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PREFACE 

The coevolu t ion  of  mankind and t h e  b iosphere  i s  one of t o d a y ' s  
p r i n c i p a l  r e sea rch  problems. C l e a r l y ,  human a c t i v i t y  has  begun 
t o  r i v a l  n a t u r e ' s  a b i l i t y  t o  modify t h e  v a r i a b i l i t y  of t h e  e a r t h ' s  
c l i m a t e  o r  even t o  genera te  c l i m a t i c  changes. Human i n t e r v e n t i o n  
i n t o  t h e  c l i m a t i c  system could have profound consequences f o r  
t h e  b iosphere ,  and t h u s  c a r e f u l  a n a l y s i s  and c o n s i d e r a t i o n  of 
both  t h e  environmental  and s o c i e t a l  impl ica t ions  o f  such i n t e r -  
vent ion  a r e  c r i t i c a l l y  needed. 

For t h e  p a s t  s e v e r a l  yea r s ,  r e s e a r c h e r s  a t  IIASA have been 
examining problems such a s  t h e s e .  I n  1978, f o r  example, a meeting 
was h e l d  on "Carbon Dioxide, Climate and Soc ie ty" .  This meeting 
brought t o g e t h e r  e x p e r t s  from around t h e  world t o  a s s e s s  t h e  
s t a t e  of knowledge on t h e  prospects  of  c l ima te  change r e s u l t i n g  
from i n c r e a s i n g  atmospheric i n j e c t i o n s  of  carbon d iox ide  and i n  
p a r t i c u l a r  t o  review work on t h i s  s u b j e c t  i n  t h e  IIASA Energy 
Systems Program. I n  t h e  same y e a r ,  IIASA hosted t h e  I n t e r n a t i o n a l  
Workshop on Climate I s s u e s  organized by t h e  Climate Research 
Board of  t h e  US National  Academy of  Sciences and a p repara to ry  
meeting f o r  t h e  World Climate Conference organized p r i m a r i l y  by 
t h e  World Meteorological  Organizat ion (WMO) of t h e  United Nations.  
I n  1980, a Task Force meeting on t h e  Nature of  Climate and Soc ie ty  
Research w a s  convened t o  advance our  knowledge of  t h e  r e l a t i o n s h i p  
o f  c l ima te  t o  s p e c i f i c  a s p e c t s  of phys ica l  and s o c i a l  systems. 
More r e c e n t l y ,  i n  1982, an i n t e r n a t i o n a l  workshop on "Resource 
and Environmental Appl ica t ions  of  Scenar io  Analysis"  was organized.  
This workshop focused on innovat ive  approaches f o r  d e a l i n g  wi th  
i s s u e s  l i k e  c l i m a t i c  change which involve  cons ide rab le  u n c e r t a i n t y  
and m u l t i d i s c i p l i n a r y  a n a l y s i s .  F i n a l l y ,  a major 2-year p r o j e c t  
i s  c u r r e n t l y  be ing  i n i t i a t e d  wi th  t h e  support  of  t h e  UN Environ- 
mental Programme. This p r o j e c t  w i l l  i n v e s t i g a t e  t h e  impacts of  
shor t - te rm c l i m a t i c  v a r i a t i o n s  and t h e  l i k e l y  long-term e f f e c t s  
o f  C02-induced c l i m a t i c  changes on a g r i c u l t u r a l  o u t p u t  a t  t h e  
s e n s i t i v e  margins o f  food g r a i n s  and l i v e s t o c k  product ion .  



Within t h e  framework o f  i t s  climatic s t u d i e s ,  IIASA h a s  
c o n t i n u a l l y  a t t empted  t o  d i s s e m i n a t e  i n f o r m a t i o n  about  s i m i l a r  
s t u d i e s  performed a t  r e s e a r c h  c e n t r e s  i n  t h e  IIASA Na t iona l  
Member Organ iza t ion  c o u n t r i e s .  This  paper  p r e s e n t s  t h e  approach 
and t h e  system o f  a n a l y t i c  t o o l s  developed f o r  i n v e s t i g a t i o n s  o f  
g l o b a l  b i o s p h e r i c  problems a t  t h e  Computing C e n t e r  o f  t h e  USSR 
Academy o f  Sc i ences ,  Moscow, USSR. The paper  w a s  p r e s e n t e d  a t  
t h e  9th Global  ~ o d e l l i n g  Conference,  h e l d  a t  IIASA i n  1981.  

Janusz  Kind le r  
P r o j e c t  Leader 
Impacts o f  Human A c t i v i t i e s  on 

Environmental  Sys terns 



ABSTRACT 

The problem o f  t h e  coevo lu t ion  o f  mankind and t h e  b iosphe re ,  
i . e . ,  t h e  r e l a t i o n s h i p  between t h e  process  o f  t h e  e v o l u t i o n  o f  
t h e  b iosphe re  and t h e  e v o l u t i o n  of  human a c t i v i t y  which provides  
a  homeostasis f o r  human c i v i l i z a t i o n ,  has  become one o f  t h e  p r i n -  
c i p a l  problems o f  human ecology .  

The f i r s t  s t e p  i n  an  e x t e n s i v e  program o f  i n t e r d i s c i p l i n a r y  
r e s e a r c h  i s  t h e  c r e a t i o n  o f  a  system o f  mathematical  models which 
would s e r v e  a s  a  framework f o r  p lanning  i n t e r n a t i o n a l  r e s e a r c h  
programs. 

The r e s e a r c h  d e s c r i b e d  h e r e i n  has  two s t a g e s .  The f i r s t  
s t a g e ,  a  s t i l l  p r i m i t i v e  system o f  models was c o n s t r u c t e d  and 
analyzed,  u s i n g  systems dynamics techniques .  This  system of  
models, o u t l i n e d  i n  t h e  second s e c t i o n  o f  t h e  paper ,  h a s  a l r e a d y  
he lped  t h e  a u t h o r s  i n  t h e i r  c o n t a c t s  w i t h  e x p e r t s  i n  b io logy ,  
s o i l  s c i e n c e ,  e tc . ,  and t h e  c r e a t i o n  of  an in fo rma t ion  base  has  
i n  e s sence ,  t u rned  i n t o  a  d i s c u s s i o n  o f  p l a n s  f o r  f u t u r e  work. 
S t u d i e s  connected w i t h  s i m u l a t i n g  t h e  e v o l u t i o n  o f  t h e  b iosphe re  
w e r e  developed i n  t h r e e  d i r e c t i o n s :  s i m u l a t i o n  o f  p rocesses  o f  
a  b i o t i c  n a t u r e ,  s i m u l a t i o n  o f  climate, and s i m u l a t i o n  o f  human 
a c t i v i t y .  

Experimental  r e s u l t s  o b t a i n e d  us ing  t h i s  system i n  t h e  
" i f  . . . then"  mode, may b e  h e l p f u l  f o r  unders tanding ,  a t  l e a s t  
on a  q u a l i t a t i v e  b a s i s ,  p o s s i b l e  impacts o f  human a c t i v i t y  on 
t h e  e v o l u t i o n  of  t h e  b iosphe re  assuming t h a t  t h e  p r e s e n t  day 
t r e n d s  remain unchanged. This  system o f  models i s  a t  p r e s e n t  
programmed a t  IIASA and i s  ready  t o  b e  used f o r  s i m u l a t i o n  
experiments .  



The second s t e p  i n  t h e  research  i s  based on an understanding 
o f  t h e  f a c t  t h a t  t h e  systems dynamic approach i s  n o t  s u f f i c i e n t  
f o r  t h e  e l a b o r a t i o n  and s tudy o f  t h e  system o f  models which 
desc r ibes  human a c t i v i t y .  Furthermore, it i s  necessary  t o  analyze 
and coordina te  models developed by e x p e r t s  i n  v a r i e d  branches of  
s c i e n c e  - b i o l o g i s t s ,  c l i m a t o l o g i s t s ,  economists,  e t c .  Thus, it 
i s  necessary t o  e l a b o r a t e  new mathematical techniques t h a t  can 
be used i n  t h e  i n v e s t i g a t i o n  of  g loba l  coevolu t ion  problems. 
Some p r i n c i p l e s  f o r  t h e  development o f  t h e s e  techniques were 
formulated a t  t h e  Computing Center o f  t h e  USSR Academy o f  Sciences 
and a r e  presented  h e r e i n .  The t h r e e  main p r i n c i p l e s  a re :  

(1)  Linear  pa ramet r i za t ion  of  comprehensive submodels; 

( 2 )  Models o f  human a c t i v i t y  a r e  s p l i t  i n t o  two l e v e l s  - 
t h e  decision-making l e v e l  and t h e  t echno log ica l  l e v e l  - 
and a  d e s c r i p t i o n  of  t h e  system of  models a t  t h e  tech-  
no log ica l  l e v e l  only;  

( 3 )  Analysis  and coordina t ion  of  t h e  system of  models by 
c o n s t r u c t i n g  a  s e t  o f  a l l  reachable  va lues  of  pe r fo r -  
mance i n d i c e s  (The General ized Reachable S e t s  Approach) . 

The l i n e a r  pa ramet r i za t ion  procedure f o r  a  c l i m a t e  model which 
i s  e s s e n t i a l l y  t h e  Mintz-Arakawa g loba l  atmospheric c i r c u l a t i o n  
model a s  descr ibed  by Gates e t  a 1  (1971) and modified t o  account 
f o r  t h e  c l i m a t i c  t r e n d s  due t o  t h e  in f luence  of  anthropogenic 
f a c t o r s ,  i s  descr ibed  i n  t h e  t h i r d  s e c t i o n  of  t h e  paper .  

The problems of  modeling human a c t i v i t y  and t h e  main f e a t u r e s  
o f  t h e  General ized Reachable S e t s  approach, a s  w e l l  a s  t h e  genera l  
scheme of a n a l y s i s  of  g loba l  b iospher ic  models, a r e  presented  i n  
t h e  four th  s e c t i o n  of t h e  paper.  

This work, which i s  now i n  t h e  e a r l y  s t a g e s ,  c a l l s  f o r  a  
g r e a t  d e a l  of  s c i e n t i f i c  e f f o r t  over  a  long pe r iod  of  time. The 
au thors  a n t i c i p a t e  t h a t  t h e  importance of t h e  r e sea rch  i n  t h i s  
d i r e c t i o n  w i l l  be  i n t e r n a t i o n a l l y  recognized and supported.  
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GLOBAL MODELS, THE BIOSPHERIC APPROACH 
(THEORY OF THE NOOSPHERE) 

N.N_ Moiseev,  V.V. A leksandrov ,  V.F. K r a p i v i n ,  
A.V. Lo tov ,  Yu.M. S v i r e z h e v  and A.M. Tarko 

The t e r m  g l o b a l  models h a s  been  w i d e l y  d i s s e m i n a t e d  as a  

r e s u l t  o f  t h e  work o f  t h e  C l u b  o f  Rome. T h i s  term i s  u s u a l l y  

a s s o c i a t e d  w i t h  s y s t e m s  o f  m a t h e m a t i c a l  models  d e s c r i b i n g  w o r l d  eco- 

nomic p r o c e s s e s ,  i n c l u d i n g  a  c e r t a i n  number o f  e c o l o g i c a l  c h a r a c -  
I 

te r i s t ics  (demographic  f a c t o r s ,  p o l l u t i o n ,  e tc .  ) . However, t h e r e  

i s  a range  o f  problems c o n n e c t e d  w i t h  t h e  s t u d y  o f  t h e  g l o b a l  

c h a r a c t e r  o f  t h e  dynamic p r o c e s s e s  t h a t  t a k e  p l a c e  i n  t h e  b i o -  

s p h e r e ,  t h a t  are j u s t  a s  mean ingfu l  a n d  j u s t  a s  s i g n i f i c a n t  f o r  

t h e  f u t u r e  o f  mankind. The s t u d y  o f  s u c h  problems began i n  t h e  

USSR a t  t h e  b e g i n n i n g  o f  t h e  70s ,  i n d e p e n d e n t  o f  t h e  work o f  

t h e  Club o f  Rome. T h i s  p a p e r  summarizes some o f  t h e  r e s u l t s  

o f  o u r  work, 

1 .  THE PURPOSE OF THE RESEARCH AND THE 
POSSIBILITIES OF THE MODEL 

1 .1  What i s  C o e v o l u t i o n ?  

I n  t h e  o p i n i o n  o f  V. I. V e r n a d s k i  ( 1  9 2 6  , t h e  b i o s p h e r e  r e p r e s e n t s  

a n  i n t e g r a t e d  s y s t e m  whose e v o l u t i o n  i s  d e t e r m i n e d  by the i n t e r -  

a c t i o n  o f  i t s  b i o t i c  a n d  a b i o t i c  components.  Mankind i s  a n a t u r a l  

e l e m e n t  o f  t h e  b i o s p h e r e ,  and i t s  e x i s t e n c e  o u t s i d e  o f  t h e  b i o -  

s p h e r e  i s  u n t h i n k a b l e .  The e x i s t e n c e  o f  c i v i l i z a t i o n  i n  t h e  

modern s e n s e  o f  t h e  word i s  o n l y  p o s s i b l e  w i t h i n  a r e l a t i v e l y  



narrow range of  parameters .  The growing power of mankind poses  

t h e  problem of  a  s e l e c t i o n  of  s t r a t e g i e s  of  s o c i a l  development 

which a r e  capable  of guarantee ing  n o t  on ly  an e x i s t e n c e ,  b u t  

a l s o  t h e  j o i n t  e v o l u t i o n  of mankind and t h e  environment.  

The a c t i v i t y  o f  people  i n e v i t a b l y  e x e r t s  an i n f l u e n c e  on 

t h e  b iosphe re  and changes l i v i n g  c o n d i t i o n s .  But t h e  r a t e s  a t  

which t h e s e  c o n d i t i o n s  change, do n o t  n e c e s s a r i l y  i n f l u e n c e  t h e  

degree t o  which people  can adap t  t o  t h e s e  changes.  The r e l a t i o n -  

s h i p  between t h e  e v o l u t i o n  process  o f  t h e  b iosphe re  and t h e  evolu- 

t i o n  o f  human a c t i v i t y ,  p rovides  a  homeostasis f o r  human c i v i l i z a -  

t i o n  t h a t  w e  have termed coevo lu t ion .  

The problem of  coevo lu t ion  has  become, i n  o u r  view, one of  t h e  

p r i n c i p a l  problems o f  human ecology.  I ts s o l u t i o n  w i l l  r e q u i r e  

unprecedented e f f o r t s  on t h e  p a r t  of  mankind, and i n  o r d e r  t h a t  

such e f f o r t s  be undertaken,  mankind should  have an e x t e n s i v e  

knowledge o f  t h e  g e n e r a l  laws governing t h e  e v o l u t i o n  o f  t h e  

b iosphere .  

1 .2  The Language of I n t e r d i s c i p l i n a r y  Research 

The s tudy  of  t h e  p r o p e r t i e s  o f  t h e  b iosphe re  a s  a  s i n g l e  

i n t e g r a l  u n i t  i s  s t i l l  very l i m i t e d .  There i s  no doubt t h a t  

e x i s t i n g  in fo rma t ion  i s  inadequate  t o  expres s  any d e f i n i t i v e  

opin ion  concerning t h e  choice  of s t r a t e g i e s  f o r  t h e  development 

o f  s o c i e t y .  For t h i s  reason ,  coevolu t ion  w i l l  r e q u i r e  q u i t e  an 

e x t e n s i v e  s c i e n t i f i c  program of  i n t e r d i s c i p l i n a r y  r e s e a r c h .  I t  

w i l l  have t o  i n c l u d e  t h e  e x p e r t s  from widely d i f f e r i n g  p ro fes -  

s i o n s  - b i o l o g i s t s ,  c l i m a t o l o g i s t s ,  p h y s i c i s t s ,  economists ,  

mathematic ians ,  a g r i c u l t u r i s t s ,  e tc .  It w i l l  a l s o  r e q u i r e  t h e  

p a r t i c i p a t i o n  o f  e x p e r t s  i n  t h e  humanit ies .  The manifold a c t i v -  

i t i e s  of  t h e s e  d i s c i p l i n e s  should  be  u n i t e d ,  t h e  in fo rma t ion  has  

t o  be  c o l l a t e d ,  i n t e r n a t i o n a l  programs should be  worked t o  h e l p  

s o l v e  p a r t i c u l a r  problems, e t c .  On what b a s i s  can such a  u n i f i c a -  

t i o n  o f  t h e  e f f o r t s  o f  r e s e a r c h e r s  be  achieved? I n  t h e  f i r s t  

p l a c e  a common language should  be c r e a t e d ,  enab l ing  e x p e r t s  from 

va r ious  f i e l d s  of  knowledge t o  unders tand conc re t e  o b j e c t i v e s  

(and i n  a  number of  c a s e s  t h e  c o n t e n t s )  a s  w e l l  a s  t h e  r e s e a r c h  

of  t h e i r  co l l eagues  working i n  o t h e r  a r e a s  o f  t h e  same program. 



Such a  language can only  be  a  language based on a  formal ized  

d e s c r i p t i o n ,  i .e. ,  t h e  language o f  mathematical  models. 

Thus, w e  c o n s i d e r  o u r  f i r s t  o b j e c t i v e  t o  be t h e  c r e a t i o n  o f  

a  system o f  models which would s e r v e  a s  t h e  framework of  a  gene ra l  

scheme f o r  c o n c r e t e  r e s e a r c h ,  t h e  b a s i s  f o r  p lanning ,  and t h e  

management of  i n t e r n a t i o n a l  r e s e a r c h  programs d i r e c t e d  towards 

t h e  e l a b o r a t i o n  o f  s t r a t e g i e s  provid ing  f o r  t h e  coevo lu t ion  o f  

mankind and t h e  environment. Those s t r a t e g i e s  would guarantee  

man's l i f e  on e a r t h .  W e  c o n s i d e r  one of t h e  r e s u l t s  of  o u r  

a c t i v i t i e s  t o  d a t e ,  t o  be t h e  f a c t  t h a t  a l though t h e  system of  

models t h a t  has  been b u i l t  up u n t i l  now i s  r a t h e r  p r i m i t i v e ,  it 

has  a l r e a d y  he lped  us  i n  o u r  c o n t a c t s  wi th  e x p e r t s  i n  t h e  f i e l d  

o f  b io logy ,  s o i l  s c i e n c e ,  e t c .  The c r e a t i o n  of an informat ion  

base  h a s ,  i n  essence ,  t u rned  i n t o  a  d i s c u s s i o n  of  p l a n s  f o r  j o i n t  

work. 

1.3 Research i n t o  t h e  General  Laws Governing 
t h e  Biosphere 

The s tudy  of  t h e  b iosphe re  a s  a  u n i f i e d  whole was bequn by V . I .  

Vernadski (1926) .  A s  a  r e s u l t  o f  h i s  r e s e a r c h ,  t h e  i n t e r r e l a t i o n  

of  many f a c t o r s ,  and i n  p a r t i c u l a r  t h e  r o l e  o f  l i v i n g  matter i n  

t h e  format ion o f  t h e  upper s h e a t h  of  t h e  Ear th  have become e v i d e n t .  

The nex t  g r e a t  s t e p  forward i n  t h e  unders tanding  of t h e  gene ra l  laws 

governing t h e  development of t h e  b i o t a  w e r e  t h e  f i n d i n g s  of  V.N. 

Sukachev ( 1964) and N.V. Timofeev-Resovski (1 96 1  ) on biogeocenosi  . 
The no t ion  of  t h e  b iosphe re  a s  an aggrega te  of  e lements  whose i n n e r  

r e l a t i o n s h i p s  a r e  s i g n i f i c a n t l y  s t r o n g e r  t h a n  i t s  o u t e r  r e l a t i o n s h i p s  

a l r e a d y  c o n t a i n s  d e f i n i t e  r e c i p e s  f o r  t h e  a n a l y s i s  of gene ra l  

p l a n e t a r y  biogeocenosi .  Never the less ,  t h e s e  g e n e r a l  q u a l i t a t i v e  

judgements a r e  no t  s u f f i c i e n t  f o r  t h e  problems t h a t  s t a n d  b e f o r e  

mankind today.  Sys temat ic  r e s e a r c h  i s  needed t h a t  would provide  

q u a n t i t a t i v e  e v a l u a t i o n s  of  t h e  gene ra l  b iogeocenot ic  process  

and a l s o  make it p o s s i b l e  t o  e v a l u a t e  t h e  e f f e c t  o f  anthropogenic  

i n f l u e n c e s .  I t  should  be  noted ,  t h a t  du r ing  t h e  l a s t  decade a  

number of  s t u d i e s  have appeared t h a t  have played an impor tan t  

r o l e  i n  t h e  format ion of views on t h e  o b j e c t i v e s  and methods o f  analy-  

sis of  g l o b a l  p rocesses .  Examples of such s t u d i e s  a r e  t h o s e  of  V.  

J a .  Se rg in  and S. J a .  Se rg in  (1976) concerning t h e  theo ry  o f  



paleo-cl imate and t h e  dynamics of  g l a c i e r s ,  a s  w e l l  a s  t h e  numerous 

works on t h e  c i r c u l a t i o n  of  b iogenic  elements .  This r e sea rch  was 

begun i n  t h e  30s by Kos t i z in  (1935) and has  provided an important  

d i r e c t i o n  i n  sc ience .  This r e sea rch  should be  cont inued u t i l i z i n g  

modern methods f o r  process ing  information.  

Thus one of t h e  most important  o b j e c t i v e s  of o u r  work i s  

t h e  c r e a t i o n  of a  system of models, w i t h i n  whose framework it i s  

p o s s i b l e  t o  d e s c r i b e  t h e  b a s i c  p r o p e r t i e s  of t h e  dynamics of t h e  

biosphere wi th  t h e  necessary degree of accuracy,  and which would 

se rve  a s  a  p o i n t  of depar tu re  f o r  t h e  s tudy  of the evo lu t ionary  

t r e n d s  of t h e  biogeocenotic  processes  i n  t h e  world. This system 

of  models should be c r e a t e d  f o r  use i n  a  conversa t iona l  mode. 

Thus, our  t a s k  i s  t o  c r e a t e  a  man-machine system i n  which a  

system of  models would s imula te  r e a l i t y .  

1.4 The Problem of Linear  Trends 

One of t h e  problems i s  t h e  choice  of r e sea rch  s t r a t e g i e s .  

During t h e  s tudy of complex systems, a s  var ious  ques t ions  accu- 

mulate be fo re  t h e  r e sea rcher ,  t h e  choice o f  t h e i r  queuing o r d e r  

p lays  a  d e c i s i v e  r o l e  i n  t h e  e n t i r e  outcome of t h e  r e sea rch  

program. The s tudy of  t h e  l i n e a r  t r ends  of  t h e  b a s i c  parameters 

of t h e  b iosphere  i s  a  problem of primary importance. 

The dynamic model of t h e  biosphere may be represented  by 

t h e  fol lowing equat ion:  

where x - i s  a  vec to r  of phase v a r i a b l e s  t h a t  d e s c r i b e  t h e  

dynamics of the biosphere ,  and u - anthropogenic f a c t o r s .  

This means t h a t  dur ing  t h e  f i r s t  s t a g e  of r e sea rch ,  we a t tempt  

t o  s e p a r a t e  t h e  problem of  t h e  evo lu t ion  of t h e  b iosphere  and 

t h e  evo lu t ion  of t h e  c h a r a c t e r i s t i c s  of  human a c t i v i t y .  

Assuming x = 2 + y where 2 c h a r a c t e r i z e s  t h e  contemporary 

q u a s i - s t a t i o n a r y  s t a t e  and a s s w i n g  t h a t  t h e  va lues  y and u a r e  

s m a l l ,  we o b t a i n  



We c a l l  t h e  m a t r i x  Fx t h e  m a t r i x  o f  n a t u r a l  e v o l u t i o n ,  t h e  m a t r i x  

FU t h e  m a t r i x  of  an thropogenic  e v o l u t i o n ,  and t h e  va lue  FUu t h e  

va lue  o f  l i n e a r  t r e n d s .  

Such t r e a t m e n t  of t h e  problem i s  conven ien t ,  a s  it immediately 

d e f i n e s  t h e  problem. Having determined t h e  m a t r i x  FU, w e  may make 

use  o f  t h e  method o f  t h e  c o n s t r u c t i o n  of  sets of  p o s s i b l e  s o l u t i o n s .  

Des igna t ing  t h e  set  of p o s s i b l e  an thropogenic  l o a d s  on t h e  bio-  

sphe re  a s  V, w e  a t t e m p t  t o  o b t a i n  i t s  r e f l e c t i o n  i n  t h e  space  o f  

t h o s e  parameters  o f  i n t e r e s t  t o  t h e  r e s e a r c h e r .  Such an  approach 

a l s o  makes it p o s s i b l e  t o  c o n s t r u c t  i t e r a t i o n  procedures  needed 

f o r  t h e  v a r i o u s  r ecoun t s .  

I t  s t a n d s  t o  r eason  t h a t  t h e  c o n s t r u c t i o n  of  t h e  s e n s i t i v i t y  

ma t r ix  FU makes it p o s s i b l e  t o  o b t a i n  e v a l u a t i o n s  t h a t  c h a r a c t e r i z e  

changes o f  t h e  parameters  of  t h e  b iosphe re  f o r  on ly  r e l a t i v e l y  

smal l  i n t e r v a l s  o f  t ime ,  t e n s ,  and i n  extreme c a s e s ,  hundreds of  

y e a r s .  But it i s  p r e c i s e l y  t h i s  p e r i o d  t h a t  i s  o f  g r e a t e s t  

i n t e r e s t  t o  mankind. I f  it f i n d s  t h e  s t r e n g t h  w i t h i n  i t s e l f  t o  

overcome t h e  crisis of  t h e  nex t  decades ,  t h e n  one can  assume 

t h a t  it w i l l  a c q u i r e  t h e  expe r i ence  necessa ry  f o r  i t s  subsequent  

development. 

1.5 The Problem o f  C r i t i c a l  Parameters  

I n  t h e  e v o l u t i o n  of  any complex non- l inear  system it i s  

p o s s i b l e  t o  d i s t i n g u i s h  t h e  r e l a t i v e l y  "calm" cour se  of  t h e  

p r o c e s s ,  when i t s  parameters  a r e  n o t  i n  t h e  v i c i n i t y  o f  t h e i r  

b i f u r c a t i o n  v a l u e s .  I n  t h i s  s i t u a t i o n ,  a  chance pe r tu rbance  may 

d i s t u r b  t h e  e q u i l i b r i u m  o f  t h e  system ( t o  be more e x a c t  t h e  quas i -  

e q u i l i b r i u m )  o n l y  t empora r i ly .  The i n n e r  f o r c e s  of damping t h a t  

a r e  i n h e r e n t  t o  n a t u r e  r e t u r n  t h e  system t o  i t s  i n i t i a l  s t a t e  

( o r  c l o s e  t o  t h e  i n i t i a l  one)  . I t  i s  q u i t e  a n o t h e r  m a t t e r  w i th  

s i t u a t i o n s  t h a t  a r e  c l o s e  t o  t h e  v a l u e s  o f  t h e  " load  on t h e  b io-  

sphe re"  du r ing  which new s t a t e s  o f  e q u i l i b r i u m  emerge. According 

t o  t h e  terminology o f  A .  Poincare ,  t h e y  a r e  c a l l e d  b i f u r -  

c a t i o n a l .  They respond t o  t h o s e  va lues  of  parameter  u,  t h a t  

r e v e r t  t h e  d e r i v a t i v e  of t h e  r i g h t  hand s i d e  o f  e q u a t i o n  ( 1 )  

t o  ze ro  



There may b e  many s t a t e s  o f  equ i l ib r ium.  For example, i n  E u l e r ' s  

c l a s s i c a l  example concerning t h e  e q u i l i b r i u m  o f  a  p i v o t ,  a f t e r  t h e  

load  has  exceeded a  c r i t i c a l  va lue ,  t h e  new s t a t e  of  e q u i l i b r i u m  

t u r n s  o u t  t o  be a  continuum--any s i n u s o i d  t h a t  forms t h e  s u r f a c e  

of t h e  r e v o l u t i o n  i s  t h e  e q u i l i b r i u m  p o s i t i o n .  However, it i s  

imposs ib le  t o  p r e d i c t  what s t a t e  of e q u i l i b r i u m  t h e  system w i l l  

come t o - - i t  may depend on unforeseen chance f a c t o r s .  I n  t h e  

case  of  t h e  b iosphe re ,  w e  do n o t  know o f  any o t h e r  s t a t e s  o f  

e q u i l i b r i u m  excep t  f o r  t hose  t h a t  a r e  observed.  For t h i s  reason ,  

t h e  s tudy  o f  t h e  c r i t i c a l  l oads  w i l l ,  a t  some p o i n t  i n  t h e  f u t u r e ,  

be  an impor tan t  s c i e n t i f i c  problem--we do no t  have any guarantee  

t h a t  t h e  p r e s e n t  day l o a d  on t h e  b iosphere  i s  s u f f i c i e n t l y  removed 

from t h e  c r i t i c a l  one. But, t h e r e  i s  an i n d i r e c t  b a s i s  t o  sup- 

pose t h a t  a  number o f  c h a r a c t e r i s t i c s  of t h e  b iosphe re  a r e  c l o s e  

to t h e i r  c r i t i c a l  va lues .  For  example, a n  i n c r e a s e  i n  t h e  average 

tempera ture  by 2.S0 t o  4 0  would probably l e a d  t o  t h e  beginning 

o f  an i r r e v e r s i b l e  me l t ing  o f  g l a c i e r s .  What w i l l  t h e  p r o p e r t i e s  

o f  t h e  new s t a t e  o f  e q u i l i b r i u m  o f  t h e  b iosphe re  be  l i k e ,  w i l l  

t h e y  permi t  t h e  e x i s t e n c e  of man? W e  do n o t  know any th ing  about  

t h i s .  

1 .6  Methods o f  Systems Analys is  

Among t h e  o b j e c t i v e s  t h a t  w e  a r e  s e t t i n g  i n  o u r  program 

pure ly  methodological  problems occupy an impor tan t  p l ace .  
I n  what way should  t h e  r e s e a r c h  of a  system whose elements  r ep re -  

s e n t  o b j e c t s  t h a t  a r e  s o  v a r i e d  i n  t h e i r  p h y s i c a l  c o n t e n t  be  

organized?  How shou ld  one cope wi th  t h e  f a n t a s t i c  dimensions 

o f  t h e  problems t h a t  emerge? How should  one c r e a t e  a  s i m p l i f i e d  

v e r s i o n  o f  t h e  models? P r e s e n t l y ,  w e  do n o t  have s u f f i c i e n t  

exper ience ,  and i t s  a c q u i s i t i o n  w i l l  be an  impor tan t  s t a g e  i n  

t h e  r e a l i z a t i o n  of  such r e s e a r c h  programs. 

Thus, t h e  p r e s e n t  s t a g e  i n  t h e  h i s t o r y  of  man r e q u i r e s  i n  

o u r  view, t h e  i n t e r v e n t i o n  of  t h e  human i n t e l l e c t  i n  t h e  formula- 

t i o n  of  t h e  p r i n c i p l e s  f o r  i t s  f u r t h e r  development. But t h i s  

i n t e r v e n t i o n  may b e  j u s t i f i e d  only  i f  a  new s c i e n t i f i c  d i s c i p l i n e  

emerges--the dynamics of t h e  noosphere and t h e  s tudy  of  t h e  con- 

d i t i o n s  o f  coevo lu t ion ,  i .e. ,  provid ing  t h e  b a s i s  f o r  l i f e .  The 

p r i n c i p a l  o b j e c t i v e  of  o u r  e f f o r t s  has been t o  i n v e s t i g a t e  and 

shape t h e  development of  t h e  a p p r o p r i a t e  t o o l s .  



2.  SIMULATION OF BIOTA 

S t u d i e s  connected wi th  t h e  c o n s t r u c t i o n  of  a  system of  

mathematical  models s i m u l a t i n g  t h e  f u n c t i o n i n g  of  t h e  b iosphe re ,  

w e r e  developed i n  t h r e e  d i r e c t i o n s :  s i m u l a t i o n  o f  p rocesses  of  a  

b i o t i c  n a t u r e ,  s i m u l a t i o n  of  c l i m a t e ,  and s i m u l a t i o n  o f  human 

a c t i v i t y .  To some e x t e n t ,  t h e s e  s t u d i e s  w e r e  c a r r i e d  o u t  i n -  

dependent ly .  The o r g a n i z a t i o n  of t h e  s t u d i e s  was cond i t ioned  

by t h e  complexity of i n v e s t i g a t i o n ,  by t h e  n e c e s s i t y  t o  r e f i n e  

some p r i n c i p l e s ,  and t o  unders tand s p e c i a l  f e a t u r e s  and methods 

of d e s c r i p t i o n .  I t  s imul taneous ly  genera ted  c e r t a i n  d u p l i c a t i o n .  

For example, a  d e s c r i p t i o n  o f  geochemical c y c l e s  i s  imposs ib le  

wi thou t  t a k i n g  i n t o  account  t h e i r  impact on c l i m a t e ,  and c r i t e r i a  

f o r  model l ing human a c t i v i t y  a r e  connected wi th  p e c u l i a r i t i e s  of  

environmental  e v o l u t i o n ,  etc. Therefore ,  one had t o  d e l i b e r a t e l y  

in t roduce  some s i m p l i f i c a t i o n s ,  i . e . ,  p a r a m e t r i z a t i o n  of  l a r g e  

b locks  by h y p o t h e t i c a l  r e l a t i o n s h i p s  which should  b e  s p e c i f i e d  

l a t e r  when developing o t h e r  s t u d i e s .  Thus, each o f  t h e  t h r e e  

main d i r e c t i o n s  has  t h e  p o s s i b i l i t y  o f  u s ing  c l o s e d  models. W e  

s h a l l  c a l l  them t r a i n i n g  v e r s i o n s  a s  they  a r e  used today mainly 

f o r  t r a i n i n g  t h e  i n v e s t i g a t o r s  themselves.  This  s e c t i o n  d e a l s  

wi th  t h e  t r a i n i n g  v e r s i o n  o f  a  model f o r  t h e  c i r c u l a t i o n  o f  

b iogen ic  e lements .  

2 . 1  General  Desc r ip t ion  o f  t h e  Model 

The b iogeocenot ic  model o f  t h e  b iosphe re ,  developed a t  t h e  

Computing Center  of  t h e  USSR Academy o f  Sc iences ,  p rov ides  an 

approach t o  a  combined d e s c r i p t i o n  of  complex p rocesses  o f  a  

b i o t i c  and a b i o t i c  n a t u r e .  

The main d i f f i c u l t y  i n  developing t h e  model is  due t o  i n s u f -  

f i c i e n t  knowledge o f  e c o l o g i c a l  and c l i m a t o l o g i c a l  p rocesses .  

This  l a c k  o f  in fo rma t ion  i s  n o t  on ly  wi th  r ega rd  t o  t h e  quan t i -  

t a t i v e  c h a r a c t e r i s t i c s  of  t h e s e  processes  b u t  a l s o  wi th  r ega rd  

t o  t h e i r  b a s i c  q u a l i t a t i v e  r e l a t i o n s h i p s .  Therefore ,  when con- 

s t r u c t i n g  a  model, one w i l l  o f t e n  have t o  t a k e  i n t o  account  n o t  

on ly  t h e  va r i znce  of  c e r t a i n  parameters  b u t  a l s o  t h e  p o s s i b i l i t y  

o f  d i f f e r e n t  a l t e r n a t i v e s  f o r  t h e  dynamic p rocesses  themselves .  



The b iosphe re  model c o n s i s t s  o f  i n t e r a c t i n g  b locks  which 

a r e  e l a b o r a t e d  compara t ive ly  independent ly .  Such c o n s t r u c t i o n  

a l lows  one t o  d e f i n e  each block wi thou t  changing o t h e r  b locks .  

When d e s c r i b i n g  t h e  b iosphe re ,  w e  p ick  o u t  t h r e e  b locks :  t h e  

atmosphere, ocean and l and .  The d i v i s i o n  o f  l a n d  i n t o  r eg ions  

i s  i n  accordance w i t h  n a t u r a l ,  economic o r  p o l i t i c a l  boundar ies ,  

and i n  t h i s  d e s c r i p t i o n ,  t h e  atmosphere and ocean a r e  cons ide red  

t o  be i n d i v i s a b l e .  This  assumption proves t o  be e s p e c i a l l y  

c o r r e c t  i f  w e  t a k e  i n t o  account  t h a t  t h e  mixing p rocesses  i n  

t h e  atmosphere and i n  t h e  ocean proceed much more qu ick ly  t h a n  

on l and  (e .g . ,  t y p i c a l  t i m e s  f o r  mixing i n  t h e  atmosphere a r e  

of  t h e  o r d e r  of s e v e r a l  months o n l y ) .  

The s t a t e  o f  each  block i n  t h e  model i s  d e f i n e d  by a  se t  

of  v a r i a b l e s  (F igure  1 )  which j o i n t l y  form t h e  v e c t o r  of t h e  

b a s i c  phase v a r i a b l e s  of  t h e  model. A l l  t h e  accep ted  v a r i a b l e s  

have been s t u d i e d  i n  a  s u f f i c i e n t l y  aggrega ted  form; w e  know 

t h e i r  q u a l i t a t i v e  and sometimes a l s o  t h e i r  q u a n t i t a t i v e  r e l a t i o n s .  

But a  s y n t h e s i s  of  t h e  a v a i l a b l e  in fo rma t ion  i s  made f o r  t h e  f i r s t  

t i m e .  I n  a d d i t i o n ,  t h e  s t r u c t u r e  of  i n n e r  and o u t e r  biogeochem- 

i c a l ,  e c o l o g i c a l ,  s o c i a l  and economic r e l a t i o n s  i s  t aken  i n t o  

account .  

W e  t r i e d  t o  use  a l l  t h e  a v a i l a b l e  in fo rma t ion  about  proces-  

ses i n  t h e  b iosphe re ,  i . e . ,  t h e i r  q u a n t i t a t i v e  c h a r a c t e r i s t i c s ,  

e t c .  Also,  t h e r e  i s  t h e  p o s s i b i l i t y  of  u s i n g  computer experiments  

w i t h  t h e  model, a l lowing  a n a l y s i s  o f  a l t e r n a t i v e  hypotheses ,  

bo th  of  n a t u r a l  and o f  socio-economic f a c t o r s .  

The model i s  d e s c r i b e d  by a  Cauchy problem f o r  a  system o f  

n o n l i n e a r  o r d i n a r y  d i f f e r e n t i a l  equa t ions  r e p r e s e n t i n g  a l l  t h e  

r e l a t i o n s h i p s  between t h e  components of  t h e  b i o s p h e r i c  reg ions  

under c o n s i d e r a t i o n .  The model i s  r e a l i z e d  i n  t h e  form o f  a  

programme i n  FORTRAN-IV and i s  used f o r  t r a i n i n g  a t  t h e  Computing 

Center  o f  t h e  USSR Academy o f  Sciences  and a t  Moscow U n i v e r s i t y .  

The model i n c l u d e s  more than  4 0 0  c o e f f i c i e n t s  r e q u i r i n g  a  

q u a n t i t a t i v e  d e f i n i t i o n ,  and about  200 r e l a t i o n s h i p s  r e q u i r i n g  

a  mathematical  d e s c r i p t i o n .  Table 1 g i v e s  t h e  most impor t an t  

c o e f f i c i e n t s  whose va lues  have been taken  from v a r i o u s  l i t e r a t u r e  

sources  and they w e r e  used a s  a  s t a r t i n g  p o i n t  f o r  computer ex- 

per iments  wi th  t h e  model. 
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B locks  o f  t h e  B i o s p h e r e  Model 



Table 1. C h a r a c t e r i s t i c  parameters  of  t h e  b iosphe re  used 
i n  t h e  model 

Parameter  Value 

3 2 To ta l  a r e a  of  t h e  b iosphe re  ( 1 0  km ) 509000 

inc lud ing :  
l a n d  147610 
ocean 36 1390 
f o r e s t s  4072 
l a n d  s u i t a b l e  f o r  a g r i c u l t u r e  3140 
l a n d  c u r r e n t l y  used f o r  a g r i c u l -  

t u r e  1370 

Level  o f  s o l a r  r a d i a t i o n  energy ove r  t h e  
E a r t h ' s  s u r f a c e ,  a t  f r e e z i n g  p o i n t  
(cal /min)  2,548-10 

18 

E f f i c i e n c y  o f  s o l a r  energy use ( $ 1  
by t h e  t o t a l  b iosphe re  0 ,13 
by t h e  l a n d  0 , 3  - 0,46 
by t h e  ocean 0,04 - 0,07 

Albedo o f  t h e  Ea r th  - atmosphere system 013  

Mean gas  tempera ture  o f  t h e  atmosphere 
nea r  t n e  E a r t h ' s  s u r f a c e  (OC)  14 ,5  

9 To ta l  mass o f  t h e  atmosphere (10 t n )  5,13m106 
9 To ta l  i n d u s t r i a l  c o a l  r e sources  ( 1 0  t n )  7540 

Energy consumption p e r  person  i n  Europe 
( k c a l  p e r  day)  70 

Average r . a t e  of  annual  i n c r e a s e  i n  energy ; 

produc t ion  p e r  person  ( $ 1  4 

Rate o f  i n c r e a s e  i n  consumption o f  non- 
renewable r e sources  by humanity ( %  p e r  

y e a r )  5 

Amount o f  i n d u s t r i a l  p o l l u t a n t  emiss ions  
i n t o  t h e  atmosphere ( l o 9 t n  p e r  y e a r )  15 

Amount o f  p o l l u t i o n  e n t e r i n g  t h e  ocean 
( l o 9 t n  p e r  y e a r )  115 

Amount o f  d u s t  i n  t h e  atmosphere ( t n )  1 0 ~ 5 -  lo6 

Annual d u s t  e n t e r i n g  t h e  atmosphere ( t n )  
due t o  d u s t  s torms 

7 5 , 4 - l o 7  
due t o  an thropogenic  a c t i v i t y  1 , 8*  10 

9 Biomass o f  t h e  b iosphe re  (10 t n  o f  d ry  
subs t ance )  1840 

l a n d  ( $ 1  99,8 
f o r e s t s  ( % )  90 
nekton ( 1 o9  t n )  513  

6 B r u t a l  food r e s e r v e s  (10 t n )  725 

contd . .  1 1  



Table 1. contd  .... 

Parameter Value 
- - -  - 

Amount of  food o b t a i n e d  by man (109 tn )  
over  l and  I t 3  
i n  t h e  ocean 0,017 

Pure primary product ion  (PP) of b iosphere  
( k c a l  p e r  y e a r )  6 5 , 2 * 1 0 ~ ~  - 68,6910 

inc luding:  
ove r  l and  
i n  t h e  ocean 

PP consumption ( $ 1  
by nekton 
by animals  
by people  
d i e s  o f f  

9 S o i l  humus r e s e r v e s  (10 t n )  2400 

C h a r a c t e r i s t i c s  of  t h e  popu la t ion  i n  
1970 ( $ 1  

mean b i r t h - r a t e  33,8 
mean dea th - ra t e  10 

2.2 The Atmosphere Block 

The b a s i s  f o r  t h e  atmosphere block i s  given by t h e  desc r ip -  

t i o n  of  s o l a r  r a d i a t i o n  f l u x .  The atmosphere r e g u l a t e s  t h e  f l u x ,  

s e c u r e s  t h e  r a d i a t i o n  ba lance  s t a b i l i t y  and c r e a t e s  t h e  necessary  

c o n d i t i o n s  f o r  l i f e  on our  p l a n e t .  The upper l a y e r s  of t h e  a t -  

mosphere r ece ive  r a d i a t i o n  f l u x  from t h e  sun ,  and a r e  e v a l u a t e d  
2  on average by E o ( t )  = 1.94 cal/cm min. The atmosphere reduces  

t h i s  f l u x ,  p a r t i a l l y  absorb ing  and r e f l e c t i n g  it. Analys is  of 

t h e  exper imenta l  d a t a  a l lows  t h e  use of t h e  fo l lowing  approxima- 

t i o n  f o r  d e s c r i b i n g  t h i s  process :  E ( t )  = Eo ( t)  exp (-aB ( t)  - B )  
where ci i s  t h e  c o e f f i c i e n t  o f  s o l a r  energy a b s o r p t i o n  by t h e  

atmosphere due t o  d u s t i n e s s  and c loud iness ,  B i s  t h e  t r anspa rence  

index o f  c l e a n  atmosphere, B i s  d u s t  i n  t h e  atmosphere. According 

t o  a v a i l a b l e  c l i m a t o l o g i c a l  d a t a  we t a k e  va lues  of ci = 0.114, 

B = 0.477. 

Propagat ion of s o l a r  r a d i a t i o n  energy through t h e  ocean 

depends on t h e  water  t r anspa rence  and can be  desc r ibed  by t h e  

fo l lowing  r e l a t i o n s h i p :  E ( z ,  t )  = E ( t ) e x p  ( - a l z )  where z i s  t h e  



depth  ( i n  meters) and a ,  i s  t h e  v e r t i c a l  r a d i a t i o n  r e d u c t i o n ,  

a 1  b e i n g  an  i n t e g r a l  c h a r a c t e r i s t i c  o f  water q u a l i t y .  

A g r e a t  i n f l u e n c e  on t h e  g e n e r a l  r a d i a t i o n  ba l ance  o f  t h e  

e a r t h  i s  e x e r t e d  by i t s  s u r f a c e  a lbedo ,  depending on t h e  s ta te  

o f  t h e  l a n d  and ocean s u r f a c e  ( a r e a  covered by g reene ry ,  u rban ized  

s u r f a c e ,  ocean waves, e t c . ) .  S t r i c t l y  speak ing ,  a lbedo  shou ld  be  

a f u n c t i o n  o f  t h e  s t a t e  v a r i a b l e s  o f  t h e  model, b u t  w e  c o n s i d e r  

it as a  c o n s t a n t ,  assuming t h a t  i t s  changes d u r i n g  t h e  t i m e  p e r i o d s  

under c o n s i d e r a t i o n  are p r a c t i c a l l y  n e g l i g i b l e .  

Changes i n  t h e  b i o t a  s t r u c t u r e  a l t e r  t h e  carbon exchange,  

and g e n e r a t e  c l i m a t i c  changes which i n f l u e n c e ,  i n  t h e i r  t u r n ,  

t h e  changes i n  p r o c e s s e s  o f  a  b i o t i c  n a t u r e .  But t h e  up-to-date 

s ta te  o f  c l i m a t o l o g i c a l  s t u d i e s  does n o t  a l l ow t h e  p r e d i c t i o n  o f  

s a f e l y  zona l  c l i m a t i c  changes due t o  an thropogenic  i n f l u e n c e .  

The re fo re ,  w e  c o n s i d e r  t h e  s i m u l a t i o n  o f  c l i m a t e  p a r t  o f  t h e  model, 

as a p o i n t  model, i . e .  t h e  s t a t e  o f  t h e  atmosphere i s  d e s c r i b e d  by 

v a l u e s  o f  s o l a r  r a d i a t i o n  energy ,  by g e n e r a l  amounts o f  C 0 2  (Carbon 

d i o x i d e ) ,  O2 (Oxygen) and a e r o s o l s  i n  t h e  atmosphere and by t h e  mean 

g l o b a l  a tmospher ic  t empera tu re  n e a r  t h e  e a r t h ' s  s u r f a c e .  Such a 

c h o i c e  o f  v a r i a b l e s a l l o w s m o r e  o r  less, t h e  i n f l u e n c e  o f  human a c t i v i t y  

on t h e  c l i m a t e  o f  t h e  p l a n e t ,  and o f  c l i m a t i c  f a c t o r s  on t h e  

b i o l o g i c a l  p roces ses  o f  t h e  l a n d  and ocean t o  be  t aken  i n t o  accoun t .  

The main dependences i n  t h e  system o f  c l i m a t i c  v a r i a b l e s  o f  

t h e  model are r e p r e s e n t e d  i n  t h e  form o f  cause  and e f f e c t  r e l a t i o n -  

s h i p s  shown i n  F igu re  2. 

The dependence o f  a tmospher ic  t empera ture  on C 0 2  c o n t e n t  h a s  

been c a l c u l a t e d  by s e v e r a l  s c i e n t i s t s ,  w i t h  very  l i t t l e  d i f f e r e n c e  

i n  t h e  r e s u l t s  o b t a i n e d .  I n  t h e  model, t h i s  dependence i s  t a k e n  

i n  accordance w i t h  t h e  c a l c u l a t i o n s  o f  Rakipova and Vishnyakova 

( 1 9 7 3 ) ,  and t h e  i n f l u e n c e  o f  t empera ture  on t h e  mo i s tu re  and 

p r e c i p i t a t i o n s  regime is  n e g l e c t e d .  

Among t h e  an thropogenic  f a c t o r s ,  t h e r e  a r e  two which essen-  

t i a l l y  have an impact  on t h e  c l i m a t e .  These a r e  f u e l  burn ing ,  

and n u c l e a r  power s t a t i o n s  which g e n e r a t e  g r e a t  q u a n t i t i e s  o f  

h e a t  ( lo2 '  j o u l e s / y e a r ) .  I n d u s t r i a l  a c t i v i t y  r e s u l t s  i n  an i n -  

c r e a s e  i n  a e r o s o l  emis s ions  i n t o  t h e  atmosphere and t h a t  a l s o  

d i s t u r b s  t h e  thermal  regime o f  t h e  p l a n e t .  



1 
C

02
 

A
tm

o
s

p
h

e
ri

c
 

1 i
n

 t
h

e
 

a
tm

o
s

p
h

e
re

 

A 
+ 

tu
r

b
id

it
y

 

I 
I 

L 
t 

- 
E

n
e

rg
y

 
fr

o
m

 
i I 

4
 

1 
s

o
la

r
 r

a
d

ia
ti

o
n

 

I 1 I 
I

,
 

H
u

m
a

n
 

a
c

t
i

v
i

t
y

 

F
ig

u
re

 
2

. 
C

a
u

se
 

& 
E

f
f

e
c

t 
R

e
la

ti
o

n
s

h
ip

 o
f

 
M

ai
n

 
D

e
p

e
n

d
e

n
c

e
s 

i
n

 t
h

e
 S

y
st

e
m

 o
f 

C
li

m
a

ti
c

 V
a

r
ia

b
le

s
 



The p r e s e n c e  o f  O 2  i s  e s s e n t i a l  f o r  numerous m e t a b o l i c  p roce s -  

ses i n  t h e  a tmosphere .  Although t h e  amount o f  oxygen i n  t h e  b io -  

s p h e r e  i s  s t a b i l i z e d ,  a c c o r d i n g  t o  modern e v a l u a t i o n s ,  t h e  model 

t a k e s  i n t o  a c c o u n t  t h e  r e a l  r eg imes  o f  oxygen exchange between 

d i f f e r e n t  b i o s p h e r i c  components and  r e g i o n s ,  a s  w e l l  as a pos- 

s i b i l i t y  o f  e q u i l i b r i u m  d i s t u r b a n c e s .  Some q u a n t i t a t i v e  cha r ac -  

t e r i s t ics  o f  t h e  oxygen c y c l e  p r o c e s s e s  a r e  g i v e n  i n  Tab l e  2. 

One o f  t h e  most i n t e n s i v e  and i m p o r t a n t  b i o s p h e r i c  p r o c e s s e s  

i s  ca rbon  c i r c u l a t i o n .  The p r e s e n c e  o f  c a rbon  i n  t h e  a tmosphere ,  

ma in ly  i n  t h e  form o f  C 0 2 ,  i n f l u e n c e s  t o  a l a r g e  e x t e n t ,  t h e  

climate o f  t h e  p l a n e t .  The c l i m a t i c  c o n d i t i o n s  and amount o f  

C 0 2  (which r e s u l t s  from t h e  decompos i t ion  o f  dead o r g a n i c  matter 

i n  t h e  s o i l )  i n  t h e  a tmosphere  a t  e ach  moment are t h e  f a c t o r s  o n  

which t h e  i n t e n s i t y  o f  b o t h  t h e  a tmosphe r i c  C 0 2  a s s i m i l a t i o n  by 

p l a n t s ,  and i t s  e d u c t i o n  i n t o  t h e  a tmosphere  depend.  The C 0 2  

c o n t e n t  i n  t h e  a tmosphere  i s  i n f l u e n c e d  rriainly by t h e  b a l a n c e  

between i t s  consumption and e d u c t i o n  i n  t h e s e  two p r o c e s s e s .  I t  

i s  a l s o  n e c e s s a r y  t o  t a k e  i n t o  accoun t  t h e  C 0 2  e d u c t i o n  due t o  

v o l c a n i c  a c t i v i t y .  The i n f l u e n c e  o f  a n t h r o p o g e n i c  f a c t o r s  on  

t h e  ca rbon  r o t a t i o n  i s  a l s o  e s s e n t i a l .  

With t h e  b u r n i n g  o f  f u e l ,  a l o t  o f  C 0 2  i s  e d u c t e d  i n t o  t h e  

a tmosphere  ( a b o u t  0 .7% o f  t h e  t o t a l  amount o f  a t m o s p h e r i c  C 0 2  

p e r  y e a r ,  which i s  a b o u t  10% o f  t h e  C 0 2  n e c e s s a r y  f o r  t h e  growth 

o f  t h e  p l a n t  b i o m a s s ) .  D e s t r u c t i o n  o f  f o r e s t s  and t h e  r e d u c t i o n  

o f  o t h e r  a r e a s  c o v e r e d  by v e g e t a t i o n ,  i n c r e a s e s  t h e  scale o f  

an th ropogen i c  i n f l u e n c e  on t h e  C 0 2  c y c l e .  

The g a s  exchange between t h e  a tmosphere  and  ocean  i s  d e s c r i b e d  

by Machta ' s  (1971) model ,  and t h e  l and-a tmospher ic  exchange by 

T a r k o ' s  (1977) model.  Some q u a n t i t a t i v e  c h a r a c t e r i s t i c s  o f  t h e  

g l o b a l  C 0 2  r o t a t i o n  p r o c e s s e s  a r e  shown i n  Tab le  3 .  

The d a t a  a v a i l a b l e  on n i t r o g e n  c y c l e s  i n  t h e  b i o s p h e r e  sug- 

g e s t s  a r a t h e r  s i m p l i f i e d  scheme o f  i t s  c i r c u l a t i o n  ( F i g u r e  3 ) .  

T h i s  scheme c a n  be  f u r t h e r  c o m p l i c a t e d  a f t e r  o b t a i n i n g  more comple te  

i n f o r m a t i o n  on t h e  q u a n t i t a t i v e  c h a r a c t e r i s t i c s  and s t r u c t u r e  o f  

t h e  n i t r o g e n  f l u x e s  i n  t h e  b i o s p h e r e .  

The a tmosphere  c o n t a i n s  w a t e r  i n  a gaseous  s t a t e ,  and  t h e  

c h a r a c t e r  o f  w a t e r  c i r c u l a t i o n  i s  de te rmined  by a l l  t h e  b i o s p h e r i c  



Table  2. C h a r a c t e r i s t i c s  o f  t h e  0 c i r c u l a t i o n  i n  t h e  
b i o s p h e r e  u sed  i n  the moael 

P r o c e s s  Q u a n t i t a t i v e  
c h a r a c t e r i s t i c s  

Amount o f  0 i n  t h e  a tmosphere  
by votume ($1 
by w e i g h t  ( X )  
we igh t  ( t n )  

Amount o f  O2  educed  by p h o t o s y n t h e s i s  
( t n  p e r  y e a r )  4 , 67 -10  

11 

by l a n d  p l a n t s  i n c l u d i n g  f o r e s t s  ( X )  1 1 , 3  
by w a t e r  p l a n t s  ( X )  88 ,7  

Annual consumption o f  O2  by f u e l  b u r n i n g  9 - l o J 2  - 
Y 

Annual r e d u c t i o n  o f  O2  i n  t h e  a tmosphere  (10 t n )  9  - 10 

Amount o f  O2  r e q u i r e d  f o r  1  mg o f  o i l  t o  be  
o x i  da t e d  (mg ) o t 4  

I ndex  o f  t h e  r e d u c t i o n  i n  t h e  O2  exchange c o e f f i -  
c i e n t  be tween t h e  a tmosphere  and w a t e r ,  when 
t h e  o i l  f i l m  t h i c k n e s s  i s  40 mkm 3  

Tab le  3. Q u a n t i t a t i v e  c h a r a c t e r i s t i c s  o f  g l o b a l  C 0 2  f l u x e s  
i n  t h e  b i o s p h e r e  

P r o c e s s  Q u a n t i t a t i v e  
c h a r a c t e r i s t i c s  

C 0 2  c o n c e n t r a t i o n  i n  t h e  a tmosphere  i n  1970 ( % )  

Mass o f  C 0 2  i n  t h e  a tmosphere  ( t n )  

Annual CO a s s i m i l a t i o n  ( t n )  
by ?and p l a n t s  
by phy top l ank ton  

Average annua l  C 0 2  i n c r e a s e  ( b y m i l l i o n t h  p a r t s  
o f  volume) 

1962-1965 
1970-1971 

Ra te  o f  C 0 2  p r o d u c t i o n  by p e o p l e  ( t n  p e r  y e a r )  

Rate  o f  C 0 2  e m i t t e d  from t h e  e a r t h  ( t n  p e r  y e a r )  

Ra t e  o f  CO e d u c t i o n  due t o  r e s p i r a t i o n  and 
2  humus decompos i t ion  ( t n  p e r  y e a r )  

Amount o f  d i s s o l v e d  C 0 2  i n  hyd rosphe re  ( t n )  

Amount o f  C 0 2  b r e a t h e d  o u t  by a  man o r  a n  
an imal  (m3 p e r  y e a r )  

Opt imal  CO c o n c e n t r a t i o n  f o r  r e s p i r a t i o n  and  
p h o t o s y n t i e s i s  ( % )  



Atmospher ic  

Deni t r i f i c a t i o n  

N i t r o g e n  i n  

a s s i m i l a t e d  

l i v i n g  p l a n t s  

F i g u r e  3 .  N i t r o g e n  Cyc le  i n  t h e  B i o s p h e r e  



processes .  The r e l a t i v e  c o n t e n t  of wa te r  i n  t h e  atmosphere i s  

not  l a r g e  b u t  i s  of  g r e a t  importance a s  one of t h e  b a s i c  f a c t o r s  

of a tmospheric  t u r b i d i t y  ( c l o u d i n e s s )  which i n  many r e s p e c t s ,  

d e f i n e s  c l i m a t e .  I n  a d d i t i o n ,  t h e  b i o p r o d u c t i v i t y  of  p l a n t s  

depends s u b s t a n t i a l l y  on t h e  r a t e  of  p r e c i p i t a t i o n  and on humidi ty .  

I n  t h e  model under c o n s i d e r a t i o n ,  one has  accep ted  a  s impl i -  

f i e d  scheme o f  water  c i r c u l a t i o n ,  which t a k e s  i n t o  account  t h e  

wa te r  vapor f l u x e s  between l and  r eg ions ,  between l a n d  and ocean,  

a tmospheric  p r e c i p i t a t i o n ,  evapora t ion  from t h e  ocean,  l and  su r -  

f a c e ,  and t h e  t r a n s p i r a t i o n  o f  p l a n t s .  

2 . 3  The Ocean Block 

For purposes of  t h e  p r e s e n t  s tudy ,  t h e  ocean block i s  repre-  

s e n t e d  by a  p o i n t  model ( t h a t  i s  t h e  same a s  a  model wi th  i d e a l  

mix ing) ,  which c o n t a i n s  t h e  fo l lowing  v a r i a b l e s :  c o n t e n t  o f  phyto- 

p lankton ,  zooplankton,  nekton and of  b iogen ic  nour i sh ing  e lements ,  

t h e  e x t e n t  of  ocean p o l l u t i o n ,  t h e  C 0 2  c o n t e n t  i n  t h e  upper mixed 

l a y e r  and i n  deep l a y e r s  o f  t h e  ocean.  

The ocean has  r e c e n t l y  become an impor tan t  source  of  ,food. 

However, it c o n t r i b u t e s  on ly  about  1% ( o f e n e r g y  e q u i v a l e n t s )  

t o  t h e  t o t a l  g r o s s  product ion  of  food (Vinogradov e t  a l .  1976) .  

Appropr ia te  methods have t o  b e  developed f o r  t h e  r a t i o n a l  manage- 

ment o f  t h e s e  food r e s e r v e s .  

The importance o f  t h e  ocean f o r  t h e  gas  ba lance  of t h e  atmos- 

phere  i s  a l s o  taken  i n t o  account  i n  t h e  model, mainly i n  t h e  

exchange o f  C 0 2 .  The exchange o f  C 0 2  between t h e  atmosphere and 

t h e  ocean depends t o  a  l a r g e  degree on t h e  tempera ture  o f  t h e  

atmosphere and on t h e  C 0 2  c o n t e n t  i n  t h e  a i r ,  which has  i n c r e a s e d  

ove r  t h e  l a s t  few y e a r s .  I n  o t h e r  words, C 0 2  exchange depends 

d i r e c t l y  on human a c t i v i t i e s .  

The b i o s p h e r i c  p rocesses  of t h e  ocean a r e  d e s c r i b e d  by t h e  

equa t ions  o b t a i n e d  by Vinogradov e t  a 1 ,  (1 9 76) . Fish ing  i s  de f ined  

by t h e  technology used by a  reg ion  of  l and .  The model assumes 

t h a t  some investment  w i l l  be made f o r  r e p l e n i s h i n g  marine l i f e  

r e s o u r c e s .  a l though n o t  much has  been done i n  t h i s  d i r e c t i o n  a s  

y e t .  Photosynthes is  i s  t h e  main source  of  o rgan ic  matter i n  t h e  



ocean.  I t  i s  known t h a t  t h e  pho tosyn thes i s  ra te ,  as a f u n c t i o n  

o f  l i g h t  i n t e n s i t y  h a s  one maximum a t  t h e  optimum v a l u e  o f  E (t) 
- * 
- Eph and d e c r e a s e s  w i t h  t h e  d e v i a t i o n  of t h e  l i g h t  i n t e n s i t y  

from t h e  optimum v a l u e .  Bes ides ,  R depends on t empera tu re ,  
ph 

b iogen ic  e lements  c o n c e n t r a t i o n ,  phytop lankton  biomass and on 

o t h e r  parameters .  The e q u a t i o n  f o r  t h e  phytop lankton  rate can  

be d e r i v e d  by us ing  t h e  cor responding  phenomenological  dependences.  

W e  assume t h a t  t h e  Lib ikh  p r i n c i p l e  o f  l i m i t i n g  f a c t o r s  i s  

c o r r e c t .  According t o  t h i s  p r i n c i p l e ,  t h e  p h o t o s y n t h e s i s  rate  

depends o n l y  on one f a c t o r ,  a l t hough  t h e  f a c t o r s  themselves  can 

cause  each o t h e r  t o  change i n  t h e  p roces s  o f  t h e  sys t em ' s  develop- 

ment. 

The model i n c l u d e s  a scheme o f  t h e  v e r t i c a l  r o t a t i o n  o f  b io-  

gen ic  e lements .  I t  i s  assumed t h a t  t h e  b i o g e n i c  e lements  r e s e r v e s  

are n o t  l i m i t e d  i n  deep ocean l a y e r s  (deeper  t han  200 m ) ,  s o  t h a t  

t h e y  can  l i m i t  t h e  p h o t o s y n t h e s i s  o n l y  i n  upper  l a y e r s .  The b io -  

g e n i c  e lements  a r e  t r a n s p o r t e d  t o  t h e  p h o t i c  zone by t h e  upwel l ing  

c u r r e n t s  and by v e r t i c a l  mixing.  The mixing ra te  i s  one o f  t h e  

parameters  o f  t h e  model. The b i o g e n i c  e lements  are t a k e n  o u t  o f  

t h e  upper l a y e r  mainly i n  t h e  form o f  a "dead bod ie s  r a i n " .  The 

a s s i m i l a t i o n  rate o f  b i o g e n i c  e lements  by phytop lankton  is  pro- 

p o r t i o n a l  t o  t h e  i n t e n s i t y  o f  p h o t o s y n t h e s i s .  

The rate o f  change i n  t h e  nekton biomass i s  r e g u l a t e d  by t h e  

tempera ture  o f  t h e  environment ,  by t h e  c h a r a c t e r  and i n t e n s i t y  

o f  t r o p h i c  r e l a t i o n s  ( r a t i o n )  , by n a t u r a l  m o r t a l i t y ,  by m o r t a l i t y  

due t o  p o l l u t i o n  and by m o r t a l i t y  due t o  p o p u l a t i o n  overcrowding.  

I t  i s  n a t u r a l  t h a t  t h e  i n t r o d u c t i o n  o f  such a g e n e r a l i z e d  

e lement  as nekton i n t o  t h e  model i s  o n l y  a rough approximat ion 

f o r  t h e  real s t r u c t u r e  o f  t h e  system. However, t h e  approximat ion  

seems t o  b e  q u i t e  s a t i s f a c t o r y  f o r  t h e  i n i t i a l  v e r s i o n  of o u r  

model, s i n c e  nekton i s  i n  t h e  h i g h e s t  l e v e l  o f  t h e  t r o p h i c  pyramid 

i n  t h e  ocean ecosystem,  and i t s  energy c o n t e n t  is  r a t h e r  s m a l l  

i n  comparison w i t h  o t h e r  l e v e l s .  The accuracy  o f  t h e  nekton 

d e s c r i p t i o n  i n f l u e n c e s ,  t o  a s m a l l  e x t e n t ,  t h e  g l o b a l  subs t ance  

and energy c y c l e s .  On t h e  o t h e r  hand,  nekton i s  a human food 

r e s o u r c e ,  and f u r t h e r  d e t a i l s  of  i t s  d e s c r i p t i o n  w i l l  be  neces- 

s a r y  f o r  a more r e f i n e d  r e p r e s e n t a t i o n  o f  food  r e l a t i o n s  s t r u c t u r e  

i n  t h e  dynamics o f  human p o p u l a t i o n .  



2 .4  Land Regions 

Vegeta t ion  on l and  i s  c h a r a c t e r i z e d  by a l a r g e  v a r i e t y  o f  

s p e c i e s  and by a l a r g e  range o f  gas exchange p r o d u c t i v i t y  f a c t o r s .  

Therefore ,  t h e  g r o s s  primary annual  b ioproduct ion  o f  l a n d ,  v a r i e s  

from 28140 kcal/m2 i n  t r o p i c a l  f o r e s t s  t o  480 kcal/m2 i n  a d e s e r t .  

The concept o f  a l a n d  r eg ion  i s  in t roduced  t o  t ake  i n t o  account  

t h e  v a r i e t y  of v e g e t a t i o n  and t o  keep t h e  p o i n t  c h a r a c t e r  o f  t h e  

model b locks .  I t  a l lows  t h e  zone c h a r a c t e r  o f  t h e  e a r t h ' s  vegeta- 

t i o n  t o  be t aken  i n t o  account  a t  l e a s t  approximately wi thou t  

i n t r o d u c i n g  space c o o r d i n a t e s .  The model invo lves  t h r e e  types  

of  vege ta t ion :  f o r e s t s ,  c u l t i v a t e d  c rops  and g r a s s l a n d .  

A change i n  biomass f o r  each type  o f  v e g e t a t i o n  i s  desc r ibed  

by a f i r s t  o r d e r  equa t ion  

where Rx ( i )  i s  t h e  pho tosyn thes i s  r a t e  which i s  a complex f u n c t i o n  

o f  l i g h t  i n t e n s i t y ,  humidi ty ,  humus s t a t e ,  t h e  amount o f  f e r t i l i -  

z e r s  p u t  i n t o  t h e  s o i l ,  t h e  gas  regime of  t h e  atmosphere,  e t c ;  

M i i )  i s  t h e  dea th  r a t e  o f  p l a n t s ,  and t h e  sum on t h e  r i g h t  hand 

p a r t  o f  t h e  equa t ion  s i m u l a t e s  t h e  r e a l  consumption of  t h e  p l a n t  

biomass by animals  and people .  

The products  o f  pho tosyn thes i s  a r e  consumed by an imals .  

They a r e  t r e a t e d  i n  t h e  model a s  a s i n g l e  s t a t e  v a r i a b l e  o f  t h e  

b iosphere .  The v a r i a b l e  i s  c h a r a c t e r i z e d  by some average growth 

and dea th  r a t e s .  The animal b ioproduct ion  i n  i t s  t u r n  i s  con- 

sumed by man. 

The s o i l  forming p rocesses  a r e  of g r e a t  importance i n  t h e  

m a t t e r  and energy c y c l e s .  The numerous s t a g e s  of  s o i l  humus 

format ion,  which i s  t h e  l a s t  l i n k  i n  a c h a i n  o f  biogeochemical 

o rgan ic  m a t t e r  t r ans fo rma t ions ,  a r e  desc r ibed  by one component-- 

humus. There a r e  d i f f e r e n t  e s t i m a t e s  o f  t h e  amount o f  humus i n  

t h e  b iosphere  (Kovda, 1975) , and they  do no t  d i f f e r  much. There- 

f o r e  an average e s t i m a t e  equa l  t o  2 ,3*  10' 2 t n  has  been t a k e n  i n  

t h e  model. Besides ,  t h e  model i s  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  

t h e  parameter .  



I t  must be noted t h a t  humus i s  o f  g r e a t  importance i n  t h e  

gas ba l ance  i n  t h e  atmosphere.  The model assumes t h a t  t h e  r a t e  

o f  change i n  humus depends on t h e  accumulat ion i n t e n s i t y  of  t h e  

o r g a n i c  was tes  o f  p l a n t s .  I t  i s  assumed t h a t  t h e  decomposit ion 

r a t e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  mass o f  decomposing subs t ances ,  

and it i n c r e a s e s  e x p o n e n t i a l l y  w i th  tempera ture .  That a  consid-  

e r a b l e  rise o r  f a l l  i n  tempera ture  dep res ses  t h e  a c t i v i t y  o f  s o i l  

microorganisms and,  hence,  dec reases  t h e  decomposit ion r a t e  i s  

t a k e n  i n t o  account .  I t  has  a l s o  been t aken  i n t o  account  t h a t  

t h e  humus decomposit ion r a t e  dec reases  wi th  d e v i a t i o n s  of humidi ty  

from some optimum va lue .  

The d e s c r i p t i o n  o f  t h e  demographical b lock  i s  t h e  most d i f -  

f i c u l t  p a r t  o f  s i m u l a t i o n .  While t h e  cause--consequences depen- 

dences i n c l u d i n g  a  m o r t a l i t y  c o e f f i c i e n t  (more e x a c t l y ,  a n  index  

o f  mean l i f e  d u r a t i o n )  seem t o  be more o r  less c l e a r ,  t h e r e  i s  

no unique and c l e a r  unders tanding  o f  t h e  p rocesses  d e s c r i b i n g  

t h e  b i r t h - r a t e  dynamics i n  t h e  human popu la t ion .  E x t r a p o l a t i o n s  

based upon demographical  s t a t i s t i c s  a r e  n o t  s u i t a b l e  h e r e  s i n c e  

t h e  world system e v o l u t i o n  i s  computed f o r  many decades hence,  

and t h e  whole prev ious  demographical  expe r i ence  shows how r a p i d l y  

and i n e x p l i c a b l y  t h e  b a s i c  demographical parameters  can change.  

Therefore  t h e  demographical dependences accep ted  i n  t h e  model 

a r e ,  t o  some e x t e n t ,  h y p o t h e t i c a l .  However, t h e  model under 

c o n s i d e r a t i o n  i s  more complicated t h a n  well-known models o f  

exponen t i a l  growth (wi th  parameters  v e r i f i e d  by demographic 

s t a t i s t i c a l  d a t a )  and it invo lves  t h e  i n v e r s e  cause  e f f e c t  r e l a -  

t i o n s h i p  i n  c o n t r a s t  t o  t h e  o t h e r  models. 

2 . 5  Human A c t i v i t i e s  

I n  t h e  fo l lowing  s e c t i o n s ,  t h e  problem o f  d e s c r i b i n g  human 

a c t i v i t i e s  and some s p e c i a l  f e a t u r e s  concern ing  t h e  d e s c r i p t i o n  

o f  a n  economic system a s  a  block o f  a  c e r t a i n  system o f  e c o l o g i c a l  

models a r e  d i scussed .  I t  should  be noted t h a t  one o f  t h e  funda- 

mental  p r i n c i p l e s  of  systems a n a l y s i s  must b e  s a t i s f i e d :  each 

main component o f  a  s i m u l a t i o n  system i s  t o  be c l o s e d ,  i . e . ,  it 

should  be  a b l e  t o  o p e r a t e  a s  a n  independent  s i m u l a t i o n  system. 

Over t h e  l a s t  few y e a r s  human a c t i v i t i e s  have become a  d e t e r -  

mining f a c t o r  i n  t h e  e v o l u t i o n  of  t h e  b iosphe re .  For t h i s  



r eason ,  a s p e c i a l  p a r a m e t r i z a t i o n  o f  t h e  major a s p e c t s  o f  t hose  

human a c t i v i t i e s  a f f e c t i n g  t h e  b iosphe re  has  been b u i l t ,  a p a r t  

from developing a s p e c i a l  system f o r  d e s c r i b i n g  human a c t i v i t i e s .  

The stress on t h e  environment caused by man-made p o l l u t a n t s  

v a r i e s  g r e a t l y .  When d e s c r i b i n g  t h e  "Atmosphere" b lock  w e  a l r e a d y  

mentioned t h e  d i s c h a r g e s  of C 0 2  and a e r o s o l s  i n t o  t h e  atmosphere 

which cause  thermal  changes .  But t h i s  stress goes beyond t h e  

i n f l u e n c e  on t h e  atmosphere.  The v a r i a t i o n s  i n  t h e  g l o b a l  carbon 

c y c l e  d i r e c t l y  a f f e c t  t h e  humus g e n e r a t i o n  p r o c e s s ,  and t h o s e  

mine ra l  r e sources  t h a t  a r e  e a s i l y  e x t r a c t e d  a r e  reduced a s  w e l l .  

The r e v e r s e  impact o f  environmental  changes on t h e  p a t t e r n  o f  

human a c t i v i t i e s  i s  a l s o  mult i form.  I n  t h e  model, a l l  t h e s e  

e f f e c t s  a r e  pa rame t r i zed  i n  t h e  form of  t h e  fo l lowing  h y p o t h e t i c a l  

t i m e  dependences: 

( 1 )  P o l l u t i o n  g e n e r a t i o n  r a t e  p e r  c a p i t a  ( c h a r a c t e r i s t i c s  

o f  t h e  l i v i n g  s t a n d a r d s  and t h e  technology o f  s o c i a l  

p roduc t ion )  . 
( 2 )  P o l l u t i o n  d i s s i p a t i o n  r a t e .  

( 3 )  Rate of mine ra l  r e source  consumption. 

( 4 )  Rates  o f  i n c r e a s e  i n  t h e  a r e a  o f  a r a b l e  l a n d  and t h e  

average  y i e l d  of t h e  agroecosystem. 

( 5 )  F r a c t i o n s  of  c a p i t a l  inves tment  i n  a g r i c u l t u r e ,  i n  

r e sources  r e g e n e r a t i o n ,  i n  t h e  e x p l o i t a t i o n  o f  new 

r e s o u r c e s ,  and i n  combating p o l l u t i o n .  

The "Human A c t i v i t i e s "  block makes it p o s s i b l e  t o  change, 

i n  due cour se ,  t h e  v a l u e s  o f  t h e  c o e f f i c i e n t s  o f  t h e  mutual 

r e s o u r c e s  and food exchange between t h e  l a n d  r e g i o n s ,  and t o  

change tihe t i m e  dependences f o r  o t h e r  model parameters .  

U n t i l  t h e  beginning  of  t h e  l a s t  c e n t u r y ,  man could  o n l y  make 

use o f  s o l a r  energy r e l e a s e d  by d i f f e r e n t  b i o l o g i c a l  p rocesses .  

But i n  t h e  l a s t  150 y e a r s  t h e  s i t u a t i o n  h a s  changed r a d i c a l l y .  

I n  t h e  l a s t  20 y e a r s ,  w i t h  t h e  use  of n u c l e a r  energy new p r o s p e c t s  

have appeared b e f o r e  mankind. For  example, t h e  USA produces 

240 k i lowat t -hours  p e r  c a p i t a  p e r  day,  and t h e  f i g u r e  i s  annua l ly  

growing by approximately  2 .5%. I n  Europe t h e  t o t a l  energy con- 

sumption p e r  c a p i t a  averages  31.2 kwh p e r  day and it i s  growing 

annua l ly  by a lmos t  4 % .  The t o t a l  energy p roduc t ion  h a s  doubled 

i n  10-15 y e a r s .  And, a t  t h e  same t i m e  a man should  consume o n l y  

0.004 kwh p e r  day t o  ma in ta in  h i s  normal metabolism. 



The p o p u l a t i o n  growth and t h e  co r r e spond ing  i n c r e a s e  i n  

energy p roduc t ion  r e s u l t  i n  a tmospher ic  s o i l  and w a t e r  contamina- 

t i o n ,  and a r ise i n  t h e  environmental  t empera tu re .  It i s  es t i -  

mated t h a t  a n n u a l l y  mankind burns  2.7 b i l l i o n  t o n s  o f  c o a l  and 

1.6 b i l l i o n  t o n s  o f  o i l  and c o n t r i b u t e s  more t h a n  1.25 b i l l i o n  

t o n s  of  p e s t i c i d e s  t o  t h e  s o i l .  I n  a d d i t i o n ,  1 .5 -  10" t o n s  o f  

C 0 2  a r e  d i scha rged  a n n u a l l y  i n t o  t h e  atmosphere and 9 x l o9  t o n s  

o f  O2 a r e  consumed. The g e n e r a l  worsening o f  t h e  a b s o r p t i o n  c a p a c i t y  

of  t h e  b iosphe re  b r i n g s  abou t  t h e  s t e a d y  i n c r e a s e  i n  C 0 2  concen- 

t r a t i o n s  and a d e c r e a s e  i n  t h e  amount o f  O2 i n  t h e  atmosphere.  

The model i n c l u d e s  a g e n e r a l i z e d  component, namely, p o l l u t i o n .  

The component r e p r e s e n t s  o n l y  t h e  average  c h a r a c t e r i s t i c s  o f  

d i f f e r e n t  p o l l u t i o n s .  Fo r  one t h i n g ,  it h a s  been done s o  as 

n o t  t o  make t h e  model t o o  bu lky ,  and,  f o r  a n o t h e r ,  w e  s u f f e r  

from a s c a r c i t y  o f  comprehensive d a t a  on t h e  e f f e c t  of  d i f f e r e n t  

p o l l u t a n t s  on t h e  b iogeocenos i ca l  p roces ses .  

To de te rmine  t h e  rate o f  change i n  t h e  p o l l u t a n t  concent ra -  

t i o n  v a l u e s  w e  make use  o f  t h e  F o r r e s t e r  e q u a t i o n  which d e s c r i b e s  

t h e  i n c r e a s e  Rz i n  p r o p o r t i o n  t o  t h e  p o p u l a t i o n  growth w i t h  a t i m e  

dependent c o e f f i c i e n t .  I n  t h i s  c a s e ,  w e  p o s t u l a t e  t h e  i n c r e a s e  i n  

RZ when the l i v i n g  s t a n d a r d s  r ise.  

P o l l u t i o n  i s  wiped o u t  by n a t u r a l  decay and by a r t i f i c i a l  

n e u t r a l i z a t i o n .  The l a t t e r  depends l i n e a r l y  on t h e  amount o f  

r e sou rces  a l l o c a t e d  f o r  t h e  purpose and v a r i e s  i n v e r s e l y  w i th  

t h e  c o s t  o f  t h e  volume u n i t  o r  weigh t  u n i t  n e u t r a l i z a t i o n  o f  a 

p o l l u t a n t .  

The ocean i s  contaminated by p o l l u t a n t s  from t h e  l a n d .  The 

model makes it p o s s i b l e  t o  t a k e  i n t o  account  d e c r e a s i n g  water 

t r a n s p a r e n c e ,  t h e  biomass growth r a t e  and t h e  i n c r e a s i n g  dea th  

r a t e  c o e f f i c i e n t  due t o  ocean p o l l u t i o n .  

2.6 Mineral  Resources 

For t h e  p r e s e n t  g e n e r a t i o n  t h e  mine ra l  r e s o u r c e s  may b e  con- 

s i d e r e d  p r a c t i c a l l y  nonrenewable,  because t h e  rates o f  g e o l o g i c a l  

p r o c e s s e s  r e s u l t i n g  i n  mine ra l  fo rmat ion  are n e g l i g i b l e .  I n  t h e  

l a s t  few decades  t h e  nonrenewable minera l  r e s o u r c e s  consumption 



r a t e  has  been growing s t e a d i l y ,  approximately i n  p r o p o r t i o n  t o  

t h e  popula t ion .  

I n  t h e  model, use i s  made o f  t h e  g e n e r a l i z e d  F o r r e s t e r  

equa t ion  t o  d e s c r i b e  t h e  p rocesses  l e a d i n g  t o  changes i n  t h e  

nonrenewable minera l  r e sources  i n  t h e  b iosphe re .  I t  made it 

p o s s i b l e  t o  cons ide r  e i t h e r  a  jump-like o r  a  s t a t i o n a r y  v a r i a t i o n  

i n  t h e  i n i t i a l  c o n d i t i o n  f o r  t h e  r e i e v a n t  d i f f e r e n t i a l  equa t ion .  

T r a n s i t i o n  t o  new minera l  r e sources  is  modeled by s u b s t i t u t i n g  

a  set o f  i n i t i a l  c o n d i t i o n s  by ano the r  one i n  a  c e r t a i n  t i m e  

i n t e r v a l .  

2.7 Model Experiments 

To perform experiments  wi th  t h e  model w e  need a  se t  o f  d i f -  

f e r e n t  p o l i c i e s  o r  s c e n a r i o s .  They must i nvo lve  t h e  v a r i a n t s  of  

f u t u r e  s o c i a l  development, va r ious  c o n t r o l  p o l i c i e s ,  e s t i m a t e s  o f  

s c i e n t i f i c  and t e c h n o l o g i c a l  advances,  etc.  Here w e  would l i k e  

t o  p r e s e n t  t h e  r e s u l t s  o f  s e v e r a l  model exper iments .  The f i r s t  

one was t o  provide  an answer t o  t h e  fo l lowing  ques t ion :  i n  what 

way would t h e  va lues  of  the d i f f e r e n t  parameters  change provided 

t h e  e x i s t i n g  t r e n d s  remained t h e  same? The experiment assumes 

t h a t  t h e  s t r u c t u r e  o f  c a p i t a l  investment  i n  i n d u s t r y  and a g r i c u l -  

t u r e  remains a t  t h e  1970 l e v e l ,  and t h a t  t h e r e  a r e  no changes i n  

demographic p rocesses ,  i n  t h e  r a t e s  o f  energy product ion  develop- 

ment, and i n  t h e  index o f  a i r  p o l l u t i o n  a s  a  f u n c t i o n  o f  t h e  

power r e sources  e x t r a c t i o n  and some o t h e r  t r e n d s  and parameters .  

However, a l l  t h e  p r e d i c t i o n s ,  i f  they  can be s o  c a l l e d ,  a r e ,  

of  cour se ,  very convent iona l .  But they  may be h e l p f u l  t o  o b t a i n  

some q u a l i t a t i v e  b u t  n o t  q u a n t i t a t i v e ,  unders tanding  o f  t h e  fea-  

s i b l e  consequences i f  t h e  p r e s e n t  day development t r e n d s  f o r  t h e  

system under c o n s i d e r a t i o n  remains t h e  same. 

The atmospheric  gas  composit ion o s c i l l a t i o n s  a r e  s lower ,  t h e  

a tmospheric  components a r e  more i n e r t i a l .  The atmospheric  d u s t  

l o a d i n g  i s  r i s i n g  s h a r p l y  and by t h e  y e a r  2125 it w i l l  r each  a  

f o u r f o l d  va lue  a s  compared t o  t h e  p r e s e n t  s i t u a t i o n .  

Atmospheric p o l l u t i o n  dynamics i s  a lmost  t h e  same a s  t h a t  o f  

t h e  popu la t ion  d e n s i t y ,  b u t  l a n d  p o l l u t i o n  dynamics is  more com- 

p l i c a t e d .  Land p o l l u t i o n  i s  more p e r s i s t e n t  t h a n  t h a t  o f  t h e  atmos- 

phere  and l a n d  p o l l u t i o n  g e n e r a t i o n  is  more c l o s e l y  a l l i e d  t o  eco- 

nomic a c t i v i t i e s .  



A s h a r p  popu la t ion  r ise r e s u l t s  i n  dec reas ing  pe r -cap i t a  food 

product ion  by a lmost  30%. The albuminous food product ion  i s  

a f f e c t e d  t h e  most. Although t h e  o v e r a l l  c a l o r i f i c  va lue  o f  d i e t s  

would correspond,  more o r  less, t o  t h e  minimum requi rement ,  vege- 

t a b l e  food would begin  t o  occupy t h e  major p o s i t i o n .  The genera- 

l i z e d  e f f e c t  o f  environmental  p o l l u t i o n  and t h e  d e c l i n i n g  o f  t h e  

albuminous component i n  d i e t s  would r e s u l t  i n  a  s h a r p  f a l l  i n  t h e  

popu la t ion  d e n s i t y ,  which by t h e  end of t h e  22nd cen tu ry  would be 

f o u r f o l d  i n  va lue  i n  comparison wi th  t h e  e x i s t i n g  l e v e l .  The 

p e r i o d  of  d e c l i n e ,  l a s t i n g  f o r  ove r  a  hundred y e a r s ,  i s  fol lowed 

by t h e  p e r i o d  of  r e l a t i v e  s t a b i l i t y  a t  t h e  approximate present-day 

l e v e l .  By t h e  y e a r  2400, t h e  meanings of  a l l  o t h e r  v a r i a b l e s  w i l l  

have r e t u r n e d  t o  t h e  present-day va lues  (except  non-renewable re- 

s o u r c e s ) .  A s  t h e  unique c h a r a c t e r  of  t h e  b iosphe re  makes it impos- 

s ib le  t o  experiment d i r e c t l y  on it o r  on some of  i t s  subsystems, t h e  

model may be of  h e l p  i n  s tudy ing  d i f f e r e n t  h y p o t h e t i c a l  s i t u a t i o n s  

( e s p e c i a l l y  of  stress) . The " i f  . . . t hen"  modeling type  i s  of  p a r t -  

i c u l a r  i n t e r e s t .  

For example, it would be u s e f u l  f o r  a  b e t t e r  unders tanding ,  t o  

t r a c e  t h e  e f f e c t s  on t h e  dynamics o f  t h e  b iosphe re  o f  such parameters  

a s  t h e  r a t e  o f  a r a b l e  l a n d  c u l t i v a t i o n  and c a p i t a l  investment  d i s t r i -  

b u t i o n .  The run shows t h a t  i f  by t h e  y e a r  2000 t h e  c u l t i v a t e d  l a n d  

a r e a  i n c r e a s e d  by l o % ,  and t h e  animal husbandry product ion  i n c r e a s e d  

by l o % ,  and t h e  r a t e  of  p o l l u t i o n  gene ra t ion  f a l l s  by l o % ,  then  by 

t h e  y e a r  2200, i n  comparison wi th  t h e  s i t u a t i o n  i f  t h e s e  changes do 

n o t  occur ,  t h e  g l o b a l  popu la t ion ,  environmental  p o l l u t i o n  and t h e  

atmosphere d u s t  l o a d  w i l l  r ise by 3.1%, 20.8% and 1.2% r e s p e c t i v e l y ;  

investments  i n  a g r i c u l t u r e  w i l l  f a l l  by 4.7%; t h e  food supply w i l l  

rise only  by 6.8%; and t h e  l e v e l  of  m a t e r i a l  s e c u r i t y  w i l l  rise by 

5.8%. Y e t ,  i f  a l l  a r a b l e  l and  has  been c u l t i v a t e d  by t h e  y e a r  2050, 

t h e  average p e r  c a p i t a  food supply w i l l  be 94.7% by t h e  y e a r  2200 

a s  compared wi th  t h e  y e a r  1970, i n s t e a d  of t h e  above-mentioned 50%. 

The environmental  parameters  w i l l  remain w i t h i n  a c c e p t a b l e  l i m i t s .  

F i n a l l y ,  w e  w i l l  e s t i m a t e  t h e  model 's  s e n s i t i v i t y  t o  changes i n  

c a p i t a l  investment  d i s t r i b u t i o n .  W e  w i l l  c o n s i d e r  t h e  exper imenta l  

r e s u l t s  when t h e  c a p i t a l  investment  d i s t r i b u t i o n  i s  d e s c r i b e d  by two 

s t e p  f u n c t i o n s  w i t h  a  jump i n  t h e  yea r  2000. I t  s o  happens, t h a t  

even i n  t h i s  s i m p l e s t  c l a s s  of  c o n t r o l  a c t i o n s ,  t h e r e  e x i s t s  a  



s i t u a t i o n  when t h e  b iosphe re  model parameters  assume t h e  v a l u e s  

a c c e p t a b l e  t o  Homo s a p i e n s .  I n  o r d e r  t h a t  it may t a k e  p l a c e  it 

i s  necessa ry  t h a t  t h e  c a p i t a l  inves tment  i n  n a t u r a l  r e source  

r e g e n e r a t i o n  and i n  environmental  p r o t e c t i o n  should  be i n c r e a s e d  

t w i c e  and t e n  t imes  a f t e r  t h e  y e a r  2000, r e s p e c t i v e l y .  

The concept  o f  a l a n d  r e g i o n  is in t roduced  i n  t h e  model; 

it i s  c o n c r e t i z e d  by s e t t i n g  t h e  i n i t i a l  v a l u e s  f o r  a l l  compo- 

n e n t s .  A s  a l l  t h e  p r o c e s s e s  i n  t h e  c l i m a t e  and water s e c t o r s  

are assumed t o  vary o n l y  a long  t h e  meredional  d i r e c t i o n ,  a 

r e g i o n  i s  l i n k e d  w i t h  t h e  area by means o f  d e f i n i n g  t h e  average  

l a t i t u d e  o f  t h e  r eg ion .  W e  can d e f i n e  a r e g i o n  as an economic, 

s o c i a l  and geograph ica l  u n i t  and,  depending upon t h e  d e f i n i t i o n  

chosen,  make d i f f e r e n t  exper iments  aimed a t  e s t i m a t i n g  t h e  r o l e  

which t h e  r e g i o n  p l a y s  i n  t h e  b iosphe re  model. Suppose, f o r  

example, t h e r e  are two r eg ions  w i t h  s i m i l a r  i n i t i a l  c o n d i t i o n s  

f o r  energy ,  n a t u r a l  and manpower r e s o u r c e s .  Region 1 t a k e s  

s t e p s  t o  dec rease  t w i c e  t h e  p o l l u t i o n  g e n e r a t i o n  r a t e  by t h e  

y e a r  2000, t o  dec rease  t h e  r a t e  o f  mine ra l  r e s o u r c e  consumption 

by IS%, t o  i n c r e a s e  t h e  animal husbandry p roduc t ion  by 10% and 

t o  dec rease  f i s h i n g  by 25%. Then, g iven  t h e  c o n s e r v a t i o n  o f  

t h e  present-day human i n f l u e n c e  on t h e  b iosphe re  i n  Region 2 ,  

t h e  g l o b a l  average environmental  c o n d i t i o n s  w i l l  improve ve ry  

s l i g h t l y  and t h e  g e n e r a l  t r e n d  wi th  a n e g a t i v e  d e r i v a t i v e  w i l l  

remain. C a l c u l a t i o n s  show t h a t  i f  two r eg ions  have approximately  

l i k e  r e s o u r c e s ,  no environmental  p r o t e c t i o n  s t e p s  t a k e n  i n  one 

of  t h e  two r e g i o n s  may change t h e  e x i s t i n g  t r e n d ,  though, t h e  

c l imax o f  the'  b iosphe re  can be postponed by 150 y e a r s .  There 

is a p o s s i b i l i t y  f o r  r e g i o n  1 t o  chose i t s  own c o n t r o l  s t r a t e g y  

p r e v e n t i n g  t h e  c l imax o f  t h e  b iosphe re  i f  o n l y  t h e  r a t i o  o f  

r e g i o n  1 r e sources  t o  r e g i o n  2 r e s o u r c e s  i s  50: 1 .  

The model w a s  b u i l t  f o r  t h e  sake  o f  exper iment  and t h e  modeling 

r e s u l t s  o b t a i n e d  cannot  be  regarded  as real p r e d i c t i o n s .  Ees ides  

it i s  h a r d l y  l i k e l y  t h a t  i f  mankind watches t h e  change f o r  decades ,  

s i m i l a r  t o  t hose  d e s c r i b e d  above, t h e  new i d e a s  l e a d i n g  t o  t h e  

r a d i c a l  r e c o n s t r u c t i o n  of  p roduc t ion  r e l a t i o n s  w i l l  n o t  occu r .  

3 .  THE CLIMATE MODEL 

I n  o u r  model o f  t h e  b iosphe re  t h e  climate, and i t s  change,  

i s  now d e s c r i b e d  by a ve ry  s imple  model o f  t h e  Budyko-Sellers 

t y p e  which o p e r a t e s  w i th  t h e  g l o b a l  t empera ture  o f  t h e  atmosphere.  



This l e v e l  o f  accuracy i s  t o o  low f o r  o u r  g o a l .  The e c o l o g i c a l  

model needs a geographica l  d i s t r i b u t i o n  of  t h e  me teo ro log ica l  

parameters  which a r e  t h e  main i n f l u e n c e  on t h e  growth of  t h e  

biomass. This in fo rma t ion  may be  o b t a i n e d  from a b i g  modern 

numerical  model b u i l t  on t h e  hydrothermodynamic e q u a t i o n s  o f  

t h e  atmosphere and ocean.  

The c l i m a t e  model has  t o  d e s c r i b e  t h e  r e a l  physical-chemical  

regime of  t h e  b iosphe re .  I t  has  t o  have a h igh  q u a l i t y  because 

t h e  q u a l i t y  o f  t h e  c l i m a t e  model l e a d s  t o  t h e  success  i n  t h e  

g l o b a l  modeling o f  t h e  b iosphere .  

A f t e r  Monin's and Shishkov's  (1979) d e f i n i t i o n  " t h e  c l i m a t e  

is  t h e  s t a t i s t i c a l  ensemble of  s t a t e s  which t h e  ocean-land- 

atmosphere system passes  ove r  t i m e  f o r  some decades" .  This 

d e f i n i t i o n  r e f l e c t s  t h e  r o l e  of  t h r e e  components which a r e  t h e  

main i n p u t  t o  t h e  s t a t e  of  t h e  environment, i .e. ,  . i n e r t  ocean,  

l i g h t  u n s t a b l e  atmosphere and l a n d  which s u f f e r s  mostly from 

human impact.  

When w e  began o u r  work t h e r e  was no p receden t  i n  t h e  c r e a t i o n  

of t h e  b i o l o g i c a l  model and t h e  model of  human a c t i v i t y .  But 

many s c i e n t i s t s  have worked on c l i m a t e  modeling, t h u s ,  w e  decided 

t o  use one of  t h e  e x i s t i n g  models a s  t h e  b a s i c  model o f  c l i m a t e .  

The problem of  t h e  model cho ice  was n o t  s imple .  

W e  need a c l i m a t e  model which has  r easonab le  computat ional  

complexity.  On t h e  b a s i s  of  t h i s  model w e  would l i k e  t o  a r r i v e  

a t  conc lus ions  on t h e  i n f l u e n c e  o f  c l i m a t e  on human a c t i v i t y  

and t o  choose a s t r a t e g y  o f  behavior  which should  be adequate  

f o r  coping wi th  t h e  v a g a r i e s  o f  t h e  f u t u r e  climate. The c l i m a t e  

model has  t o  produce a t  l e a s t  geographica l  d i s t r i b u t i o n s  o f  t h e  

seasona l  f i e l d s  of  a i r  t empera ture  n e a r  t h e  s u r f a c e ,  p h o t o a c t i v e  

s o l a r  r a d i a t i o n  and p r e c i p i t a t i o n .  The d e v i a t i o n s  o f  t h e s e  

va lues  from t h e  mean f i e l d s  due t o  anomalies ,  d i s p e r s i o n s ,  e t c . ,  

a r e  a l s o  very impor tan t .  These demands d i c t a t e  t h e  l e v e l  of  

model r e s o l u t i o n .  W e  should  ana lyze  t h e  r e g i o n a l  s i t u a t i o n s  

and f o r e c a s t  t h e  e s t i m a t i o n s  o f  p r o d u c t i v i t y  o f  t h e  n a t u r a l  and 

a r t i f i c i a l  b iocenos i .  I t  d i c t a t e s  t h e  maximum mesh s i z e  f o r  

t h e  space  f i n i t e - d i f f e r e n c e  g r i d .  I t  has  t o  be  about  5O-15O 

i n  t h e  l a t i t u d i n a l  ( l o n g i t u d i n a l )  d i r e c t i o n .  I n  t h i s  c a s e  w e  

a r e  a b l e  t o  d i s t i n g u i s h  between t h e  b a s i c  a g r i c u l t u r a l  and 

i n d u s t r i a l  r e g i o n s .  The model has  t o  have t h e  r e a l  p o s s i b i l i t y  



o f  climate a n a l y s i s  f o r  t e r m s  r e f e r r i ' ng  t o  v a r i o u s  decades .  The 

b a s i s  o f  t h e  climate model i s  t h e  a tmosphere  model. W e  found 

t h a t  t h e  Mintz-Arakawa g l o b a l  a tmospher ic  c i r c u l a t i o n  model 

r e a l i z e d  by Gates e t  a l .  ( 1 9 7 1 )  i s  t h e  b e s t  f o r  o u r  g o a l  and  

w e  choose  t h i s  model as t h e  b a s i c  one .  

I t  r e p r e s e n t s  t h e  hydrodynamic model o f  a tmosphere ,  more 

c o r r e c t l y  t r o p o s p h e r e ,  between t h e  s u r f a c e  and t h e  t r opopause  

which i s  d e f i n e d  a s  a 200  m i l l i b a r  l e v e l .  The f i n i t e - d i f f e r e n c e  

e q u a t i o n s  o f  t h e  model are w r i t t e n  on t h e  g e o g r a p h i c a l  g r i d  w i t h  

a l a t i t u d e  o f  4 0  and a l o n g i t u d e  o f  50.  I n  t h e  v e r t i c a l  d i r e c -  

t i o n ,  t h e  t r o p o s p h e r e  i s  approximated by two l a y e r s  o f  t h e  same 

mass. The s u r f a c e  r e p r e s e n t s  t h e  map o f  t h e  e a r t h  w i t h  a real 

d i s t r i b u t i o n  o f  l a n d  and  ocean  w i t h  sea ice,  a real h e i g h t  o f  

l a n d  w i t h  c o n t i n e n t a l  ice s h e e t s  and  snow c o v e r .  The p o s i t i o n  

o f  t h e  sun  and t h e  sea s u r f a c e  t empe ra tu r e  a r e  r e g a r d e d  as t h e  

boundary c o n d i t i o n s .  

Th is  model d e s c r i b e s  t h e  l a r g e - s c a l e  mot ions  o f  a i r  masses, 

c r e a t e d  by non-uniform energy  release i n  t h e  r o t a t i n g  t r o p o s p h e r e  

The s o u r c e s  and s i n k s  o f  ene rgy  are c r e a t e d  by s o l a r  r a d i a -  

t i o n  and t h e  phase  t r a n s i t i o n s  o f  w a t e r  i n  t h e  a tmosphere  and 

on t h e  s u r f a c e .  The t r a n s p o r t  o f  short-wave s o l a r  r a d i a t i o n  

and long-wave t he rma l  r a d i a t i o n  e m i t t e d  by t h e  a i r  and  t h e  

s u r f a c e  depends on  t h e  thermodynamic s t a t e  o f  t h e  a tmosphere  

and on t h e  amount o f  c l o u d s .  The w a t e r  t r a n s p o r t  i n  t h e  atmos- 

phe re ,  f o l l owed  by e v a p o r a t i o n  and condensa t i on ,  and t h e  c r e a t i o n  

and d i s s i p a t i o n  o f  c l o u d s  p l a y s  an  e x c l u s i v e  r o l e  i n  t h e  mecha- 

n i c s  and energy  o f  t h e  a tmosphere .  I t  i s  enough t o  s a y  t h a t  t h e  

e v a p o r a t i o n  o f  t h e  w a t e r  on t h e  s u r f a c e  needs  abou t  o n e - t h i r d  o f  

a l l  t h e  s o l a r  h e a t  abso rbed  by t h e  a tmosphere .  The amount o f  

C02  and a e r o s o l s  i n  t h e  a tmosphere ,  t h e  a lbedo  o f  t h e  s u r f a c e  

and t he rma l  p o l l u t i o n ,  a r e  supposed t o  be  p r e s c r i b e d  q u a n t i t i e s  

i n  t h e  model o f  g l o b a l  c i r c u l a t i o n .  They a r e  " i n p u t "  v a l u e s  t o  

t h e  c l i m a t e  model which have t o  b e  produced i n  o t h e r  b l o c k s  o f  

t h e  g l o b a l  model. 

The c l i m a t e  model h a s  t o  have a d e s c r i p t i o n  o f  t h e  ocean.  

The ocean  g l o b a l  c i r c u l a t i o n  models a r e  p robab ly  t o o  complex 

f o r  c l i m a t e  modeling b u t  t h e  s i m p l e  ocean models g i v e  t o o  



g e n e r a l  i n fo rma t ion  which i s  n o t  s u f f i c i e n t  even f o r  t h e  d e t e r -  

mina t ion  o f  t h e  boundary c o n d i t i o n  f o r  t h e  atmosphere model and 

f o r  t h e  performance of t h e  complete e c o l o g i c a l  iaodel. The accep ted  

ocean model h a s  t o  produce t h e  geograph ica l  d i s t r i b u t i o n  o f  t h e  

parameters  o f  t h e  s u r f a c e  l a y e r  o f  t h e  wa te r  and t h e  C 0 2  f l u x  

through t h e  a i r - w a t e r  i n t e r f a c e .  

The Borisenkov ( 1  9 7 6 )  model o f  t h e  ocean-atmosphere exchange 

w a s  chosen.  I t  should  becomple t ed  bysome s imp le  model of  t h e  

upper l a y e r  o f  t h e  ocean.  The Borisenkov model d e s c r i b e s  t h e  

g l o b a l  energy  exchange between t h e  atmosphere and t h e  ocean w e l l  

enough and t h e  model o f  t h e  upper l a y e r  makes it p o s s i b l e  t o  

o b t a i n  t h e  i n fo rma t ion  which i s  necessary  f o r  t h e  i n p u t  i n t o  t h e  

model o f  t h e  c i r c u l a t i o n  o f  t h e  atmosphere.  

The ocean model has  t o  have a dynamic d e s c r i p t i o n  o f  s e a  i c e .  

Th i s  problem has  now some formal d e s c r i p t i o n s  which are a c c e p t a b l e  

f o r  g l o b a l  e c o l o g i c a l  modeling. 

From t h e  mathemat ical  p o i n t  of  view any exper iment  w i th  such 

a model o f  c l i m a t e  i s  a Cauchy problem. The s o l u t i o n  o f  hydro- 

thermodynamic e q u a t i o n s  i s  determined by t h e  p r e s c r i b e d  i n i t i a l  

s t a t e  o f  t h e  atmosphere and ocean and t h e  p r e s c r i b e d  e x t e r n a l  

c o n d i t i o n s .  The i n i t i a l  s ta te  has  t o  b e  i n  agreement w i th  t h e  

c o n s e r v a t i o n  o f  mass, momentum and energy.  

Choosing a s  t h e  i n i t i a l  s t a t e  some t y p i c a l  s i t u a t i o n  on 1st 

January and i n t e g r a t i n g  t h e  model e q u a t i o n s  ove r  a t i m e  p e r i o d  

o f  31 days ,  w e  o b t a i n  one o f  t h e  p o s s i b l e  r e a l i z a t i o n s  o f  t h e  

d i s t r i b u t i o n s  o f  t empera tu re ,  c l o u d i n e s s ,  p r e c i p i t a t i o n ,  e t c . ,  

f o r  January.  Choosing a n o t h e r  i n i t i a l  s t a t e  and r e p e a t i n g  t h e  

i n t e g r a t i o n  w e  o b t a i n  a n o t h e r  p o s s i b l e  d i s t r i b u t i o n  o f  meteoro- 

l o g i c a l  parameters  f o r  January .  I n  t h i s  manner w e  o b t a i n  a 

l a r g e  set  o f  r e a l i z a t i o n s  cor responding  t o  t h e  r ea sonab le  ensemble 

of  i n i t i a l  s t a t e s .  A f t e r  a s t a t i s t i c a l  a n a l y s i s  o f  t h e s e  r e a l i z a -  

t i o n s ,  w e  have an average  p a t t e r n  which might be  c a l l e d  

January c l i m a t e .  

W e  can  do t h e  same f o r  o t h e r  months. I n  o r d e r  t o  do t h i s ,  

w e  have t o  change t h e  e x t e r n a l  c o n d i t i o n s :  t h e  p o s i t i o n  of  t h e  

sun,  t h e  d i s t r i b u t i o n  o f  s e a  ice,  t h e  s e a  s u r f a c e  tempera ture .  

Now w e  need one r e p r e s e n t a t i v e  o f  any season:  January ,  A p r i l ,  



J u l y  and October.  The q u e s t i o n  how t h i s  model r e f l e c t s  t h e  r e a l  

a tmospher ic  behav io r  i s  very  d i f f i c u l t  t o  answer. The d i r e c t  

method cou ld  be a s t a t i s t i c a l  a n a l y s i s  o f  t h e  observed  d a t a .  

This  has  t o  be  done sooner  o r  l a t e r .  I t  i s  a l a b o r i o u s  and d i f -  

f i c u l t  p rocess .  But w e  can  e s t i m a t e  t h e  q u a l i t y  o f  t h e  model 

by t h e  approximate tests.  January,  f o r  example, i s  c h a r a c t e r i z e d  

by t h e  w e s t e r l y  winds ove r  t h e  North A t l a n t i c  and Europe i n  t h e  

form of  an  i r r e g u l a r  series o f  cyc lones  moving from w e s t  t o  e a s t ,  

by t h e  A l e u t i a n  minimum, t h e  v a s t  domain o f  low s e a - l e v e l  p r e s s u r e  

i n  t h e  n o r t h e r n  p a r t  o f  t h e  P a c i f i c ,  by t h e  S i b e r i a n  a n t i c y c l o n e  

which i n  January dominates C e n t r a l  S i b e r i a ,  by cyc lones  r evo lv ing  

around A n t a r c t i c a  and by o t h e r  phenomena. The model o f  t h e  mean 

c l i m a t e  has  t o  reproduce t h e s e  p a t t e r n s .  Our model s i m u l a t e s  

t h e s e  s y n o p t i c a l  p i c t u r e s .  Thus, w e  can assume t h a t  t h e  model o f  

t h e  g l o b a l  c i r c u l a t i o n  o f  atmosphere has  been checked by t h e  c a l -  

c u l a t i o n  o f  t h e  c l i m a t e  which has  n o t  y e t  been d i s t u r b e d  by human 

a c t i v i t y .  

3.1 The Model o f  L inea r  Trends 

To s t u d y  t h e  e c o l o g i c a l  s i t u a t i o n  w e  need much more t h a n  t h e  

above mentioned model, I n  t h e  c l i m a t o l o g i c a l  b lock  of  t h e  b i g  

model of t h e  b iosphe re  one might c a l c u l a t e  t h e  s h i f t s  o f  t h e  mean 

c l i m a t i c  c h a r a c t e r i s t i c s  under t h e  i n f l u e n c e  of  an thropogenic  

f a c t o r s .  But w e  now have o n l y  some nominal v e r s i o n s  r e f l e c t i n g  

t h e  i n f l u e n c e  of  contemporary an thropogenic  impacts  on t h e  

b iosphere .  

The nex t  s t e p  i s  n o t  t r i v i a l  and it needs s p e c i a l  d i scus -  

s i o n .  

A l l  t h e  b locks  of t h e  b i o s p h e r i c  model a r e  connected by i n p u t  

and o u t p u t  parameters .  I t  means t h a t  t h e  b iosphe re  model i s  one 

whole system wi th  such l a r g e  dimensions t h a t  it i s  imposs ib le  t o  

make a s t r a i g h t  c a l c u l a t i o n  o f  t h e  model e i t h e r  on modern computers 

o r  even perhaps on those  of  t h e  f u t u r e .  Thus, it i s  necessa ry  

t o  propose a method f o r  t h e  a n a l y s i s  of t h e  model b locks .  A t  

t h e  same t i m e ,  t h i s  method might s e r v e  f o r  t h e  o r g a n i z a t i o n  of  

t h e  man-computer d i a logue .  W e  propose an  approach which pe rmi t s  

a r e p r e s e n t a t i o n  o f  t h e  in fo rma t ion  i n  t h e  form of  a t a b l e  

(Table  4 )  which u n i t e s  t h e  i n p u t  and o u t p u t  parameters .  



For t h e  c l i m a t i c  model t h i s  ma t r ix  may be c a l l e d  t h e  m a t r i x  

of  l i n e a r  c l i m a t i c  t r e n d s .  The upper s t r i n g  h a s  t h e  names of  

t h e  b a s i c  i n p u t  parameters  o f  t h e  c l i m a t i c  model (a lbedo A ,  

thermal  p o l l u t i o n  Q ,  carbon d iox ide  c o n c e n t r a t i o n  C 0 2 ,  e t c . )  

and t h e  f i r s t  column has  t h e  names of  t h e  b a s i c  o u t p u t  charac-  

t e r i s t i c s  which a r e  i n p u t  v a r i a b l e s  f o r  o t h e r  b locks  o f  t h e  

g l o b a l  e c o l o g i c a l  model ( b i o t a ,  a g r i c u l t u r e ,  e t c . ) .  The l a s t  

va lues  a r e  tempera ture  T ,  pho toac t ive  r a d i a t i o n  S t  and p r e c i p i t a -  

t i o n  P. The boxes have t h e  p a r t i a l  d e r i v a t i v e  a T / a A ,  aT /aQ,  ..., 
aS/aA, ..., c a l c u l a t e d  f o r  t h e  b a s i c  s t a t e  o f  t h e  model. 

Table 4 .  Mat r ix  of  l i n e a r  c l i m a t i c  t r e n d s  

This form o f  m a t r i x  f o r  l i n e a r  c l i m a t i c  t r e n d s  i s  overs impl i -  

f i e d .  The f i r s t  column n o t  on ly  has  t h e  mean tempera ture  b u t  t h e  

set  of  va lues  which determine i t s  geographica l  and seasona l  pa t -  

t e r n s .  The d e f i n i t i o n  of t h e  anthropogenic  c l i m a t i c  t r e n d  means 

t h e  change of t h e  b a s i c  me teo ro log ica l  parameter  under t h e  in -  

f luence  v a r i a t i o n s  i n  t h e  b a s i c  se t  of  parameters  which determine 

c l ima te .  I n  t h e i r  t u r n ,  t h e s e  v a r i a t i o n s  a r e  determined by t h e  

i n d u s t r i a l  and a g r i c u l t u r a l  a c t i v i t y  of  people  today and i n  t h e  

nea r  f u t u r e .  This  t a b l e  of  l i n e a r  t r e n d s  r e p r e s e n t s  t h e  para- 

m e t r i z a t i o n  o f  c l i m a t i c  changes and i s  i n  accordance wi th  t h e  

above mentioned demands. 



L e t  us suppose f o r  example, t h a t  a  s c i e n t i s t  proposed 

some d e f i n i t e  s c e n a r i o  f o r  i n d u s t r i a l  a c t i v i t y .  W e  c a l c u l a t e  

t h e  amount o f  energy which w i l l  be produced a f t e r  t h i s  s c e n a r i o ,  

C02 p o l l u t i o n ,  a lbedo  change caused by change i n  v e g e t a t i o n  t y p e ,  

e t c .  W e  w i l l  do t h e s e  c a l c u l a t i o n s  up t o  a  y e a r  f o r  a  s 9 e c i f i c  

pe r iod  of t i m e  which i s  no t  very remote. This  i s  because only  

such c o n d i t i o n s  may guarantee  t h e  convenience o f  t h e  

e s t i m a t i o n s .  

W e  can e a s i l y  c a l c u l a t e  t h e  i n t e r e s t i n g  c l i m a t i c  c h a r a c t e r i s -  

t i c s  f o r  any geographica l  p o i n t  i f  we have t h e  m a t r i x  of l i n e a r  

t r e n d s .  For example, t h e  tempera ture  T* i n  yea r  t *  i s  

T* = To 
a T  + (Q-Q ) -  + A -  + ... 

0 aa 

where Tot  Qot Aot  . . . a r e  t h e  nominal va lues .  

From o u r  s u p p o s i t i o n  about  l i n e a r i t y  o f  t r e n d s ,  w e  e a s i l y  

c a l c u l a t e  t h e  change of c l i m a t i c  parameters  a s  a  f u n c t i o n  o f  

t ime 

Using t h e s e  e s t i m a t i o n s  w e  can c o r r e c t  t h e  p r e c a l c u l a t e d  

s c e n a r i o s  o f  development. The scheme of  l i n e a r  t r e n d s  r e v e a l s  

t h e  p o s s i b i l i t i e s  o f  t h e  decomposit ion of  t h e  model and t h e  

o r g a n i z a t i o n  o f  r a t i o n a l  procedures  f o r  i t s  a n a l y s i s .  

3 . 2  Perspec t ives  and D i f f i c u l t i e s  

The method o f  " t h e  t a b l e s  of l i n e a r  t r e n d s "  de te rmines  t h e  

program of  o u r  a c t i v i t y  f o r  t h e  nea r  f u t u r e .  Two b a s i c  d i f f i c u l -  

t i e s  a r i s e  i n  t h e  r e a l i z a t i o n  of  t h i s  program. The f i r s t  i s  

connected wi th  t h e  g i g a n t i c  amount of c a l c u l a t i o n s  necessary  

f o r  t h e  r e a l i z a t i o n  of  any r e a l  s c e n a r i o ,  t h e  second c r e a t e d  by 

t h e  f i r s t ,  i s  t h e  huge amount of in format ion  c r e a t e d  d u r i n g  t h e  

process  of  modeling. 

The p r i n c i p a l  f e a t u r e  of t h e  above mentioned hydrodynamic 

models o f  c l i m a t e  i s  t h e  l a r g e  amount o f  computer t i m e  necessary 



f o r  t h e  s o l u t i o n  o f  one problem. This  l a r g e  amount o f  computer 

t i m e  neces sa ry  f o r  one i n t e g r a t i o n  o f  t h e  model i s  t h e  p r i n c i p a l  

o b s t a c l e  i n  t h e  c r e a t i o n  and t h e  work o f  t h e  c l i m a t e  model. W e  

need an  a l g o r i t h m  which pe rmi t s  us  t o  c a l c u l a t e  t h e  s q u a t i o n s  o f  

t h e  model a hundred t i m e s  f a s t e r  t h a n  any o f  t h e  modern a l g o r i t h m s .  

The work w i t h  t h e  g l o b a l  c i r c u l a t i o n  model c r e a t e s  l a r g e  sets 

o f  d a t a .  Work wi th  t h e  g l o b a l  model o f  t h e  b i o s p h e r e  w i l l  create 

more in fo rma t ion .  The a n a l y s i s  o f  t h i s  i n fo rma t ion  r e p r e s e n t s  

t h e  f i n a l  p a r t  o f  t h e  problem f o r  climate modeling.  W e  would 

l i k e  t o  emphasize t h a t  t h e  f i n a l  s ta te  i s  as impor t an t  as eve ry  

p reced ing  s t a g e  i n  s o l v i n g  t h e  problem. 

The amount o f  i n fo rma t ion  which arises i n  t h e  modeling i s  

s o  v a s t  t h a t  i t  i s  imposs ib l e  t o  use  it i n  non-organized form. 

The modeling i s  n o t  complete  i f  t h e  r e s u l t s  o b t a i n e d  are n o t  

p r e s e n t e d  i n  t h e  form of  zona l  and geograph ica l  d i s t r i b u t i o n s  

o f  b a s i c  me teo ro log ica l  c h a r a c t e r i s t i c s ,  f l u x e s  o f  d i f f e r e n t  

forms o f  energy ,  and i f  t h e  s p e c t r a l  a n a l y s i s  o f  r e s u l t s  which 

are neces sa ry  f o r  t h e  work o f  an  e c o l o g i c a l  and economical  model 

does n o t  e x i s t .  For t h i s  a i m  it i s  neces sa ry  t o  have a v a s t  set  

o f  s p e c i a l  d i a g n o s t i c  programs. 

Thus, s u c c e s s f u l  development o f  t h e  s u b j e c t  which w e  c a l l e d  

t h e  dynamics o f  t h e  b i o s p h e r e  needs a ve ry  h igh  l e v e l  o f  computer 

r e a l i z a t i o n .  Regard less  o f  t h i s ,  w e  have been working wi th  t h e s e  

models f o r  some y e a r s  and t h e  c r e a t i o n  o f  a complete g l o b a l  model 

i s  now a t  t h e  beg inn ing  s t a g e .  This  work w i l l  need huge e f f o r t s  

by many s c i e n t i s t s  f o r  many y e a r s .  W e  a n t i c i p a t e  t h a t  it w i l l  b e  

t rans formed by i n t e r n a t i o n a l  r e s e a r c h  and w i t h  i n fo rma t ion  banks 

which w i l l  b e  c o n s t a n t l y  modi f ied .  This  s e r v i c e  w i l l  h e l p  i n  t h e  

s tudy  o f  t h e  d i f f e r e n t  development s c e n a r i o s  which are e l a b o r a t e d  

by s c i e n t i s t s  i n  d i f f e r e n t  c o u n t r i e s .  

4 .  ON THE MODELING OF HUMAN ACTIVITY 

4 . 1  Some F e a t u r e s  o f  t h e  Problem 

The fo rma l i zed  d e s c r i p t i o n  o f  human a c t i v i t y  i s  t h e  most 

d i f f i c u l t  p a r t  o f  g l o b a l  modeling. An adequa te  model f o r  t h e  

a c t i v i t y  o f  mankind i s  h a r d l y  l i k e l y  t o  be  e l a b o r a t e d  i n  t h e  



near  f u t u r e .  This i s  why we d i s c u s s  two l e v e l s  of  d e s c r i p t i o n  

a s  was done f o r  t h e  c l ima te  model. One of t h e  l e v e l s  i s  t h e  

simple pa ramet r i za t ion  of  t h e  world economy a s  i n  F o r r e s t e r ' s  

model. I t  permi ts  a c losed  g loba l  b i o s p h e r i c a l  model and a 

computational experiment,  descr ibed  i n  t h e  second s e c t i o n  of t h e  

paper,  can be conducted. I t  i s  c l e a r  t h a t  t h i s  mode of desc r ip -  

t i o n  i s  n o t  s u f f i c i e n t .  I n  t h i s  s e c t i o n  a new concept i s  d iscussed  

a s  we l l  a s  some pre l iminary  r e s u l t s .  

The i n t e r a c t i o n  between mankind and t h e  b iosphere  i s  detcrminzd 

f i r s t  of  a l l  by t h e  product ion a c t i v i t y  ( inc lud ing  exchange and 

consumption). Therefore t h e  economic models form t h e  b a s i s  o f  a 

formalized d e s c r i p t i o n  of  human a c t i v i t y .  

The main d i f f i c u l t y  i n  modeling economic processes  i s  i n  t h e  

l ead ing  r o l e  of human behavior  i n  a process  o f  t h i s  kind.  Cer- 

t a i n l y  t h e  n a t u r a l  r e g u l a r i t i e s  descr ibed  i n  phys ics  cannot be 

v i o l a t e d  i n  economic processes  b u t  i n  t h e  economy t h e s e  r e g u l a r i -  

t i e s  a r e  of minor importance.  Though t h e  n a t u r a l  r e g u l a r i t i e s  

cannot be ignored ( f o r  example, it i s  impossible  t o  produce any- 

t h i n g  without  corresponding product ion r e s o u r c e s ) ,  t h e  conserva- 

t i o n  law, a s  we l l  a s  o t h e r  p r i n c i p l e s  of  n a t u r a l  s c i e n c e s ,  can 

no t  exhaust  a l l  mathematical models f o r  economic processes .  

Therefore,  models o f  economic processes  a r e  not  c losed  - t h e r e  

e x i s t  f r e e  v a r i a b l e s  ( c o n t r o l s ) .  The choice of  t h e  va lues  

of  c o n t r o l  v a r i a b l e s  cannot be descr ibed  by r e g u l a r i t i e s  anologous 

t o  n a t u r a l  ones.  To o b t a i n  an adequate d e s c r i p t i o n  of economic 

processes  it i s  necessary t o  desc r ibe  t h e  goals  o f  groups of people 

and t o  understand t h e  r e g u l a r i t i e s  of  dec i s ion  making i n  human 

s o c i e t y .  I t  should be noted t h a t  t h e  r e g u l a r i t i e s  o f  dec i s ion  

making have no t  been s u f f i c i e n t l y  s t u d i e d  y e t  (Kornai, 1971; 

Ga lb ra i th ,  1973).  

Therefore,  a t  p r e s e n t ,  an adequate model of  economic proces- 

s e s  must con ta in  a g r e a t  number of  c o n t r o l s  which a r e  no t  

determined i n  t h e  model. T h i s  f a c t  p lays  an important  r o l e  i n  

o u r  approach: we do not  exclude t h i s  unce r t a in ty  from t h e  s tudy.  

This f e a t u r e  d i s t i n g u i s h e s  our  approach from i n v e s t i g a t i o n s  by 

F o r r e s t e r  and Meadows. F o r r e s t e r  and Meadows inc lude  a 

pa ramet r i za t ion  of  economic mechanisms i n  t h e i r  models and i n  



t h e i r  s t u d i e s ,  o b t a i n  t h e  p o s s i b i l i t i e s  o f  economic mechanisms 

desc r ibed  i n  t h e  model i n s t e a d  of t h e  l i m i t s  o f  growth of  t h e  

economic system. The c o n t r o l  v a r i a b l e s  i n  g l o b a l  models cannot  

be excluded from t h e  i n v e s t i g a t i o n  s o  e a s i l y  - t h i s  i s  t h e  p r i n -  

c i p a l  d i f f i c u l t y  of  human a c t i v i t y  a n a l y s i s .  

The second d i f f i c u l t y  i s  t h a t  human a c t i v i t y  i s  n o t  s t a t i c .  

Product ion a c t i v i t y  o f  mankind i s  c h a r a c t e r i z e d  by v a r i a t i o n s .  

Two decades ago,  t h e  energy consumption was two t i m e s  less than  

now and o i l  and gas  consumption w e r e  40% i n s t e a d  of  60%. A f t e r  

t h e  i n v e s t i g a t i o n  o f  t h e  Club of  Rome was f u l f i l l e d  t h e  concept  

of ze ro  growth became w e l l  known. W e  t h i n k  t h a t  t h i s  con- 

c e p t  i s  n o t  s u i t a b l e  and n o t  p r a c t i c a b l e  - it i s  imposs ib le  t o  

s t o p  mankind i n  i t s  a s p i r a t i o n  t o  implement new i d e a s .  C e r t a i n l y  

t h i s  implementation o f  i d e a s  should  n o t  r e s u l t  i n  a  growth i n  

t h e  consumption r e sources  and p o l l u t i o n  - it i s  necessary  t o  

change t h e  s t r u c t u r e  o f  product ion  a c t i v i t y  t o  restr ic t  t h e  

i n f l u e n c e  on t h e  b iosphere .  The e v a l u a t i o n  o f  s u i t a b l e  l i m i t s  

on t h i s  i n f l u e n c e  i s  t h e  main goa l  o f  o u r  i n v e s t i g a t i o n .  

I n  t h e  i n v e s t i g a t i o n ,  w e  used dynamic models of  product ion  

a c t i v i t y  based on well-known ba lance  equa t ions  and c o n t r o l  v a r i -  

a b l e s .  Global models a r e  now c o n s t r u c t e d  a t  v a r i o u s  i n s t i t u t i o n s  

aridwcdo n o t  want t o  choose one p a r t i c u l a r  model - o u r  i n v e s t i g a -  

t i o n  has  a  methodological  c h a r a c t e r  and i s  n o t  connected w i t h  any 

p a r t i c u l a r  model. A s  a n  example o f  a  model i l l u s t r a t i n g  o u r  

approach, w e  use  a s i m p l i f i e d  v e r s i o n  o f  t h e  model o f  t h e  world 

economy e l a b o r a t e d  a t  t h e  UN by a  group of  e x p e r t s  l e d  by Leont ie f  
( 1 9 7 7 )  . This cho ice  was based f i r s t  o f  a l l  on t h e  e x i s t e n c e  o f  

in format ion .  Before w e  d e a l  w i th  t h e  i l l u s t r a t i v e  model, a  

d e s c r i p t i o n  of t h e  method used f o r  i n v e s t i g a t i o n  on human a c t i v i t y  

w i l l  be p resen ted .  

4.2 I n v e s t i g a t i o n  of  C o n t r o l l e d  Systems on t h e  
Basis  of  t h e  Cons t ruc t ion  of Genera l ized  
Reachable S e t s  

W e  s h a l l  t r y  t o  e v a l u a t e  r easonab le  l i m i t s  f o r  t h e  human 

impact on t h e  b iosphe re .  Since w e  cannot  g i v e  an adequate  

d e s c r i p t i o n  o f  d e c i s i o n  making mechanisms f o r  t h e  product ion  

a c t i v i t y  o f  mankind, it i s  necessary  t o  use a  method which 



g i v e s  t h e  p o s s i b i l i t y  o f  a n a l y z i n g  g l o b a l  models w i t h  c o n t r o l  

v a r i a b l e s  n o t  be ing  f i x e d  i n  advance.  One of  t h e  most widespread 

methods o f  a n a l y s i s  f o r  c o n t r o l l e d  models c o n s i s t s  o f  choos ing  a 

unique i n d i c a t o r  o f  t h e  performance o f  t h e  system,  and r e v e a l i n g  

t h e  b e s t  c o n t r o l  v a r i a b l e s  which p rov ide  t h e  b e s t  v a r i a n t  f o r  

t h e  sys t em ' s  performance.  W e  t h i n k  it i s  imposs ib l e  t o  a p p l y  

t h i s  method of a n a l y s i s  t o  g l o b a l  modeling s i n c e  it i s  imposs ib l e  

t o  fo rmula t e  a unique i n d i c a t o r  o f  performance f o r  human a c t i v i t y :  

t h e r e  a r e  many problems t o  be so lved .  This  f a c t  de t e rmines  

a g r e a t  d e a l  o f  approaches  i n  choosing t h e  v a r i a n t s  o f  world  

economic development. 

For t h i s  r ea son ,  w e  app ly  an  a l t e r n a t i v e  method o f  a n a l y s i s  

t o  c o n t r o l l e d  models developed a t  t h e  Computing Cen te r  o f  t h e  

USSR Academy o f  Sc i ences  d u r i n g  t h e  l a s t  decade.  This  i s  t h e  

Genera l ized  Reachable S e t s  (GRS) approach (Lotov,  1 3 8 0 ) .  This  

method i s  i n t e n d e d  f o r  s t u d y i n g  mathemat ical  models w i t h  exoge- 

nous v a r i a b l e s .  One o f  t h e  main d i r e c t i o n s  o f  GRS a p p l i c a t i o n s  

i s  t h e  a n a l y s i s  o f  m u l t i o b j e c t i v e  systems.  I n  t h i s  c a s e  t h e  

GRS approach c o n s i s t s  o f  an e x p l i c i t  d e s c r i p t i o n  o f  t h e  se t  o f  

a l l  va lues  o f  performance i n d i c a t o r s  which a r e  r e a c h a b l e  w i t h  

t h e  a i d  o f  f e a s i b l e  c o n t r o l s .  This  set  w e  c a l l  a  Gene ra l i zed  

Reachable S e t  (GRS). 

The mathemat ical  d e f i n i t i o n  o f  t h e  GRS f o r  l i n e a r  s t a t i c  

models i s  a s  fo l lows:  

L e t  t h e  model b e  p r e s e n t e d  i n  t h e  form o f  a f i n i t e  sys tem 

o f  l i n e a r  i n e q u a l i t i e s  

where A i s  a g iven  m a t r i x ,  B i s  a g iven  v e c t o r ,  ~ E E ~  i s  a c o n t r o l  
m 

v e c t o r .  The i n d i c a t o r s  v e c t o r  ~ E E  i s  connec ted  w i t h  t h e  c o n t r o l  

v e c t o r  x.  

f  = Fx, 



where F  i s  a  given mat r ix .  For t h i s  system t h e  GRS denoted by 

Gf i s  de f ined  a s  

G~ =  if^^?: f  = FX,  ~ x b ~  - . 

This d e f i n i t i o n  g ives  t h e  se t  Gf i n  an i m p l i c i t  form. The GRS 

approach c o n s i s t s  o f  t h e  c o n s t r u c t i o n  of  t h e  set  G f  i n  an e x p l i c i t  

and i n  f u r t h e r  i n v e s t i g a t i o n  o f  t h i s  se t .  

The se t  Gf can be  c o n s t r u c t e d  p r e c i s e l y  i f  t h e  model under 

s tudy  and performance i n d i c a t o r s  a r e  l i n e a r  and a l g e b r a i c .  

I n  d i f f e r e n t  c a s e s ,  t h e  set  Gf can be p resen ted  i n  t h e  

e x p l i c i t  form mentioned above only  approximately.  

To c o n s t r u c t  t h e  se t  Gf i n  an e x p l i c i t  form f o r  a  l i n e a r  

s t a t i c  model ( t h a t  i s  t o  c a l c u l a t e  t h e  ma t r ix  D and t h e  v e c t o r  

d )  w e  apply methods f o r  exc luding  t h e  v a r i a b l e s  i n  a  l i n e a r  

i n e q u a l i t y  system (convolu t ion  o f  l i n e a r  i n e q u a l i t y  systems ) . 
The f i r s t  convolu t ion  method was in t roduced  by J . B .  ~ o u r i e r  (1826) 

I n  t h e  20th Century t h e  F o u r i e r  method was modified.  During 

t h e  l a s t  decade a t  t h e  Computing Center  o f  t h e  USSR Academy o f  

Sc iences  a lgor i thms f o r  removing n o n e s s e n t i a l  i n e q u a l i t i e s  w e r e  

e l a b o r a t e d .  These a lgo r i thms  make it p o s s i b l e  t o  overcome t h e  

main d isadvantage  o f  t h e  convolu t ion  method c o n s i s t i n g  o f  r a p i d  

growth i n  t h e  q u a n t i t y  o f  n o n e s s e n t i a l  i n e q u a l i t i e s  i n  t h e  

system. These a lgo r i thms  w e r e  implemented i n  t h e  program system 

POTENTIAL (Bushenkov and Lotov, 1980)  which c o n s t r u c t s  t h e  set  

Gf i n  e x p l i c i t  form and i s  a  mean o f  i n v e s t i g a t i n g  t h i s  se t  i n  

t h e  expert-computer d i a logue .  This program system c o n s t r u c t s  

GRS f o r  dynamic models a s  w e l l .  The e x p e r t  o b t a i n s  two dimensional  

p r o j e c t i o n s  and c r o s s - s e c t i o n s  o f  t h e  GRS. The a p p l i c a t i o n  of 

t h e  GRS approach i s  i l l u s t r a t e d  by a  s imple  v e r s i o n  o f  t h e  UN 

model f o r  t h e  world economy. 



4.3 Analysis  o f  a Simple Version of t h e  
UN Model f o r  t h e  World Economy* 

I n  t h i s  model t h e  world i s  p resen ted  a s  f o u r  r eg ions  ( t h e  

f i r s t  and t h e  second reg ions  r e p r e s e n t  i n d u s t r i a l i z e d  n a t i o n s ,  

t h e  t h i r d  and t h e  f o u r t h  r e p r e s e n t  developing n a t i o n s ) .  The 

economic s y s t e n  o f  each  reg ion  i s  desc r ibed  by t h e  ba lanced  

model of t h e  Leont ie f  t ype .  The fo l lowing  product ion  branches 

w e r e  p resented :  

( 1  ) a g r i c u l t u r e ;  

( 2 )  mining; 

( 3 )  investment  goods; 

( 4 )  consumption goods; 

(5 )  s e r v i c e s ;  

( 6 )  p o l l u t i o n  demolishing abatement.  

P o l l u t i o n  was d e s c r i b e d  a s  a l i n e a r  f u n c t i o n  o f  t h e  g r o s s  o u t -  

pu t  of  t h e  p roduc t ive  branches and o f  consumption, t h e  s t r u c t u r e  

of  which was f i x e d  i n  advance. The r e s t r i c t i o n s  on c a p i t a l ,  

c a p i t a l  investment  and t h e  l abour  f o r c e  were imposed. I t  was 

p o s s i b l e  t o  use t h e  product ion  of  f o u r  primary i n d u s t r i e s  i n  

f o r e i g n  t r a d e ,  whi le  p r i c e s  were f i x e d  i n  advance. 

Some r e s u l t s  a r e  p resen ted  i n  F igures  4-8. It i s  necessary  

t o  s t r e s s  t h a t  i n i t i a l  d a t a  a s  w e l l  a s  t h e  s t r u c t u r e  of  t h e  model 

were q u i t e  a r b i t r a r y  t h e r e f o r e  t h e  r e s u l t s  can be  used f o r  i l l u s -  

t r a t i o n  of o u r  approach b u t  n o t  f o r  some p r a c t i c a l  i n f e r e n c e  on 

world economy. 

Reachable va lues  o f  t h e  consumption i n d i c a t o r  X 1  and pol lu-  

t i o n  l e v e l  F f o r  t h e  f i r s t  r eg ion  a r e  p resen ted  i n  F igure  4 whi le  

f o r e i g n  t r a d e  i s  a b s e n t .  Both i n d i c a t o r s  a r e  measured i n  conven- 

t i o n a l  u n i t s .  The set  QPMR d e s c r i b e s  a l l  r eachab le  combinations 

of va lues  {X1,F}. C e r t a i n l y ,  a n  i n c r e a s e  i n  t h e  consumption 

i n d i c a t o r  X 1  and a dec rease  i n  t h e  p o l l u t i o n  i n d i c a t o r  F a r e  

p r e f e r a b l e .  Hence t h e  curve  QPM ( t h e  e f f e c t i v e  se t )  i s  most 

i n t e r e s t i n g .  Beginning a t  t h e  p o i n t  Q t h e  curve  shows t h a t  f i r s t  

t h e  va lue  o f  p o l l u t i o n  F i s  i n c r e a s i n g  q u i t e  s lowly wi th  t h e  

i n c r e a s e  i n  t h e  consumption l e v e l  X I .  Afterwards a t  t h e  p o i n t  

P t h e r e  i s  a break.  When A, i s  n e a r  t o  i t s  maximum l e v e l  A A 
1 

( t h e  index  A shows t h a t  t h i s  maximal l e v e l  is  c a l c u l a t e d  when 

*The i n i t i a l  in format ion  f o r  t h i s  i n v e s t i g a t i o n  was prepared  by 
I .S .  Menshikov and A.S. Zlobin from t h e  Computing Center  o f  t h e  
USSR Academy o f  Sc iences .  The c a l c u l a t i o n s  w e r e  f u l f i l l e d  by 
V.A. Bushenkov. 
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Figure 4. Reachable Values of the Consumption Indicator and 
the Pollution Level for Region One 



Figure 5 .  Reachable Consumption Values o f  Regions One and Two 



Figure  6 .  Reachable Consumption Values o f  Regions One and 
Three 



Figure 7. Reachable Consumption Values of Regions Three 
and Four 
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F i g u r e  8. E f f e c t  o f  I n c r e a s e d  Consumption i n  Region Four  o n  
t h e  L e v e l  o f  Employment i n  Region Two 



f o r e i g n  t r a d e  i s  a b s e n t ,  t h a t  i s  i n  au ta rchy  c o n d i t i o n ) ,  t h e  

l e v e l  of  p o l l u t i o n  i n c r e a s e s  r a p i d l y .  A t ' t h e  p o i n t  M t h e  va lue  

o f  F  i s  about  twenty t i m e s  g r e a t e r  t han  a t  t h e  p o i n t  P  b u t  t h e  

consumption l e v e l  X i s  o n l y  1 %  g r e a t e r .  The same p i c t u r e  e x i s t s  1  
f o r  f o r e i g n  t r a d e  b u t  t h e  curve QPM i s  s h i f t e d .  This  p i c t u r e  

shows t h a t  i n  t h e  model on ly  1% consumption i s  necessa ry  t o  s o l v e  

t h e  p o l l u t i o n  problem. This  i s  why i n  F i g u r e s  5-8 p o l l u t i o n  i s  

absen t .  I n  F igu res  5-8 t h e  in te rdependence  between t h e  va lues  

o f  consumption i n d i c a t o r s  { X 1 , X 2 , X 3 , A 4 ~  and unemployment i n d i c a -  

t o r s  {u l  , u2,  u3, u4} a r e  shown. Trade between r e g i o n s  i s  n o t  

f i x e d .  Some r e s t r i c t i o n s  on unemployment i n  some r e g i o n s  are 

imposed. 

The r eachab le  v a l u e s  of  consumptions i n  t h e  f i r s t  and t h e  

second r eg ions  (va lues  A 1  and A 2 )  a r e  p r e s e n t e d  i n  F igu re  5 .  

The v a l u e s  1; and r e p r e s e n t  consumption i n  au ta rchy .  Curve 

1  r e p r e s e n t s  t h e  boundary o f  t h e  se t  o f  a l l  r eachab le  v a l u e s  o f  

{ X 1 , A 2 }  when unemployment i n  t h e  f i r s t  and t h e  second r e g i o n s  

i s  a b s e n t ,  unemployment i n  t h e  t h i r d  and t h e  f o u r t h  r e g i o n s  i s  

e q u a l  t o  1 0 %  o f  t h e  whole l a b o u r  f o r c e ,  t h e  consumptions i n  t h e  

t h i r d  and t h e  f o u r t h  r e g i o n s  is  equa l  t o  t h e  au ta rchy  l e v e l  

(about  1000 u n i t s )  . Curve 2  r e p r e s e n t s  t h e  same boundary b u t  

unemployment i n  a l l  r e g i o n s  i s  l o % ,  t h e  consumptions i n  t h e  t h i r d  

and t h e  f o u r t h  r e g i o n s  is  t h e  same a s  f o r  curve  1 .  Curve 3  re- 

p r e s e n t s  t h e  same boundary b u t  unemployment i s  t h e  same a s  . . for  

curve  1 ,  consumption i n  t h e  t h i r d  and t h e  f o u r t h  r e g i o n s  i s  

g r e a t e r  and e q u a l s  1200 u n i t s .  This  p i c t u r e  shows t h e  advantages  

o f  world  t r a d e  s i n c e  r e a c h a b l e  va lues  o f  {Al , h 2 ,  X 3 ,  A 4 }  e x i s t ,  

which exceed au ta rchy  l e v e l s  f o r  a l l  r e g i o n s  s imul taneous ly .  

The r eachab le  va lues  o f  consumption i n  t h e  f i r s t  and i n  t h e  

t h i r d  r e g i o n s  (va lues  X I  and A ) a r e  shown i n  F igu re  6 .  Curve 1  3  
r e p r e s e n t s  t h e  boundary o f  t h e  set  of  a l l  r eachab le  v a l u e s  

{ A l  , A j} whi le  unemployment i n  t h e  f i r s t  r eg ion  i s  a b s e n t ,  unemploy- 

ment i n  a l l  o t h e r  r e g i o n  i s  equa l  t o  1 0 % ,  consumption i n  t h e  second 

r eg ion  e q u a l s  1200 u n i t s ,  i n  t h e  f o u r t h  100.0 u n i t s .  Curve 2  shows 

t h e  same boundary wh i l e  unemployment i n  t h e  f i rs t  and i n  t h e  second 

r e g i o n s  i s  e q u a l  t o  5 % ,  i n  t h e  t h i r d  and t h e  f o u r t h  equa l  t o  10%,  

consumption i n  t h e  second r e g i o n  i s  equa l  t o  1500 u n i t s ,  i n  t h e  

f o u r t h  r e g i o n  t o  1000 u n i t s .  



The reachable  va lues  of  consumption i n  t h e  t h i r d  and t h e  

f o u r t h  r e g i o n s  i n  t h e  c a s e  of  no t r a d e  wi th  o t h e r  r eg ions  and 

f u l l  employment, a r e  p resen ted  i n  F igure  7 .  This  p i c t u r e  shows 

t h a t  t r a d e  between t h e  t h i r d  and t h e  f o u r t h  r eg ions  o n l y  cannot  

i n c r e a s e  t h e  va lue  of consumption i n  both r e g i o n s  s imul taneous ly .  

The e f f e c t  o f  an  i n c r e a s e  i n  t h e  consumption l e v e l  i n  t h e  

f o u r t h  r eg ion  on t h e  employment i n  t h e  second reg ion  u2 i s  pre-  

s e n t e d  i n  F igure  8. S ince  t h e  e f f e c t i v e n e s s  o f  product ion  makes 

employment minimal, t h e  curve  ABC shows t h e  dependence o f  employ- 

ment i n  t h e  second reg ion  on consumption i n  t h e  f o u r t h  r eg ion .  

H e r e  consumption i n  a l l  r eg ions  except  t h e  f o u r t h  a r e  f i x e d  

1 = 1300, X 2  = 1 2 0 0 ,  h 3  = 1 0 0 0  u n i t s ) ,  unemployment i n  t h e  

f i r s t  r eg ion  e q u a l s  2 % ,  unemployment i n  t h e  t h i r d  and t h e  f o u r t h  

r eg ions  i s  equa l  t o  10%. The curve ABC shows t h a t  t h e  i n c r e a s e  

i n  consumption i n  t h e  f o u r t h  r eg ion  can i n c r e a s e  t h e  employment 

i n  t h e  second r e g i o n .  

These and o t h e r  c r o s s - s e c t i o n s  and p r o j e c t i o n s  o f  t h e  GRS 

of i n d i c a t o r s  {hl,X h h u l , u  , U  ,u 1 g ive  t h e  e x p e r t  an  under- 
2 1  31 4 1  2 3 4  

s t a n d i n g  of t h e  p o s s i b i l i t i e s  of  t h e  model under s tudy .  Exper t s  

can choose s u i t a b l e  combinations of  i n d i c a t o r s .  C e r t a i n l y  t h e  

F igures  4-8 a r e  an i l l u s t r a t i o n  only:  i n  a  d i a logue  wi th  t h e  

computer, t h e  e x p e r t s  can o b t a i n  hundreds of  p i c t u r e s  of  t h i s  

kind.  

4 . 4  Some F u r t h e r  Developments i n  t h e  Modeling 
o f  Human A c t i v i t y  

H e r e  w e  enumerate t h e  main d i r e c t i o n s  o f  o u r  i n v e s t i g a t i o n  

o f  human a c t i v i t y :  

( 1 )  modi f i ca t ion  of  methods f o r  t n e  GHS c o n s t r u c t i o n .  

Sifi-,ultaneously a l t e r n a t i v e  methods a r e  e l a b o r a t e u  

us ing  (Ereshko, 1979 )  o p t i m i z a t i o n  techniques  and 

c o n s t r u c t i n g  e f f e c t i v e  p o i n t s  on ly ;  

( 2 )  mod i f i ca t ion  of t h e  model o f  world economy. Applica- 

t i o n  of  t h e  models wi th  a n  e x p l i c i t  d e s c r i p t i o n  of 

energy product ion  a s  w e l l  a s  o t h e r  i n p u t s  of t h e  

c l i m a t e  model; 

( 3 )  i n v e s t i g a t i o n  o f  p r o p e r t i e s  of  models by means of  

t h e  GXS approach; 



( 4 )  i n v e s t i g a t i o n  of  mechanisms o f  d e c i s i o n  making. This 

i s  t h e  most d i f f i c u l t  problem i n  modeling human 

a c t i v i t y .  

A t  p r e s e n t ,  a t  t h e  Computing Center  o f  t h e  USSR Academy of 

Sc iences ,  mathematical  models o f  economic mechanisms o f  var ious  

types  a r e  i n v e s t i g a t e d .  A model of  a  market economy was con- 

s t r u c t e d  which demonstrated t h a t  i n  a  model o f  t h i s  t y p e ,  an  

i n c r e a s e  i n  p r i c e  f o r  n a t u r a l  r e sources  may r e s u l t  i n  a n  economic 

crisis,  even i f  t h e  q u a n t i t y  o f  t h e s e  r e sources  i s  i n f i n i t e  

( P e t r o v  and Pospelov,  1979) . Methods based on t h e  theo ry  o f  

games and devoted f o r  a n a l y s i s  of  models o f  economic mechanisms 

i n  c e n t r a l l y  planned economies were developed (Vate l  and Moiseev, 

1977) a s  w e l l  a s  models of d e c i s i o n  making i n  e n t e r p r i s e s  were 

s t u d i e d  (Lotov and Chernykh, 1979) . 

5. GENERAL SCHEME OF GLOBAL 
BIOSPHERICAL MODEL 

A s  was d i s c u s s e d  above, t h e  g l o b a l  b i o s p h e r i c a l  model con- 

s is ts  of  t h r e e  p a r t s  ( c l i m a t e ,  b i o l o g i c a l  and human a c t i v i t y  

models) .  These models should  be connected w i t h  in fo rma t ion  

flows r e p r e s e n t i n g  t h e  i n t e r a c t i n g  p a r t s  o f  t h e  b iosphe re .  The 

f i r s t  v a r i a n t  o f  t h e  b i o s p h e r i c a l  model i s  used f o r  e l a b o r a t i n g  

t h e  methodology o f  systems a n a l y s i s  of  b i o s p h e r i c a l  p rocesses .  

The informat ion  flows i n  t h i s  v a r i a n t  a r e  p r e s e n t e d  i n  F igure  9 .  

The i n p u t s  of  t h e  human a c t i v i t y  model a r e  t h e  average 

va lues  of  tempera ture ,  p r e c i p i t a t i o n  and sun r a d i a t i o n  ( f o r  

r e g i o n a l  and seasona l  a s p e c t s ) .  The o u t p u t s  o f t h e  model a r e  

anthropogenic  d i scha rge  o f  energy,  C 0 2  and o t h e r  p o l l u t a n t s ,  a s  

w e l l  a s  anthropogenic  changes i n  a lbedo .  The i n p u t s  o f  t h e  

c l i m a t e  model a r e  t h e  c o n c e n t r a t i o n  o f  ca rbon ic  a c i d  i n  t h e  

atmosphere, an thropogenic  d i scha rge  o f  energy and changes i n  

a lbedo .  The o u t p u t s  of  t h e  c l i m a t e  model a r e  t h e  i n p u t s  of  t h e  

human a c t i v i t y  model. The i n p u t s  o f  t h e  b i o l o g i c a l  model a r e  

t h e  o ~ t p u t s  o f  t h e  c l i m a t e  model a s  w e l l  a s  d i scha rges  o f  C 0 2  

and o t h e r  p o l l u t a n t s .  The o u t p u t  of  t h e  b i o l o g i c a l  model i s  

t h e  c o n c e n t r a t i o n  of  C 0 2  i n  t h e  atmosphere. 



C02 Concentration 

Figure 9 .  Information flow between t h e  3 p a r t s  
of  t h e  Biospher ic  Model 



A t  p r e s e n t  t h e  fo l lowing  mode o f  t h e  models'  i n t e r a c t i o n  i s  

e l a b o r a t e d .  Exper t s ,  us ing  perhaps in fo rma t ion  from some addi-  

t i o n a l  models d e s c r i b i n g  t h e  i n f l u e n c e  o f  c l i m a t e  on a g r i c u l t u r e ,  

formula te  a  system of r e s t r i c t i o n s  on t h e  i n p u t s  of t h e  model 

of  human a c t i v i t y .  This r e s t r i c t i o n  should d e s c r i b e  admiss ib l e  

changes i n  r e g i o n a l  c l i m a t e  c o n d i t i o n s  which p r e s e r v e s  normal 

l i f e  i n  t h e  r eg ions .  The se t  o f  admiss ib l e  va lues  of c l i m a t e  

o u t p u t s  by means o f  t h e  c l i m a t e  and b i o l o g i c a l  models a r e  t r a n s -  

formed i n t o  r e s t r i c t i o n s  on t h e  o u t p u t s  o f  t h e  human a c t i v i t y  

model. The se t  o f  r e s t r i c t i o n s  on human a c t i v i t y  d e s c r i b e s  a l l  

t h e  v a r i a n t s  o f  human i n f l u e n c e  on t h e  b iosphe re  p r e s e r v i n g  admis- 

s i b l e  c l i m a t e  i n  a l l  reg ions  o f  t h e  world.  The GRS i s  used t o  

c o n s t r u c t  a l l  t h e  v a r i a n t s  o f  t h e  development o f  t h e  world economy 

which do n o t  v i o l a t e  b i o s p h e r i c a l  r e s t r i c t i o n s  on human a c t i v i t y  

a s  w e l l  a s  s a t i s f y i n g  economic equa t ions .  These v a r i a n t s  d e s c r i b e  

t h e  r e a l  l i m i t s  o f  growth of t h e  world economy. The g r a p h i c a l  

a n a l y s i s  o f  t h e  GRS f o r  some i n d i c a t o r s  o f  t h e  world economy 

(consumption and employment i n  r eg ions  and s o  on)  provides  t h e  

p o s s i b i l i t y  o f  choosing t h e  most s u i t a b l e  v a r i a n t  wh i l e  n o t  

d e s t r o y i n g  t h e  e q u i l i b r i u m  i n  t h e  human b iosphe re  system. 
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