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-'mory 3. Lovinc : Yi'hermal L i m i t s  t o  World 

In t roduct ion  
-"trf^f\̂ \̂ lf\̂ 'V,-\,'\̂ r\̂ f\/\̂ t\̂  

On our  f i n i t e  p lane t  t h e r e  i s  a fundamental l i m i t  t o  how much 

energy we can s a f e l y  convert ,  r e g a r d l e s s  of how we do so. f k i . i s  l i m i t  

can i n  p r i n c i p l e  be c a l c u l a t e d ,  f o r  i t  defends not on technology o r  

economics o r  p o l i t i c s  but  s o l e l y  on thermodynamics--on our  i n z b i l i t y  t o .  

evade t h e  Second Law everywhere a t  once. The c a l c u l a t i o n  cannot be 

exact  without far b e t t e r  d a t a  and t h e o r i e s  than we have, bu t  even t h e  

na2ve a t t e r q t  s e t  out here  sugges ts  t h a t  the  r a t i o  of  present  energy-use 

t o  the  probable s a f e  l i i a i t  of  energy-use is  not  n e g l i g i b l y  s n a i l ,  but 

on the  cont rary  r e l e v a n t  t o  cu r ren t  planning. 
n-., : 
ILLS Faper w i l l  f i r s t  give a s i c p l i f i e d  model El-31 of  how the  ' 

e a r t h  I s  noraa l  heat-balance works, then quant i fy  man 's con t r ibu t ions  of 
~ - - -  

h e a t ,  and f i n a l l y  coiqare  t h e  two aad d i scuss  pol icy  i a p l i c a t i o n s .  

Though no choice of  p h y s i c a l  u n i t s  w i l l  p l ease  everyone, consis tency 

permi ts  easy comparison. This  paper uses  c g s  u n i t s :  lengfa i s  in -cen t i ae fce r s  
-4 c m )  o r ,  f o r  o p t i c a l  wavelengths, i n  microns ( l p = 1 0  cm); mass is i n  

7 g r a s s  ( g ) ;  t i n e  i s  i n  seconds o r  y e a r s  ( l y r * i t x l 0  sec ) .  Power is i n  
7 7 e r g s  per  second: 1 0  e r g / s e c = l  w a t t  (w). Energy i s  i n  ergs :  1 0  e r g  = 

L W-sec = 1 joule * 2 . 5 9 x 1 0 '  gcal-+2.3gx10'4 k c a l * 9 . 4 8 x l 0 - ~  BTC. - 

One kilowatt-hour of  thermal energy (kW-h(t)) is  equivalent  t o  3 . 6 ~ 1 0  13 

erg ,  '"125s of c o a l ,  o r  - 8 5 g  of o i l .  

, .. /> 

h e  earth, is 1.5 x 1 0 3  c i  from t h e  sun,  which approximates a 5 8 0 0 ~  

blackbody source wi th  a s u r f a c e  of 6 x 1 0  cm2 and a t o t a l  l u n i n o s i t y  of 

4 x l o 3  erg/sec . For albedo o m  0.33 (neaning t h a t  35% of incoraing s u n l i g h t  

is r e f l e c t e d  back i n t o  space) ,  the  Stefan-Boltzmann equi l ibr iu ia  t enpera tu re  

of t h e  earth-atmosphere system is  c a l c u l a t e d  Cl3 and observed [4] t o  be 
/- ' 

-2.530~.  The e a r t h ' s  mean s u r f a c e  temperature I . . i s  i n  f a c t -  [51@88O~. 
Thus f o r  our p resen t  purposes t h e  e a r t h  is a blackbody (whose geo the raa l  

h e a t  f l u x  we can n e g l e c t )  mrrouaded by a shallow atmospheric hea t - t r ap  

r e l a t i v e l y  t r anspa ren t  at t h e  s u n ' s  peak output  ("-0.48j.a) b u t  n e a r l y  

opaque at  t h e  e a r t h ' s  ( - + 1 0 ~ ) .  

The e a r t h ' s  c ross - sec t ion  of  1.5 x 1018 crn  i n t e r c e p t s  - 5  x 10:" of - 
-2 t h e  s u n ' s  output ;  t h i s  energy f r a c t i o n ,  apparent ly  cons tan t  C33 t o  ,519 1 

i s  K = 1.74 x lo2' erg/sec * 1.3 x ecal/yr,  * 99% at $ 4  and *50% i n  
A' m e  v i s i b l e  octave. Except f o r  poor ly  understood f l u c t u a t i o n s ,  T soeas  - 

1 3 s t a b l e  over 10 -10  y r ;  t h e r e f o r e  the  e a r t h ' s  i n t e g r a t e d  s u r f a c e  of 
18 2  5 . 1 ~ 1 0  c a  inust r a d i a t e  as m c h  energy as i t  absorbs.  But K is  p ~ * i -  

t ioned  aaong zany e ~ u i l i b r i u m  p o c e s s o s  i n  a way determined by t h e  

d e t a i l e d  i n t e r a c t i o n s  of atmospheric c o n s t i t u e n t s  wi th  t h e  r a d i a t i o n  f i e l d .  



20 o:;ar:~i.ae these processes,  l e t  u s  t r a c e  t h e  approximate f a t e  of K E  100 
2-2 noteier.a.1 cncrsy "uni ts" ,  each equal  t o  a f l u x  of 1 . 7 4 ~ 1 0  erg/sec. 

inhere is saxe disagreement, p a r t l y  semantic, over d e t a i l s ,  but we do not  

need exact  va lues  here.)  

The e a r t h ' s  integrated,  surfacd rece ives  24 units d i r e c t l y  and 2 1  dore  

as diffuse skylight; 22 u n i t s  a r e  absorbed i n  the  atmosphere, nore than 
5 h a l f  of t h e a  by wator-vapor; and. 33 u n i t s  a r e  reflected--? by t he  e a r t h ' s  
0 

2̂% near. cloud cover [l,6], t h e  r e s t  by d ispersed  water-vapor, gas 

zaolecules, dus t ,  siaaaade a e r o s o l s  and p a r t i c l e s ,  and the  su r face  i t s e l f .  
PI- ' .  i.ie ear'cfi's surface r e c e i v e s  not  only  the  incoming % shortwave u n i t s  

b.. ̂>- a. a l s o  98 inf rared ,  u n i t s  e a i t t e d  by t h e  atmosphere. These 145 u n i t s  

(>loo-- the "gre6nhouset~) a r e  dissipated,  as 113 u n i t s  of i n f r a r e d  (mainly 
5 - 3 p ) a n d  30 ur.5.t~ of evaporat ive and convective work ( *T of i t  as 

l a t e n t  heat  of water [ I ] ) .  This  30-unit sur face  r a d i a t i o n  balance 5 

d r i v e s  xzany important ,  conplex, and l a r g e l y  unanalyzed c l i m a t i c  aechanisias. 

Tho a t n o s ~ h e r ~ f s  hea t  i q u t  i s  1.50 u n i t s :  22 from absorbing s o l a r  

iap-ix';, 30 f ro% 5, and. 98 from absorbing (sxosfcly i n  water-vapor) a l l  b u t  

15 of t h e  115 units of  2 8 8 ~  blackbody r a d i a t i o n  from t h e  sur face .  Of 

t hese  150 u n i t s ,  98 a r e  re-emitted back t o  the  e a r t h ,  as noted e a r l i e r ,  

and 52 outward 'i,nto space; water-vapor i s  the  main i n f r a r e d  rad ia to r .  

F i n a l l y ,  f r e e  space ( inc lud ing  t h e  sun)  g e t s  i ts 100 u n i t s  back :- 

again:  33 by shortwave s c a t t e r i n g ,  52 by atmospheric r e r a d i a t i o n  upward, ,, 

and 15 by i n f r a r e d  emission f r o n  the  sur face .  

This  d e l i c a t e  balance of  immense f o r c e s  i s  stabi l ized both  by a 

thermal flywheel and by negat ive  feedback. The flywheel,  which inc ludes  

5 - 1  24 
x 1 0  g of a ir ,  ;he u > p r  l a y e r s  o f  1.4 x 1 0  g  of sea ,  and very l a r g e  

d e p o s i t s  of l a t e n t  hea t ,  h e l p s  t o  smooth out  b r i e f  "spik~e" f l u c t u a t i o n s ,  

such as s o l a r  f l a r e s  and dus t - r e l eas ing  volcanic episodes.  I n  the  1963 

Aguag er'iiptioa, f o r  example, the e q u a t o r i a l  strafcos$~eric temperature r o s e  
0 6 - 7 ' ~  and. s tayed 2 - 3  C above norna l  f o r  s e v e r a l  yea r s ,  b u t  t h e r e  w a s  no 

lower t ropospher ic  change c l e a r l y  d i s t i n g u i s h a b l e  f r o a  c l i c i a t i c  noise  [?I. 
m+- LLL ,- c l i ~ i a f c i c  response t o  p e r t u r b a t i o n s  is damped wi th  a " t e  cons tan t  C81 

1 2 
of T - 1 0  -10  y r ,  s o  t h a t  i n t e r e s t i a g  base l ine  d r i f t s  are noraially dashed 

by noise ,  some of known o r i g i n  and some not'. 

Kaay c l i s i a t i c  feedback mechanisas a r e  negat ive ,  b u t  some a r e  p o s i t i v e  
. - 

and aay enable r e l a t i v e l y  s m a l l  p e r t u r b a t i o n s  t o  t r i g g e r  t r a n s i t i o n s  

between hea i spher i c  o r  g l o b a l  metas table  s t a t e s  (cf. Lorenzgs  concept [93 
of flalcost-intransitivityt~) . The albedo i n s t a b i l i t y  [3,73 of 9 o l a r  ice-caps 

o f f e r s  a c l e a r  example: an expanding ice-cat) has higher  l o c a l  oc (even up t o  

* 0.90 L53 ) than be fo re ,  absorbs  l e s s  i n s o l a t i o n ,  becomes coo le r ,  f avors  

d rye r  and more inf rared . - t ransmi t t ing  air above it, and t h u s  cont inues  t o  



3 a l z ~ c e  0 2  i 2 . 5  eartb-atmos$ere s y s t  e a  is nezat ive ,  conpensated by 
~~~~t -.- L. a ~ s 2 c r t  ( m i n l y  atruos2heric) f r o n  lower l a t i , t x d e s  [3l. 

SmL-eqxi.rica.1 glob+l  calcuLa%i.oas by Badyko [ lO] - -p~e l i ru i~a ry  a~cl 

A** ~ime:cacC bzt the b e s t  t h a t  the  d a t a  ?emit--show [3] t h a t  at constant  s o l a  

b p k  X, a 2% change i n  albedo a y i e l d s  a 2 . 3 ' ~  change of op2osi te  s i g n  i n  
A *  
 fie ~ e a 2  surTace t e q x r z t ~ x - e  2; coziverseXy, t L a $  a t  constank W, a 1% change 

0 0 is K yie2 .6~ 2 1.5 C change 02 ,the sane s ign  i n  T - - c o ~ p ~ e d  with on13 O.? C 

if khers were 20 &kmos$xs-e. sat  a i t s e l f  d q e n d s  on 2, and such i a t e r a c -  

t i o a s  kave s u ~ p r 5 s i ~ g  r e s u l t s  [ 3 ] :  g we take account of albedo i a s t a b i l i t y ,  
0 the2  a 1% f z l l  i n  K b p l i e s  a 5 C f a l l  i n  T--enough t o  exkend Arct ic  i c e  

(if i t  i s  3ounded by a t ~ o p o s p h e r L c  isotherm) by * 8- 18' o f  l a t$ tude ,  o r  

2bout the  ex,tent o f  a qtzaternary gLaciat ioa.  Indeed, the  s w e  c a l c u l a t i o n  

sugges ts  t h a t  a 2-67; fa22 i n  K could extend the  i c e  t o  l a t i t u d e  5CYolJ, whence 

(if we neglecb s e a s o a a l  e f f e c t s )  i t  could continue t o  the  equator  unai&ed, 
0 yieLding T * -*?G C. Budyko * s s t a t i o n a r y - s t a t e  c a l c u l a t i o n s  C l O l  suggest  

f u r t h e r  c33 :hat with a sus ta ined  x5se of a f e w  t e n t h s  of a p ? r c e n t  i n  K 
0 o r  0 2  a few t e n t h s  of a t5 i a  T, nor th  p o l a r  i c e  may d isa2pear  and south  

-, 
0 s o l a r  i c e  recede bz  * 3  02 l a t i t u d e ;  wi th  a sus ta ined  inc rease  of ' i n  K 

3 o r  0: 0 -  ~ O C  2x1 2 ,  sou th  s o l a r  i c e  couu z i . ~  n e l t  over * 4 x  ( lo2  10 ) y r  LLXI 
3 h c r e a s i n g  zeaz  s e a  l e v e l  by 2 5 x 1 0  ca. 

Perha2s t h e  most s e n s i t i v e  part of t h i s  remarkably sensi tLve s y s t e n  is 

tne  short-Lived ( < l o  y r )  -4rcti.c sea- ice ,  f l o a t i n g  i s o s t a t i c a 1 , l y  and 

averagicg onLy a few n e t e r s  t h i c k :  i t  cou2.d -probably respond [31 t o  &IL~S~X%G- 

t i a l  ant sustairied p e r t u r b a t i o n s  i n  2 1 0 y ~ .  3% asgea r s  u n l i k e l y  E3l t h a t  

as ice-Tree Arc t i c  Q ~ e a n  would r e f r e e z e ;  i t  n i g h t  i n s t e a d  he12 t o  a e l k  the 

Grecmiazd ice-cap, yhick  c o n t a i n s  enocgh water  %o r a i s e  mean s e a  l e v e l  
2 5 7 x 1 0  cn. 1x1 any evea t ,  t h e  ae teomlog icaL  e f f e c % s  of renioving t h e  

ses-ice--source of t h e  s e n i - ~ e m m ~ e n t  p o l a r  ant icyclone-=-c~uld be 

pro2otxd throughout a t  l e a s t  t h e  Xorthern Hemisphere c33. %ether  o r  how 

~ u c h  i ac reased  T n i g h t  tend t o  i ~ c r e a s e  a through c loud iness  e f f e c t s ,  t h u s  

d a q h g  zdbe60 i n s t a b i l i t y ,  is not (x. i .nfra)-  

PVIO a u t h o r i t a t i v e  s t u d i e s  conclude: 

.-.it a>pears very probable t h a t  t h e  a r c t i c  sea- ice  cover is  i n  a very  
s e n s i t i v e  s t a t e  acd t h a t  rather saall changes i n  any of a a m 5 e ~  of 
p x r a e t e r s  i n f l u e n c i n g  t h a t  ocean l e s p e c i a l l y  changes i n  t h e  T-f ieM 



?spers  advocating energy-intensive technologies  genera l ly  i snore  t h e  

c o q l e x  arid po-derf-~l c1 , iza t ic  feedback a e c h w i s a s  c r i t i c a l l y  con t ro l l ed  by 

~+a:er-vcqor and clou&iness.  (I!e i nbe rg  and Eatmond C12 1, f o r  e x a ~ 2 1 e ,  

$ r o l l e d  feedback deserves  c l o s e  a ? $ e n t i ~ n .  

S t ra tospher i c  and tzopospheric  cloudiriess is t h e  mzin d e t e r a i n e r  of 

M :  XeILogg e s t i a a k e s  [Lh] t h a t  a 5% change i n  mean e q u a t o r i a l  c l o ~ d i ~ e s s  

--a c h ~ g e  boo sziall t o  n o t i c e  with p resen t  techniques--would change = b y  

+:.5%. .4s we have seen,  cx c r i t ~ , c a l , l y  a f f e c t s  T. Increase4 c loudiness  

r e 2 l e c  k s  'both incoz~Lng shortwave and o,utgoing longwave radi t i t ion ,  &.go i t  

i n c r e a s e s  both a and t 5 e  ~ ' g ~ e e n h o u s e ' ~  e f f e c t  [3,72 ; t h e  n e t  r e s c l t  is 

~Z~b2 'bLy  [31 t h a t  increased Low- qnd n iddle- level  cloud reduces T* while  

iccreasecl c i r ~ u s ,  i f  t h i c k  enough* nay i n c r e a s e  T. But Budyko [lo] has  

TCILG& s.krocg la2it ,adi.rial  e f f e c t s $  axid t h e  pro3Lea is very d i f f i c u l t v  

e s p ? c i a U y  s i a c e  L i t t l a  is hewn of the  highly variable o p t i c a l  p r o p e r t i e s  
- 0 2  cZuzds. ~ n  s h o r t ,  t h e r e  i s  no reason t o  suppose t h a t  these  large' COB- 

petLng f o r c e s  sun t o  zero that c l o u d i r ~ e s s  s t a b i l i z e s  T. Siace  ch-?d~ges 

i n  a %re a o t  s u b j e c t  ,to zny l a r g e  c o q e t i t i v e  e f f e c t  i f  they a r i s e  a t  t h e  

su rzsce ,  but  on t h e  con t ra ry  a ~ y  be a p l i f i e d ,  5' is l i k e l y  t o  be a o r e  

sens ik ive  t o  suck su r face  c h a ~ g e s  than t o  c loud inesse  

Disperse2 water-vapw--of wbich t h e  m a n  p e c i ~ i b a 5 l e  content  in = 
l air-cal.wa is % 2 . 5  ca ,  of mean g l o b a l  ra,infall/yr--say cause greater 
-0 

nez p o s i t i v s  feedback than  cloud does. Xtiller has  shown c153 t h a t  s i n c e  

t h e  5 -8 pa 22d p absorp t ion  bands of water-vapor c o q l e z e a t  t h e  12-18 

a26 'rcz2.culations show t h a t  i n  t h e  t roposphere both  t h e  r a d i a t i v e  h e a t h g o *  



z'b c,d.c a 6d A ~ c r e a s e  i , n  a t ~ 0 s p h e ~ i . c  CO f f .  Laproved nixing,  2.g. t he  use  02 
5 

2 
~ c a ~ t : ~ t e r  2'rm bdow 1 0  c a  (n ix ing  t i n e  * 1.0~ p [?I 1 for cooL:ing l a r g e  

pcwm s t a t i o m  C20-11, cou2.d s i n i l a r l y  d i s t u r b  r e s e r v o i r s  wi th  higlhw GO 2 
p.~t%l 2ressxre  [191 than  t h e  suzface wa te r s  

Eo n u m r i c a 2  c l i a a t i c  aoGel. has  ye t  had the  d a t a  or capac i ty  needed t o  

t ake  9.U.. account of Latent-heat  t r a n s f e r  dynamics, v a r i a b l e  c loudiness  

a r e g d a t o r  of r a d 5 a t i m  f l u x ,  o r  Clanping by the  marine heat-&.&. The 

<e,Cailed c o r r e l a t i o n s  between 2 ,  atnospher ic  water-vapor content ,  cloxd 

c i i s t r ibu t ioa ,  genera2. hydrologic turnover,  tropospherLc l apse - ra t e ,  and 

d y a m i c s  of changes i n  the  trosospher2.c terfi-perature f i e l d  a r e  1argeXy 

Q ~ ~ ~ O W G ~  Xo c l i x ~ t i c  node1 ye$ developed is s o p h i s t i c a t e d  enough t o  pre- 

Z L c t  jusk w3at changes i n  what pwaaeters  y i l l  produce g ross  c l i n a t i c  ia- 
skzbil.: A &by; ye t  % h i s  is  p r e c i s e l y  what we ought no t  t o  d iscover  e m p i r i c a l Y -  

The S1,XLC r e p o r t  co~cLudes  [3]: 
He hope t h a t  t h e  r a t e  of progress  02 our understanclin$cim m t c k  t h e  
growicg urgency 0 2  t a k i n g  a c t i o n  b e f o ~ e  some devas takinc  f o r c e s  =e 
s e t  i n  niotioa--forces t h a t  we. may  be powerless t o  r eve r se*  l 'or t -unate~yi  
.L* bae atmsghere-ocean s y s t e a  seeas  to  be  s u f f i c i e n t l y  p o n d e r o u s ~ . = s o  
t h a t  we probably have % i n e  t o  o b t a i n  a much b e t t e r  understznding before 
s e r i o u s  changes occur,  b u t  we ~ u s t  c e r t a i n l y  devote nore  e f f o r t  t o  t h e  
t a s k  than i t  h a s  receLved i n  t h e  pas$. 

- 8 Since * 4 O y - f  ago--10 t h e  age 5f t h e  earth-aan h a s  been ~ o a ~ e ~ t i n g  

very  l a r g e  a o u a t s  caf energy ( > 9 ~ 6  of i t  from f o s s i l  f u e l s }  t o  run  h i s  

h.Gcstrial soc ie ty .  A J . 1  t h i s  energy ends as h e a t ,  a o s t  of' i t  soon. The 

- 

SCZ?/dZ: e s t i ~ z t e  L73 of' * 6.1 x 10" erg/see (both e s t i m a t e s  here  c o r r e c t e 6  

zr02 1970 vLLues). The d i f f e r e a c e  between these  f i g ~ r e s - - e q u i v a l e a t  t o  

-7  y r  of growth--is n a i n l y  i n  conversLon f a c h r s ,  and t h i s  paper w i l l  CSLSUZ~ 

3 * 8 x ~ C I "  erg/sec.  Apparently E is  i n c r e a s i n g  by * 5$/yr (14-72 d.oubLin~ 
4- 2 b - . ~ e j  azd t h i s  r a t e  02 i n c r e a s e  is  i.tsdf i n c r e z s i n g ;  SHIC suggest  t h a t  
?. 
A 2isLng by 5-6%/yr, and t h e  XE?-VH p r o j e c t i o n s  [72 ~ i v e  5* ' ?%/~  (L-2-  
x5 5 n  29 yr}.  Growth ia f a s t e r  i n  most poor cour+trie.s t h a n  i f i ,  s ay ,  t h e  

'l 
'iTSA--which, however, w i t h  < 6 $6 of t h e  w o r l d g s  people,  u s e s  = of t h e  w o r l d r s  3 



KO:? Z is  ga rb i t ioned  de2ends on the cha rac te r  and d i s t r i b u t i o n  of 

i%s sources ,  whose nean c o l o r  t e u ? e r a t u r e ,  t h o a ~ h  > 2 8 8 O ~ ,  is l o w  enox@ 

t o  p 0 5 c c e  rmia ly  i a f r a z e d  t rapped i n  t h e  troposphere.  Thus E w i l l  mainly 

Y,  ,,- 2 L A f o r a  c o n v e c ~ i v e  zfid e v a ~ o r a t i v e  tqork, and should be c o a p a e d ,  not wi th  

shortwave energy i n c i d e n t  on the suri'ace ( * 7.7 x  erg/sec ), but  wi th  . 
J. bne su r face  r a d i a t i o n  balance R. - 5.1 x loz3 erg/sec. ( S t r i c t l y  s>eaki.ng, 

%3e p m c e s s e s  iac luded i n  R func t ion  over t h e  f ~ l l  a r e a  4xr b u t  K is 
@ '  

i .~sbantamousl .y i n c i d e n t  on a d i s c  only  xr i n  a rea ;  $0 avoid factor-02- 
G2 

f o u r  c o ~ ~ i z s . ~ o a  i n  e n e r k  d e n s i t i e s ,  we ass-me i n t e g r a t i o n  over 24 h a3.X 

l a t i t u d e s ;  - 2.e. - we desc r ibe  K and R as t o t a l  g l o b a l  energy flows r a t h e r  
.& :,, b-zn as a c t u a l  d i s t r Y x k i o n s  over t h e  earkh s su r face .  

It would be even nore  r e a l i s t i c  t o  consi,der not t h e  convective but 

o a l y  t h e  evaporat.ive corqonent 05 R., Rh * J + x L o ~ ~  erg/sec? s i n c e  ( a )  if 2 
- 

rLses9  r e l a t i v e  r a t h e r  than  a b s o l u t e  hun id i ty  t ends  $0 r e n a i n  c o n s t a a t  &I; 
('5) izost z a j o r  hea t  sources  produce f a r  more l a t e n t  than s e n s i b l e  h e a t -  i n  
.L - 1 ~m USA, f o r  e x a q l e ,  e l e c t r i c  power p l a n t s  use n e a r l y  - of a l l  water  use6 

iL 31 
( a d  > G  of coo l ing  w z t e ~ l - -  - 1.6 x LO'? ~ a ~ / ~ r ,  o r  

2 
of t h e  raean 

cuxtinental-US runoff .  ( s i n g e r  e s t i n a t e s  [ 2 3 ]  t h a t  t h i s  f r a c t i o n  w i l l  
-i 2 

rLse t o  2 i n  1980 azd t u  * - by 2000.) SCE? estirnate C71 t h a t  15 - 20% 02 3 - 
Los Ange1es 23asin energy 5s d i s s i p t e d  d i r e c t l y  as l a t e n t  h e a t ,  r i s i a g  t o  

-3C% by 2000. Cor~buskioa 02 hydrocarbons, 02 course,  a l s o  produces 

Water-va2or cheriiicdLly. A l l  t h e s e  sources  of increased  a t ~ o s $ x a L c  water- 

V+or a r e  i q o r t a n t  because of t h e  c r i t i c a l  i n f l u e n c e  of water  on n e a r l y  

every s h g e  of  c l i ~ a t i c  e ~ u i l i b r i u a  an& t h e  ease  wi.th which l a t e a k  h e a t  i s  
A. a a s ; o r t e d  over la rge  d i s t a w e ~ .  Tnus t h e  raain e f f e c t  o f  r i s i n g  E should 

'be t o  f o r c e  t h e  hydrologic cyc le  and a t e r  t ro2ospher ic  c i r c u l a t % u n  pa t t e rn :  

w d  comparing E w i t h  t h e  ~ y d r u l u g i c  term % s e e m  -appropA&e. 



of h L z k - h t i t u d e  e f f e c t s . )  P e r h a p  2% is a too-generous allowance i.n view 

-4 - 2 g r o ~ ~ ? : ~  2 x 10 is a a e r e  80 yr ~ r o z  1 x 10 , o r  100 y r  f r o a  3 * (2.6 x 
- 2 1 0 - ~ ) 3 .  w h i l e  5.  F%/yr f o r  100 yr woald y i e l d  (5.2. x 1 0  )Rho These w e  

+l 
al.::ost c  e r t a i z l y  s i g n i f i c a n t  2 ~ 2  t u r b a t  ions  . We s h a l l  d i scuss  below whetker 

i n  t h e  near  f t i ture ;  on a Local . s c a l e ,  t h i s  inf luence  [of' hezit] i s  aXrea2y 

very L32 Xanhztkan Xslaad i n  new York Ci ty  i s  t h e  ~ o s t  s t r i k i n g  

~ e t  Z2on t k e  SUL [ 3 ] .  Without ~ i n d s  t o  d i s p e r s e  i ts rnamade hea t ,  X a a h a k t a  

would fr3- C25-61. TO qhoose sone I w g e r  axeas and Plohnts  1965 - 68 d a t a  L 3 2 9  
2 -2 ~ ~ o s c o w  (8.8 x ld2 ca ) dissxipates x.3 x lo5 e r g  crn set-'; the  iachstr i ,Lt .  

2 c o ~ e  of tke  Horiirhein-\~?estf al,en a r e a  ( * lox4 cn 1, * LO'; the 3 o s w ~ h  ~ e & -  

The unevez gLob21 d i s t r i b u t i o n  o f  naraade hea t  i s  d i s q u i e t i n s ,  especi-  

zlly s i a c e  nany sigh-Latitucie hea t  sources  contro: l  s e n s i t i v e  r e g i o a a l  fea-  
A *ures  such as t h e  s t e e p  t e a p e r a t u r e  g rad ien t  o f f  t h e  nor theas t  XI'S  coast^ 

i n  t h e  Zorkhern Zexi.s?here, where - g &  of 13212~s energy i s  used [ 7 9 2 2 3 ~  i 2 ~ e  
-4 d i s s i ~ a t i o n  i s  a l re&y * ( 4  x 3.0 indeed, it  is worse than  t h a t  f o r  

z o s t  02 t h e  dissi .pation i s  a t  rel&tivel .y  high l a t i t u d e s  where the  r a i i a t i o n  

Z t  Sheffielci .  E igh- l a t i tude  sources a r e  a l s o  b e t t e r  a b l e  t o  i n f l u e n c e  the 



T~ ;dce account of  s t r o n g  r e g i o n a l  e f f e c t s  on g l o b a l  c i r c u l a t i o n 2  we must 
,. . . A  , .-.. :.+ soze ali&:sncc f o r  uneven d i s t r i , b u t i o n ,  and t h i s  n u s t  have t h e  e f f e c t  

. . .  - 2 
C L ' L : : . ~ ~  of  reduc ing  our  ~ 5 0  i n a ~ g i n  between E and 1 0  2, o r  of c a l l i n g  i n t o  

qxcsfcioc t h e  v a l i d i t y  02 10 -2 as a n o t i o n a l  c r i t e r i o n .  

Lny remaining hope t h a t  t h e  p e s e n t  r a t e  of i n c r e a s e  i n  S s i g h t  be 

c l i ~ a k i c a l l y  s u s t a i n a b l e  f o r  a cen tu ry  must be.gin t o  f ade  'before such fu r -  

t h e r  compl ica t ions  as these :  ( a )  f o r  t h e  nex t  few decades,  3 w i l l  cone 

'.Â£iinl f r o x  f o s s i l  Tue is ,  and t h e  r e s u l t i n g  CO, esiissioris (now i n c r e a s i r i s  

a h o s p h e r i c  CO by O.&/jr [3,73) could g r a v e l y  aggravate '  H 0 flgreenhouse" 
"1 ??"' 

2 2 
i - - . ~ e c t s  c31; ( b )  %he p r e s e n t  t r e a d  toward e l e c t r i c i t y  w i l l  probably con t inue  

f o r  at least ano the r  decade o r  two ( i n  t h e  USA it is doubl ing  every  decade) ,  

e s p e c i a l l y  i f  n u c l e a r  s o u r c e s  p lay  a l a r g e r r o l e ,  and thermal  power p e r  

Â¥i*a.i of u s e f u l  ~ o k e r  w i l l  t h u s  t end  t o  i n c r e a s e ;  (c)\.many human a c t i v i t i e s  

&re vu lne rab l e  i28 1 t o  s n a i l  changes i n  t roposphe r i c  c i r c u l a t i o n  ; 2. g. 
I c e l a n d i c  f i s h i n g  and. Indian, wheat bo th  depend c r i t i c a l l y  upon t h e  p o s i t i o n s  

of c e r t a i n  i s o t h e r a s ,  s t o r e  t r a c k s ,  e t c .  
n -2 t h e r e  is, o f  cou r se ,  n o t h i n g  magical  about  a " threshold"  of 1.0 E, , 

2 

p a r t i c u l a r l y  i , f  h e a t  d i s t r i b u t i o n  i s  unspec i f i ed .  F u r t h e r  w m e r i , c a l  reses-ch 

--a f i n e  s u b s t i t u t e  f o r  e x p e r i ~ e n t - - n a y  prove t h i s  a r b i t r a r y  number too  h igh  

o r  t oo  low, perhaps  by an o r d e r  of aagnifcude, though t h e  preced ing  d i s cus -  

s i o n  02 p o s i , t i v e  feedback s u g g e s t s  t h a t  10"?Rh is no re  l i k e l y  t o  be l ax  -. t h a n  

s t r i n g e n t .  C e r t a i n l y  t h e r e  a r e  no grounds f o r  concluding Cl23 e i t h e r  t h a t  a 

s t ep - func t ion  p e r t u r b a t i o n  of o r d e r  1 0 " ~  would b e  innocuous o r  t h a t  t h e  

v a r i o u s  c l i m a t i c  e f f e c t s  of man's a c t i v i t i e s  can be  i gno red  a e r e l y  because  

t h e y  may be  masked by n a t u r a l  changes  t h a t  are o c c u r r i n g  now as they  have 

done i n  t h e  p s t .  

Koz-theraal  huaaa i n f l u e n c e s  on c l i raa te  a r e  a l s o  ve ry  i w o r t a n t  f.53- 
- -. 1,'~a.th dannade > a r t i c u l a t e s  a l r e a d y  * 0.6 o f  t h e  n a t u r a l  b a s e l i n e  i n  t h e  

Nor thern  Hemisphere [,2gj and w i t h  man hav ing  reduced t o t a l  c o z t i n e n t a i  

v e g e t a t i o n  [73 by -- I such  a c t i v i t i e s  as air p o l l u t i o n ,  i r r i g a t i o n ,  defor-  
3' 

e s t a t i o n ,  u r b a n i z a t i o n 5  l a k e - b u i l d i n g ,  and ove rg raz ing  can  c l e a r l y  have 

major  e f f e c t s  C3j. But if t h e  sun  of t h e s e  v a r i o u s  e f f e c t s  coun te r ' ba lmces  

t h e  e f f e c t  o f  2, i t  does  s o  f o r t u i t o u s l y :  sad s o l i c y  d e c i s i o n s  cannot  b e  

founded, on f o r t u i t o u s  b a l a n c i n g  a c t s .  

m3 ~ a r o u g h o u t  t h i s  pape r ,  3 is  assumed t o  be conver ted  from energy  c a p i t a  
n Lo t h e  e x t e n t  t h a t  J3 CoiEes i n s t e a d  from s o l a r  income, no new energy w i l l  b e  

In t roduced  i n t o  t h e  ear th-atmosphere  system; on ly  oc and. t h e  d i s t r i b u t i o n ,  of 

absorbed energy w i l l  t hen  b e  changed, and the  c l i m a t i c  impact  o f  .- .- '3 will be  

c o r r e q o a d i n g l y  s m a l l e r .  

P rev ious  p r o j e c t i o n s  [50-53 of  g l o b a l  h e a t  l i m i t s  have m d e  v a r i o u s  

q u a n t i t a t i v e  assumptions  abou t  energy  growth.  Ra the r  t han  a r g u i n g  ove r  



-- 
and zarir.iond, prominent U S A 3 2  "planners who favor  t h e  r a p i d  expaasion of t h e  
7-0 21 
' ' P - J .  sconoay. They propose to goaera te  a world t o t a l  of 4 x 10 org/sec of 

,-., o d u c i r . s  an annual t o t a l  of 7 x 1 0  11 c u r i e s  of long-lived a c t i v i t y .  The 

f u e l  would be * i .%xl$ '  g/yp of T J  and ' ~ h  derived [36] f r o n  - 5.5 x 

G g/yr of g r a n i t e ,  i.2. -^2s  t h e  present  world consuaption of coal .  
a' 6 bioJoÂ¡-ica_ 

Since t h e  au thors  seem t o  expect t h e  technics-~$ro'o^.eas of such a veriture 
4. ' +O be so lub le  is l a r g e  enough amounts of aioney, i t  i s  worth suggest ing t h a t  

t h e r e  a r e  insolub1.e thersiodynaaic ob jec t ions  t o  such a 50x energy inc rease  

e q u i v a l e n t  t o  71  y r  at 5.7$/yr). 

Host of t h e  technologies  with which, technologica l  o p t i m i s t s  propose ' to 

overcoae resource problesis a r e  e x t r e a e l y  energy-intensive. Some examples: 
7 9 " (a)  Desa l ina t ing  seawater needs 3 x 1 0  erg/cm3 i n  theory ,  1.7 x i 0  i f i  

8 r e s e a t  p r a c t i c e ,  and ( s p e c u l a t i v e l y )  - 5 ~ 1 0  i n  very-large-scale  f u t u r e  
9 3 a c t i c e  [12,37:1. Enough d e s a l i n a t e d  water  (1.6 - 2 . 1  x 10 cn  [581) t o  grow 

6 18 
10 g of r i c e  would thus  need, wi th  p resen t  technology, " - 3 x 1 0  erg .  If 

we a s s m e  t h a t  a. m a n  flow o f  lo6  ca3/dax (desa l ina ted  by l o9  er&ca3 and 
8 .-.. 

pi^nped by 2 2x1 erg/ca3) would grow 2.5 x 1 0  net  recoverable  kcal/day o f b  

p r o t e i a - r i c  h c r o p ,  and. t h a t  people 

h igher  t r o 2 h i c  l e v e l  (converted 5:1 
water  needed t o  r a i s e  each p e r s o n ' s  

1 0  r e q q i r e c e a t s - - - ^ 2 ~ 1 0  erg/sec,  o r  

(b)  According t o  Seaborg [39], 

- 1 9  of s t e e l  as i n i t i a l  i n d u s t r i a l  
(crass of c o a l  equ iva len t ) .  

5 geeA Sea'oorg e s t i m a t e s  [39] t h a t  

9 1 fed. - on t h e  crops  and only  5 at a 1 0  
f r o a  primary p r o d u c t i v i t y ) ,  then t h e  

food would c o s t ~ n e g l e c t i n g  all c a p i t a l  

roughly p resen t  mean per-ca2i ta  energy-=. 

aak ing  1 g  of n i t r a t e  f e r t i l i z e r  needs 

capac i ty ,  p l u s  a d i r e c t  energy i n p u t  of 

i n  2000 n i t r a t e  demand w i l l  be 5 x 1 0  
13 

18 g/yr--a d i r e c t  energy c o s t  of  2 x 1 0  erg/sec. Though pre l iminary  ca lcu la -  

f c 5 . 0 ~ ~  by Leach [k0]  put  t h e  a c t u a l  d i r e c t  energy c o s t  at only  2  gce/g2<-0.7 

~ C ~ / ~ C N E ~ N O ~ ) ,  p r o j e c t i o n  of r e c e n t  growth (>l@/y i223) sugges t s  a t o % a l  

desand f o r  8 x 1 0 ~ '  gil/yr ia 2000--requiring, on Leach's d a t a  Lk01, *1.5x 
10'9 erg/sec. 

2 ( c )  Growing a chicken by i n t e n s i v e  f eed ing  is *10 x as energy-iutens5.V 

as l e t t i n g '  i t  run  round a farmyard, which provides  t h e  b i o l o g i c a l  suppor t  

system f r e e .  F o s s i l - f u e l  s u b s i d i e s  t o  a g r i c u l t u r e  a r e  so g r e a t  t h a t  we e a t  

p o t a t o e s  r-iade aofc of s o i l  b u t  of  oil [k]. Perelnan e s t i m a t e s  [42] that-  
4- %, energy r a t i o  of crop y i e l d  t o  nonsolar  inpu t  i s  > 5 0  i n  Chinese wet-rict  

farming, *0.2 i a  US farming. 
11 (d)  A 1  (1 g )  product ioa  from A3. 0 r e q u i r e s  1.6 x 1 0  e r g  i n  theory ,  

2  3 
aeg1ectir .g s i a t e r i a l g  in-guts, a d  "- 6 x  2.0" i n  p r a c t i c e  L43J--several kv-h ( t  



d 
O Z  world energy (- of i t  i n  t h e  USA) a d  -12% of world oii . .gro&uc%ion 3 

( h a l f  of US cru6e-oi l  consuaption)  [58]. Z i r s t  es t i rza tes  [59]  that cxcs 

=e *hx as energy-intezsxive as buses. The i n d i r e c t  energy c o s t s  of &='to- 

e ~ o t i c i s z  ( c o t  l e s s t  i z  f i n d i n g ,  aoving, s p i l l i n g ,  r e f i n i n g ,  and a d v e r t i s i n s  

t h e  f u e l )  a r e  enormous; 2.g. n e a r l y  19; of %he USA has  been paved [3> IiSb 

o i l  consumption, c a r  >opuLatioris i a  nw.y r i c h ~ c o u n t r i e s  d ~ u b i s  

(h)  W e  subs, t i tu ,ke energy for g o l i t i c a l  and nor& resources  too.  3 i r e c j  



. - 
*. %, r/ F3%soz qTb-,L 

u 
1 7  

L-.CL" nuch p . t e z t i a 1  eaergYe ( + k x 10  @rpj2erson)  l , i~~2 . i i ,  
7 3 

WCFC 2.L $006, f eed  cveryoae aopl axive fop 1.2 yr .  L i k e w i s e ,  the  1 . 2 ~  10- g 

02 hick c?>:?~os~.v~ d&onated by t h e  USA i n  I n d o c h i ~ a ,  1965 - 72, i s  5 x 1 0  23 
6 .  erg ,  k 3 3  food Lnpxt of 2  x 1 0  . > e o ~ l e  over the  same period.  

h e  c2.n h~rd2.y avoid concluding t h a t  if suck $ k c r ~ ~ o ~ y n a ~ A c a l l y  u ~ h i ~ ~  

. t e c h n o l o ~ i e s  as desa l ina t ion  , i n t e n s i v e  monoculture [4,l-2 1, m d  ~ i n i n g  

ixt&s nezr t h e i r  qlcrkc [&5,61,] a r e  t o  be applied on anyth inc  Xike 2 glob& 
2 s c d e ,  22 ELS% i 2 c r c a s s  5y nezr2.y 1 0  x. A t e n t h  of th5,s l e v e l  corresponds $0 

9 r2isL2g '7x10 peo-@,e t o  t h e  2 r ~ s e n . k  US Level of energy-use ( a  2antasy f o r  

otkez zsasons, $at l e t  u s  ignore  them). But s i n c e  t h e  h i & - p a d e  resource 

3 ~ s e  03 vhich *the 2 ich  c o ~ n ~ b r i . e s  b i ~ i l t  t 3 e i r  i n d u s t r i e s  no longer  e x i s t ? ,  

Exid sirice forc5xig ecosystems f ,ur ther  f ron  e q u i ~ i b r i a  i s  beconing r q i d P $  

z o r e  e q e a s i v e ,  a ii3re s c a l i n g - z ~  w i l l  not s u f f i c e .  Hamon6 suggesti2 c 2 1 . 9  

622 +hat 20 kX/prson llcould a a i n t a i n  a worldwide l i v i n g  s tandard  nem %he 

g2esezt  US l e v e l  even when we have exhausted our hi,gh-grade n ixe ra1  ressur-  

c s s t l ;  ims t  03servers  f a n i l i a r  with ,bile reaXl.itAes of Lasky r a t i o  [&5] arid. 02 

32,ology doabt , tha t  a x2 i n t e n s i f i c a t i o n  would s a f f i c e .  Yet even a x l o  juW 

f.rm the  present  world average nay be c l o s e  t o  a ressonable  t h e r n a l  s a f e t y  

bmrie;r .  &ii if xe ignore  t h e  energy deaaxxds of Likely technologies  axid 

j s t ige  e n e r r j  growth only on pas% fora ,  we canncjt a r p e  t h a t  I3 shows s i g n s  of 

si.gz1oi.2 s a t u r a t i o n  even i n  t h e  g l u t t e d  USA. On t h e  c o n t r a y ,  p o ' t i e r f ~ l  eC0- 

fiozdc f o r c e s  a r e  i n c r e a s i n g  waste t k o ~ g k  widespread electrifica'fA..oa azd 

poziot ior ial  r a t e  s t r u c t u r e s .  Growing populat ion and an expanding econOBY of 

flow %re p o d u c i n g  r e l a t i v e l y  r a p i d  growth i n  US energy-use--a process  t h a t  

a p o s t i e s  of ecoz~oaic sweiLing wish t o  s e e  repeated  worldwide. 

The ~ r e s e z t  r a p i d  Lzcrease i.2 world energy-use is  d i s q u i e t i ~ g  and 

skould be c l o s e l y  exmined,  parbicuLar1y s i n c e  we do not  y e t  (and s h a l l  no% 

20: am.y y e a r s  ~f e v e r )  know enough t o  s e t  f i rm ckimxtic 1 i m i . t ~  c63j + V?e 

h o w  far  l e s s  a3out t h e r ~ a l  l iaits than  about resource o r  ecoLogical lixits 

(which we s c a r c e l y  know a t  all), arid i t  i s  eqda l ly  urgent  f o r  u s  t o  t ake  

Care not  t o  e n c o w t e r  thezri. Yet we &o h o w  t h a t  t h e r e  is a h e a t  l i a i t  a12 
d t h a t  L t  appears  t o  be $10 y r  away (10 y r  %23Ox at s.z$/yr - 2 . ~ ? & , ~ ) .  These 

p ropos i t ions  iapJ.y% f i r s t ,  t h a t  scheaes  f o r  saving  t h e  world wi th  v a s t  

~ o u n ~ s  of eriergy.are c h i n e r i c a l ,  and second, t h a t  we n u s t  promptly dâ‚¬?v@l 

t k e  2oLi,kicdl w i l l  t o  3egi.n us ing  o,ar knowledge of how t o  use not  z o r e  energ 

b u t  l e s s  f.57,6L,643--$0 match denand nore  c l o s e l y  t o  need, t o  c o a t r o l  demnc 

r a t k e r  tk2.3 i n c r e a s i n g  swppl,y, t o  s t 0 2  t r e a t i n g  energy as a f r e e  goo2 a d  

stzrt ~ a k i ~ g  i t  a c r i t i c a l  v a r i a 3 l e  i n  201icy dec i s ions .  This  course  of 

a c t i o n  is suggested even znore c o p n t l y  by t h e  formida3le r a t e  and a a g n i t u d e  

; r o 3 i e ~ s  l6XI ~f  - e  .g. c a p i t a l  d e p l ~ y a e ~ t ,  land-use c o n f l i c t s ,  foss i l -2deL 

de2 le t ion  c65-61 a ~ d  competi t ion,  f i s s i o n - p o d u c t  containmerit [67-91, hi@- 

l e v e l  waste aaxiageneat L65,67] % and f i s s i l e  inventory  safeguards  L6777Q-12 - 
Zccnomic p t x e s s e s  a r e  o f t e n  a s s u e d  t o  have LizLted m a t e r i a l s  i n y a t s *  
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