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PREFACE 

The IIASA Energy Program i s  s t u d y i n g  g l o b a l  a s p e c t s  o f  ene rgy  
sys tems i n  t e r m s  o f  r e s o u r c e s ,  demands, o p t i o n s ,  s t r a t e g i e s  and 
c o n s t r a i n t s .  One c o n s t r a i n t  on an energy  sys tem is  r e p r e s e n t e d  
by i t s  impact  on c l i m a t e .  Dur ing t h e  l a s t  two y e a r s  a s t u d y  of 
t h e  p o s s i b l e  impac ts  o f  ene rgy  sys tems on c l i m a t e  h a s  s t a r t e d .  
T h i s  r e p o r t  d e s c r i b e s  r e s u l t s  o f  a  s t u d y  o f  t h e  impact  o f  w a s t e  
h e a t  f rom l a r g e - s c a l e  ene rgy  p a r k s  on t h e  g l o b a l  a t m o s p h e r i c  
c i r c u l a t i o n ,  a s  s i m u l a t e d  by a numer i ca l  model. Work w i l l  c o n t i n u e  
w i t h  f u r t h e r  model exper imen ts  which a r e  s u g g e s t e d  by t h e  p r e s e n t  
r e s u l t s .  
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SUMMARY 

The g e n e r a l  c i r c u l a t i o n  model o f  t h e  Un i ted  Kingdom 
M e t e o r o l o g i c a l  O f f i c e  (UKMO) h a s  been u s e d  t o  i n v e s t i g a t e  t h e  
e f f e c t s  o f  t h e r m a l  p o l l u t i o n  f rom l a r g e - s c a l e  e n e r g y  p a r k s  on 
climate. Two s c e n a r i o s ,  w i t h  d i f f e r e n t  l o c a t i o n s  f o r  t h e  e n e r g y  
p a r k s ,  have  been c o n s i d e r e d .  

Emphasis w a s  p l a c e d  on f i n d i n g  an  estimate o f  model  
v a r i a b i l i t y  (on t h e  b a s i s  o f  t h r e e  c o n t r o l  cases) ,  s o  t h a t  t h e  
s i g n i f i c a n c e  o f  t h e  change caused  by t h e  h e a t  release c o u l d  b e  
e v a l u a t e d .  

A s  f a r  as t h e  model c l i m a t o l o g y  i s  conce rned ,  s i g n i f i c a n t  
changes  w e r e  produced by t h e  e n e r g y  p a r k s .  I n  a d d i t i o n ,  t h e  
l o c a t i o n  of  t h e  p a r k s  i n f l u e n c e d  t h e  model r e s p o n s e .  The 
p r e s e n t l y  a v a i l a b l e  models  do  n o t  s i m u l a t e  climate i n  a c o m p l e t e l y  
r e a l i s t i c  way s o  t h a t  t h e  r e s u l t s  o f  s e n s i t i v i t y  e x p e r i m e n t s  
must be i n t e r p r e t e d  v e r y  c a r e f u l l y .  A t  t h e  p r e s e n t  s t a g e  it 
can be s a i d  t h a t  t h e  r e s u l t s  c a l l  f o r  f u r t h e r  i n v e s t i g a t i o n s .  
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The I m ~ a c t  of  Waste Heat Re lease on 

S imula ted Global  C l imate  

1  . INTRODUCTION 

That  t h e  impacts  o f  t h e  l a r g e - s c a l e  p roduc t ion  and consump- 
t i o n  of energy  on c l i m a t e  may r e p r e s e n t  an impor tan t  c o n s t r a i n t  
on f u t u r e  energy  systems has  been d i scussed  by Weinberg and 
Harnmond (1971 ) , ~ a f e l e  (1 974) , SMIC (1 971) , Schneider  and Dennet t  
(1975) and s e v e r a l  o t h e r  au tho rs .  For  example, i t has  been 
sugges ted  t h a t  waste  h e a t  i n t r oduced  i n t o  t h e  atmosphere i n  t h e  
v i c i n i t y  of  l a r g e  energy  parks  may have adverse  e f f e c t s  on 
r e g i o n a l  and g l o b a l ,  a s  w e l l  a s  l o c a l ,  c l ima te .  I t  has  a l s o  
been recogn ized  f o r  some t i m e  t h a t  a  g r e a t l y  i n c r e a s e d  use  of  
f o s s i l  f u e l s  cou ld  l e a d  t o  d ramat i c  i n c r e a s e s  i n  t h e  carbon 
d iox i de  c o n t e n t  of t h e  atmosphere,  which cou ld  i n  t u r n  l e a d  t o  
s i g n i f i c a n t  changes i n  g l o b a l  c l ima te .  I n  a d d i t i o n  t o  waste  
h e a t  and C02, o t h e r  by-products o f  t h e  p rocess  of energy  produc- 
t i o n  such a s  p a r t i c l e s ,  gases  and mo is tu re  may have impor tan t  
e f f e c t s  on c l i m a t e  i n  t h e  f u t u r e .  With energy p roduc t ion  and 
consumption i n c r e a s i n g  even more r a p i d l y  t han  p o p u l a t i o n ,  it 
seems p a r t i c u l a r l y  impor tan t  t o  i n v e s t i g a t e  how t h e s e  by-products 
o f  energy  systems might s i g n i f i c a n t l y  i n f l u e n c e  t h e  c l i m a t e .  

During t h e  l a s t  two y e a r s  t h e  Energy Program a t  IIASA has  
s t a r t e d  t o  s tudy  t h e  p o s s i b l e  impacts  of  energy systems on 
c l ima te .  Th i s  s tudy  invo lves  a  comparison of t h e  v a r i o u s  energy  
o p t i o n s  i n  t e r m s  o f  t h e i r  d i f f e r e n t  i n f l u e n c e s  on c l i m a t e  i n  t h e  
medium and long-term f u t u r e .  

The f i r s t  s t e p  of  t h i s  r e s e a r c h  h a s  been t o  e x p l o r e  t h e  
p o s s i b l e  c l i m a t i c  e f f e c t s  r e s u l t i n g  from t h e  e x i s t e n c e  o f  ocean 
energy  p a r k s ,  from which l a r g e  amounts of  waste h e a t  from power 
s t a t i o n s  would be r e l e a s e d  i n t o  t h e  atmosphere and ocean.  A r i s i n g  
o u t  of  an  agreement reached between t h e  I n t e r n a t i o n a l  I n s t i t u t e  
f o r  App l ied  Systems Ana lys is  (IIASA) and t h e  UK Meteoro log ica l  
O f f i c e  i n  Bracknel l .  (UKMO) ,  a model of t h e  a tmospher ic  g e n e r a l  
c i r c u l a t i o n  developed a t  t h e  UKMO has  been used t o  run  two was te  
h e a t  exper imen ts ,  which had d i f f e r e n t  d i s p o s i t i o n s  of  energy  
parks .  Three c o n t r o l  c a s e s  from t h e  model have a l s o  been used 
f o r  comparison w i t h  t h e  energy  parks  exper iments .  

The e v a l u a t i o n  of  t h e s e  model exper iments  w i l l  be d i s c u s s e d  
i n  t h i s  r e p o r t .  



2 .  CLIMATE AND ITS SIMULATION 

2 . 1  C l i m a t e  

A u s e f u l  d e f i n i t i o n  o f  c l i m a t i c  s t a t e  is  g i v e n  by t h e  US 
Committee f o r  t h e  G l o b a l  A tmospher ic  Research  Program (1975)  a s :  
. . .  t h e  a v e r a g e  ( t o g e t h e r  w i t h  t h e  v a r i a b i l i t y  and o t h e r  s t a t i s t i c s )  
o f  t h e  c o m p l e t e  s e t  o f  a t m o s p h e r i c ,  h y d r o s p h e r i c  and c r y o s p h e r i c  
v a r i a b l e s  o v e r  a  s p e c i f i e d  p e r i o d  o f  t i m e  i n  a  s p e c i f i e d  domain 
o f  t h e  e a r t h - a t m o s p h e r e  s y s t e m .  The  t i m e  i ~ t e r v a l  i s  u n d e r s t o o d  
t o  b e  c o n s i d e r a b l y  l a r g e r  t h a n  t h e  l i f e  s p a n  o f  i n d i v i d u a l  
s y n o p t i c  w e a t h e r  s y s t e m s  ( o f  t h e  o r d e r  o f  s e v e r a l  d a y s )  and 
l o n g e r  t h a n  t h e  t h e o r e t i c a l  t i m e  l i m i t  o v e r  w h i c h  t h e  b e h a v i o r  
o f  t h e  a t m o s p h e r e  c a n  b e  l o c a l l y  p r e d i c t e d  ( o f  t h e  o r d e r  o f  
s e v e r a l  w e e k s ) .  

U s u a l l y  a  t i m e  p e r i o d  o f  30 y e a r s  i s  u s e d  f o r  s t u d y i n g  
c l i m a t i c  s t a t e ;  f o r  example ,  t h e  J a n u a r y  c l i m a k i c  s t a t e  i s  
d e t e r m i n e d  f r o m  t h i r t y  January  v a l u e s  of  e a c h  c l i m a t i c  v a r i a b l e .  
C l i m a t e  models a r e  g e n e r a l l y  run  t o  p roduce  one  r e a l i z a t i o n  o f  
a  month ly  c l i m a t i c  s t a t e ,  i . e .  30-40 day  means of c l i m a t i c  
v a r i a b l e s  a r e  d e t e r m i n e d  f rom t h e  model .  

A s  i n d i c a t e d  i n  t h e  above d e f i n i t i o n ,  t h e  comp le te  cl imate 
s y s t e m  c o n s i s t s  o f  f i v e  p h y s i c a l  components:  t h e  a tmosphere ,  
o c e a n s ,  c r y o s p h e r e ,  l a n d  s u r f a c e  and b iomass .  The p h y s i c a l  
p r o c e s s e s  r e s p o n s i b l e  f o r  c l i m a t e  i n c l u d e  t h o s e  i n v o l v e d  i n  
w e a t h e r ,  w i t h  t h e  main p r o c e s s  b e i n g  t h e  r a t e  a t  which h e a t  is 
added t o  t h e  s y s t e m  f rom t h e  s u n ' s  r a d i a t i o n .  The a tmosphere  
and o c e a n  d e v e l o p  w inds  and c u r r e n t s  which t r a n s p o r t  h e a t  f rom 
r e g i o n s  where it is  r e c e i v e d  t o  r e g i o n s  where t h e r e  i s  a  t h e r m a l  
e n e r g y  d e f i c i t .  F i g u r e  1 i l l u s t r a t e s  t h e  components o f  t h e  
c l i m a t e  s y s t e m  and p r o c e s s e s  t h a t  l i n k  them. 

C l i m a t e ,  i n  c o n t r a s t  t o  w e a t h e r ,  h a s  a c o n n o t a t i o n  o f  
s t a b i l i t y .  However, r e c o r d s  show u s  t h a t  on  d i f f e r e n t  geogra -  
p h i c a l  and  t e m p o r a l  scales, climate h a s  e x h i b i t e d  n a t u r a l  
f l u c t u a t i o n s .  The p o s s i b l e  c a u s e s  o f  s u c h  n a t u r a l  c l i m a t e  
changes  have  been  d i s c u s s e d  by Lamb ( 1 9 7 2 ) ,  Ke l l ogg  and S c h n e i d e r  
( 1 9 7 4 ) ,  and  Mason (1976)  among o t h e r s .  The p h y s i c a l  b a s i s  o f  
c l i m a t e  h a s  been  s t u d i e d  i n  d e t a i l  by t h e  US C o m n ~ i t t e e  f o r  t h e  
G l o b a l  A tmospher ic  Research  Program (1 975) and by GARP (1 975)  . 

B e f o r e  d i s c u s s i n g  t h e  p o s s i b i l i t y  o f  man-induced c l i m a t i c  
c h a n g e s ,  clne must  emphas ize  t h e  c o m p l e x i t y  and c o u p l e d  n a t u r e  
o f  t h e  c l i m a t e  sys tem.  I n t e r a c t i o n s  among v a r i a b l e s  i n  t h e  
sys tem (as i n  F i g .  1 )  may act  e i t h e r  t o  amp l i f y  anoma l ies  of 
one  o f  t h e  i n t e r a c t i n g  v a r i a b l e s  ( p o s i t i v e  f e e d b a c k )  or damp 
them ( n e g a t i v e  f e e d b a c k ) .  Feedback mechanisms i n  t h e  climate 
s y s t e m  h a v e  been d e s c r i b e d  by S c h n e i d e r  and D ick inson  ( 1 9 7 4 ) .  
A s  p o i n t e d  o u t  by GARP ( 1 9 7 5 ) ,  i n  a  sys tem as complex a s  climate, 
a n  anomaly i n  one  p a r t  of t h e  sys tem may b e  e x p e c t e d  t o  t r i g g e r  
a series o f  changes  i n  o t h e r  v a r i a b l e s ,  depend ing  on t h e  t y p e ,  
l o c a t i o n ,  and magn i tude  o f  t h e  i n i t i a l  anomaly.  
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Figure 1. Components of the coupled atmosphere-ocean-land- 
ice-biomass climatic system. From GARP (1975) 

2.2 Nature of GCMs 

The processes of the climate system may be expressed in 
terms of a set of dynamical and thermodynamical equations for 
the atmosphere, oceans, and ice, together with appropriate 
equations of state and conservation laws for selected constituents 
(e.g. water, C02 and ozone in the air). These equations describe 
the processes which determine changes in temperature, velocity, 
density, and pressure; in addition, processes such as condens- 
ation, precipitation, and radiation are considered. The equations 
can be used to model climate but, because of lack of detailed 
knowledge of both the observed climate and the methods of 
computing the processes, various physical and numerical approxi- 
mations must be made. The system of equations involving those 
approximations thus becomes a numerical model of climate. 

A hierarchy of climate models therefore exists, with each 
model using different approximations and thus simulating 
processes on a particular time or space scale. Schneider and 



Dickinson (1974) give a detailed description of climate modeling, 
discussing the hierarchy of models. GARP (1975) and the US 
Committee for the Global Atmospheric Research Program (1975) 
also describe the design and use of climate models. Smagorinsky 
(1974) and Arakawa (1975) have discussed the use of numerical 
general circulation models (GCM), that is climate models from 
the detailed end of the hierarchy which simulate the atmospheric 
circulation. Numerical climate models represent the most promising 
approach yet available for understanding and predicting climatic 
change. It is recognized, of course, that the models have several 
shortcomings. For instance, rather than being joint atmosphere 
ocean models, most models at present assume that sea-surface 
temperatures are fixed at appropriate climatological values. 
Joint atmosphere-ocean models (Manabe and Bryan, 1969; Wetherald 
and Manabe, 1972) are at an early stage of development. At the 
present time, also the effect of cloudiness on climate, though 
potentially very large, is poorly understood and is particularly 
difficult to represent realistically. Most models, therefore, 
simplify the treatment of clouds rather drastically. Other 
simplifications usually made include assuming the values of surface 
albedos as known and fixed at what are considered from observation 
to be realistic values. 

Despite shortcomings, the models--in particular the GCMs-- 
quite realistically reproduce the basic features of the earth's 
climate, and so they have been used to study the impact of energy 
use on climate. They are used to study the response of the 
simulated atmospheric circulation--which has no feedback to the 
ocean circulation--to certain boundary conditions. The studies, 
therefore, essentially solve the equations which govern atmos- 
pheric processes to find a climate in equilibrium with certain 
boundary conditions. 

The experiments generally follow a pattern which begins 
with the specification of the boundary conditions to be used. 
When studying the effects of waste heat on the simulated atmos- 
pheric circulation, we must first specify the amoung of heat 
that is to be released into the atmosphere and where it is to 
be released. The complete set of input information to a GCM 
usually consists of the extent and height of the land surface, 
the albedos of land surfaces, and the distribution of ocean- 
surface temperatures; to these we can add changes, for instance, 
in the heat input or in the amount of atmospheric C02. 

In summary, there are a number of uncertainties involved 
in using atmospheric GCMs to assess the possible climatic effects 
of man-made pollution. No model can claim to reproduce the 
presently observed climate of the earth with complete fidelity, 
and the next stage--which is to demonstrate that the models can 
correctly indicate variations from the present climate due to 
imposed changes--has barely begun. Work in this field has 
largely been concerned with sea-surface temperature anomaly 
experiments in which the model response can be checked against 
observed significant anomalies. However, the use of GCMs is 



t h e  on l y  method a v a i l a b l e  t h a t  r e p r e s e n t s  non- l i near  i n t e r a c t i o n s  
i n  a r e a l i s t i c  way. These i n t e r a c t i o n s  must be  impor tan t  i f  man- 
made p o l l u t i o n  does  have s i g n i f i c a n t  e f f e c t s  on c l ima te .  There- 
f o r e ,  i n  s p i t e  of  t h e i r  shor tcomings,  t h e  use of GCMs i s  t h e  
most a p p r o p r i a t e  way now a v a i l a b l e  f o r  i n v e s t i g a t i n g  such m a t t e r s .  
I t  would, o f  c o u r s e ,  be a mis take  t o  assume t h a t  a model n e c e s s a r i l y  
r e a c t s  i n  t h e  same way a s  t h e  real  atmosphere,  b u t  any p o s i t i v e  
response by a model t o  a r e a l i s t i c  l e v e l  of  p o l l u t i o n  i n d i c a t e s  
a p o s s i b l e  a tmospher ic  response ,  which a t  l e a s t  c a l l s  f o r  f u r t h e r  
i n v e s t i g a t i o n .  

3 .  THERMAL POLLUTION EXPERIIENTS 

A s  p o i n t e d  o u t  above, some unders tand ing  o f  t h e  response  o f  
t h e  a tmospher ic  c i r c u l a t i o n  t o  thermal  p o l l u t i o n  h a s  been o b t a i n e d  
from t h e  a n a l y s i s  o f  numer ica l  exper iments  i n  which sea -su r f ace  
tempera tu re  anomal ies (SSTA) have been in t roduced .  Tab le  1 g i v e s  
an overview o f  SSTA exper iments .  

Experiments w i t h  t h e  UKMO, GFDL, Mintz-Arakawa, and NCAR 
models have shown s e v e r a l  ways i n  which models respond t o  sea- 
s u r f a c e  tempera tu re  anomal ies.  These exper iments  d i f f e r  from 
w a s t e  h e a t  exper iments  i n  t h a t  t h e  h e a t  i n p u t  t o  t h e  models from 
t h e  SSTAs i s  s p r e a d  over  a l a r g e r  a r e a  t han  t h e  h e a t  i n p u t  from 
therma l  p o l l u t i o n .  I t  can be concluded from Tab le  1 t h a t  SSTA 
exper iments  have shown t h a t  on ly  anomal ies i n  t h e  t r o p i c a l  oceans 
and u n r e a l i s t i c a l l y  l a r g e  anomal ies i n  m i d - l a t i t u d e  oceans produce 
a s i g n i f i c a n t  hemispher ic  response.  

Seve ra l  exper iments  w i t h  GCMs and o t h e r  models from t h e  
lower end of  t h e  h i e ra r chy  have been conducted t o  i n v e s t i g a t e  
t h e  impact  of waste  h e a t  on g l o b a l  o r  hemispher ic  c l i m a t e .  
Washington (1971) used t h e  NCAR g e n e r a l  c i r c u l a t i o n  model t o  
i n v e s t i g a t e  t h e  response  of t h e  model atmosphere t o  an  a d d i t i o n  
o f  24 ~ m - '  o v e r  a l l  c o n t i n e n t a l  and i c e  reg ions .  Th i s  amount o f  
h e a t  i s  abou t . 100  t i m e s  t h e  h e a t  energy  r e l e a s e d  o v e r  t h e  e n t i r e  
Un i ted S t a t e s  d u r i n g  1965. R e s u l t s  showed a 1 - 2 ' ~  i n c r e a s e  i n  
s u r f a c e  tempera tu re  w i t h  an 8 c o i n c r e a s e  over  S i b e r i a  and 
n o r t h e r n  Canada. 

A more r e a l i s t i c  i n p u t  o f  energy  w a s  used by Washington (1972) .  
A p e r  c a p i t a  energy  usage o f  15 kW and an u l t i m a t e  popu la t i on  o f  
20 b i l l i o n  w e r e  assumed (Weinberg and Hammond, 1970) ,  and t h e  

' t h e r m a l  p o l l u t i o n  was d i s t r i b u t e d  accord ing  t o  popu la t i on  d e n s i t y .  
Four exper iments  were made: a c o n t r o l  exper iment ,  a t he rma l  
p o l l u t i o n  exper iment ,  an exper iment  w i t h  t h e  same amount o f  h e a t  
as t h a t  added i n  t h e  thermal  p o l l u t i o n  exper iment  b u t  o f  o p p o s i t e  
s i g n  ( i . e .  n e g a t i v e  p o l l u t i o n ) ,  and an exper iment  t h e  same as t h e  
c o n t r o l  c a s e  b u t  w i t h  a sma l l  i n i t i a l  random e r r o r .  The tempera- 
t u r e  d i f f e r e n c e s  between t h e  c o n t r o l  and p o s i t i v e  thermal  p o l l u t i o n  
exper iments  w e r e  as l a r g e  as 1 0 ' ~  i n  t h e  no r the rn  hemisphere and 
1 - 2 ' ~  i n  t h e  t r o p i c s .  



Table 1. Sea Surface Temperature Anomaly Experiments 

Author and Model Anomaly Comments 

Rowntree (1 9 72) 
.(GFDL) 

Spar (1973a,b,c) 
(Mintz-Arakawa) 

Houghton et a1. (1974) 
SNCAR) 

Gilchrist (1 975a) 
( UKMO 

Chervin et al. (1976) 
(NCAR) 

Rowntree (1976) 
(UKMO ) 

Gilchrist (197513) 
( UKMO ) 

Shukla 
(GFDL) 

Warm and cool anomalies of 
maximum differences of 3.5 '~ 
in tropical eastern Pacific 

Anomaly of 2 -6 ' ~  in North 
Pacific at 22°-420~,1400-1800~ 
Anomaly of 2 -6 '~  in South 
Pacific at 22°-420~,1400-1800~ 

Anomaly of 1-2'~ in western 
North Atlantic 

Anomaly of maximum of 2 ' ~  in 
western Atlantic, off New- 
foundland 

Anomalies with maxima of f 4 ' ~  
in extratropical North Pacific 

Anomaly of maximum 2 C in 
tropical Atlantic, as 
observed in January 1963 

Cooling of up to 2 ' ~  in 
tropical Atlantic 

Cold anomaly in Indian Ocean 
of -3Oc 

Tropical and extratropical effects 
found; Bjerknes (1969) hypothesis 
is confirmed 

Hemispheric and interhemispheric 
effects noted 

Small changes that are difficult 
to evaluate quantitatively 

Consistent effects on surface 
pressure only near anomaly area 

Statistically significant response 
in vicinity of anomalies but no 
downstream effects 

Tropical and extratropical effects 
found; agreement with observed 
patterns 

Effects on rainfall over Sahara 
and surface pressure over North 
Atlantic noted 

Changes in Indian summer monsoon 
noted 



But t h e  same d i f f e r e n c e s  w e r e  observed between t h e  c o n t r o l  
c a s e  and t h e  o t h e r  exper iments .  I t  cou ld ,  t h e r e f o r e ,  o n l y  be 
concluded t h a t  thermal  p o l l u t i o n  e f f e c t s  were no g r e a t e r  t h a n  
t h e  n o i s e  c l ima to logy  of t h e  model. These r e s u l t s  a t  l e a s t  
showed how impor tan t  it i s  t o  g e t  an e s t i m a t e  of t h e  n a t u r a l  
v a r i a b i l i t y  o f  t h e  model ( i .e .  n o i s e  l e v e l )  f o r  a s s e s s i n g  t h e  
s i g n i f i c a n c e  o f  a c e r t a i n  d i f f e r e n c e  between a c o n t r o l  e x p e r i -  
ment and anomaly c a s e  ( t h a t  i s ,  f o r  de te rm in ing  t h e  s i g n a l  t o  
n o i s e  r a t i o ) .  The d i f f e r e n c e s  between c o n t r o l  c a s e s  such a s  
t h o s e  i l l u s t r a t e d  by G i l c h r i s t  (1975a) f o r  t h e  UKMO model a l s o  
sugges t  t h a t  it cou ld  be m is lead ing  t o  e v a l u a t e  t h e  energy  park  
exper iments  a g a i n s t  on ly  one c o n t r o l  c a s e .  

L lewel lyn and Washington (1976) d i s c u s s  a f u r t h e r  exper iment  
w i th  t h e  NCAR GCM, i n  which the rma l  p o l l u t i o n  was added t o  an 
a r e a  ex tend ing  from t h e  A t l a n t i c  seaboard  of t h e  US t o  t h e  Grea t  
Lakes and t o  F l o r i d a .  I t  was assumed t h a t  t h e  energy  consumption 
f o r  t h a t  r e g i o n  was e q u a l  t o  t h a t  p r e s e n t l y  consumed i n  Manhattan 
I s l a n d ,  i . e .  90 ~ m - ' .  Other  r eg ions  o f  t h e  g l obe  w e r e  n o t  
modi f ied.  Temperature d i f f e r e n c e s  of  a s  much a s  1 2 ' ~  w e r e  
observed i n  t h e  v i c i n i t y  o f  t h e  anomalous h e a t i n g  b u t  t h e  h e a t i n g  
had l i t t l e  e f f e c t  above t h e  s u r f a c e  l a y e r .  

Penner (1976) has  used Budyko's g l o b a l  h e a t  ba lance  equa t i on  
t o  show t h a t  h e a t  a d d i t i o n  a s s o c i a t e d  w i t h  ~vor ldwide energy  
consumption i n  t h e  y e a r  2050 would cause  a mean g l o b a l  tempera tu re  
rise of 0 . 2 7 ' ~  ( 0 . 4 4 ' ~  between 15' and ~ o ' N ) ,  a t  a 20 kW p e r  
c a p i t a  energy  consumption f o r  a wor ld popu la t i on  of  10 b i l l i o n .  
With an assumpt ion of 5 kW energy consumption f o r  t h e  same 
popu la t i on ,  t h e  com u t e d  tempera tu re  r ise between 15' and 6 0 ' ~  T: would be abou t  0.11 C and,  t h e r e f o r e ,  n o t  n e g l i g i b l e .  

Egger (1976) has  used a s t a t i s t i c a l  dynamical  model of t h e  
no r the rn  hemisphere t o  s tudy  t h e  e f f e c t s  of  the rma l  p o l l u t i o n .  
With a d i s t r i b u t i o n  o f  h e a t  i n p u t  t h e  same a s  used by Washington 
(1972) , Egger found t h a t  t h e  s tand ing  waves w e r e  n o t  s i g n i f i c a r l t l y  
changed. With an i n p u t  of  h e a t  a s  i n  IIASA-UKMO exper iments  
( t o  be d e s c r i b e d  i n  t h e  nex t  s e c t i o n ) ,  t h e  s t a n d i n g  waves w e r e  
changed. With bo th  t y p e s  of energy  i n p u t ,  t h e r e  was an o v e r a l l  
i n c r e a s e  o f  t h e  s u r f a c e  tempera tu re  b y  about  1 'C a s  w e l l  a s  a 
s l i g h t  i n c r e a s e  of  convec t i ve  a c t i v i t y .  

4 .  THE I IASA-UKMO EXPERIMENTS 

4.1 The UKMO Genera l  C i r c u l a t i o n  Model 

The o r i g i n a l  form of  t h e  UK Meteoro log ica l  O f f i c e  g e n e r a l  
c i r c u l a t i o n  model (UKMO GCM) i s  d e s c r i b e d  by Corby e t  a l .  (1972) .  
I t  r e p r e s e n t s  t h e  g l o b a l  atmosphere by f i v e  l e v e l s  spanning t h e  
t r oposphe re  and lower s t r a t o s p h e r e ,  w i t h  4626 g r i d p o i n t s  a t  
each l e v e l .  The v e r t i c a l  l e v e l s  a r e  e q u a l l y  spaced i n  t e r m s  o f  
p r e s s u r e  a t  sigma va lues  of 0 .9 ,  0.7,  0 .5 ,  0 .3  and 0.1 (s igma 
va lue  = p r e s s u r e / s u r f a c e  p r e s s u r e ) .  



I t  shou ld  a l s o  be noted t h a t  a hemispher ic  v e r s i o n  o f  t h e  
model was used f o r  t h e  IIASA exper iments.  F igu re  2 shows t h e  
d i s t r i b u t i o n  of t h e  2313 g r i d p o i n t s .  The g r i d p o i n t s  a r e  n e a r l y  
even ly  d i s t r i b u t e d  ( g r i d l e n g t h  i s  approximately  330 km) a t  each 
l e v e l ,  p rov id i ng  s u f f i c i e n t  r e s o l u t i o n  t o  r e p r e s e n t  s a t i s f a c t o r i l y  
t h e  the rma l  and dynamical  s t r u c t u r e  of t h e  atmosphere and d e t a i l s  
o f  t h e  l a r g e r  t r a n s i e n t  weather  systems such a s  t h e  dep ress ions  
of middle l a t i t u d e s .  

F igu re  2 .  Hor i zon ta l  d i s t r i b u t i o n  of  g r i d  p o i n t s  i n  UKMO model 

P r e s c r i b e d  boundary c o n d i t i o n s  i n c l u d e  t h e  e a r t h ' s  orography,  
t h e  incorning s o l a r  r a d i a t i o n  and t h e  sea -su r face  t empera tu res ,  
which a r e  f i x e d  a t  seasona l  average va lues .  The tempera tu res  
of  t h e  l and  s u r f a c e s  a r e  computed from a s u r f a c e  h e a t  ba lance  
equa t i on .  A s i m p l i f i e d  hyd ro log i ca l  c y c l e  i s  cons ide red ,  i n  
which condensa t ion  i s  assumed t o  occur  when t h e  r e l a t i v e  humidi ty  
o f  t h e  a i r  exceeds 100%. The condensed wa te r  vapor f a l l s  o u t  a s  
r a i n ,  and a l lowance i s  made f o r  evapora t ion  i f  t h e  p r e c i p i t a t i o n  
f a l l s  th rough u n s a t u r a t e d  a i r .  The e f f e c t s  of  t h e  r e l e a s e  o f  
l a t e n t  h e a t  of  condensa t ion  on t h e  l a r g e - s c a l e  dynamics o f  t h e  
atmosphere a r e  e x p l i c i t l y  i nc l uded ,  b u t  t h e  e f f e c t s  o f  smal l -  
s c a l e  convec t i ve  mot ions a r e  parameter ized.  A s  a l r e a d y  i n d i c a t e d ,  
a weakness of  t h e  model--as i s  t h e  c a s e  w i t h  most o t h e r  models-- 
is  t h a t  t h e  t y p e  and amount of c louds  a r e  n o t  computed s o  t h a t  
t h e  i n t e r a c t i o n  between c l oud iness  c h a n g e s  r e s u l t i n g  from t h e  
energy pa rks  and o t h e r  me teo ro log i ca l  f i e l d s  ( e s p e c i a l l y  t h e  
r a d i a t i o n  f i e l d )  a r e  n o t  i nc l uded .  

4 . 2  S c e n a r i o  of  UKMO-IIASA Experiments 

The IIASA-UKMO exper iments  (Murphy e t  a l . ,  1975) were 
des igned t o  s t u d y  t h e  impact  of  ocean energy  pa rks  on s imu la ted  
c l i m a t e .  The concept  of  l a r g e - s c a l e  n u c l e a r  energy p a r k s  
determined t h e  s c e n a r i o s  s e l e c t e d  f o r  t h e  exper iments .  I n  
each exper iment  t h e r e  were two energy  p a r k s ,  which each added 
1 . 5 . 1 0 ~ ~  W t o  t h e  atmosphere.  I n  t h e  f i r s t  exper iment  ( E X O l ) ,  



t h e  pa rks  w e r e  l o c a t e d  i n  t h e  North A t l a n t i c  southwest  of England 
and i n  t h e  North P a c i f i c  e a s t  of Japan; i n  t h e  second exper iment  
(EX02), t h e  energy  park  i n  t h e  P a c i f i c  was i n  t h e  same l o c a t i o n ,  
bu t  t h e  one i n  t h e  A t l a n t i c  was l o c a t e d  w e s t  o f  A f r i c a .  See 
F igure  3 f o r  t h e  e x a c t  l o c a t i o n s  o f  t h e  parks .  

F igu re  3 .  Locat ion  of  energy  parks  i n  ( a )  EX01 and ( b )  EX02 

The energy  pa rks  w e r e  n o t  s imu la ted  i n  a  comple te ly  
r e a l i s t i c  way because t h e  a r e a  of such a  park  i s  t o o  sma l l  t o  
b e  p rope r l y  r e p r e s e n t e d ,  and because a  r e a l i s t i c  s c e n a r i o  would 
i nvo l ve  t h e  sp read  o f  t h e  h e a t  by ocean c u r r e n t s  and,  t h e r e f o r e ,  
would r e q u i r e  a  l i n k e d  atmosphere-ocean model. The s i m p l i f i c a -  
t i o n s  i n t r oduced  w e r e ,  t h e r e f o r e :  



( i)  t o  make t h e  a r e a  o f  a p a r k  e q u a l  t o  f o u r  g r i d  
boxes  i n  t h e  model (see a g a i n  F i g u r e  2 ) ;  

(ii) t o  i n s e r t  a l l  t h e  h e a t  d i r e c t l y  i n t o  t h e  a tmospherp  
i n  s e n s i b l e  form. ( F i g u r e .  4 )  . 

F i g u r e  4. S e n s i b l e  h e a t  v a l u e s  ( i n  ~ m - ' )  i n  t h e  v i c i n i t y  
o f  m i d - l a t i t u d e  A t l a n t i c  e n e r g y  p a r k  i n  EX01 

To s i m u l a t e  t h e  p a r k s ,  375 ~ m - ~  w a s  added t o  t h e  s e n s i b l e  
h e a t  exchange r o u t i n e  o f  t h e  model ( F i g u r e  4 ) .  T h i s  h e a t  w a s ,  
t h e r e f o r e ,  i n s e r t e d  i n t o  t h e  lowest l a y e r  o f  t h e  model ,  which 
i s  a p p r o x i m a t e l y  200 mb deep.  I n  t h e  q u a s i - s t e a d y  s t a t e  which 
t h e  model a t t a i n s  af te r  30 t o  40 d a y s ,  t h e  h e a t  is  s p r e a d  t o  
o t h e r  p a r t s  o f  che a tmosphere ;  h o r i z o n t a l l y  ma in l y  by w ind ,  
and  v e r t i c a l l y  by e x p l i c i t  mot ion and  by t h e  mode l ' s  c o n v e c t i v e  
s i m u l a t i o n .  The t o t a l  amount o f  h e a t  added i n  t h e  e x p e r i m e n t s  
( 3 - 1 0 ' "  W )  is t h e  same a s  t h a t  added by Washington (1972)  b a s e d ,  
a s  d e s c r i b e d  ear l ie r  on a p e r  c a p i t a  e n e r g y  u s a g e  of 15 kW and  
a p o p u l a t i o n  o f  20 b i l l i o n .  A s  G i l c h r i s t  (1975a)  h a s  p o i n t e d  
o u t ,  t h i s  t o t a l  amount o f  h e a t  i s  o f  t h e  same o r d e r  o f  magn i tude  
as t h e  h e a t  i n p u t  i n  model  e x p e r i m e n t s  w i t h  s e a - s u r f a c e - t e m p e r a t u r e  



anomal ies.  SSTAS, however, occur  ove r  a l a r g e r  a r e a  t han  t h e  
f o u r  g r i d  boxes of an energy park .  I n  a d d i t i o n  t o  t h e  energy  
park  exper imen ts ,  t h r e e  c o n t r o l  cases  from t h e  UKMO model were 
used. These c o n t r o l  cases  d i f f e r e d  from each o t h e r  on ly  a s  a 
r e s u l t  of sma l l  random e r r o r s  i n  t h e  i n i t i a l  c o n d i t i o n s .  

5. RESULTS 

5.1 Averaaina P e r i o d  

The exper iments  w e r e  performed f o r  a p e r i o d  o f  80 days.  
The model c l i m a t e  came i n t o  a quas i -s teady  s t a t e  a f t e r  approx i -  
mate ly  40 days.  Averages o f  me teo ro log i ca l  v a r i a b l e s  w e r e  t aken  
Over t h e  l a s t  40 days ( i . e .  days 41-80) f o r  f u r t h e r  a n a l y s i s .  
F igu re  5 shows t h e  root-mean-square d i f f e r e n c e s  between each 
energy  park  exper iment  and one c o n t r o l  c a s e  f o r  tempera tu re  a t  
U = 0.5,  a s  a f u n c t i o n  of t i m e .  The a t t a i nmen t  o f  t h e  quas i -  
s t e a d y  s t a t e  a t  around 40 days ,  i n  t e r m s  of  d i f f e r e n c e s  from 
t h e  c o n t r o l  exper iment ,  i s  c l e a r .  
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F igu re  5.  Root-mean-square d i f f e r e n c e s  between 
c o n t r o l  c a s e  and EX01 and EX02 f o r  
tempera tu re  a t  u = 0.5,  f o r  days 1-80 



5.2 Local  and Reuional  E f f e c t s  

The i n i t i a l  a n a l y s i s  (Murphy e t  a l . ,  1975; G i l c h r i s t ,  
1975a) o f  t h e  energy  pa rks  exper iments  was concerned p r i m a r i l y  
w i t h  t h e  e f f e c t s  o f  t h e  waste  h e a t  i n  t h e  v i c i n i t y  of  t h e  mid- 
l a t i t u d e  A t l a n t i c  pa rk  i n  E X O 1 .  Th is  park  gave r ise t o  an 
a tmospher ic  response  on t h e  s c a l e  of  t h e  park  i t s e l f  which i s  
coheren t  and e x h i b i t s  some s i m i l a r i t y  t o  t h e  s o l u t i o n s  ob ta i ned  
by Smagorinsky (1953) f o r  h e a t  sou rces  on a  much l a r g e r  s c a l e .  

For  example, t h e r e  is a  s u r f a c e  p r e s s u r e  t r ough  j u s t  e a s t  
o f  t h e  p a r k ,  and a  r i d g e  t o  t h e  w e s t ;  maximum tempera tu res  
t e n d  t o  be observed o v e r  t h e  pa rk ,  s o  t h a t  con tou r  h e i g h t s  a t  
h i g h e r  l e v e l s  a r e  brought  i n t o  phase w i t h  t h e  h e a t  i n p u t .  
F i gu re  6 shows t h e  v a r i a t i o n s  of  v e r t i c a l  and mer i d i ona l  
v e l o c i t y ,  a s  w e l l  a s  s u r f a c e  p r e s s u r e  and 500 mb h e i g h t ,  i n  a  
c r o s s - s e c t i o n  th rough  t h e  park .  V e r t i c a l  v e l o c i t i e s  i n d i c a t e  
ascend ing  a i r  o v e r  and a t  t h e  downwind edge of  t h e  p a r k ,  w i t h  
descend ing a i r  upwind and f u r t h e r  downwind o f  t h e  park .  R e l a t i v e  
n o r t h e r l i e s  a r e  found over  t h e  park ,  wh i le  r e l a t i v e  s o u t h e r l i e s  
occu r  upwind and downwind of t h e  park .  

W e  have a l s o  looked a t  t h e  e f f e c t s  of  t h e  energy  p a r k s  on 
r a i n f a l l  ove r  t h i s  a r e a .  R a i n f a l l  i s  a  v a r i a b l e  of g r e a t  
impor tance because it i s  p a r t i c u l a r l y  s e n s i t i v e  t o  any changes 
i n  a t m ~ s ~ p h e r i c  s t a b i l i t y  and/or  c i r c ' u l a t i o n  which might  be 
produced by t h e  energy  pa rks .  Any l a r g e - s c a l e  changes i n  
p r e c i p i t a t i o n  p a t t e r n s  a s s o c i a t e d  w i t h  such waste-heat  r e l e a s e s  
i n  t h e  f u t u r e  cou ld  have impor tan t  economic and p o l i t i c a l  
impacts .  However, s i n c e  r a i n f a l l  i s  a  more v a r i a b l e  parameter  
it i s  more d i f f i c u l t  t o  e v a l u a t e  any e f f e c t s  from a  s t a t i s t i c a l  
p o i n t  o f  view. F i g u r e  7  shows t h a t  t h e  p r e c i p i t a t i o n  i n  EX01 
i s  c o n s i d e r a b l y  less t h a n  t h a t  i n  t h e  c o n t r o l  exper iments  over  
a  l a r g e  a r e a  su r round ing  and i n c l u d i n g  t h e  park .  While t h e s e  
d i f f e r e n c e s  w e r e  n o t  t e s t e d  f o r  t h e i r  s t a t i s t i c a l  s i g n i f i c a n c e .  
i n  t h i s  i n i t i a l  a n a l y s i s ,  it i s  o f  some i n t e r e s t  t o  n o t e  t h a t  
t hey  a r e  c o n s i s t e n t  w i t h  t h e  changes i n  s u r f a c e  p r e s s u r e  found 
n e a r  t h e  park .  I t  has  subsequen t l y  been shown t h a t  t h e s e  
s u r f a c e  p r e s s u r e  changes a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  For 
d e t a i l e d  d e s c r i p t i o n  o f  t h e  l o c a l  impacts see a l s o  G i l c h r i s t  
( 1975a ) .  
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F i g u r e  6 .  

Va lues  o f  s e a - l e v e l  p r e s s u r e  ( i n  mb) , o f  500 mb h e i g h t  ( i n  m) 
(bo t tom)  , and o f  v e r t i c a l  v e l o c i t y  (dashed l i n e s ;  app rox ima te l y  
i n  mb-hr- '  - 10)  , and m e r i d i o n a l  v e l o c i t y  ( s o l i d  l i n e s ;  i n  m =  sec-' ) 
( t o p ) ,  a c r o s s  t h e  m i d - l a t i t u d e  A t l a n t i c  p a r k  i n  EXO1. T h i s  
c r o s s - s e c t i o n  c o n s i s t s  o f  s i x  p o i n t s :  t w o  w e s t  o f  t h e  p a r k ,  t w o  
i n  t h e  p a r k  and t w o  e a s t  of t h e  p a r k .  The l i n e a r  t r e n d  a c r o s s  
t h e  p a r k  h a s  been removed f rom t h e  v a l u e s  o f  500 mb h e i g h t  and 
m e r i d i o n a l  v e l o c i t y .  



F igu re  7. The r a t i o  of  p r e c i p i t a t i o n  i n  EXOl t o  t h e  average  
p r e c i p i t a t i o n  i n  t h e  f o u r  c o n t r o l s  o v e r  t h e  Western 
A t l a n t i c  and Europe. The s t i p p l i n g  d e s i g n a t e s  a r e a s  
f o r  which t h i s  r a t i o  i s  less than  50%,  50-75X, 
75-125%, and g r e a t e r  t h a n  125%. 

5.3 Global  Impacts 

I n  t h e  f i r s t  e f f o r t s  t o  e v a l u a t e  t h e  e f f e c t s  of  t h e  energy  
p a r k s ,  d i f f e r e n c e s  between each waste  h e a t  exper iment  and on l y  
one c o n t r o l  c a s e  w e r e  c a l c u l a t e d .  Thus i n  Hafe le  e t  a l .  (1976) 
d i f f e r e n c e s  f o r  two me teo ro log i ca l  v a r i a b l e s  (Temperature T  a t  
a = 0 .5 ,  and t o t a l  p r e c i p i t a t i o n )  were e v a l u a t e d  between each  
energy  park  exper iment  and on ly  one c o n t r o l  c a s e .  It i s  known, 
however, t h a t  a  s i n g l e  c o n t r o l  c a s e  i s  n o t  r e p r e s e n t a t i v e  o f  t h e  
complete model c l ima to logy  ( i . e .  t h e  model has  an i n h e r e n t  
v a r i a b i l i t y ) ;  it was, t h e r e f o r e ,  dec ided  t o  use  t h r e e  c o n t r o l  
c a s e s  f o r  a  b e t t e r  e v a l u a t i o n  of  t h e  energy  pa rks  exper iments ,  
and d i f f e r e n c e s  w e r e  t a k e n  between t h e  anomaly c a s e s  and an  
average  o f  t h e  t h r e e  c o n t r o l  c a s e s .  

F i g u r e  8  i l l u s t r a t e s  t h e  d i f f e r e n c e  i n  s u r f a c e  p r e s s u r e  p* 
between EXOl and t h e  average  of  t h e  c o n t r o l  c a s e s  (F igu re  8 a ) ,  
and between EX02 and t h e  average of  t h e  c o n t r o l  c a s e s  (F igu re  8 b ) .  
The l o c a t i o n s  o f  t h e  energy  p a r k s  a r e  marked t h e r e .  I t  i s  
immediate ly  appa ren t  t h a t  more a r e a s  t han  on l y  t h o s e  o v e r  t h e  



F igu re  8. The d i f f e r e n c e s  i n  40-day mean s u r f a c e  p r e s s u r e  
( i n  mb) between ( a )  EX01 and ( b )  EX02 and t h e  
average o f  t h e  t h r e e  c o n t r o l  exper iments .  
(Contours a t  every  2  mb, heavy l i n e s  a t  0 mb.) 

energy pa rks  exper ienced  a  change i n  s u r f a c e  p r e s s u r e .  I t  i s  
a l s o  c l e a r  t h a t  t h e  changes i n  EX01 w e r e  of g r e a t e r  magnitude 
t h a n  t h o s e  i n  EX02. I n  bo th  c a s e s ,  p r e s s u r e  changes occu r red  
ove r  l a r g e  cohe ren t  a r e a s  i n  t h e  e x t r a t r o p i c a l  l a t i t u d e s ,  w i t h  
n o t  such a  l a r g e  change ( i f  any) i n  t r o p i c a l  l a t i t u d e s .  I n  EXO1, 
t h e  s u r f a c e  p r e s s u r e  i nc reased  (by up t o  12 mb) over  and upstream 
and downstream from t h e  A t l a n t i c  energy pa rk ,  wh i l e  it dec reased  
ove r  and downstream from t h e  P a c i f i c  park .  Over nor th-western  
Europe t h e  s u r f a c e  p r e s s u r e  was reduced by up t o  14 mb, wh i l e  
i n  A r c t i c  USSR t h e r e  was an i n c r e a s e  o f  25 mb. Over North 
America t h e  changes w e r e  n o t  s o  l a r g e ,  w i t h  an i n c r e a s e  o f  5  mb 
ove r  t h e  wes te rn  Uni ted S t a t e s  and a  decrease  of  7 mb ove r  t h e  
e a s t e r n  Canadian A r c t i c .  

I n  EX02, t h e  l a r g e s t  changes i n  s u r f a c e  p r e s s u r e  occu r red  
over  wes te rn  Europe and t h e  USSR ( i n c r e a s e  o f  up t o  20 mb) and 



o v e r  t h e  e a s t e r n  Canad ian  A r c t i c  ( i n c r e a s e  o f  up t o  15 mb).  
A s  i n  EXO1,  t h e  P a c i f i c  e n e r g y  p a r k  e x p e r i e n c e d  a  d e c r e a s e  of  
s u r f a c e  p r e s s u r e .  The A t l a n t i c  ene rgy  p a r k ,  which i n  EX02 i s  
i n  t h e  t r o p i c a l  A t l a n t i c ,  d o e s  n o t  have a  l a r g e  change o f  
p r e s s u r e  o v e r  i t o r  ups t ream and downstream. Q u i t e  l a r g e  
d i f f e r e n c e s  between F i g u r e s  8a and 8b  s h o u l d  be  n o t e d .  For  
i n s t a n c e ,  o v e r  w e s t e r n  Europe a  l a r g e  p r e s s u r e  d e c r e a s e  was 
o b s e r v e d  i n  EXOl w h i l e  an  i n c r e a s e  o c c u r r e d  i n  EX02. Over 
e a s t e r n  S i b e r i a  a  l a r g e  p r e s s u r e  i n c r e a s e  o c c u r s  i n  EX01 b u t  
i n  EX02 t h e r e  is  r e l a t i v e l y  l i t t l e  change.  

I t  i s  c l e a r  f rom c o n s i d e r a t i o n  o f  F i g u r e  8  t h a t  t h e  l o c a t i o n  
o f  two e n e r g y  p a r k s  i n  t h e  e x t r a t r o p i c a l  l a t i t u d e s  h a s  i n f l u e n c e d  
t h e  s u r f a c e  d i s t r i b u t i o n  more t h a n  i f  t h e  A t l a n t i c  e n e r g y  p a r k  
i s  p l a c e d  i n  t h e  t r o p i c s .  The A t l a n t i c  e n e r g y  p a r k  i n  EX01 is  
i n  an a r e a  where t h e  a tmosphere  i s  b a s i c a l l y  s t a b l e  w i t h ,  n o r m a l l y ,  
s m a l l  h e a t  exchange v a l u e s ;  s o  v i r t u a l l y  a l l  o f  t h e  w a s t e  h e a t  
i n p u t  i s  e f f e c t i v e ,  b e c a u s e  it i s  a  t r u e  a d d i t i o n a l  h e a t  s o u r c e  
and t h e  r e s p o n s e  o f  t h e  model i s  n o t  suck  a s  t o  r e d u c e  i t s  amount 
s i g n i f i c a n t l y .  I n  c o n t r a s t ,  i n  t h e  t r o p i c a l  A t l a n t i c  t h e  model 
a tmosphere  s t a b i l i t y  c a n  change and t h e r e b y  r e d u c e  t h e  impac t  
o f  t h e  e n e r g y  i n p u t  f rom t h e  p a r k .  I n  t h e  P a c i f i c ,  i n  b o t h  
e n e r g y  p a r k  e x p e r i m e n t s ,  t h e  p r e s s u r e  f a l l s  i n  an a r e a  which 
n o r m a l l y  h a s  low p r e s s u r e ,  i .e .  t h e  t r o u g h  i s  deepened by t h e  
e n e r g y  i n p u t .  

F i g u r e  9  shows t h e  d i f f e r e n c e s  i n  t e m p e r a t u r e  a t  0 = 0 .9  
f o r  d a y s  41-80 between EX01 and t h e  a v e r a g e  of  t h e  t h r e e  c o n t r o l  
c a s e s  ( F i g u r e  9 a ) ,  and between EX02 and t h e  a v e r a g e  o f  t h e  t h r e e  
c o n t r o l  c a s e s  ( F i g u r e  9 b ) .  A s  w i t h  t h e  p r e s s u r e  d i s t r i b u t i o n s ,  
w e  see t h a t  t h e  t e m p e r a t u r e s  have been changed o v e r  l a r g e  
c o h e r e n t  a r e a s  o f  t h e  hemisphere ,  n o t  j u s t  o v e r  t h e  e n e r g y  p a r k s  
t h e m s e l v e s .  Over t h e  e n e r g y  p a r k s  t h e  t e m p e r a t u r e s  have  i n c r e a s e d  
by up t o  5 ' ~ .  

I n  EXOl, t h e  l a r g e s t  t e m p e r a t u r ?  changes  o c c u r r e d  o v e r  a r e a s  
o f  w e s t e r n  Europe and o f  t h e  USSR ( i n c r e a s e  up t o  11@C), o v e r  
t h e  Canad ian  A r c t i c  ( t e m p e r a t u r e  d e c r e a s e  o f  up t o  9 C )  , and  
o v e r  Kamchatka (11 'C i n c r e a s e ) .  O t h e r  a r e a s  show i n c r e a s e s  o f  
up t o  6 ' ~ .  I t  is  p o s s i b l e  t o  r e l a t e  t h e s e  t e m p e r a t u r e  changes  
t o  t h e  p r e s s u r e  changes .  F o r  example,  t h e  p r e s s u r e  d i s t r i b u t i o n  
o v e r  w e s t e r n  Europe ( a  l a r g e  d e c r e a s e  c e n t r e d  j u s t  e a s t  o f  
S c a n d i n a v i a )  i m p l i e s  i n c r e a s e d  w e s t e r l y  w inds  and p e n e t r a t i o n  
o f  c y c l o n e s  o v e r  t h e  a r e a ,  which i n  J a n u a r y  would b e  a s s o c i a t e d  
w i t h  a  warming. L i k e w i s e ,  t h e  l a r g e  i n c r e a s e  o f  p r e s s u r e  o v e r  
e a s t e r n  S i b e r i a  i m p l i e s  i n c r e a s e d  a n t i c y c l o n i c i t y  o v e r  t h e  a r e a  
and t h i s  i s  a s s o c i a t e d  w i t h  d e c r e a s i n g  t e m p e r a t u r e s .  

I n  EX02, t h e  t e m p e r a t u r e  changes  a r e  n o t  q u i t e  a s  l a r g e  i n  
a m p l i t u d e .  N e v e r t h e l e s s ,  a  d e c r e a s e  o f  1 3 ' ~  is  s e e n  o v e r  c e n t r a l  
Europe w i t h  d e c r e a s e s  of up t o  9 ' ~  o v e r  t h e  rest of  Europe and 
t h e  USSR. Over Nor th  America t h e  t e m p e r a t u r e  d e c r e a s e d  i n  EX02 
a s  i t d i d  i n  EXO1, b u t  by o n l y  3 ' ~ .  The main d i f f e r e n c e  between 
F i g u r e s  9 a  and 9b i s ,  t h e r e f o r e ,  t h e  t e m p e r a t u r e  change o v e r  
Europe and  t h e  USSR, and t h i s  i s  c o n s i s t e n t  w i t h  t h e  d i f f e r e n c e  
i n  t h e  p r e s s u r e  changes  o b s e r v e d  o v e r  t h e  same a r e a .  



F igure  9.  The d i f f e r e n c e s  i n  40-day mean tempera tu re  ( i n  O C )  

i n  t h e  lowest  l a y e r  of  t h e  model between exper iments  
f a )  EXOl and ( b )  EX02 and t h e  average of  t h e  t h r e e  
c o n t r o l  exper iments .  (Contours a t  every  ~ O C ,  

heavy l i n e s  a t  o'c.)  

The d i f f e r e n c e s  i n  t o t a l  p r e c i p i t a t i o n  f o r  days 41-80 a r e  
shown i n  F igure  10a f o r  EXO1, and t h e  average of t h e  t h r e e  
c o n t r o l s  i n  F igu re  10b f o r  EX02. I n  bo th  c a s e s ,  t h e  l a r g e s t  
changes occur  i n  t h e  t r o p i c s .  I n  EXO1, t h e  l a r g e s t  p r e c i p i t a t i o n  
change i s  over  Indones ia  ( i n c r e a s e  of 19 rnm p e r  d a y ) ,  w i t h  o t h e r  
l a r g e  changes n e a r  C e n t r a l  America, t h e  Ind ian  Ocean, and t h e  
P a c i f i c  Ocean. Over t h e  energy pa rks  i n  EXOl t h e  changes i n  
t o t a l  p r e c i p i t a t i o n  a r e  n o t  s o  l a r g e .  In  EX02, t h e  l a r g e s t  
p r e c i p i t a t i o n  change i s  ove r  t h e  t r o p i c a l  A t l a n t i c  energy park  
( i n c r e a s e  o f  32 mrn p e r  d a y ) ,  w i th  o t h e r  l a r g e  changes ove r  
t h e  I nd ian  and t r o p i c a l  P a c i f i c  oceans.  I t  i s  c l e a r  t h a t  t h e  
t o t a l  p r e c i p i t a t i o n  i s  l o c a l l y  i n f l uenced  by an energy park  
on ly  when t h e  park  i s  i n  t h e  t r o p i c a l  ocean. I t  may a l s o  be  



F igu re  10. The d i f f e r e n c e s  i n  40-day mean t o t a l  p r e c i p i t a t i o n  
( i n  mm/day) between exper iments  (a) EX01 and ( b l  
EX02 and t h e  average of  t h r e e  c o n t r o l  exper iments .  
(Contours a t  eve ry  2  mm/day, heavy l i n e s  a t  0  mm/day.) 

concluded t h a t  t h e  energy pa rks  induce t o t a l  p r e c i p i t a t i o n  
changes p r i m a r i l y  ove r  t r o p i c a l  ocean a r e a s ,  n o t  ove r  t r o p i c a l  
l and  o r  e x t r a t r o p i c a l  l and  and ocean a r e a s .  

Cons ide ra t i on  of  F igu res  8 ,  9 ,  and 10, t h e r e f o r e ,  shows 
t h a t  t h e  i n p u t  o f  waste  h e a t  a t  two energy pa rks  h a s  a f f e c t e d  
p r e s s u r e ,  tempera tu re ,  and r a i n f a l l  n o t  on ly  l o c a l l y  b u t  over  
t h e  hemisphere a s  a  whole. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
GCM exper iments  w i t h  sea -su r face  tempera tu re  anomal ies have 
g e n e r a l l y  shown t h a t  anomal ies i n  t h e  t r o p i c a l  oceans have more 
impact  t h a n  t h o s e  i n  m i d - l a t i t u d e s ,  wh i l e  t h e  energy parks  
exper iments  have suggested t h a t  i f  bo th  pa rks  a r e  i n  m id - l a t i t udes  
t h e  e f f e c t  is  g r e a t e r  t han  i f  one of them is  moved t o  a  t r o p i c a l  
ocean l o c a t i o n .  



A s  po in ted  o u t  i n  an e a r l i e r  s e c t i o n ,  however, i t i s  
impor tant  t o  make a  f u r t h e r  e v a l u a t i o n  o f  t h e  d i f f e r e n c e s  
desc r i bed  above,  i n  o r d e r  t o  f i n d  o u t  how much o f  t h e  d i f f e r e n c e  
between an exper iment  and t h e  c o n t r o l  c a s e s  i s  due t o  t h e  mode:!.' .; 
i n h e r e n t  v a r i a b i l i t y  ( o r  n o i s e  l e v e l ) ,  and how much i s  due t o  
t h e  i n c l u s i o n  o f  t h e  energy  pa rks  ( o r  s i g n a l ) .  

T h e s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s  can be  computed by 
c a l c u l a t i n g  t h e  r a t i o  r of t h e  a b s o l u t e  v a l u e  o f  t h e  d i f f e r e n c e s  
t o  t h e  s t a n d a r d  d e v i a t i o n  of t h e  v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  
exper iments .  That  i s ,  f o r  each g r i d  p o i n t  and f o r  any v a r i a b l e  
( tempera tu re ,  f o r  exarriple) we can compute : 

where 

x i s  t h e  40 day mean va lue  of  t h e  v a r i a b l e  i n  
t h e  energy  park  exper iment ;  

Xc i s  t h e  40 day mean va lue  o f  t h e  v a r i a b l e  f o r  
t h e  average  o f  t h e  t h r e e  c o n t r o l s ;  

s i s  t h e  s t a n d a r d  d e v i a t i o n  of  t h e  40 day mean 
XC v a l u e s  of  x  between t h e  t h r e e  c o n t r o l  c a s e s .  

Ra t i o  r has  a  s t u d e n t ' s  t d i s t r i b u t i o n  w i th  two degrees  of 
freedom (assuming t h a t  t h e  v a l u e s  o f  x  i n  t h e  exper iments  a r e  
independent  and normal ly  d i s t r i b u t e d ) .  Values o f  a  r a t i o  
g r e a t e r  t han  4.30 a r e  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  0.05 l e v e l  
( two-sided t e s t ) .  That  i s ,  i f  t h e  r a t i o  r f o r  t h e  v a r i a b l e  under 
c o n s i d e r a t i o n  i s  g r e a t e r  than  4.30 a t  a  p a r t i c u l a r  g r i d - p o i n t ,  
t h e r e  i s  a  95% chance t h a t  t h e  d i f f e r e n c e  between t h e  energy  
park  exper iment  and t h e  average  o f  t h e  c o n t r o l s  i s  due t o  a  
response  t o  t h e  energy  park  and n o t  t o  t h e  i n h e r e n t  v a r i a b i l i t y  
of  t h e  model. 

F i gu re  11 shows t h e  v a l u e s  of t h i s  r a t i o  f o r  s u r f a c e  
p r e s s u r e  p, f o r  EX0 1 (F igu re  11 a )  and EX02 (F igu re  I l b )  . An 
examinat ion  of  t h e  s t a n d a r d  d e v i a t i o n  o f  p* (see F igure  12) f o r  
t h e  t h r e e  c o n t r o l  c a s e s  shows t h a t  t h e  va lues  w e r e  s m a l l e r  t h a n  
t h o s e  observed f o r  t h e  r e a l  atmosphere. For  t h e  computat ion of  
t h e  r a t i o s  shown i n  F igure  11,  a  minimum va lue  of  s 

P*C o f  1  mb 

has  been t a k e n ,  i .e .  i f  sptc is  less t h a n  1  mb it has  been 

rep laced  by sp*, = 1  mb i n  t h e  computat ion o f  r. 

The v a l u e s  of  t h e  r a t i o s ,  t h e r e f o r e ,  show t h a t  many of  t h e  
p r e s s u r e  changes no ted  e a r l i e r  can be  a s c r i b e d  t o  t h e  n o i s e  
l e v e l  of  t h e  model. For  EXOI, t h e  s u r f a c e  p r e s s u r e  changes i n  
t h e  v i c i n i t y  o f  t h e  energy  p a r k s  can be  a s c r i b e d  t o  t h e  i n f l u e n c e  
of t h e  pa rks .  The l a r g e  s u r f a c e  p r e s s u r e  dec rease  o v e r  wes te rn  



F igu re  11. The r a t i o  o f  t h e  a b s o l u t e  va lue  o f  t h e  d i f f e r e n c e s  
i n  s u r f a c e  p r e s s u r e  t o  t h e  s t a n d a r d  d e v i a t i o n  o f  
t h a t  v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  exper iments  f o r  
( a )  EX01 and ( b )  EX02. (Contour i n t e r v a l  2  u n i t s . )  

F i g u r e  1 2 .  Standard  d e v i a t i o n  o f  40-day mean v a l u e s  o f  s u r f a c e  
p r e s s u r e  ( i n  mb) i n  t h e  t h r e e  c o n t r o l  c a s e s .  
(Contour  i n t e r v a l  2  u n i t s .  ) 



Europe (F igu re  I l a ) ,  however, occu rs  i n  an a r e a  where t h e  model 
v a r i a b i l i t y  i s  h i g h ,  s o  t h a t  t h e  change i s  n o t  s i g n i f i c a n t l y  
a s s o c i a t e d  w i t h  t h e  i n t r o d u c t i o n  o f  t h e  pa rks .  For  EX02, t h e  
s u r f a c e  p r e s s u r e  changes a r e  on ly  s i g n i f i c a n t l y  r e l a t e d  t o  t h e  
i n t r o d u c t i o n  o f  t h e  pa rks  i n  t h e  v i c i n i t y  o f  t h e  pa rks  them- 
s e l v e s  and i n  one a r e a  of  western  Europe. Elsewhere,  t h e  
s u r f a c e  p r e s s u r e  changes observed i n  F igu re  I l b  a r e  more l i k e l y  
t o  be  due, t o  model v a r i a b i l i t y .  

F i gu re  13. The r a t i o  o f  t h e  a b s o l u t e  va lue  o f  t h e  d i f f e r e n c e s  
i n  tempera tu re  a t  CJ = 0.9 t o  t h e  s t a n d a r d  d e v i a t i o n  
o f  t h a t  v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  exper iments  
f o r  (a) EX01 and ( b )  EX02. (Contour i n t e r v a l  2 u n i t s . )  

The v a l u e s  o f  t h e  r a t i o s  f o r  T a t  a = 0.9 a r e  shown i n  
F i g u r e  13a f o r  EX01 and F igu re  13b f o r  EX02. I t  i s  n o t  s u r p r i s i n g  
t h a t  t h e  t empera tu re  changes i n  t h e  v i c i n i t y  o f  t h e  energy  p a r k s  
i n  b o t h  exper imen ts  a r e  s t a t i s t i c a l l y  s i g n i f i c a n t .  I n  bo th  
exper imen ts ,  however, s i g n i f i c a n t  tempera tu re  changes have 



occu r red  ove r  o t h e r  r eg ions  of t h e  hemisphere. I n  E X O ? ,  t h e r e  
a r e  s i g n i f i c a n t  changes ove r  e a s t e r n  Canada, no r t he rn  S i b e r i a ,  
t h e  western  A t l a n t i c  r eg ion  and n o r t h  e a s t e r n  USSR. I n  EX02, 
s i g n i f i c a n t  changes a r e  seen ove r  North America ( p a r t i c u l a r l y  
ove r  t h e  Grea t  Lakes r e g i o n ) ,  Europe and S i b e r i a .  

The v a l u e s  o f  t h e  r a t i o s  f o r  t o t a l  p r e c i p i t a t i o n  a r e  shown 
i n  F igu re  14. The p r e c i p i t a t i o n  changes i n  t h e  v i c i n i t y  of  t h e  
A t l a n t i c  energy  pa rks  a r e  found t o  be  s i g n i f i c a n t ,  wh i l e  t h e  
changes o v e r  t h e  P a c i f i c  pa rk  can be a s c r i b e d  t o  modt l  v a r i a b i l i t y .  
I n  bo th  exper imen ts  most o f  t h e  s i g n i f i c a n t  changes i n  p r e c i p i -  
t a t i o n  occu r  i n  t h e  t r o p i c s ,  t h e  on ly  excep t ion  be ing  i n  EXO1, 
where t h e r e  i s  a s i g n i f i c a n t  change over  t h e  m id -A t lan t i c  and 
Spa in  i n  a s s o c i a t i o n  w i t h  t h e  A t l a n t i c  energy  park .  

F i gu re  14. The r a t i o  of  t h e  a b s o l u t e  v a l u e  o f  t h e  d i f f e r e n c e s  
i n  t o t a l  p r e c i p i t a t i o n  a t  u = 0.9 t o  t h e  s t a n d a r d  
d e v i a t i o n  of  t h a t  v a r i a b l e  i n  t h e  t h r e e  c o n t r o l  
exper imen ts  f o r  (a )  EX01 and ( b l  EX02. 
(Contour  i n t e r v a l  2 u n i t s .  ) 



The l a r g e  v a l u e s  o f  t h e  r a t i o  a r e  d i s t r i b u t e d  i n  somewhat 
random fash ion  i n  t h e  t r o p i c s .  I t  shou ld  be no ted  t h a t ,  d e s p i t e  
t h e i r  s i z e ,  t h e s e  v a l u e s  a r e  probably n o t  s i g n i f i c a n t  because 
r a i n f a l l  i n  t h e  t r o p i c s  a r i s e s  p r i m a r i l y  a s  a r e s u l t  of  l o c a l  
i n s t a b i l i t i e s .  There i s  a tendency f o r  r a i n ,  once i n i t i a t e d  a t  
a g r i d  p o i n t ,  t o  p e r s i s t  a s  a r e s u l t  o f  sma l l - sca le  dynamical  
i n t e r a c t i o n s .  Th is  is p a r t i c u l a r l y  so  n e a r  t h e  e q u a t o r  i n  a 
hemispher ic  model. Because of t h i s ,  t h e  d i s t r i b u t i o n  of d a i l y  
r a i n f a l l  amounts i s  h i g h l y  skewed; consequen t l y ,  even f o r  40-day 
means, t h e  assumption of no rma l i t y ,  which is  r e q u i r e d  f o r  t h e  
a p p l i c a t i o n  of  s i g n i f i c a n c e  tests t o  t h e  t - s t a t i s t i c ,  p robab ly  
does n o t  ho ld .  The re fo re ,  va lues  which are appa ren t l y  s i g n i f i c a n t  
occur  by chance. 

6 .  CONCLUSIONS 

I t  was concluded i n  t h e  p a s t  (e .g .  SCEP, 1970) t h a t  the rma l  
p o l l u t i o n  would n o t  a f f e c t  g l o b a l  c l i m a t e  because t h e  amount of 
waste  h e a t  would r e p r e s e n t  on ly  a very s m a l l  f r a c t i o n  o f  t h e  
amount of  s o l a r  r a d i a t i o n  i n c i d e n t  upon t h e  g lobe.  But a s  
S inge r  (1975) h a s  p o i n t e d  o u t ,  it is  a mis take  t o  assume t h a t  
t h e  energy  i n p u t  from human a c t i v i t i e s  can be n e g l e c t e d  j u s t  
because t h e  average  h e a t  i n p u t  i s  s o  much less than  t h e  s o l a r  
h e a t  i n p u t .  The h e a t  i n p u t  i s  bound t o  be l o c a l i z e d ,  and s i n c e  
t h e  c l i m a t e  system is very  complex energy  i n p u t s  i n  p a r t i c u l a r  
p l a c e s  cou ld  t r i g g e r  a series of changes i n  components of t h e  
c l i m a t e  system. 

Numerical models of  t h e  a tmospher ic  c i r c u l a t i o n  r e p r e s e n t  
t h e  b e s t  method a v a i l a b l e  a t  p r e s e n t  f o r  i n v e s t i g a t i n g  t h e  
impacts o f  waste h e a t ,  s i n c e  they  do i n c l u d e  many of  t h e  non- 
l i n e a r  i n t e r a c t i o n s  i n  t h e  c l i m a t e  system which cou ld  be o f  
importance i f  t he rma l  p o l l u t i o n  h a s  an e f f e c t  on c l i m a t e .  

Model exper iments  i n  which sea -su r face  tempera tu re  anomal ies  
w e r e  i n t roduced  have shown t h a t  g l o b a l  ( o r  hemispher ic )  changes 
can r e s u l t  from anomal ies i n  t r o p i c a l  sea -su r f ace  t empera tu res  
and very  l a r g e  anomal ies  i n  m i d - l a t i t u d e  sea -su r face  tempera tu res .  
F u r t h e r  model exper iments  i n  which the rma l  p o l l u t i o n  w a s  i n t r o -  
duced i n  c o n t i n e n t a l  a r e a s  showed t h a t  t h e  s imu la ted  a tmospher i c  
c i r c u l a t i o n  responded on a g l o b a l  s c a l e  t o  u n r e a l i s t i c a l l y  l a r g e  
h e a t  i n p u t s ,  b u t  on l y  on a l o c a l  s c a l e  t o  a more r e a l i s t i c  l e v e l  
of the rma l  p o l l u t i o n .  

The IIASA-UKMO model exper iments  have i n v e s t i g a t e d  t h e  
response  of  t h e  s imu la ted  n o r t h e r n  hemisphere c i r c u l a t i o n  t o  
ocean energy  p a r k s ,  i n  which a t o t a l  of 1 . 5 * 1 0 ' ~  W was i n t r o d u c e d  
i n t o  t h e  atmosphere a t  each of two energy  pa rks ,  one i n  t h e  
A t l a n t i c  Ocen and one i n  t h e  P a c i f i c  Ocean. R e s u l t s  showed t h a t  
t h e  s imu la ted  a tmospher ic  c i r c u l a t i o n  i s  changed i n  t h e  v i c i n i t y  
o f  t h e  p a r k s  and e lsewhere  i n  t h e  hemisphere.  I t  appea rs  t h a t  
t h e  combinat ion o f  two e x t r a t r o p i c a l  energy  pa rks  h a s  more impact 
on t h e  s imu la ted  c i r c u l a t i o n  than  a combinat ion i nvo l v i ng  a 
t r o p i c a l  A t l a n t i c  energy pa rk .  



I t  i s  n o t  v a l i d  t o  assume t h a t  t h e  atmosphere would respond 
i n  e x a c t l y  t h e  same way a s  t h e  model t o  t h e  i n t r o d u c t i o n  o f  
energy  p a r k s ,  b u t  w e  must recogn ize  t h a t  t h e  r e s u l t s  of  t h e s e  
model exper iments  i n d i c a t e  a p o s s i b l e  a tmospher ic  response ,  which 
must be borne i n  mind f o r  p lann ing  purposes and a l s o  i n v e s t i g a t e d  
f u r t h e r .  

On t h e  b a s i s  o f  t h e  r e s u l t s  of t h e  f i r s t  two energy  parks  
exper imen ts ,  f u r t h e r  exper iments  w i l l  be  made a t  I IAS9 w i t h  t h e  
UKMO model t o  i n v e s t i g a t e  t h e  response  of  t h e  s imu la ted  atmosphere 
t o  energy  pa rks .  One exper iment  w i l l  s tudy  t h e  impact  o f  on l y  
one energy  p a r k ,  o f  t h e  same magnitude a s  b e f o r e  and l o c a t e d  i n  
t h e  e x t r a t r o p i c a l  A t l a n t i c .  I n  a second exper iment ,  t h e  response 
t o  two e x t r a t r o p i c a l  energy  parks'  w i l l  be eva lua ted ,  i nvo l v i ng  
o n l y  h a l f  t h e  amount of h e a t  used i n  t h e  e a r l i e r  exper iments .  
A t h i r d  exper iment  i s  des igned  t o  s tudy  a more r e a l i s t i c  h e a t  
i n p u t ;  t h e r e  t h e  waste  h e a t  w i l l  be t r a n s f e r r e d  t o  a mixed- layer  
ocean-box model below t h e  energy  p a r k s ,  s o  t h a t  t h e  energy  can 
t hen  be used t o  h e a t  up t h e  ocean l a y e r  and be r e l e a s e d  i n t o  t h e  
atmosphere i n  t h e  form o f  s e n s i b l e  and l a t e n t  h e a t .  

W e  would l i k e  t o  thank  Ruth Kuhn of  t h e  Kernforschungszentrum 
Kar l s ruhe  f o r  h e r  g r e a t  e f f o r t s  i n  s u p e r v i s i n g  t h e  runn ing of t h e  
model. 
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