-
The maximal-greenhouse value is obtained in 8).by  stant, not human-controllable, and will not be considered fur-
settingg=1 andf=r,=rg=h=¢=0, in which caseA=0, ther beyond noting that according to our mode&; is

©
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Table Ill. World energy productiofbased on data in Ref. 28The lower Table IV. An updated Rose calculation of surface temperature increases as
half of the table shows the production obtained by excluding contributionsa function ofec , clean surface energy input in units®f. The compromise

of solar, geothermal, and wind sourcAS'¢ is based on the standard model. model is the one called Calculation 3 in Table Il and the text. Temperature
changes are given in K.

Power Globally-averaged
production flux density ATe ATg, ATg,
TW mw m 2 ecx 10 mK standard  compromise
model model
Total ec (K) (K) Comment
1970 7.86 15.4 0.45 51
1980 9.57 18.7 0.55 6.2 1 77.0 80.2 “Life not as we know it”
1990 11.62 22.7 0.66 7.6 0.1 10.8 11.3 Major flooding
2000 13.11 25.6 0.75 8.5 0.01 1.13 1.20 “Absolute upper limit”
0.001 0.114 0.120
Modified total 0.0001 0.011 0.012
1970 7.47 14.6 0.43 4.9 0.688<10°*  0.0079 0.0077  World level, 2000
1980 8.95 17.5 0.51 5.8
1990 10.77 21.1 0.62 7.0
2000 12.05 23.6 0.69 7.9

pollution will increaseg and thereford g, but if r , were to
increase because of pollutants or cloud cover, one of the

responsible for 27 mK of the current average earth temperzic-e‘a(jb""ck phenomena that has concerned climatological re-

ture [use Table II: (0.082/342) 114=0.027. igﬁrtcg‘fj’:c‘;re";‘;eA”he”'“S to the preséfi,would have rea-

One or two simple connections can be made with current
B. Human surface input practice. A well-known set of predictions examined by the
) o o International Panel on Climate Change is that the increase in
We now consideA S, the contribution by civilization to  concentration of greenhouse gases is producing a surface
AS. Rose used 8 TW, the total 1970 world production listedtemperature increase of 38000 mK per decad® Let us
by Héfele ?® We take data for the period 1980—1996 from theapply the sensitivity parameters of Table Il to see how our
U.S. Energy Information Administration as quoted in thestandard model would make such a prediction. If all of the
1998 Statistical Abstract of the U%5.Shown in the upper 300-mK increase could be associated with the infrared pa-
half of Table Il is the total power production for 19 ?), rametery, then a ChangAg:030/64g: 0.0046 per decade
1990, and 200Qextrapolatel The lower half of the table \ould be required, just over 0.5% of the current model value
shows similar numbers but with hydroelectric, photovoltaic, o g. If this increase and proportional increasesf iandr ,
wind, and geothermal sources excluded. These sources Cgpre to occur simultaneously, the predicted net change

be traced to energy already flowing into the surface andyq,|q he AT =175mK. Adjusting all the increments by a
therefore are not formally consider@doducedby civiliza- constant factor so thatATg=300mK, we have Ag
E— ;

tion. = - 4 _ 3
For the year 2000 our standard model predicts that the—0.0079,Af—7.1>< 107", andAr,=2.3x10"", each hav-

warming artificially produced by human activity will be N9 increased by 0.85%. The infrared absorptivity has the
about 8 mK. Héele made a 30-year projection to 2000; had dominant influence in this linear-behavior scenario and the
his scenario become reality, we would have reached a prdZV Properties are not negligible.

duction of 70 TW with a concomitant temperature increase

of 42 mK. Rose did not make specific projections, but arguedVv. SPECIAL TOPICS

more generally that it would be very unwise to countenance ) o

large increases imc caused by increased use of nonsolarA. Anthropomorphic and other millikelvin-level effects

sources. The flavor of his argument is seen in Table IV, \ye have seen that the surface energy release by civiliza-
which is a slightly revised version of his own similar o induces millikelvin-magnitude changes in the global
tables?® Rose was concerned with the prediction that anmean temperature. How might such anthropomorphic effects
eventual factor of 100 increase i would bring a one or e jdentified? An analysis of satellite data appears to show
two degree rise in the average temperature. There is no heagrat the average earth temperature, based on a 10-year data
long rush toward this factor of 100, but any sudden availabilget, has a 7-day periodic variation with an amplitude of 10
ity of large amounts of inexpensive energy would make thesgnk and a peak on Wednesdai}sThe report shows no error
calculations well worth our attention. _ bars and has otherwise been discouritaaljt we mention it
Apparently Rose did not apply any correction for solar-pecause it represents one kind of observation that would
related sources and he rounded up the temperature predigearly signal the product of human activity. The connection
tions to the nearest order of magnitude, which slightly biasegyatween atmospheric GQontent and the earth’s average
the argument. To reach the “absolute upper limit” 8Te  temperature is very complex, and it is difficult to establish a
=1K, e&c must rise to 0.0088 on the standard model, 210:aysal link2333
times its 1970 value. Our year 2000 valuesegf are such There do exist periodic surface temperature effects that
that a factor of 130 is still required to attain the 1-K limit. rise above the noise in the millikelvin range. At full moon,
All of the foregoing numbers must be viewed in the con-the earth’s temperature is 20 mK higher than at new nion,
text of the idea ofclean nonsolar energy. We have r®o  according to a study that does include an error analysis
priori idea how any major production increase will affect theand for which at least part of the amplitude can be
atmospheric parameterfs g, h, andr,. Many forms of explained® That part is attributed to the barycenter effect:
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The earth is closer to the sun at full moon than it is at newwhich, forrgc=0.1 andr§=0.37 (sand becomes—0.0101.
moon, which causes a variation-@ARes/Reg)Sp in the By the standard modéTable Il), ATg= +0.61 K. Choosing
solar constant. The temperature variation due to this effect igeserts for placement of the cells would therefore defeat over
considered in Problem 4. Variations caused by the IR an®o9 of the benefit of switching to solar. Again we remind
UV radiation from the moon are about an order of magnitudehe reader about the clean energy assumption. No account
smaller. has been taken of the risks that would accrue from fossil
fuels and nuclear sources in making this comparison. They

are assumed to be as clean as the solar source.
B. Placement of solar-cell farms

Rose contended that the increased use of solar ener%/ o . .
. - . Nonradiative transfer considerations
would alleviate concern about- rising to values dangerous

to life as we know it. In its operation, solar collection is  \We address two issues relating to the robustness of our
likely to be a very clean source in any sense of the wordradiative transfer model if corrections due to the existence of
The effect on surface temperature is not altogethefhonradiative transfer are made. Can the model accommodate
negligible, however. If solar collectors are not to affectthis process quantitatively and maintain reasonable radiative
the radiation balance, they must be positioned in such a waffux densities? Can the model even make definitive surface-
that their absorption and reflectivity match that of the origi-driven rising-temperature predictions if the nonradiative
nal surface. It follows that highly efficient collectors on a pathway exists?
desert, where dry sand produces a reflectivity of JRef. The two-layer model is radiative in concept and design.
15, p. 47, would add to global warming because of the re-However, an appreciable net upgoing nonradiative flux den-
duced reflectivity of the area. This effect may be made quansity 5, ; of about 1200 W m? is known to exist in the form of
titative, and we use it as an example of the application of oUghermal currents and evapo-transpirattBihis flux density
model. ) . is nearly 1/3 of the solar constant and therefore deserves
Suppose that we wish to use solar cells to avoid the heajome attention. We have included it as an independent pa-
output of additional conventional sources in Rose’s criticaliameter that essentially short-circuits the upward radiative
case ofec increasing by a factor of 10Qausing a surface flow (see Fig. 5.

temperature rise of 0.72 K on the standard mpdEhe spe- Three series of model calculations were done to test the

cific goal would be to produce all of the additional power by influence of nonradiative terms on our model. In the first, the

solar cells, goal was to match the surface temperature, albedo, and non-
AP= (Sacfter_ Sgeforea SyAe= 99X 0.680% 10~ *SpA¢, radiative flux density as closely as possible, regardless of the

(10) effect onf, g, ra, andrg. In the second, the goal was to
model as many of the fluxes of the climatological picture as
where Ag=47RZ is the earth’s surface area. We make thepossible(Fig. 6). In the third, we sought a compromise in
simplifying assumption that the efficiency of the cells is thewhich the surface temperature was matched and a reasonable
same as that of the conventional energy source. That is, {fortion of the nonradiative flux density could be reproduced.
(say 30% of the energy processed becomes useful work anth none of the three cases was any formal optimization algo-
70% is due to heat loss during that production, the numbergthm used, because the model’'s few parameters have little
apply equally to the cells and the conventional source. Théope of arriving at a unique and satisfactory fit to so much
same cannot be assumed of the duty cycles of the two pratata.
ducers. Solar cells are at least a factor of 3 at a disadvantage Table Il shows the results of the calculations. In calcula-
(8 h of useful sunlight is an optimistic estimatand must  tion 1, whereTg and Syg are matched, the albedo is rather
produce at least three times the power. low because a very small surface reflectivity is required. The
If an areaAsc of reflectivity rg is covered with solar cells UV atmospheric absorption must also be greatly reduced.
of reflectivity rg¢, the change in the average earth reflectiv-Both of these contribute to a large amount of UV absorbed at
ity will be the surface, which appears necessary to feed the nonradiative
, flows while maintaining the surface temperatyo®mpare
Ars=(Asc/Ag)(rsc—rs)- (11 calculation 2 in this respext
The minimal required areAsc is obtained by making the  In calculation 2, the price paid for matching UV absorp-
power absorbed by the cells equal to three times the requird" t0 the climatological results and retaining the nonradia-

power, Eq.(10): tive flow is a very low surface temperature. This appears to
' L, be a direct result of the “short circuit” effect on the IR
SpAs(1-T5c)=3AP=(3)99x0.680x 10" "SpA, surface emission. The atmosphere already has a lot of energy

from direct absorption, and receives more fr@gg, SO
whereS, is the net incoming UV flux density at the surface. much of the normal upward IR flux density is not needed.
Equation (11) assumes that all nonreflected energy is ab- Calculation 3 results in a compromise parameter set in
sorbed, which is consistent with our surface model. Withwhich a fairly good fraction41%) of the observedyg is

S,=205Wm 2, we find accounted for without sacrificing albedo, surface reflectivity,
or surface temperature. Again the UV atmospheric absorp-
Asc=0.033Ag/(1-rsc), (13 tion is low, but higher than in the standard model of Table |
about 3.5% of the earth’s total area! The change of reflectivishown also in Table JI If a nonzero nonradiative flow is
ity, Eq. (11), would then be considered absolutely essential to the viability of a particular
, application of the two-layer model, then calculation 3's pa-
Arg=0.0331rsc—rg)/(1-rso), (14 rameters can well serve as an alternative “standard model.”
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The prediction that increased surface production inevita- into surface:
bly increases the surface temperature was very convincing in
the black-ball model, and it is convincing in our treatment as
long as the new energy is clean. However, consider a sourcé_: (1=rg)(rarsd)™ 'S,
such that all of its surface relead&= ¢S, somehow leaves -t
the surface by th&yg pathway. It might be thought that no

%)

increase inSg and therefore no increase ifiz would be :1_rArS(l_rS)Slzkm(l_rS)Sl’ (A1)
necessary. This hypothetical situation does not materialize,
because the dissipation &fS by the atmosphere entails ad- into atmosphere:
ditional radiation to the surface as well as outward. This new
IR radiation, being indistinguishable from the rest of the N1
downward IR radiation, lacks a mechanism to reaggregatg= (1=ra)rs(rars)™ S,
into the upward nonradiative stream. It must return to the
) : ) 1
upper layer by an increase 8, which then requires some _ (1= )1 Sy =Ko (1= A)reS,. (A2)

increase inTg. This thermodynamic reasoning can be veri- l—rarg
fied within the model by showing that the total derivative . _
dTg/de is positive wherh=hg+ & (see ProblemBHereh, — Herekm=(1—rarg) = acts effectively as an enhancement

is the value o before the new source was introduced. ‘;icr:cg::éor the energy deposited upon first reflection at each

All nonreflected UV reaching the surface is absorbed by it.
Therefore Eq(Al) is ready for Eqs(5) and (5’). We sub-

V. SUMMARY stitute the value o6, and obtain for the lower layer

We have reaffirmed Rose’s quantitative estimates of UV input to surface=ky(1—rg)S;
surface-energy-driven temperature increases. Our model k(11 (1—F)(1—10)Sy
shows clearly that these estimates are valid when certain glo- m S A
bal environmental parameters are unchanged by the energy =BS,. (A3)

production, and it provides a relatively simple way of assess- . o L )
ing the effect of these parameters. Difficulties of modelingFor the upper layer, this substitution does not finish the job
aside, Rose’s message is preserved: When significantecause we have calculated only treentering surface-
larger amounts of energy are to be consumed, it will not bé€flected flux. Of this flux, a fractiofi is absorbed. Finally,
sufficient to consider only the chemical and physical changethe first-pass absorbed amourftl—r,)S, must be added.
of the atmosphere and surface introduced by the energy prd-he result is

duction. The effect of thguantityof energy consumption on .
the earth’s average temperature must be assessed as well, UV input to atmosphere[f(1—ra)+fkyrs(1—1)(1
—ra)’1SH=AS%. (A4

It is suggested that a flow diagram be constructed in connec-
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APPENDIX B: DERIVATIONS AND DISCUSSIONS
AS EXERCISES (WITH SOLUTIONS )

APPENDIX A: MULTIPLE REFLECTIONS AND THE 1. (a) Consider the two-layer greenhouse model with no

FLUX DENSITY EQUATIONS UV reflection and no nonradiative flux density for the case
f=1/2 andg=1/2. Complete a flow diagram similar to Figs.
2, 4, or 6, preferably without solving any equations. Take
- B : ; 5 So=342W m 2 Read partb) of the question for a hinib)
f)(1—ra)Sy. Upon the first upward reflection at the sur Using the kinetic equations, Eq&}a and (4b), prove that

face,rsS, returns toward the upper layer and<1g)S, en- o grface temperature is equal to that of the black-ball
ters the surface layer. The upgoing part encounters the atMQsodel for all values of wheng=f.

sphere, causingarsS; to reflect toward the surface and (1 Answer (a) Because =1/2, the incoming flux density of

—Ia)l'sS, to reenter the atmosphere. A second upward rés,s ig equally divided between absorption in the atmosphere
flection occurs, then a second downward reflection, and sg . 4t the surface. Similarly, becauge 1/2, the flux leav-

forth; the following assertions may be appreciated by settingng the surface will be divided equally between absorption in

mor n equal to 1 and then 2. o the atmosphere and a return to space. At this point one sees
At the mth surface reflectiom;,~ “rsS, goes upward and  that the atmosphere must radiate a total of-£B/2 equally
(1-rgri~rd™'s, enters the surface. At theth down-  toward space and back toward Earth. The diagram if care-
ward reflectiony iraS; goes down and (&rA)r’)\_lrgsl re-  fully sketched will suggest thez=342 is the solution; al-
enters the upper layer. We compute the densities of flux erternatively, the solution may be obtained through the hint or
tering the layers by summing each of the above terms ovethrough a simple balance equation involving the one un-

all positive integersn andn: known, S¢ .

After reflection at the outer surface and absorption within
it, the incoming solar flux density is reduced &=(1
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(b) For the case described, Edq4a) and (4b) become Wheng is small but nonzero, the large variationsTip asf

£Sy+fSe=2 S varies over a small range are easily seen in the mathematics.
E A From a physical viewpoint, the cage=g=¢, with & how-

ever small, corresponds to a situation very similar to that of

o ) o f=g=1/2: Although most of the radiation is passing

whose solution isS,=Sg=Sp; alternatively, a substitution  through the atmosphere in both directions with no effect, the

of the parameters in E¢6) can be made. In either case, one amounts absorbed from the UV and the from the outgoing IR

is forced to deal with the meanings of all the symbols.are identical. Despite the small amount of energy to be radi-

Completion of part(b) involves associating,=342Wm %  ated, the temperature of the atmosphere must remain at the

with the black-ball temperature 279 K, preferably comment-relatively high black-ball level because of its low emissivity.

ing that the surface emissivity in the IR is assumed unity imnyhen f falls to zero whileg remains ate, the atmosphere

the model. _ S _ loses half of its input and its temperature drops to a level that

~ 2. (a) Complete the multiple-reflection diagram describedyj| maintain its own balance. Whehincreases to 0.002, the

in Appendix A and verify all the expressions in thg text for atmosphere must now deal with about twice as much UV.

the mth upward anchth downward reflectionstb) Find an  gince its emissivity is still small, its temperature must rise to

expression for the albedo, defined as the fraction of the totghaintain the steady state. In the present example, wiere

incident UV returned to space by reflection, in terms of the_ andf=2s, it is easily shown that the enhancement over

model parameters. Check your result by computing the al: . /4
bedo for any of the models in Table Il that involve nonzerot:i 1\/57'% for the casé=g=¢ is a factor of (3/2)

ref'lo\encstxge(st;) By our definition 4. (a) Calc_ulate the difference between Ea_r'gh’s surface
temperature in full-moon and new-moon conditions, taking
all UV leaving the system into account only the variation of the solar constant due to
albedo= S , (B2)  the motion of the Earth-moon systeithe barycenter effegt
(b) Find the temperature of the moon’s illuminated side, as-
and there are two contributions to the numerator. The first iSsuming that no heat flows to its dark sitkeprincipal differ-
the amount ,S, initially reflected from the atmosphere and ence from Earth’s cageand that it acts as a “black ball”
the second is based on the amount entering the atmosphesith 7% reflectivity.(c) Compare the amount of IR radiation
from all surface reflections, EA2). Only a fraction 1-f of ~ reaching Earth from the full moon with the amplitude of the
the latter amount escapes and contributes to the albedwariations in solar radiation associated with the barycenter

(1—f)Sy+ FSu=Sc, (BD)

Therefore effect.
) ) Answer (a) Here one must first find the changeRgg in
albedo=ra+(1—f)%(1—ra)Knls. (B3 the Earth—Sun distance between full-moon and new-moon

“an enhanced surface reflectivity,r s that is modified be- Center(Earth-moon center of gravityo the sun, the result is
cause the radiation it represents must twice avoid reflectioffVice the distance from Earth to the barycenter, which can be
and absorption by the atmosphere.” On the standard modefomputed as Rey(my /mg)~9320km (the masses are
the two terms contribute as follows: 0.2695.078=0.333. those of the moon and Earth, respectiyeBecause of the

3. (a) Return to exercise(b) and use the kinetic equations 'NVerse-square dependence of solar InEe4nS|ty at Ea}gth, we
to determineS, and T, for the casef=g. Your result for ~Nave ASO__; 25ARes/Res~(1.25¢10"%)(342Wm )
f=g=0 will differ from that quoted in Sec. Il C(b) Setg =42.6 MW m “. From Table Il, the resulting variation ihg

- _ is 8.9 mK.
;rg.?r?elreagSc?\ilg:]glztiﬁafr?;efsﬂsé 0.001, and 0.002. Why (b) If the moon is a black ball and may radiate from only

A Wh fe—h=g-=0. the i f A half of its surface, a straightforward modification of black-
nswer (8) Whenr,=rs= 1= =0, the input factor ball theory shows that its temperature i¥*2imes 278.7 K,
andB aref and 1—f, respectively. Therefore, from E®), o 331 4 K. Since only 93% of the radiation is absorbed by
the moon, a flux reduction occurs. A further small correction
=————[f+g(1-1)]. (B4)  (a factor of 0.995 results from the moon’s greater distance
9(2-9) from the sun under full-moon conditions. The final result is
Whenf is set equal tay, one immediately ha§,=Sy(T,  Tm=325.2K.
—279K), solving this part of the question. However, the = (C) If Earth sees the full moon as a 325-K blackbody, then
function (B4) is discontinuous at=g=0, accounting for the the “lunar constant” may be calculated by simple analogy to

different result when, as in the text, the origin is approache(ﬁlhl%r_nOdeI calculation of the solar constaRef. 1, pp. 111,
along the linef =0. (b) The results of the numerical calcu- :

Sa

lations are shown in the accompanying table: Twm 4( Ru )2 Rs ) -2

=Sl = |=—] | =—| . (B5)

S~ 7o) |Rew/ | Res
f 9 Ta K Te (K) The various quantities have obvious meanings in terms of

0 0 N/A2 278.7 temperatures, radii, and distances. Their values Bge
0 0.001 234.4 278.7 =5800 K, Rgy=0.384 Gm, Rgs=149.6 Gm, Ry
0.001 0.001 278.7 278.7 =1.74 Mm, and Rg=0.696 Gm. The result isSy,
0.002 0.001 308.4 2786 =3.19mw % producing(again according to Table)lla
3Multiple-valued, depending on direction of approach. contribution toTg of 0.67 mK, an order of magnitude less
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than the contribution of the barycenter effect. Incidentally,
the 7% of the moon’s intercepted light that remains as U
will contribute at a level smaller by yet another order o
magnitude.

5. By computingdTg/de in the caseh=hy+¢&, show
that global warming resulting from an increase in “clean”

f

perature of the ground,” Philos. Madl, 237—-276(1896.

V“’J. T. Kiehl and K. E. Trenberth, “Earth’s annual global mean energy

budget,” Bull. Am. Meteorol. Soc78, 197—208(1997.

The greenhouse effect was apparently first recognized by Fa®Ridr 8),
whose terminology has persisted despite the fact that the atmosphere does
not behave in the manner of hothouse glass. The role of “greenhouse
gases” were first treated in detail by Arrheni(®ef. 9 who summarizes

production of nonsolar energy cannot be defeated by chan-the relevant 19th-century literature. The greenhouse effect is an implicit

neling that energy into the nonradiative chan(sele the dis- factor in every modern model involving radiative and other means of
cussion at the end of Sec. IVB energy transport in the atmosphere. Kiehl and Trenb@#f. 10 provide

A onlv t t . Th f a brief, readable, yet comprehensive review.
nswer OUnly two parameters are varying. erelore 124, van Loon and K. Labitzke, “The 10—12-year atmospheric oscillation,”

Meteorol. Z.3, 259—-266(1994); J. Lean and D. Rind, “Climate forcing by

E — E + E % (B6) changing solar radiation,” J. Climatkl, 3069—-30941998.
de de hehot dh heh+ de’ 13B. A. Tinsley and K. A. Beard, “Links between variations in solar activ-
0T e ity, atmospheric conductivity, and clouds: An informal workshop,” Bull.
The first term is obtained from E¢8), A\m. Meteorol. Soc78, 685-687(1997. _ ,
4W. D. Sellers,Physical Climatology(University of Chicago Press, Chi-
aTE TE 2 cago, 1965 M. |. Budyko, The Earth’s Climate: Past and Futur@ca-
— = 1 AT2B_hie (B7) demic, New York, 198p
de h=hy+e 4 A+2B—hote 15A. Henderson-Sellers and P. J. Robins@pntemporary Climatology
(Addison—Wesley—Longman, Edinburgh Gate, UK, 1986
From Eq.(6'), 18R, E. Dickinson, “Impact of human activities on climate—a framework,”
in Sustainable Development of the Biosphezdited by W. C. Clark and
JTe _ Te 0S¢ _ Te So R. E. Munn(University Press, Cambridge, 198&hap. 9, pp. 252—-2809.
oh E E E (2—q) 7S, H. Schneider, “Introduction to climate modeling,” Blimate System
Modeling edited by K. E. TrenbertliCambridge U.P., Cambridge, UK,
Te ! (B9) 153 W Ber“osource leter: GW-1: Global warmi hge,
== . J. W. Firor, “Resource letter: GW-1: Global warming,” Am. J. P
4 A+2B—h+2e _490-495(1984,
- _ S. R. Weart, “The discovery of the risk of global warming,” Phys. Today
Sincedh/de=1, 50 (1), 34-40(1997.
R. C. Willson, “Total solar irradiance trend during solar cycles 21 and
(E) ﬁ = E ; (B9) 22,” Science277, 1963—-19651997).
dh h=h-+e de 4 A+2B—hpte ZTexts such as Refs. 2, 14, and 15 may be consulted for the details of the
0 atmospheric absorption spectra. In our model, effective overall absorptivi-
and finally ties are assigned to the atmosphere as single parameters.
22The simplest two-layer model is discussed clearly by C. Kittel and H.
dTg Tg 1 Kroemer, Ref. 1, 4th printing, pp. 115-116.
(B10) 23R E. Dickinson, “Modeling climate changes due to carbon dioxide in-

de 4 A+2B- h0+8 creases,” inCarbon Dioxide Review 1982dited by W. C. ClarKClar-

: : endon, Oxford, and Oxford U. P., New York, 198pp. 103-142.
Recall that A+ B)SO is the total UV flux denSIty absorbed %Because the temperature and density of the upper atmosphere vary greatly

by the two layers. The Q_Uan_t't%‘FZB_hp is therefore with altitude, an effective radiation temperature or “skin” temperature,
highly unlikely to be negative in any physically reasonable based on the overall IR emission, is usually assigned. The value 255 K is
application of the modelB10) is therefore a positive quan-  typically quoted(Refs. 17 and 28 In our elementary model, IR originates
tity, QED. both at the surface and in the atmosphere, and the latter therefore has a

somewhat lower temperatuf@46 K). The number to be compared with
3Also at: Department of Physics and Astronomy, University of Rochester, the typical 255 K is the temperature of an ideal body emitting the total IR
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MEDICAL AUTHORITY

When the Japanese pitcher Hideki Irabu joined the Yankees last season, he...quickly hecame
known for...taping tiny magnets on his arms before games... . This season, Darryl Strawberry, Paul
O'Neill, Derek Jeter and Scott Brosius are following Mr. Irabu’s lead and wearing U-shaped
magnetic bracelets, which are touted by their Japanese manufacturer, Tsujimoto, to increase cir-
culation, ease pain, help balance and promote energy.

“From what I've heard about it, it's going to make me healthy and I'm going to live to |be
150,” Mr. O’Neill said.

But Dr. Carlos Vallbona, a medical authority on magnet therapy, said that any benefit the
Yankees receive from the bracelets is mind over magnets. “For the magnetic field to work,
magnets have to be applied directly to the area of distress,” he said, adding, however, that the
jewelry did work nicely with the team’s 1996 World Series rings.

Joe Brescia, New York Times, August 23, 1998.
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