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PREFACE 

The IIASA Energy Program 1s studying global aspects of 
energy systems in terms of resources, demands, options, strat- 
egies, and constraints. One constraint on an energy system is 
represented by its impact on climate. A recent IIASA Research 
Memorandum (RM-76-79) described two experiments with a numerical 
model of climate, which investigated the impact of waste-heat 
release from large-scale energy parks on the simulated atmos- 
pheric circulation. This report describes a further experiment 
made with the same model and compares the results with those of 
the first two experiments. 

In addition a further analysis tool, that of zonal harmonic 
analysis, has been applied to the results of all three energy 
parks experiments. Further experiments, suggested by the results 
of the first three experiments, will be made. 

This work is part of the joint UNEP/IIASA project on Energy 
and Climate 2nd has been supported by the Meteorological Office, 
UK and the Kernforschungszentrum Karlsruhe GmbH, FRG. 
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The g e n e r a l  c i r c u l a t i o n  model (GCM) 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 used  t o  i n v e s t i g a t e  t h e  
impac t  o f  a n  i n p u t  o f  w a s t e  h e a t  ( 1  . 5  x 10 l 4  W) i n t o  t h e  atmos- 
p h e r e  i n  a  s m a l l  a r e a  i n  t h e  m i d - l a t i t u d e  e a s t e r n  A t l a n t i c  
Ocean. The r e s u l t s  o f  t h i s  expe r imen t  have been compared w i t h  
t h o s e  o f  t w o  e a r l i e r  e x p e r i m e n t s  i n  which t h e  was te  h e a t  was 
i n p u t  f rom t w o  e n e r g y  p a r k s ,  one i n  t h e  A t l a n t i c  and one i n  t h e  
P a c i f i c  Ocean. 

The ene rgy  p a r k  produced s i g n i f i c a n t  r e s p o n s e s  i n  t h e  s u r -  
f a c e  p r e s s u r e  f i e l d ,  t h e  t e m p e r a t u r e  i n  t h e  lowest l a y e r  o f  t h e  
model ,  and  i n  t h e  t o t a l  p r e c i p i t a t i o n  d i s t r i b u t i o n .  The changes  
a r e  o f  t h e  same o r d e r  o f  magni tude a s  t h e  changes  found i n  t w o  
ear l i e r  e n e r g y  p a r k s  e x p e r i m e n t s ,  and t h e r e  a r e  some s i m i l a r i t i e s  
between changes  i n  t h i s  expe r imen t  and EXO1, e s p e c i a l l y  o v e r  t h e  
axea immed ia te l y  downstxeam o f  t h e  ene rgy  pa rk .  

The r e s u l t s  o f  a l l  t h r e e  ene rgy  p a r k s  e x p e r i m e n t s  have been 
i n v e s t i g a t e d  u s i n g  z o n a l  haxmonic a n a l y s i s ,  and t h e  i n f l u e n c e  
o f  t h e  ene rgy  p a r k s  on t h e  p o s i t i o n s  and a m p l i t u d e s  o f  waves i n  
t h e  t e m p e r a t u r e  and wind f i e l d s  a r e  d i s c u s s e d .  





TABLE OF CONTENTS 

. . . . . . . . . . . . . . . . . . . . .  1  . I n t r o d u c t i o n  1 

2 . The T h i r d  IIASA-UKMO Energy P a r k s  Exper iment  . . . .  2 . . . . . . . . . .  2 . 1  The UKMO Genera l  C i r c u l a t i o n  Model 2 . . . . . . . . . . . . . . . . . . .  2 . 2  S c e n a r i o o f E X 0 3  2  . . . . . . . . . . . . . . . . . . . .  2.3 R e s u l t s o f E X 0 3  4  . . . . . . . . . . . . . . . . . . . . . .  2.4 D i s c u s s i o n  11 

3  . Zonal Harmonic A n a l y s i s  o f  P r e s s u r e .  Temperature.  and 12  
Wind F i e l d s  o f  IIASA-UKMO Energy P a r k s  Exper iments  . . 12 . . . . . . . . . . . . . . . . . . . . .  3.1 I n t r o d u c t i o n  12  

3.2 Harmonic A n a l y s i s  o f  t h e  Temperature F i e l d  a t  a = 0.9.  13  
3 .3  Harmonic A n a l y s i s  o f  t h e  Temperature F i e l d  a t  a = 0.5. 1 5  
3.4 Harmonic A n a l y s i s  o f  t h e  North-South Component o f  t h e  

. . . . . . . . . . . . . . . . . . . .  Wind a t  a=0.5 1 7  
3 .5  Summary o f  Harmonic A n a l y s i s  R e s u l t s  . . . . . . . . .  19  

4 . Conc lus ions  . . . . . . . . . . . . . . . . . . . . . .  21 

v i i  





LIST OF FIGURES AND TABLES 

FIGURES 

1 .  L o c a t i o n s  o f  t h e  t h r e e  e n e r g y  p a r k s  . . . . . . . . . . .  3  

2 .  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  be tween 
EX03 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  e x p e r i m e n t s  
( c o n t o u r s  a t e v e r y  4  mb) .  . . . . . . . . . . . . . . . .  4 

3. 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  be tween 
EX01 and  EX03 ( c o n t o u r s  a t  e v e r y  4  mb).  . . . . . . . . .  5  

4.  The r a t i o  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  i n  EX03 
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  e x p e r i m e n t s  ( c o n t o u r  i n t e r v a l  f o u r  u n i t s )  . . . .  6 

5 .  The d i f f e r e n c e s  i n  40-day mean t e m p e r a t u r e  ( O C )  i n  t h e  
l o w e s t  l a y e r  o f  t h e  model between EX03 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  e x p e r i m e n t s  ( c o n t o u r s  a t  e v e r y  
4Oc) - . . . . . . . . . . . . . . . . . . . . . . . . . .  7 

6 .  The d i f f e r e n c e s  i n  40-day mean t e m p e r a t u r e  i n  t h e  l o w e s t  
l a y e r  o f  t h e  model  be tween EX01 and  EX03 ( c o n t o u r s  a t  
e v e r y  4 ' ~ ) .  . . . . . . . . . . . . . . . . . . . . . . .  9 

7 .  The r a t i o  o f  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  i n  t h e  
l o w e s t  l a y e r  o f  t h e  model  i n  EX03 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  
e x p e r i m e n t s  ( c o n t o u r  i n t e r v a l  f o u r  u n i t s )  . . . . . . . .  9  

8.  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) be tween EX03 a n d  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  e x p e r i m e n t s  ( c o n t o u r s  a t  e v e r y  4  mrn/day). 10  

3 .  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  
between EX01 a n d  EX03 ( c o n t o u r s  a t  e v e r y  4  mrn/day). . .  11 

10 .  Mean 500 mb c o n t o u r s  i n  J a n u a r y  f o r  t h e  n o r t h e r n  
hem isphe re  ( f r om Palmen and  ;Jewton [ I  9691 ) . .  1 3  

TABLE S  -- 

1 .  Harmonic a n a l y s i s  o f  t h e  t e m p e r a t u r e  f i e l d  a t  a = 0 . 9 ,  
4 3 . 5 ' i ~ .  . . . . . . . . . . . . . . . . . . . . .  14 

2 .  Harmonic a n a l y s i s  o f  t h e  t e n p e r a t u r e  f i e l d  a t  a = 0 . 5 ,  
43.5Oi~.  . . . . . . . . . . . . . . . . . . . .  16 

3 .  No r th - sou th  ( v )  component o f  t h e  wind a t  a = 0 . 5 ,  
4 3 . S 0 ~ .  . . . . . . . . . . . . . . . . . . . . . . . . .  18  



4 .  Summary o f  t h e  l a r g e  changes i n  v a r i a n c e  e x p l a i n e d  by 
t h e  f i r s t  f o u r  waves i n  t h e  t h r e e  energy  parks exper- 
i m e n t s  a t  t h e  t h r e e  l a t i t u d e s  under  c o n s i d e r a t i o n .  . . . 20 



F u r t h e r  S t u d i e s  o f  t h e  Impact  o f  Waste 

Heat R e l e a s e  on S i m u l a t e d  G l o b a l  C l i m a t e  

P a r t  I 

About two y e a r s  a g o  t h e  IIASA Energy Program began t o  
s t u d y  t h e  p o s s i b l e  i m p a c t s  o f  ene rgy  sys tems  on cl imate. T h i s  
s t u d y  i n v o l v e s  a  compar i son  o f  t h e  v a r i o u s  e n e r g y  o p t i o n s  
( f o s s i l  f u e l ,  n u c l e a r ,  and  s o l a r )  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- te rm f u t u r e .  

The f i r s t  s t e p  o f  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 imat ic  e f f e c t s  r e s u l t i n g  f rom t h e  e x i s t e n c e  o f  ocean  
ene rgy  p a r k s ,  f rom which l a r g e  amounts o f  waste h e a t  f rom power 
s t a t i o n s  would b e  r e l e a s e d  i n t o  t h e  a tmosphere  and  ocean .  An 
agreement  was r e a c h e d  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 i ed  Systems A n a l y s i s  (IIASA) and t h e  M e t e o r o l o g i c a l  O f f i c e ,  
UK ( h e r e i n  r e f e r r e d  t o  a s  U K M O ) ,  t h a t  t h e  model o f  t h e  atmos- 
p h e r i c  g e n e r a l  c i r c u l a t i o n  deve loped  a t  t h e  UKMO would be  u s e d  
t o  c o n d u c t  t h e s e  s t u d i e s .  

A r e c e n t  IIASA Resea rch  Memorandum (RM-76-79, Murphy e t  
a l . ,  1976) d e s c r i b e d  t h e  s e t t i n g  up  and  r u n n i n g  o f  t h e  f i r s t  
two e x p e r i m e n t s .  I n  b o t h  e x p e r i m e n t s  t h e r e  were t w o  e n e r g y  
p a r k s ,  e a c h  o f  wh ich added 1 . 5  x 1014w t o  t h e  a tmosphere .  I n  
t h e  f i r s t  expe r imen t  (EXOI),  t h e  p a r k s  were l o c a t e d  i n  t h e  
No r th  A t l a n t i c  s o u t h w e s t  o f  Eng land,  and i n  t h e  No r th  P a c i f i c  
e a s t  o f  Japan ;  i n  t h e  second  e x p e r i m e n t  (EX02), t h e  e n e r g y  
p a r k  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 ,  b u t  t h e  o n e  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 .  

The u s e  o f  n u m e r i c a l  mode ls  t o  s i m u l a t e  c l i m a t e  and  i nves -  
t i g a t e  i t s  s e n s i t i v i t y  t o  d i f f e r e n t  p e r t u r b a t i o n s  was d e s c r i b e d  
by  Murphy e t  a l .  ( 3 9 7 6 ) .  B a s i c a l l y ,  t h e  a t m o s p h e r i c  g e n e r a l  
c i r c u l a t i o n  model  s o l v e s  a  set o f  e q u a t i o n s  g o v e r n i n g  t h e  t h e r -  
modynamical and  dynamica l  s t a t e  o f  t h e  a tmosphere  ( t o g e t h e r  
w i t h  o t h e r  e q u a t i o n s  o f  s t a t e  and c o n s e r v a t i o n  l a w s )  fo r  a set 
o f  g r i d  p o i n t s ,  wh ich i n  t h e  c a s e  o f  t h e  model t h a t  w e  a r e  
u s i n g  c o v e r s  t h e  n o r t h e r n  hemisphere .  

I t  i s  found  t h a t  when t h e  e q u a t i o n s  a r e  s o l v e d  w i t h  boundary  
c o n d i t i o n s  r e p r e s e n t i n g ,  f o r  example ,  J a n u a r y  o f  t h e  . p r e s e n t  day ,  
t h e  model  q u i t e  r e a l i s t i c a l l y  r e p r o d u c e s  t h e  b a s i c  f e a t u r e s  o f  
t h e  e a r t h ' s  c l i m a t e .  T h e r e f o r e ,  d e s p i t e  t h e i r  r e c o g n i z e d  s h o r t -  
comings,  models  o f  t h e  a t m o s p h e r i c  g e n e r a l  c i r c u l a t i o n  a r e  used  
t o  s t u d y  t h e  i m p a c t s  o f  f a c t o r s  such  as s e a - s u r f a c e  t e m p e r a t u r e  



a n o m a l i e s ,  i n c r e a s e d  a t m o s p h e r i c  c a r b o n  d i o x i d e ,  a n d  w a s t e  h e a t  
upon t h e  s i m u l a t e d  c l imate.  I n  p a r t i c u l a r ,  t h e  s e n s i t i v i t y  
e x p e r i m e n t s  may i n d i c a t e  t h e  c h a n g e s  t o  b e  e x p e c t e d  e v e n  i f  
t h e  bas ic  s t a t e  i s  n o t  s i m u l a t e d  p e r f e c t l y .  

I n  t h e  f o l l o w i n g  p a r a g r a p h s  w e  w i l l  d e s c r i b e  t h e  r e s u l t s  
o f  a t h i r d  e n e r g y  p a r k s  e x p e r i m e n t ,  a n d  w e  w i l l  compare  t h e s e  
r e s u l t s  w i t h  t h e  t h r e e  c o n t r o l  cases f r o m  t h e  m o d e l  a n d  w i t h  
t h e  ear l ie r  two  e n e r g y  p a r k s  e x p e r i m e n t s .  

2 .  THE THIRD IIASA-UKMO ENERGY PARKS EXPERIMENT 

2.1 T h e  UKMO G e n e r a l  C i r c u l a t i o n  Model 

The  o r i g i n a l  f o r m  o f  t h e  mode l  i s  d e s c r i b e d  by Corby  e t  a l .  
( 1 9 7 2 ) .  The  v e r s i o n  u s e d  i n  t h i s  p r o j e c t  i s  t h e  same a s  t h a t  
d e s c r i b e d  b y  R o w n t r e e  ( 1 9 7 5 ) .  M a j o r  f e a t u r e s  o f  t h e  mode l  are 
g i v e n  by  Murphy e t  a l .  ( 1 9 7 6 ) .  W e  h a v e  u s e d  t h e  h e m i s p h e r i c  
v e r s i o n  o f  t h e  mode l ,  wh i ch  h a s  f i v e  l e v e l s  i n  t h e  v e r t i c a l ,  
e q u a l l y  s p a c e d  i n  t e r m s  of p r e s s u r e  a t  s i g m a  v a l u e s  of 0 .9 ,  
0 . 7 ,  0 . 5 ,  0 . 3 ,  a n d  0 .1  ( s i g m a  v a l u e  = p r e s s u r e / s u r f a c e  p r e s s u r e ) .  
The g r i d p o i n t s  are n e a r l y  e q u a l l y  d i s t r i b u t e d  w i t h  a g r i d  
l e n g t h  o f  a p p r o x i m a t e l y  330 km. P r e s c r i b e d  b o u n d a r y  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  o r o g r a p h y ,  t h e  i n c o m i n g  so la r  r a d i a t i o n ,  
a l b e d o ,  c l o u d  a m o u n t s ,  a n d  s e a - s u r f a c e  t e m p e r a t u r e s ,  w h i c h  are 
f i x e d  a t  s e a s o n a l  a v e r a g e  v a l u e s .  

2 .2  S c e n a r i o  of EX03 

The  IIASA-UKMO e x p e r i m e n t s  (Murphy e t  a l . ,  1 9 7 6 )  w e r e  
d e s i g n e d  t o  s t u d y  t h e  i m p a c t  o f  o c e a n  e n e r g y  p a r k s  o n  s i m u l a t e d  
c l imate.  The  c o n c e p t  of l a r g e - s c a l e  n u c l e a r  e n e r g y  p a r k s  
d e t e r m i n e d  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  e x p e r i m e n t s .  

If we d e s i g n a t e  e a c h  p a r k  w i t h  a l e t t e r ,  t h e n  i n  t h e  f i r s t  
t h r e e  e n e r g y  p a r k s  e x p e r i m e n t s  w e  h a v e  u s e d  t h r e e  p a r k s  w i t h  
t h e  f o l l o w i n g  l o c a t i o n s :  

At- e a c h  p a r k  t h e  h e a t  i n p u t  was  1 . 5  x 1  014 W.  F i g u r e  1 
shows -;he l o c a t i o n s  of t h e s e  t h r e e  p a r k s .  

I n  EX01 t h e  i m p a c t  o f  a c o m b i n a t i o n  o f  p a r k s  A a n d  C w a s  
i n v e s t i g a t e d ;  i . e .  o n e  p a r k  i n  t h e  m i d - l a t i t u d e  A t l a n t i c  a n d  
o n e  i n  t h e  m i d - l a t i t u d e  P a c i f i c .  

I n  EX02 t h e  i m p a c t  o f  a c o m b i n a t i o n  of p a r k s  B a n d  C w a s  
i n v e s t i g a t e d ;  i . e .  t h e  same p a r k  i n  t h e  P a c i f i c  Ocean p l u s  a 
t r o p i c a l  A t l a n t i c  P a r k .  



F i q u r e  1 .  Loca t i ons  o f  t h e  t h r e e  energy p a r k s .  

I n  EX03 t h e  impact  o f  pa rk  A a l o n e  was i n v e s t i g a t e d ;  i . e .  
a p a r k ,  p u t t i n g  1.5 x  1014w i n t o  t h e  atmosphere,  s i t u a t e d  i n  
t h e  m i d - l a t i t u d e  A t l a n t i c .  I t  shou ld  t h e r e f o r e  be no ted  t h a t  
t h e  i n p u t  o f  h e a t  i n t o  t h e  atmosphere from t h e  energy p a r k ( s )  
i s  h a l f  a s  much i n  EX03 a s  i n  EX01 and EX02. 

A s  p o i n t e d  o u t  by Murphy e t  a l .  (1976) t h e  energy  p a r k s  
have n o t  been s i m u l a t e d  i n  a  comple te ly  r e a l i s t i c  way, because  
t h e  r e a l  a r e a  o f  such  a  pa rk  i s  t o o  s m a l l  t o  b e  p r o p e r l y  r e p r e -  
s e n t e d  w i t h i n  t h e  g r i d  s t r u c t u r e  o f  t h e  model, and because a  
r e a l i s t i c  s c e n a r i o  would i n v o l v e  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  atmos- 
phere-ocean model. The s i m p l i f i c a t i o n s  i n t r o d u c e d  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  pa rk  e q u a l  t o  f o u r  g r i d  boxes 
i n  t h e  model; 

(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  atmosphere 
i n  s e n s i b l e  form. 

To s i m u l a t e  t h e  p a r k s ,  375 ~ m - *  was 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 a t  t h e  f o u r  g r i d  p o i n t s  
w i t h i n  each  pa rk .  The t o t a l  amount o f  h e a t  added i n  EX01 and 
EX02 was 3  x  I O ~ ~ W ,  t h e  same amount a s  added i n  o t h e r  e x p e r i -  
ments made by Washington (1972) w i t h  t h e  NCAR model, and based 
on Weinberg and Hammond's (1971) f i g u r e s  of  a  p e r  c a p i t a  ene rgy  
usage o f  15 kW and an u l t i m a t e  p o p u l a t i o n  o f  20 b i l l i o n .  T h i s  
i s ,  however, a n  u n r e a l i s t i c a l l y  l a r g e  i n p u t  o f  h e a t  compared 
w i t h  p r e s e n t  e s t i m a t e s  o f  f u t u r e  energy  usage and p o p u l a t i o n  
l e v e l s .  I n  EX03, t h e  t o t a l  h e a t  i n  u t  is  h a l f  o f  t h a t  i n  t h e  
f i r s t  two expe r imen ts  ( i . e .  1.5 x 10P4W) b u t  i s  c o n c e n t r a t e d  a t  
one ene rgy  pa rk  i n s t e a d  o f  two. 



In addition to the three energy parks experiments, we have 
three control cases made with the same version of the model. 
These control cases simulate unperturbed January climate and 
differ from each other only as a result of small random diffe- 
rences in the initial conditions. The energy parks experiments 
are also run with January boundary conditions. Each experiment 
is a simulation of 80 model days, and the results are generally 
described in terms of means of meteorological variables for 
days 41-80. 

2.3 Results of EX03 

Figure 2 shows the difference between the surface prssoure 
field in EX03 for days 41-80 and the average of th9 three control 
cases. AS was the case with the first two energy ogka expe- 
riments, we see large coherent areas of pressure a&nge. 

Over the park itself there is a very small pzessure decrease, 
while over the Atlantic generally there is a rime k i t h  a maximum 
value of about eight mb. Downstream over Weetern 8urop~ there 
is a pressure fall (up to 1 1  rnb), and over most of the Soviet 
Union there is a pressure increase of up to 2 9  &. Over North 
America there is a pressure decrease centered over Ala8ka. 

Figure 2. The differences in 40-day mean surface pressure 
between EX03 and the average of the three control 
experiments (contours at every 4 m b ) .  



Comparing t h e s e  p a t t e r n s  w i t h  t h e  e q u i v a l e n t  d i f f e r e n c e s  
computed f o r  EX01 a n d  EX02, w e  n o t i c e  f i r s t  o f  a l l  t h a t  t h e  
r e s p o n s e  o v e r  t h e  p a r k  i n  EX03 i s  d i f f e r e n t  f rom t h a t  i n  t h e  
e a r l i e r  e x p e r i m e n t s .  I n  EX03, t h e  A t l a n t i c  ene rgy  p a r k  h a s  
produced a  l o c a l  s u r f a c e  p r e s s u r e  change o f  o p p o s i t e  s i g n  t o  
t h e  p r e s s u r e  change o v e r  a  l a r g e r  a r e a  ups t ream and downstream, 
w h i l e  t h e  s u r f a c e  p r e s s u r e  change i n  EX01 o v e r  t h e  A t l a n t i c  
pa rk  was c o h e r e n t  w i t h  t h a t  o v e r  t h e  s u r r o u n d i n g  a r e a .  I t  migh t  
be  i m p o r t a n t  t o  n o t e ,  however, t h a t  t h e  p a t t e r n  o f  change i n  t h e  
v i c i n i t y  o f  t h e  p a r k s  i s  q u i t e  s i m i l a r ,  a l t h o u g h  t h e  l e v e l s  a r e  
d i f f e r e n t  i n  t h e  two e x p e r i m e n t s .  I n  t e r m s  o f  t h e  magn i tude  o f  
t h e  s u r f a c e  p r e s s u r e  changes  w e  may conc lude  t h a t  t h e  changes  
i n  EX03 a r e  o f  t h e  same o r d e r  a s  t h o s e  i n  EXO1. Over Europe,  
t h e  a r e a  immed ia te l y  downstream o f  t h e  A t l a n t i c  ene rgy  p a r k ,  
t h e r e  i s  q u a l i t a t i v e l y  a  l o t  o f  s i m i l a r i t y  between t h e  changes  
i n  EX01 and  t h e  changes  i n  EX03. F o r  example,  o v e r  t h e  B a l t i c  
r e g i o n  b o t h  e x p e r i m e n t s  show a  d e c r e a s e  o f  s u r f a c e  p r e s s u r e .  
The l a r g e  p r e s s u r e  r ise o v e r  S i b e r i a  i s  a l s o  found i n  b o t h  
e x p e r i m e n t s .  I n  d e t a i l ,  however, when w e  s u b t r a c t  t h e  s u r f a c e  
p r e s s s u r e  f i e l d  i n  EX03 from t h a t  i n  EXO1,  w e  see t h a t  t h e  
d i f f e r e n t  l o c a t i o n s  o f  t h e  c e n t e r s  o f  p r e s s u r e  i n c r e a s e  and 
d e c r e a s e  l e a d  t o  q u i t e  l a r g e  d i f f e r e n c e s  between t h e  e x p e r i m e n t s  
( F i g u r e  3 ) .  F o r  example,  t h e  d e c r e a s e  o f  p r e s s u r e  o v e r  t h e  B a l t i c  
r e g i o n  e x t e n d s  much f u r t h e r  n o r t h  and f u r t h e r  e a s t  and  w e s t  i n  
EX01 t h a n  EX03, w h i l e  t h e  i n c r e a s e  o f  p r e s s u r e  o v e r  S i b e r i a  i s  
f u r t h e r  e a s t  i n  EX01 t h a n  2x02. Consequen t l y ,  t h e  computed 
d i f f e r e n c e  between t h e  e x p e r i m e n t s  amounts t o  32 mb o v e r  w e s t e r n  
S i b e r i a .  S i n c e  t h e  p r e s s u r e  n e a r  t h e  A t l a n t i c  e n e r g y  p a r k  was 

F i g u r e  3 .  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  
between EX01 and EX03 ( c o n t o u r s  a t  e v e r y  4 m b ) .  



i n c r e a s e d  i n  EX01 b u t  h a r d l y  changed i n  EX03, t h e r e  i s  a  t e n  mb 
d i f f e r e ~ ~ c e  between t h e  exper imen ts  i n  t h e  v i c i n i t y  o f  t h e  pa rk .  

Whi le tile s u r f a c e  p r e s s u r e  r e s u l t s  f o r  EX01 and EX03 a r e  
q u a l i t a t i v e l y  s i m i l a r  immediate ly  downstream o f  t h e  A t l a n t i c  
ene rgy  p a r k ,  t h e y  a r e  q u i t e  d i f f e r e n t  i n  t h e  P a c i f i c  a r e a .  I n  
EX01 t n e  s u r f a c e  p r e s s u r e  d e c r e a s e d  by up t o  1 4  mb o v e r  t h e  
P a c i f i c ,  w h i l e  i n  EX03 t h e r e  i s  a  p r e s s u r e  i n c r e a s e ,  compared 
w i t h  t h e  a v e r a g e  o f  t h e  c o n t r o l  c a s e s ,  o f  6 mb. L i kew ise ,  o v e r  
Nor th America, Green land,  and t h e  w e s t e r n  Nor th A t l a n t i c  t h e  
p a t t e r n s  a r e  d i f f e r e n t  i n  t h e  two energy  p a r k s  e x p e r i m e n t s .  S i n c e  
b o t h  e x p e r i m e n t s  have a n  A t l a n t i c  ene rgy  p a r k ,  q u a l i t a t i v e  
s i m i l a r i t i e s  a r e  n o t  unexpected  immedia te ly  downstream o f  t h e  
p a r k ,  b u t  t h e  absence  o f  a  P a c i f i c  ene rgy  par]: i n  EX03 r e s u l t s  
i n  a  d i f f e r e n t  r e s p o n s e  t h e r e  and downstream. Comparison o f  
t n e  s u r f a c e  p r e s s u r e  f i e l d  i n  EX03 w i t h  t h a t  i n  EX02 shows t h a t  
t h e r e  i s  l i t t l e  s i m i l a r i t y  i n  r e s p o n s e .  

A s  i n  t h e  e v a l u a t i o n  o f  EX01 and EX02 t h e  q u e s t i o n  must 
b e  asked:  Iiow much o f  t h e  d i f f e r e n c e  between EX03 and t h e  
ave rage  o f  t n e  trlree c o n t r o l  c a s e s  i s  due t o  t h e  i n c l u s i o n  o f  
t h e  energy  p a r k ,  and  ~iow mucil i s  due t o  t h e  n a t u r a l  i i l h e r e n t  
v a r i a b i l i t y  o f  t h e  model? Using t h e  same ne thod  a s  Murpily e t  
a l .  ( 1 9 7 6 ) ,  t n e  r a t i o  o f  t l i 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  
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 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  
e x p e r i m e n t s ,  h a s  been computed. T h i s  r a t i o  h a s  a  S t u d e n t ' s  
t - d i s t r i b u t i o n  w i t h  two d e g r e e s  o f  f reedom, and v a l u e s  o f  t h e  
r a t i o  g r e a t e r  t h a n  5  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 .  T h a t  i s ,  i f  t h e  r a t i o  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  
is  g r e a t e r  t h a n  5  a t  a  p a r t i c u l a r  g r i d  p o i n t ,  t h z r e  is  a  95 
p e r  c e n t  chance t h a t  t h e  d i f f e r e n c e  between t h e  energy  p a r k  expm-  

F i g u r e  4 .  The r a t i o  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  i n  
EX03 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  e x p e r i m e n t s  ( c o n t o u r  i n t e r v a l  f o u r  
u n i t s )  . 



iment  and t h e  ave rage  o f  t h e  c o n t r o l s  i s  due t o  a  r esponse  t o  
t h e  energy  pa rk  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  o f  t h e  model. 

F i g u r e  4 shows t h e  v a l u e s  o f  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  
f o r  Ex03. There a r e  f o u r  a r e a s  o v e r  which t h e  change i n  s u r f a c e  
p r e s s u r e  from t h e  ave rage  o f  t h e  c o n t r o l  c a s e s  t o  t h e  EX03 can  
be a s c r i b e d  t o  t h e  i n c l u s i o n  o f  t h e  energy  pa r k .  These a r e a s  
a r e :  upwind o f  t h e  pa rk  o v e r  t h e  A t l a n t i c  Ocean; ove r  c e n t r a l  
Europe; o v e r  t h e  Japan  and China a r e a ;  and ,  o v e r  Alaska and 
wes te rn  Nor th America. Unl ike t h e  d i s t r i b u t i o n  of  s i g n a l - t o - n o i s e  
r a t i o  i n  EX01 and EX02, t h e r e  i s  no s t a t i s t i c a l l y  s i g n i f i c a n t  
p r e s s u r e  change o v e r  t h e  pa rk  i t s e l f ,  a l t hough  t h e  s m a l l  p r e s s u r e  
d e c r e a s e  can  be unders tood i n  p h y s i c a l  t e r m s .  Comparison o f  
F i g u r e  4 w i t h  s i m i l a r  f i g u r e s  produced f o r  EX01 and EX02 
(Murphy e t  a l . ,  1976, i b i d  F i gu re  1 1 ) ,  s u g g e s t  t h a t  t h e  a r e a  o f  
s i g n i f i c a n t  p r e s s u r e  change is  a t  l e a s t  a s  l a r g e  i n  EX03 a s  i n  
e a r l i e r  exper imen ts ,  indeed c e r t a i n l y  l a r g e r  t h a n  i n  EX02. I n  
EXO1, s i g n i f i c a n t  changes i n  t h e  s u r f a c e  p r e s s u r e  f i e l d  w e r e  
ove r  and ups t ream o f  t h e  A t l a n t i c  pa rk  o v e r  and downstream o f  
t h e  P a c i f i c  pa r k .  There  was no s i g n i f i c a n t  change ove r  Iqorth 
America a s  tllere i s  i n  EX03. I n  EX02, t h e  o n l y  s i g n i f i c a ~ l t  
change n o t  o v e r  t h e  energy  park  was ove r  w e s t e r n  Europe,  wnereas 
i n  EX03 t h e r e  a r e  f o u r  a r e a s  i n  t h e  middle l a t i t u d e s  o t h e r  t h a n  
o v e r  t h e  energy  p a r k ,  where l a r g e  v a l u e s  o f  t h e  s i gna l - t o -no i se  
r a t i o  occu r .  

F i q u r e  5 shows t h e  d i f f e r e n c e s  i n  t h e  t empe ra tu re  f i e l d  
a t  0 = 0.9  between EX03 and t h e  ave rage  o f  t h e  t h r e e  c o n t r o l  
c a s e s .  A s  i n  t h e  e a r l i e r  exper imen ts ,  it i s  n o t  s u p r i s i n g  t o  

F i g u r e  5.  The d i f f e r e n c e s  i n  40-day mean t empe ra tu re  ( " c )  i n  
t h e  lowes t  l a y e r  o f  t h e  model between EX03.and t h e  
ave rage  o f  t h e  t h r e e  c o n t r o l  exper imen ts  ( c o n t o u r s  
a t  eve r y  4 ' ~ ) .  



f i n d  t h a t  t h e  t e m p e r a t u r e  i n  t h e  l o w e s t  l a y e r  o f  t h e  model 
i n c r e a s e d  i n  t h e  immediate v i c i n i t y  o f  t h e  ene rgy  p a r k  i n  EX03. 
I n  t h i s  c a s e  i t i n c r e a s e d  by ~ O C ,  a s m a l l e r  v a l u e  t h a n  found 
o v e r  t h e  p a r k s  i n  EXOl and  EX02. 

A s  was found above f o r  t h e  s u r f a c e  p r e s s u r e  changes ,  t h e  
r e s p o n s e  on a l o c a l  s c a l e  i s  o f  o p p o s i t e  s i g n  t o  t h e  r e s p o n s e  
o v e r  t h e  l a r g e r  s u r r o u n d i n g  a r e a .  Over w e s t e r n  Europe t h e r e  
i s  a t e m p e r a t u r e  d e c r e a s e ,  o v e r  w e s t e r n  USSR and  e a s t e r n  Europe 
t h e  t e m p e r a t u r e  i n c r e a s e s  by up t o  ~ O C ,  and o v e r  t h e  e a s t e r n  
USSR a n d  China t h e r e  i s  a t e m p e r a t u r e  d e c r e a s e  (maximum - 9 ' ~ )  . 
Over Nort l l  America t h e r e  i s  a t e m p e r a t u r e  i n c r e a s e  w i t h  a  maxi- 
mum o f  1 0 ' ~  c e n t e r e d  o v e r  t h e  e a s t e r n  Canadian A r c t i c  and  a 
t e m p e r a t u r e  d e c r e a s e  o v e r  A laska .  

Comparing t h e  t e m p e r a t u r e  changes  i n  EX03 w i t h  t h o s e  i n  
EXOl and  EX02, o n e  f i n d s  t h a t  t h e r e  a r e  n o t  many s i m i l a r i t i e s .  
F o r  example,  i n  EX01 and EX02 t h e  t e m p e r a t u r e  d e c r e a s e d  o v e r  
Nor th  ~ m e r i c a  w h i l e  i n  EX03 it i n c r e a s e d .  The changes  o v e r  
E u r a s i a  i n  EX03 a r e  d i s t r i b u t e d  i n  s m a l l e r  a r e a s  t h a n  i n  t h e  
e a r l i e r  e x p e r i m e n t s .  The magn i tudes  o f  t h e  t e m p e r a t u r e  change 
a r e ,  however,  o f  t h e  same o r d e r  i n  EX03 a s  i n  EX01 and EX02. 

The d i f f e r e n t  t e m p e r a t u r e  r e s p o n s e s  ( a t  0 = 0 .9 )  i n  E X O I  
a n d  EX03 a r e  f u r t h e r  i l l u s t r a t e d  i n  F i g u r e  6.  Over much o f  
E u r a s i a  and t h e  P a c i f i c  EX01 is warmer t h a n  EX03, w h i l e  o v e r  
Nor th  A m e r i c a  and t h e  A r c t i c  EXOl i s  c o l d e r  t h a n  EX03. A l l  of  
t h e  l a r g e  d i f f e r e n c e s  are i n  t h e  m idd le  and  h i g h  l a t i t u d e s ,  
w i t h  o n l y  s m a l l  d i f f e r e n c e s  between EX01 and EX03 i n  t h e  
t r o p i c s .  

F i g u r e  7 shows t h e  v a l u e s  o f  t h e  s i g n a l - t o - n o i s e  r a t i o  
f o r  t e m p e r a t u r e  a t  a = 0 . 9  f o r  EX03. The t e m p e r a t u r e  i n c r e a s e  
o v e r  t h e  e n e r g y  parlc i s  s e e n  t o  be  a r e s u l t  o f  t h e  i n c l u s i o n  
o f  t h e  e n e r g y  par;< and,  a s  found b e f o r e ,  t h e r e  a r e  s i g n i f i c a n t  
r e s p o n s e s  o v e r  o t h e r  a r e a s  o f  t h e  hemisphere .  There  i s  a n  
e x t r e m e l y  l a r g e  v a l u e  o f  t h e  r a t i o  c e n t e r e d  o v e r  S c a n d i n a v i a ,  
and  f u r t h e r  s i g n i f i c a n t  v a l u e s  a r e  found o v e r  I n d o n e s i a ,  
Green land ,  t h e  n o r t h - e a s t  o f  i Jo r th  America,  and  o v e r  A laska .  
The d i s t r i b u t i o n  o f  t h e  r a t i o s  f o r  EX03 b e a r s  sone  s i m i l a r i t i e s  
w i t h  t h o s e  f o r  EX01 and EX02, i n  p a r t i c u l a r  t h e  change o v e r  
t h e  G r e a t  Lakes a r e a  i s  s i m i l a r  i n  e a c h  e x p e r i m e n t - - t h i s  i s  
presumably  a  r e s u l t  o f  a  s m a l l  model v a r i a b i l i t y  i n  t h i s  a r e a ,  
which i s  t h e n  r e f l e c t e d  i n  t h e  l a r g e  s i g n a l - t o - n o i s e  r a t i o  i n  
e a c h  map. Tile l a r g e  v a l u e  o f  t h e  r a t i o  o v e r  S c a n d i n a v i a  f o r  
e a c h  e x p e r i m e n t  presumably  a l s o  h a s  t h e  same c a u s e .  

F i g u r e  8 sllows t h e  d i f f e r e n c e  i n  p r e c i p i t a t i o n  between 
EX03 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 .  I n  t h e  
m idd le  and  h i g h  l a t i t u d e s  t h e  d i f f e r e n c e s  a r e  n o t  l a r g e ,  and 
it i s  o n l y  i n  t r o p i c a l  l a t i t u d e s  t h a t  w e  f i n d  l a r g e  changes .  
T h i s  was a l s o  t h e  c a s e  i n  EXOl and EX02 (Murphy e t  a l . ,  1976, 
i b i d  F i g u r e  l o ) ,  a n d  it w a s  p o i n t e d  o u t  t i l a t  p r e c i p i t a t i o n  i n  



Figure  6.  The d i f f e r e n c e s  i n  40-day mean temperature i n  t h e  
lowest  l a y e r  of t h e  model between EX01 and EX03 
(con tours  a t  every 4 O C )  . 

Figure  7 .  The r a t i o  of t h e  d i f f e r e n c e s  i n  temperature i n  t h e  
lowest  l a y e r  o f  t h e  model i n  EX03 t o  t h e  s tandard  
dev ia t i on  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 iments (contour  i n t e r v a l  f ou r  u n i t s ) .  



F i g u r e  8 .  T; ie  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 EX03 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  e x p e r i m e n t s  ( c o n t o u r s  a t  e v e r y  
4 rnrn/day). 

t h e  t r o p i c s  is p r i m a r i l y  a  r e s u l t  o f  i n s t a b i l i t i e s  i n  t h e  v e r t i -  
c a l ,  s o  t h a t  t h e r e  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  because  o f  s m a l l - s c a l e  dynamica l  i n t e r -  
a c t i o n s .  For  t h i s  r e a s o n  w e  see i n  t r o p i c a l  l a t i t u d e s  some 
g r i d  p o i n t s  a t  which l a r g e  p r e c i p i t a t i o n  changes  have o c c u r r e d .  
Ti le p r e c i p i t a t i o n  d i f f e r e n c e s  shown i n  F i g u r e  8 a r e  o f  t h e  
s a m e  o r d e r  o f  magn i tude  a s  t h o s e  i n  EX01 and  EX02. 

F i g u r e  9 shows t h e  d i f f e r e n c e s  i n  p r e c i p i t a t i o n  between 
EX01 and EX03, which emphas i ses  t h e  f a c t  t h a t  d i f f e r e n c e s  i n  
m idd le  a n d  h i g h  l a t i t u d e s  a r e  s m a l l ,  w h i l e  l a r g e  d i f f e r e n c e s  
a t  i n d i v i d u a l  g r i d  p o i n t s  i n  t h e  t r o p i c s  do o c c u r .  

A s  p ~ i n t e d  o u t  by Murphy e t  a l .  ( 1 9 7 6 )  t h e  d i s t r i b u t i o n  
o f  d a i l y  r a i n f a l l  amounts ,  p a r t i c u l a r l y  i n  t h e  t r o p i c s ,  i s  
h i g h l y  skewed; c o n s e q u e n t l y  t h e  assump t i on  o f  n o r m a l i t y ,  
wh ich i s  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  o f  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 l y  d o e s  n o t  h o l d .  I t  i s  t h e r e f o r e  n o t  
p o s s i b l e  t o  a s c r i b e  p r o b a b i l i t i e s  o f  s i g n i f i c a n c e  t o  t h e  p r e c i -  
p i t a t i o n  r a t i o s .  I t  s h o u l d  be  n o t e d ,  however ,  t h a t  a  l a r g e  
v a l u e  o f  t h e  r a t i o  d o e s  o c c u r  i n  t h e  v i c i n i t y  o f  t h e  A t l a n t i c  
ene rgy  p a r k  i n  EX03, and l a r g e  v a l u e s  w e r e  a l s o  n o t e d  i n  EX01 
and EX02 n e a r  t h e  p a r k s .  O the r  l a r g e  v a l u e s  o f  t h e  r a t i o  
o c c u r  p a r t i c u l a r l y  i n  t h e  t r o p i c s ,  where t h e y  have a s c a t t e r e d  
d i s t r i b u t i o n .  



F i g u r e  9. 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  
between EX01 and EX03 ( c o n t o u r s  a t  eve ry  4 mm/day). 

2.4 D i scuss ion  

An exper iment  has  been made w i t h  t h e  UKMO 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  impact o f  an  ene rgy  p a r k  
( 1 . 5  x  1014w) i n  t h e  A t l a n t i c  Ocean on t h e  model a tmosphere.  
The pa rk  produced s i g n i f i c a n t  responses  i n  t h e  s u r f a c e  
p r e s s u r e  f i e l d ,  which q u a l i t a t i v e l y  resemble t h e  p r e s s u r e  
r e s p o n s e  found i n  EX01 downstream o f  t h e  A t l a n t i c  pa rk .  The 
computa t ion  o f  s i g n a l - t o - n o i s e  r a t i o s  f o r  t h e  t e m p e r a t u r e  and 
p r e s s u r e  f i e l d s  p o i n t s  t o  t h e  d e f i c i e n c i e s  engendered by t h e  
f a c t  t h a t  w e  a r e  u s i n g  o n l y  t h r e e  c o n t r o l  c a s e s  f o r  t h e  eva- 
l u a t i o n  o f  t h e  model v a r i a b i l i t y .  The s i g n a l - t o - n o i s e  r a t i o s  
f o r  t e m p e r a t u r e  a t  a = 0.9 a r e  s i m i l a r  i n  c e r t a i n  a r e a s  i n  
E X O I ,  EX02, and ZX03; f o r  example, a l l  t h r e e  expe r imen ts  have 
h i g h  v a l u e s  o f  t h e  r a t i o  o v e r  t h e  Grea t  Lakes a r e a  b u t  q u i t e  
d i f f e r e n t  v a l u e s  o f  t h e  tempera tu re  d i f f e r e n c e s  between t h e  
p e r t u r b e d  c a s e  and t h e  ave rage  o f  t h e  c o n t r o l  c a s e s .  T h i s  i s ,  
t h e r e f o r e ,  one a r e a  where t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  t h r e e  
c o n t r o l  c a s e s  is  v e r y  s m a l l ,  and t h e  r a t i o  comes o u t  l a r g e  f o r  
a l l  p e r t u r b a t i o n  c a s e s .  The s m a l l  v a l u e  o f  s t a n d a r d  d e v i a t i o n  
i n  t h i s  a r e a  i s  a  r e s u l t ,  p robab l y ,  o f  t h e  sma l l  sample used 
f o r  i t s  computa t ion .  

I n  o r d e r  t o  g e t  a  b e t t e r  e s t i m a t e  o f  t h e  s t a n d a r d  dev ia -  
t i o n s  o f  t h e  d i f f e r e n t  v a r i a b l e s ,  t h e  i d e a l  s o l u t i o n  would be  
t o  have a  much l a r g e r  sample ( s a y  30) o f  c o n t r o l  c a s e s .  T h i s  
is  n o t  a n  a c c e p t a b l e  s o l u t i o n  because o f  t h e  computer t i m e  and 
money r e q u i r e d .  So t h e  o t h e r  p o s s i b i l i t y  i s  t o  make b e t t e r  u s e  
o f  t h e  d a t a  a v a i l a b l e .  S i n c e  w e  can assume t h a t  t h e  c h a r a c t e ~ -  
i s t i c  t ime  between e f f e c t i v e l y  independent  sample v a l u e s  i s  
less t h a n  t e n  d a y s ,  a b e t t e r  e s t i m a t e  o f  t h e  s t a n d a r d  d e v i a t i o n  
shou ld  be  o b t a i n e d  on t h e  b a s i s  o f  12 10-day means i n s t e a d  o f  



t h e  t h r e e  40-day means p r e s e n t l y  used .  T h i s  app roach  i s  b e i n g  
examined a t  p r e s e n t .  

So f a r  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t s  have  been  c o n s i d e r e d  
o n l y  i n  t e r m s  o f  v a r i a b l e s  a t  o r  n e a r  t h e  s u r f a c e  o f  t h e  model 
a tmosphere .  I t  i s  a l s o  o f  i n t e r e s t  t o  c o n s i d e r  t h e  i m p a c t s  o f  
t h e  w a s t e  h e a t  o n  h i g h e r  l e v e l s  o f  t h e  a tmosphe re ,  p a r t i c u l a r l y  
a t  t h e  500 mb l e v e l .  W e  s h a l l  t h e r e f o r e  e v a l u a t e  t h e  changes  
i n  t h e  t e m p e r a t u r e  and wind f i e l d s  a t  a = 0 . 5  i n  a  s u b s e q u e n t  
r e p o r t .  

3 .  ZONAL HARMOIJIC ANALYSIS OF PRESSURE, TEMPERATURE, AND 

W I N D  FIZLDS OF IIASA-UKMO ENERGY PARKS EXPERIMEIJTS -- 

3.  I I n t r o d u c t i o n  - 

I£  o n e  c o n s i d e r s  a  c h a r t  o f  t h e  h e i g h t  o f  t h e  500 mb 
p r e s s u r e  s u r f a c e ,  such  a s  t h a t  i l l u s t r a t e d  f o r  J a n u a r y  i n  
F i g u r e  1 0 ,  i t i s  s e e n  t h a t  t h e  c o n t o u r s  do n o t  p a r a l l e l  t h e  
l i n e s  o f  l a t i t u d e ,  b u t  r a t h e r  t h a t  t h e r e  a r e  s i g n i f i c a n t  
v a r i a t i o n s  i n  t h e  z o n a l  f l o w  ( t h a t  i s ,  t h e  f l o w  i n  a  d i r e c t i o n  
a round  a  l a t i t u d e  c i r c l e ) .  I n  F i g u r e  10 t h e r e  a r e  t r o u g h s  a t  
80 O W  and a t  140 O E ,  and a  weaker  t r o u g h  a t  10' E  t o  60' E. These 
d e v i a t i o n s - - o r  waves-- in t h e  p r e s s u r e  s u r f a c e  a r e  a  r e s u l t  
o f  f e a t u r e s  o f  t h e  e a r t h ' s  s u r f a c e .  One c a u s e  o f  t h e  waves 
i s  t h e  p r e s e n c e  o f  moun ta ins ,  w h i l e  a  second  c a u s e  i s  t h e  
d i f f e r e n c e  i n  t h e r m a l  e f f e c t s  o f  l a n d  and s e a .  The r e l a t i v e  
r o l e s  o f  t h e s e  two c a u s e s  have been  f r e q u e n t l y  d i s c u s s e d  by 
m e t e o r o l o g i s t s  i n  t h e  l a s t  30 y e a r s  (see f o r  i n s t a n c e ,  Palmen 
and Newton, 1 9 6 9 ) .  

Maps o f  s u r f a c e  t e m p e r a t u r e  and t e m p e r a t u r e  and wind a t  a b o u t  
500 mb l i k e w i s e  show waves a round  l a t i t u d e  c i r c l e s ,  and t h e s e  
v a r i a b l e s  w i l l  be d i s c u s s e d  i n  t h e  p r e s e n t  r e p o r t .  S i n c e  t h e  
s u r f a c e  p r e s s u r e  f i e l d  waves a r e  p redominan t l y  t h e  r e s u l t  o f  t h e  
p r e s e n c e  o f  moun ta ins ,  t h e  r e s u l t s  o f  harmonic  a n a l y s i s  o f  t h i s  
v a r i a b l e  a r e  d i f f i c u l t  t o  i n t e r p r e t  and t h e r e f o r e  n o t  i n c l u d e d .  
An o b j e c t i v e  method f o r  compar ing t h e  waves f rom o n e  map t o  a n o t h e r  
i s  t o  pe r fo rm  z o n a l  harmonic  a n a l y s i s  on t h e  p r e s s u r e  o r  tempera-  
t u r e  f i e l d s  f o r  i n d i v i d u a l  l a t i t u d e  c i rc les ,  and t h u s  d e s c r i b e  t h e  
v a r i a t i o n s  f rom t h e  z o n a l  ( i . e .  l a t i t u d e )  mean i n  t e r m s  o f  . the 
a m p l i t u d e  and phase  ( i . e .  p o s i t i o n )  o f  t h e  d i f f e r e n t  wave numbers. 

van  Loon e t  a l .  (1973)  have per formed z o n a l  harmonic  
a n a l y s i s  on  o b s e r v e d  a t m o s p h e r i c  p r e s s u r e - h e i g h t  d a t a ;  t h e y  
show, f o r  example,  t h a t  i n  J a n u a r y  a t  500 mb a t  50~13  t h e  
comb ina t i on  o f  waves 1 ,  2,  and 3  e x p l a i n s  96 .2  p e r  c e n t  o f  t h e  
d e v i a t i o n  f rom t h e  z o n a l  mean. T h a t  is ,  most o f  t h e  v a r i a t i o n  
f rom t h e  z o n a l  mean i s  e x p l a i n e d  by l o n g  waves. I n  t h i s  r e p o r t  
w e  w i l l  d i s c u s s  t h e  r e s u l t s  o f  z o n a l  harmonic  a n a l y s i s  o f  t h e  
40-day mean t e m p e r a t u r e  ( T )  a t  a l e v e l s  (where a = p r e s s u r e /  
s u r f a c e  p r e s s u r e )  3 .9  and  0 . 5 ,  and  t h e  n o r t h - s o u t h  component o f  
t i l e  wind ( v )  a t  a l e v e l  0 .5 ,  f o r  t h e  c o n t r o l  c a s e s  and t h e  e n e r g y  



F igu re  10. Mean 500 mb con tours  i n  January  f o r  t h e  no r the rn  
hemisphere ( from Palmen and Newton [ 1 9691 ) . 

pa rks  exper iments  EXO1, EX02, and EX03. The waves w i l l  be con- 
s i d e r e d  i n  t e r m s  of  t h e i r  amp l i tudes  ( i n  'C f o r  tempera tu res ,  and 
mosec-' f o r  w ind) ,  phase ( i n  deg rees ,  where t h e  v a l u e  g iven i n  
t h e  l ong i t ude  of  t h e  f i r s t  r i d g e  e a s t  of t h e  Greenwich m e r i d i a n ) ,  
and t h e  percen tage  of  t h e  d e v i a t i o n  from t h e  zona l  mean which i s  
exp la ined  by t h e  wave. Waves a t  l a t i t u d e s  5 8 . 5 ' ~ ~  4 3 . 5 ' ~ ~  and 
3 1 . 5 ' ~  w i l l  be cons idered .  

3.2 Harmonic Ana l ys i s  o f  t h e  Temperature F i e l d  a t  a = 0.9 

Table 1 shows t h e  ampl i tude,  phase,  and v a r i a n c e  exp la ined  
by waves 1  t o  4 i n  t h e  ene r  y  pa rks  exper iments ,  c o n t r o l  c a s e s ,  % and d i f f e r e n c e  maps a t  43.5 N. The waves do n o t  show l a r g e  
v a r i a t i o n s  i n  l o c a t i o n  ( i . e .  phase) from one exper iment  t o  
ano the r .  Wave 2  e x p l a i n s  more o f  t h e  v a r i a n c e  from t h e  zona l  
mean t han  waves 1  and 3,  and t h i s  r e l a t i o n s h i p  does n o t  change 
between exper iments .  I n  EXO1, t h e  ampl i tude o f  t h e  f i r s t  f ou r  



Table 1. Harmonic analysis of the temperature field at 
a = 0.9, 43.5O~. 

Average of 3 Control Cases 

Amplitude (O C) 
Phase (O ) 
Variance ( % )  

EX0 1 

Amplitude (O C) 
Phase (O ) 
Variance ( X )  

EX02 

Amplitude (O C) 
Phase (O ) 
Variance ( X )  

EX03 

Amplitude (O C) 
Phase (O ) 
Variance ( X )  

-- 
EX01 Minus Average of 3 Controls 

~mplitude (O C) 
Phase (O ) 
Variance ( % )  

EX02 Minus Average of 3 Controls 

~mplitude ( OC) 
Phase ( O) 
Variance ( % )  

EX03 Minus Average of 3 Controls 

Amplitude ( OC) 
Phase ( O) 
Variance ( X )  

Wave 4 

3.5 
65 

8.2 

3.8 
65 

7.4 

3.5 
66 

7.8 

4.9 
65 
10.8 

0.4 
6 1 

1.0 

0.2 
87 

0.7 

1.4 
64 
11.8 

Wave 3 

3.0 
77 

6.0 

5.3 
77 
14.6 

5.0 
79 
16.0 

4.4 
66 

9.0 

2.4 
77 
45.2 

2.1 
8 1 
69.3 

I 

2.5 
53 
39.4 

Wave 1 

6.2 
300 

26.0 

6.8 
31 1 

23.5 

5.8 
294 

21.9 

8.3 
297 

31.7 

1.4 
1 1  
16.5 

0.7 
177 

7.5 
f 

2.2 
289 

29.6 

Wave 2 

9.0 
14 
56.0 

9.8 
19 
49.2 

8.7 
13 
49.2 

9.8 
17 
44.2 

1.8 
4 8 
24.4 

0.4 
123 

2.6 

1.3 
4 1 
10.1 



waves i s  g r e a t e r  t han  i n  t h e  average o f  t h e  t h r e e  c o n t r o l  
c a s e s .  The amount o f  va r i ance  exp la ined  by wave 3  i s  i n -  
c reased ,  wh i l e  t h a t  exp la ined  by waves 1 ,  2 ,  and 4 i s  less 
t han  i n  t h e  c o n t r o l  c a s e s .  L ikewise,  i n  EX02 t h e  amount of 
va r i ance  expla i i led by wave 3  has i nc reased .  Th is  i s  empha- 
s i z e d  i n  t h e  v a l u e s  g iven  i n  Table 1 ,  where w e  see t h a t  t h e  
harmonic a n a l y s i s  o f  t h e  d i f f e r e n c e  maps silows t h a t  wave 3  i s  
dominant i i l  t h e  d i f fe re i?ces  between EX01 and EX02 and t h e  ave r -  
age of  t h e  c o n t r o l s .  I n  EX03, t h e  amount o f  va r i ance  exp la i ned  
by wave 2 i s  sma l l e r  t han  i n  t h e  c o n t r o l  c a s e s  and wave 1  i s  
much b igge r .  Small i n c r e a s e s  i n  t h e  amount of v a r i a n c e  
exp la i ned  by waves 3  and 4 a r e  a l s o  observed.  For  t h e  d i f f e r -  
ences  between EX03 and t h e  c o n t r o l  c a s e s ,  wave 1 e x p l a i n s  more 
va r i ance  t han  it d i d  i n  t h e  d i f f e r e n c e s  f o r  t h e  f i r s t  two 
exper iments  and wave 3  i s  s t i l l  impo r tan t ,  bu t  n o t  a s  l a r g e  a s  
i n  t h e  f i r s t  two exper iments .  

The c h a r a c t e r i s t i c s  of  t h e  waves a t  t h e  o t h e r  two l a t i t u d e s  
a r e  n o t  g i ven  i n  t a b u l a r  form. A t  l a t i t u d e  5 8 . 5 ' ~ ~  t h e  waves 
aga in  shows no l a r g e  d i f f e r e n c e s  i n  l o c a t i o n  between exper iments .  
I n  E X O I ,  wave 2 e x p l a i n s  t h e  l a r g e s t  amount o f  t h e  v a r i a n c e  from 
t h e  zonal  mean, i n  c o n t r a s t  t o  t h e  c o n t r o l  c a s e s  and EX02 and 
EX03 where wave 1  e x p l a i n s  most of  t h e  va r i ance .  I n  EX02, t h e  
waves do n o t  d i f f e r  from t h o s e  i n  t h e  c o n t r o l  c a s e s  a t  5 8 . 5 ' ~ .  
I n  EX03, t h e  ampl i tude o f  wave 1  i s  much g r e a t e r  t h a n  i n  t h e  o t h e r  
exper iments ,  wh i l e  t h e  amp l i tudes  o f  t h e  o t h e r  waves a r e  dec reased .  

A t  3 1 . 5 ' ~  t h e  waves i n  t h e  s u r f a c e  tempera tu re  f i e l d  have 
about  t h e  same phase i n  each  exper iment ,  and t h e r e  a r e  no sub- 
s t a n t i a l  d i f f e r e n c e s  i n  t h e  pe rcen t  of  v a r i a n c e  exp la i ned  by 
t h e  waves i n  any o f  t h e  exper iments .  

3.3 Harmonic Ana lys is  o f  t h e  Tsmperature F i e l d  a t  a = 0.5 

Table 2 shows t h e  c h a r a c t e r i s t i c s  o f  t h e  waves a t  4 3 . 5 ' ~  
f o r  t h e  tempera tu re  f i e l d  a t  a = 0.5 (abou t  500 mb) . Again 
t h e r e  a r e  no l a r g e  s h i f t s  i n  t h e  p o s i t i o n s  of  t h e  waves from 
one exper iment  t o  a n o t h e r .  I n  EXO1, t h e  amp l i tude  o f  and t h e  
p e r  c e n t v a r i a n c e  exp la i ned  by wave 1 i s  much l a r g e r  t h a n  i n  t h e  
c o n t r o l  c a s e s ,  wh i l e  wave 2 i s  s m a l l e r ,  wave 3  i s  a m p l i f i e d ,  
and wave 4 a b i t  s m a l l e r .  I n  EX02, t h e r e  a r e  no major changes 
i n  t h e  amount o f  v a r i a n c e  exp la ined  by t h e  waves, waves 1 and 
4 e x p l a i n  less v a r i a n c e ,  and waves 2 and 3  more v a r i a n c e  t h a n  
t hey  do i n  t h e  c o n t r o l  and o t h e r  c a s e s ,  wave 4 i s  a l s o  ampl i -  
f i e d ,  w h i l e  waves 1  and 2 e x p l a i n  less va r i ance .  

Harmonic a n a l y s i s  o f  t h e  d i f f e r e n c e  maps shows t h a t ,  f o r  
EX01 and EX02, t h e  d i f f e r e n c e  between t h e  energy  pa rks  e x p e r i -  
ment and t h e  c o n t r o l  c a s e s  i s  exp la ined  by waves 1 and 3.  For 
EX03, t h e  v a r i a n c e  of  d i f f e r e n c e  f i e l d  i s  most ly  exp la i ned  by 
wave 3  (65 p e r  c e n t )  . 



Table 2.  Harmonic a n a l  sis of  t h e  temperature  f i e l d  a t  Y a = 0 . 5 ,  4 3 . 5  N .  

Average o f  3  Con t ro l s  

~ m p l i t u d e  ( O  C )  
Phase ( O )  

Var iance ( % )  

EX0 1  

Amplitude ( O C )  
Phase ( O )  

Var iance ( % )  

EX02 

Amplitude ( O C )  

Phase ( O )  

Var iance ( % )  

EX03 

Amplitude ( O C )  
Phase ( O )  

Var iance ( % )  

EX01 Minus Average o f  3  Cont ro ls  

Amplitude ( O C )  
Phase ( O )  

Var iance ( X )  

EX02 Minus Average of 3  Con t ro l s  

Amplitude ( O C)  
Phase ( O )  

Var iance ( % )  

EX03 Minus Average o f  3  Con t ro l s  

Amplitude ( O C )  
Phase ( O )  

Var iance (74) 

Wave 1  

3 . 1  
191 

21.9 

5 . 5  
300  

4 5 . 0  

2 . 6  
270 

1 4 . 5  

3 .1  
28 1  

1 7 . 9  

2 . 5  
31 2  

5 3 . 3  

1 . 1  
1 6 5  
38 .9  

0 . 6  
198  

9 . 2  

Wave 2  

4 . 8  
6  

53 .7  

4 .4  
1 2  
2 8 . 3  

5 . 2  
3  

5 7 . 4  

5 . 0  
5  

4 6 . 3  

1 . 1  
67 

9 . 2  

0 . 6  
1 5 6  
1 2 . 3  

0 .2  
106  

1 .4  

Wave 3  

1 . 4  
6  1  

4 .3  

2 . 8  
7 5  
1 1 . 3  

1 . 9  
6  9  

7 . 5  

2 .8  
5 8  
1 4 . 8  

2 . 0  
84 
3 3 . 9  

0 .9  
84  
2 4 . 7  

1 . 5  
5 6  
65 .1  

'Wave 4  

2 . 0  
60  

9 . 6  

2 . 3  
57  

7 . 6  

2.1 
5 5  

9 . 2  

2 .7  
6 2  
1 3 . 1  

0 . 5  
4  2  

2.4 

0 .7  
36  
1 6 . 7  

2 

0.7  
67  
1 3 . 3  



~t l a t i t u d e  5 8 . 5 ' ~ ~  t h e r e  a r e  some v a r i a t i o n s  o f  t h e  phase 
o f  t h e  waves, e s p e c i a l l y  wave 3;  however,  s i n c e  t h e  phase  
v a r i e s  q u i t e  c o n s i d e r a b l y  between t h e  c o n t r o l  c a s e s  (between 
77' and 94')  it is hard  t o  a t t r i b u t e  changes  o f  t h e  phase  wave 
3  t o  t h e  i n t r o d u c t i o n  o f  t h e  energy  p a r k s .  I n  t h e  e n e r g y  p a r k s  
exper imen ts ,  wave 3  e x p l a i n s  more o f  t h e  v a r i a n c e  from t h e  z o n a l  
mean t h a n  it d o e s  i n  t h e  c o n t r o l  c a s e s  b u t  wave 3  i s  st i l l  
s m a l l e r  t h a n  waves 1  and 2. One n o t a b l e  change i n  t h e  v a r i a n c e  
e x p l a i n e d  by t h e  waves i s  i n  EX03, where wave 1  i s  much s t r o n g e r  
t h a n  i n  o t h e r  exper imen ts  and wave 2  i s  weaker--an e f f e c t  t h a t  
was a l s o  no ted  f o r  t h e  t e m p e r a t u r e  f i e l d  a t  a = 0.9.  

A t  l a t i t u d e  3 1 . 5 ' ~ ~  EX02 shows some l a r  e d i f f e r e n c e s  from 
t h e  c o n t r o l  c a s e s .  Wave 3  h a s  a  phase o f  69% compared w i t h  
a b o u t  38' i n  a l l  o t h e r  exper imen ts .  Wave 2  e x p l a i n s  more t h a n  
20 p e r  c e n t  more v a r i a n c e  from t h e  zona l  mean t h a n  i n  t h e  o t h e r  
s x p e r i m e n t s ,  and wave 1 i s  much weaker t h a n  i n  t h e  o t h e r  expe- 
r i m e n t s .  Wave 1  a l s o  s h i f t e d  from a  phase  o f  a b o u t  250' t o  
abou t  270' i n  EX02. The o t h e r  ene rgy  p a r k s  e x p e r i m e n t s  a r e  
n o t  f rom t h e  c o n t r o l  c a s e s .  

3.4 Harmonic A n a l y s i s  o f  t h e  North-South Component o f  

t h e  Wind ( v )  a t  a = 0.5 

U n f o r t u n a t e l y ,  w e  d o  n o t  have h e i g h t  v a l u e s  a t  a = 0.5 
r e a d i l y  a v a i l a b l e ,  b u t  t h e  waves i n  t h e  h e i g h t  f i e l d  c a n  b e  
approx imated by l o o k i n g  a t  t h e  z o n a l  harmonic  a n a l y s i s  o f  t h e  
v  component o f  t h e  wind a t  t h e  same l e v e l .  Tab le  3 ,  t h e r e f o r e ,  
shows t h e  r e s u l t s  o f  t h e  a n a l y s i s  a t  4 3 . 5 ' ~ .  

Two cha.nges kn t h e  p h a s e s  o f  t h e  waves a r e  n o t i c e a b l e .  I n  
EX02, wave 1  h a s  i t s  r i d g e  a t  167 ' ,  compared w i t h  216' i n  t h e  
c o n t r o l  c a s e s .  I n  EX03, wave 3  h a s  i t s  f i r s t  r i d g e  a t  33 ' ,  
compared w i t h  60' t o  64' i n  t h e  o t h e r  c a s e s .  

I n  t h e  c o n t r o l  c a s e s ,  wave 4 e x p l a i n s  most o f  t h e  v a r i a n c e  
from t h e  z o n a l  mean (60  p e r  c e n t ) ,  w i t h  wave 2 e x p l a i n i n g  t h e  
n e x t  h i g h e s t  amount (16  p e r  c e n t ) .  I n  EXOI, t h e  l a r g e s t  
change i s  i n  wave 3 ,  which e x p l a i n s  30 p e r  c e n t  o f  t h e  v a r i a n c e  
compared w i t h  a b o u t  5 p e r  c e n t ,  i n  t h e  c o n t r o l  c a s e s ,  wave 1  
a l s o  e x p l a i n s  more v a r i a n c e ,  w h i l e  waves 2  and 4 e x p l a i n  less. 
I n  EX02, wave 3  a g a i n  d e m o n s t r a t e s  t h e  l a r g e s t  change,  w i t h  
o n l y  s m a l l  changes  i n  t h e  o t h e r  waves. I n  EX03, wave 4  e x p l a i n s  
69 p e r  c e n t  o f  t h e  v a r i a n c e  from t h e  mean, w i t h  t h e  o t h e r  t h r e e  
waves c o n t r i b u t i n g  v e r y  l i t t l e .  Harmonic a n a l y s i s  o f  t h e  
d i f f e r e n c e  f i e l d s  shows t h a t  much o f  t h e  v a r i a n c e  from t h e  z o n a l  
mean d i f f e r e n c e s  i s  i n  waves 3  and 4 f o r  a l l  t h r e e  energy  p a r k s  
e x p e r i m e n t s .  

A t  5 8 . 5 ' ~ ~  t h e r e  a r e  no l a r g e  changes i n  t h e  p h a s e s  o f  
waves 1 t o  4 .  The v a r i a n c e  e x p l a i n e d  by t h e  waves i s  s i m i l a r  
i n  EX01 t o  t h e  a v e r a g e  o f  t h e  c o n t r o l  c a s e s ,  w i t h  wave 3  



T a b l e  3. North-south ( v )  c o m p o n e n t  of t h e  w i n d  a t  
a = 0.5, 43.5'~. 

A v e r a g e  of 3 C o n t r o l s  
- 1 

A m p l i t u d e  ( m - s e c  ) 
P h a s e  ( O )  

V a r i a n c e  ( X )  

EX01 
- 1 

A m p l i t u d e  ( m - s e c  ) 
Phase ( O )  

V a r i a n c e  ( X )  

EX02 

A m p l i t u d e  ( m -  sec-l) 
P h a s e  ( O )  

V a r i a n c e  ( % )  

EX03 

A m p l i t u d e  ( m - s e c - l  ) 
Phase ( O )  

V a r i a n c e  ( 5 6 )  

EX01 M i n u s  A v e r a g e  of 3 C o n t r o l s  

A m p l i t u d e  ( m - s e c - l  ) 
Phase ( O )  

V a r i a n c e  ( % I  

EX02 M i n u s  A v e r a g e  of 3 C o n t r o l s  

A m p l i t u d e  ( m . s e c - l  ) 
Phase ( O )  

V a r i a n c e  (74) 

EX03 M i n u s  A v e r a g e  of 3 C o n t r o l s  

Ampl i tude ( m - s e c - '  ) 
P h a s e  ( O )  

V a r i a n c e  ( X )  

Wave 1 

0.5 
21 6 

0.8 

2.0 
24.4 
5.3 

0.4 
167 

0.5 

0.7 
21 1 

0.8 

1.6 
252 

11.1 

0.4 
89 

2.2 

0.2 

Wave 4 

4.5 
49 
59.8 

* 

5.8 
45 
43.6 

4.5 
45 
54.8 

6.5 
4 8 
69.0 

2.0 
34 
18.7 

1.4 
24 
24.4 

2.1 
44 

0.3 112:.1 1 

Wave 2 

2.4 
174 

16.2 

3.0 
3 

11.9 

2.3 
167 

14.0 

2.2 
164 

8.2 

1 .I 
26 

5.5 

0.6 
121 

3.9 

0.8 

29.1 

I 

Wave 3 

1.3 
64 
4.8 

4.9 
64 
32.0 

3.0 
60 
24.0 

2.1 
33 

7.3 

3.7 
64 
60.3 

1.7 
58 
38.1 

2.5 



exp la in i ng  about  h a l f  o f  t h e  t o t a l .  I n  EX02, however, t h e  domi- 
nance o f  wave 3 i s  almost  e l im ina ted ,  w i t h  a l l  f o u r  waves 
exp la in i ng  between 15 and 27 p e r  c e n t  o f  t h e  va r i ance .  I n  EX03, 
wave 4 e x p l a i n s  50 p e r  c e n t  o f  t h e  va r i ance  wh i le  wave 3 
e x p l a i n s  on l y  2 p e r  c e n t ,  a l a r g e  reduc t i on  from t h e  c o n t r o l  
c a s e  va lue .  Harmonic a n a l y s i s  o f  t h e  d i f f e r e n c e  f i e l d s  a t  
5 8 . 5 ' ~  shows t h a t  t h e  l a r g e s t  p a r t  o f  t h e  v a r i a n c e  from t h e  
zona l  mean d i f f e r e n c e  i s  exp la ined  by wave 3 i n  a l l  t h r e e  
energy parks  exper iments .  

A t  31  ON, t h e  phase o f  wave 2 i n  EXOl i s  d i f f e r e n t  from 
t h e  o t h e r  exper iments ,  o therw ise  t h e r e  a r e  no n o t i c e a b l e  
s h i f t s  i n  phase. I n  t h e  c o n t r o l  c a s e s ,  wave 4 e x p l a i n s  most 
o f  t h e  v a r i a n c e  from t h e  zona l  mean, and t h i s  p a t t e r n  i s  n o t  
changed i n  t h e  t h r e e  energy parks  exper iments.  I n  t h e  a n a l y s i s  
of t h e  d i f f e r e n c e  f i e l d s  it i s  found t h a t  f o r  EX02 and EX03 t h e  
f i r s t  4 waves t o g e t h e r  do n o t  e x p l a i n  more t han  20 p e r  c e n t  o f  
t h e  va r i ance  from t h e  zona l  mean o f  t h e  d i f f e r e n c e s ,  r e q u i r i n g  
t h a t  waves o f  sma l l  wavelength e x p l a i n  t h e  va r i ance .  I n  EXO1, 
wave 4 e x p l a i n s  t h e  l a r g e s t  amount (42 pe r  cent) ,  of  t h e  va r i ance .  

Table 4 summarizes ' the  l a r g e s t  changes i n  t h e  percen tage  
o f  v a r i a n c e  exp la ined  by t h e  f i r s t  f o u r  waves f o r  t h e  t h r e e  
energy pa rks  exper iments  and t h e  t h r e e  l a t i t u d e  l i n e s  under 
c o n s i d e r a t i o n .  

E X O 1 ,  i n  which two energy parks  were s i t u a t e d  i n  t h e  mid- 
l a t i t u d e s ,  had no l a r g e  changes i n  t h e  waves i n  t h e  t r o p i c a l  
l a t i t u d e s .  Elsewhere e f f e c t s  on waves were mixed, depending 
on l a t i t u d e  and v a r i a b l e  under c o n s i d e r a t i o n .  

I n  EX02, i n  which t h e  A t l a n t i c  energy park  was s i t u a t e d  
i n  t h e  t r o p i c a l  A t l a n t i c ,  no l a r g e  changes i n  waves i n  t h e  
tempera tu re  o f  t h e  lowest  l a y e r  a r e  noted.  Again, t h e  changes 
e lsewhere a r e  mixed b u t  w i t h  a tendency towards a dec rease  i n  
t h e  ampl i tude o f  wave 1 and an  i n c r e a s e  i n  t h e  ampl i tude o f  
wave 2. 

I n  EX03, i n  which on ly  t h e  m id - la t i tude  A t l a n t i c  energy 
park  was cons ide red ,  t h e r e  i s ,  a s  i n  EXO1, no l a r g e  change i n  
t h e  waves i n  t h e  t r o p i c a l  l a t i t u d e s .  I n  t h e  tempera tu re  f i e l d  
t h e r e  i s  a s t r o n g  tendency towards a l a r g e r  wave 1 ,  and i n  
t h e  wind f i e l d  towards a l a r g e r  wave 4 .  

I n  t h e  harmonic a n a l y s i s  o f  t h e  d i f f e r e n c e s ,  EXOl and EX03 
have l a r g e  wave 3 responses  i n  tempera tu re  and i n  t h e  v compo- 
nen t  o f  t h e  wind a t  a l e v e l  = 0.5. 

G i l c h r i s t  (1975) summed up t h e  r e s u l t s  o f  EX01 by p o i n t i n g  
o u t  t h a t  t h e  model had responded t o  t h e  h e a t  i n p u t  by producing 
a l a r g e  wave 3 response .  Th is  can be seen i n  T a b l e . 1 ,  i n  t h e  



Table 4 .  Summary o f  t h e  l a r g e  changes i n  v a r i a n c e  exp la ined  
by t h e  f i r s t  f o u r  waves i n  t h e  t h r e e  energy pa rks  
exper iments  a t  t h e  t h r e e  l a t i t u d e s  under c o n s i d e r a t i o n .  

Temperature a = 0.9 
EX0 1 

Temperature a = 0.5 
EX0 1 

Wave 1 decreased 
Wave 2 increased 

No l a rge  change 

No l a rge  change 

( v )  a t  a = 0.5 
EX0 1 

No change 

.----------------------.-------------------------------------------------.. 

No l a r g e  change 

.---------------------------------------------.---------------------------. 
No l a r g e  change 

No l a r g e  change 

Wave 1 increased 
Wave 2 decreased 
Wave 3 i nc reased 

No l a r g e  change 

- 

Wave 1 much increased 
Waves 2 & 3 decreased 

Wave 1 s l i g h t l y  increased 
Wcve 2 s l i g h t l y  decreased 
Waves 3  & 4 s m a l l  i nc rease . 

No l a r g e  change 

No l a rge  change 

.----------------------.-------------------------------------------------- 

Wave 1 decreased 
Waves 2 & 3  increased 

----------------------.-------------------------------------------------- 
Wave 1 much decreased 
Wave 2 increased 

Waves 1 a 2 decreased 
Waves 3 s  4 increased 

Waves 1 & 3  increased 
Wave 2 decreased 

No l a r g e  change 

Wave 1 increased 
Wave 2 decreased 

Waves 3  & 4 increased 
Waves 1 & 2 decreased 

No l a r g e  change 

Wave 3 decreased 
Wave 4 increased 

________---_----------..------------------------------------------------- 

Wave 1 decreased 

----------------------.------------------------,-------------------------- 

No l a r g e  change 

Wave 2 decreased 
Wave 3 much decreased 
Wave 4 much increased 

Waves 3  & 4 i n c ~ e a s e d  

No l a r g e  change 



a n a l y s i s  o f  t h e  d i f f e r e n c e  i n  tempera tu re  o f  t h e  lowes t  model 
l a y e r  between EX01 and t h e  average of  t h e  c o n t r o l s .  However, 
w e  see i n  t h e  same Tab le  t h a t  EX02 produced an  even l a r g e r  
wave 3 response ,  wh i l e  EX03 produced a  wave 3 and a  wave 1 
response.  S ince  on l y  one energy  park  was i n s e r t e d  i n  EX03 w e  
would expec t  a  response  i n  wave 1 .  

I t  i s  n o t a b l e  t h a t  t h e  response  i n  t h e  waves was d i f f e r e n t  
i n  t h e  t h r e e  c a s e s ,  which aga in  p o i n t s  t o  t h e  f a c t  t h a t  t h e  
model i s  s e n s i t i v e  t o  t h e  amount and l o c a t i o n  of  t h e  h e a t  i n p u t .  
The r e s u l t s  a l s o  show t h a t  t h e  e f f e c t  of  t h e  h e a t  i n p u t  i s  no t  
on l y  f e l t  i n  t h e  s u r f a c e  l a y e r s  of  t h e  model, bu t  has  had an  
impact i n  t h e  upper l a y e r s  a l s o .  

4 .  CONCLUSIONS 

Two p rev ious  exper iments  w i t h  t h e  UKMO atmospher ic  c i r c u -  
l a t i o n  model, which i n v e s t i g a t e d  t h e  response  o f  t h e  s imu la ted  
no r the rn  hemisphere c i r c u l a t i o n  t o  ocean energy  pa rks ,  showed 
t h a t  t h e  c i r c u l a t i o n  was changed i n  t h e  v i c i n i t y  of  t h e  pa rks  
and e lsewhere i n  t h e  hemisphere. The combinat ion of two e x t r a -  
t r o p i c a l  energy  pa rks  had more impact t han  a  combinat ion 
i nvo l v i ng  one park  i n  t r o p i c a l  l a t i t u d e s .  

A f u r t h e r  exper iment ,  i n  which t h e r e  i s  one energy  park  
w i t h  a  t o t a l  h e a t  o u t p u t  o f  1 . 5  x  1 0 1 4 w  i n  t h e  m id - l a t i t ude  
A t l a n t i c ,  p roduces e f f e c t s  o f  t h e  same o r d e r  o f  magnitude a s  i n  
t h e  f i r s t  exper imen ts ,  a s  f a r  a s  changes i n  s u r f a c e  p r e s s u r e ,  
tempera tu re  i n  t h e  lowes t  model l a y e r ,  and p r e c i p i t a t i o n  a r e  
concerned. There a r e  some q u a l i t a t i v e  s i m i l a r i t i e s  i n  response  
between t h e  new exper iment  and t h e  f i r s t  o f  t h e  p rev ious  exper- 
iments .  

Ana lys is  of t h e  r e s u l t s  of  t h e  f i r s t  t h r e e  exper iments  made 
so  f a r  sugges t  t h a t  ( 1 )  r e s u l t s  from f u r t h e r  exper iments  w i l l  
be  u s e f u l  i n  i n t e r p r e t i n g  t h e  model 's  response  t o  l a r g e  i n p u t s  
o f  waste h e a t ;  ( 2 )  f u r t h e r  a n a l y s i s  o f  t h e  f i r s t  t h r e e  expe r i -  
ments i n  t e r m s  o f  v a r i a b l e s  from h ighe r  l e v e l s  o f  t h e  atmosphere 
shou ld  be made; and ( 3 )  a  b e t t e r  e s t i m a t e  o f  t h e  mode l ' s  
i n h e r e n t  v a r i a b i l i t y  i s  r e q u i r e d  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  model 's  response  t o  t h e  h e a t  i n p u t  can be more p rope r l y  
assessed .  
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