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ABSTRACT 

CHAN, Y. H.,  J. S. OLSON, and W. R.  EMANUEL. 1978. Simula- 
t i o n s  of  land-use p a t t e r n s  a f f e c t i n g  t h e  g l o b a l  carbon 
cyc l e .  ORNL/TM-6651. Oak ~ i d g e  Nat iona l  Laboratory,  
Oak Ridge, Tennessee. 1 8 2  pp. - 

Pas t  i nc rease  o f  atmospheric C02 involves  s i g n i f i c a n t  cont r ibu-  

t i o n s  from both f o s s i l  and n o n f o s s i l  ( b i o s p h e r i c )  sources .  The l a t t e r  

a r e  c o n t r o v e r s i a l ,  p a r t l y  because t h e s e  C 0 2  r e l e a s e s  may be balanced 

by a c c e l e r a t e d  regrowth fo l lowing  c l e a r i n g  of  some f o r e s t s ,  whi le  

o t h e r s  were being converted t o  a g r i c u l t u r a l  o r  o t h e r  nonfores t  land.  A 

s imu la t i on  model was used t o  r e c o n s t r u c t  changes s i n c e 1 8 6 0  and p r o j e c t  

fou r  h y p o t h e t i c a l  f u t u r e  s cena r io s  of  C02 i n j e c t i o n  t o  2460. Nine- 

teen  compartments and t h e i r  exchanges o f  carbon were considered.  Areal  

e x t e n t  o f  t r o p i c a l  f o r e s t s ,  o t h e r  wooded ecosystems, and nonfo re s t s  

w e r e  incorpora ted  i n t o  t h e  model. Rapidly and s lowly exchanging pools  

of carbon per u n i t  a r e a ,  and n e t  primary product ion f o r  each pool and 

ecosystem group, were 'p ro jec ted  by i n t e g r a t i n g  income-loss d i f f e r e n t i a l  . , 

equat ions  numer ica l ly  using CSMP programming language. 

Estimated cumulative r e l e a s e s  of  CO from f o s s i l  f u e l s  ( p l u s  2  
9  

cement) near  120 Gtons of carbon ( 1  Gton = 10 me t r i c  t ons )  from 1860 

t o  1970 were assumed t o  equa l  prompt and delayed r e l e a s e s  from f o r e s t  

c l e a r i n g .  Limits  o f  e x p l o i t a b l e  f o r e s t  a r e a  and biomass. were eva lua t ed  

and found t o  c o n t r i b u t e  much less f u t u r e  C02 than  t h e  u sab l e  c o a l ,  

o i l ,  gas ,  and o i l  s h a l e .  Ul t imate  r e l e a s e  from t h e  l a t t e r  (7500 + 2500 

9 x 10 tons  of  C) could i nc rease  atmospheric  C 0 2  manyfold: doubl ing 

t h e  assumed 1860 l e v e l s  a s  e a r l y  a s  (1)  year  2025 f o r  assumed "nominal" 



scenar io  (expanding r e l e a s e s  s l i g h t l y  l e s s  r ap id ly  than a t  p resen t ) ,  

(2 )  year  2033 f o r  a "delayed" expansion scenar io  t h a t  would prolong use 

of f o s s i l  reserves  (lowering peak carbon re lease  r a t e  from 'L 43 t o  'L 28 

~ t o n s / y e a r ) ,  (3 )  year  2087 f o r  a "slow burner" scenar io  ( increas ing 

very  slowly from present  l e v e l s ) ,  and 94) year 2290 f o r  a "combination" 

s c e n a r i o  (which assumes low f o s s i l - f u e l  use,  high carbon s to rage ,  and 

high ne t  primary production of fo res ted  ecosystems). Depending on the 

poorly known parameters t h a t  were programmed t o  cons t ra in  the  organic 

production r a t e s ,  cumulative s torage ,  and the response of p lan t s  and 

s o i l s  t o  enhanced atmospheric C02, b iospher ic  s torage  might reach 

h igher  l eve l s  f o r  a l l  scenar ios  than the  es t imates  given here.  

However, maximizing such ,s torage (and helping t o  minimize atmospheric 

CO fo r  any given energy pol icy)  i n  r e a l  l i f e  would requi re  very much 2 

c l o s e r  understanding and wiser  managedent of ecosystems than h i s t o r y  

has shown. 
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CHAPTER 1 

INTRODUCTION 

1.1. AN OVERVIEW OF THE GLOBAL CARBON DIOXIDE PROBLEM 

People have long recognized t h a t  c o a l ,  petroleum, and n a t u r a l  gas 

can r e a d i l y  supply more energy pe r  u n i t  weight o r  volume than  o t h e r  

nonnuclear energy sources such a s  wood o r  water  power. The i n d u s t r i a l  

r e v o l u t i o n  i n i t i a t e d  an e r a  of  unprecedented e x p l o i t a t i o n  of  t h e s e  

f o s s i l  f u e l s .  Since 1860, human popula t ion  has increased  r a p i d l y .  

Harvest ing o f  t imber has a c c e l e r a t e d  t o  meet t h e  demands o f  i n d u s t r y  

and homes ( a s  fuelwood). Large a reas  of  f o r e s t  have been c l e a r e d  and 

converted i n t o  a g r i c u l t u r a l  l ands  t o  produce more food f o r  a growing 

popula t ion .  Carbon d iox ide  r e l e a s e d  from f o s s i l - f u e l  combustion and 

from s i g n i f i c a n t l y  increased  ox ida t ion  of  organic  mat te r  i n  f o r e s t s  and 

s o i l s  a f t e r  land c l e a r i n g  became carbon sources t o  t h e  atmosphere 

(Baes e t  a l . ,  1976, 1977; Olson e t  a l . ,  1978; Woodwell, 1978).  

The emissions of  carbon d iox ide  due t o  human a c t i v i t i e s  a r e  almost 

c e r t a i n l y  r e spons ib l e  f o r  t h e  worldwide 10% i n c r e a s e  i n  atmospheric  CO 2 

concent ra t ion  over  t h e  p a s t  20 years  ( e .g . ,  Bolin and Bischof,  1970; 

Keeling e t  a l . ,  1976b). An i n c r e a s e  i n  t he  l e v e l  of  ambient carbon 

d iox ide  may poss ib ly  enhance t h e  photosynthe t ic  abso rp t ion  o f  C02 by 

t e r r e s t r i a l  p l a n t s  (Gaastra ,  1959; Lemon, 1977; Loomis, i n  p r e s s ) .  A 

po r t i on  o f  t h e  excess may e n t e r  t h e  oceans (Pytkowicz and Small,  1977; 

Revel le  and Suess ,  1957).  



Actual  mcasurcmcnts of  t h e  concen t r a t ion  of  atmospheric carbon 

d i o x i d e  show t h a t  about  56% o f  t h e  C02 r e l e a s e d  from es t imated  f o s s i l -  

f u e l  u t i l i z a t i o n  between 1958 and 1974 has remained i n  t h e  atmosphere 

(Keel ing and Bacastow, 1977).  Evident ly,  t h e  excess  carbon d iox ide  from 

anthropogenic  r e l e a s e s  is n o t  f u l l y  absorbed by t h e  t e r r e s t r i a l  

b iosphe re  and t h e  ocean. P r e s e n t l y ,  i t  i s  no t  c l e a r  how t o  account  f o r  

t h e  amount of  carbon d iox ide  supposedly r e l e a s e d  t o  rhe  atmosphere which 

has  been t r a n s f e r r e d  i n t o  t h e  hydrosphere and t h e  t e r r e s t r i , a l  b iosphere  

(Kerr ,  1977; Nat ional  Academy of  Sc iences ,  1977; Stumrn, 1977).  Contro- 

v e r s i e s  have a r i s e n  concerning t h e  r o l e  o f  t h e  biosphere a s  a n e t  source  

o r  s i n k  f o r  excess  carbon d iox ide  i n  t h e  atmosphere (Andersen and 

Malahoff, 1977; Woodwell and Houghton, 1977) . 
The g loba l  c l i m a t i c  p a t t e r n  w i l l  b e  inf luenced  by t h e  i n c r e a s e  i n  

atmospheric  carbon d iox ide .  A s  e a r l y  a s  1861, Tyndall  suggested t h a t  

an i n c r e a s e  i n  t h e  carbon d iox ide  con ten t  o f  t h e  atmosphere may r e s u l t  

i n  a r i s e  i n  t h e  a i r  temperature ( s ee  a l s o  Arrhenius,  1896; Cal lendar ,  

1938).  

Although water  vapor ,  ozone, and a e r o s o l s  a r e  important  f a c t o r s  

i n f l u e n c i n g  t h e  r a d i a t i v e  balance o f  t h e  e a r t h ' s  sur face ;  e x p e r t s  

a g r e e ' t h a t  t h e i r  e f f e c t s  a r e  minor compared with e f f e c t s  of  a tmospheric  

C02 (Palmer,  1973; Hobbs e t  a l . ,  1974; Baldwin e t  a l . ,  1976; Kellogg, 

1978).  Carbon d iox ide ,  though v i r t u a l l y  t r a n s p a r e n t  t o  shortwave s o l a r  

r a d i a t i o n ,  i s  a good absorber  of  r a d i a t i o n  i n  t h e  band of t h e  i n f r a r e d  

spectrum (12-17 ~m), where an  apprec iab le  f l u x  o f  energy is  r a d i a t e d  by 

t h e  e a r t h ' s  s u r f a c e  and t h e  lower atmosphere. This  accounts  f o r  t h e  



"greenhouse" e f f e c t  o f  C 0 2 .  S o l a r  r a d i a t i o n  p a s s e s  th rough  t h e  

atmosphere l a r g e l y  u n a t t e n u a t e d ,  b u t  t h e  a tmosphere  a b s o r b s  and r e t a i n s  

more longwave r a d i a t i o n  from t h e  e a r t h  when more C02 i s  p r e s e n t .  The 

r e s u l t  i s  a n e t  warming o f  t h e  lower a tmosphere ,  which r e c e i v e s  bo th  t h e  

s o l a r  and r e t u r n e d  longwave r a d i a t i o n ,  and a c o o l i n g  o f  t h e  upper  

a tmosphere ,  which t h e n  e m i t s  r e l a t i v e l y  l e s s  o u t g o i n g  f l u x  o f  r a d i a t i o n  

t o  s p a c e  f o r  any g iven  s u r f a c e  t e m p e r a t u r e  ( P l a s s ,  1956, 1972b) .  

The e f f e c t  o f  a tmospher ic  C02 on t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  

e a r t h ' s  s u r f a c e  h a s  been s t u d i e d  by many s c i e n t i s t s  f o r  t h e  las t  

hundred y e a r s  ( e . g . ,  S c h n e i d e r ,  1975) .  Models o f  v a r y i n g  complex i ty  

have  been c o n s t r u c t e d  f o r  p r e d i c t i n g  c l i m a t i c  changes .  I n i t i a l l y ,  

s imple  models o f  one-dimensional  r a d i a t i o n  b a l a n c e  w i t h  d i f f e r e n t  

f eedbacks  from o t h e r  c o n s t i t u e n t s  o f  t h e  atmosphere were developed 

( e . g . ,  Ar rhen ius ,  1896; C a l l e n d a r ,  1938; P l a s s ,  1956; ~ o l l e r ,  1963) .  

Exemplary o f  t h e  r e c e n t  s t a t e  o f  t h e  a r t  i s  t h e  model developed by 

Manabe and Wetherald (1975) .  T h i s  i s  a th ree -d imens iona l  g e n e r a l  

c i r c u l a t i o n  model (GCM). For a doubl ing  o f  C02 i n  t h e  a tmosphere ,  

t h e i r  model p r e d i c t s  abou t  a 3 O K  r i s e  i n  t h e  a v e r a g e  t e m p e r a t u r e  o f  t h e  

lower  atmosphere a t  middle  l a t i t u d e s  and a much h i g h e r  r i s e  i n  t h e  p o l a r  

r e g i o n s .  Most modeling e f f o r t s  have a r r i v e d  a t  t h e  g e n e r a l  consensus  

t h a t  t h e  t e m p e r a t u r e  r e s p o n s e  i s  approx imate ly  l o g a r i t h m i c .  Each 

doubl ing  i n  t h e  c o n c e n t r a t i o n , o f  C02 i n  t h e  a tmosphere  produces  about  

t h e  same i n c r e a s e  i n  t h e  a v e r a g e  t empera tu re  o f  t h e  a i r  a t  t h e  e a r t h ' s  

s u r f a c e .  The amount o f  t h e  a v e r a g e  i n c r e a s e  i n  t e m p e r a t u r e  p e r  d o u b l i n g  

o f  C 0 2  g i v e n  by t h e  v a r i o u s  models have been c r i t i c a l l y  reviewed by 



Schneider  (1975).  He e s t ima ted  t h a t  t h e  magnitude of  " s t a t e -o f - the -  

a r t  es t imate"  t o  be  i n  t h e  range  of  1 . 5  t o  3 OK, with genera l  agreement 

t h a t  a l a r g e r  i n c r e a s e  can be  expected i n  t h e  po la r  r eg ions .  

Seve ra l  symposia and workshops have been he ld  i n  va r ious  p l aces  i n  

t h e  l a s t  few yea r s  t o  f a c i l i t a t e  t h e  coopera t ion  and exchange o f  i deas  

s o  impor tan t  i n  exp lo r ing  t h e  many a spec t s  of  t h e  problem. These 

g a t h e r i n g s  inc lude  SCEP (1970),  SMIC (1971),  t h e  24th Brookhaven 

Symposium i n  Biology (Woodwell and Pecan, 1973),  t h e  Dahlem conference 

(Stumm, 1977),  O f f i c e  o f  Naval Research Conference on t h e  Fa te  of  

F o s s i l  Fuel C02 (Andersen and Malahoff, 1977),  t h e  S c i e n t i f i c  Workshop 

on Atmospheric Carbon Dioxide organized by t h e  World Meteorological 

Organiza t ion  (1977); and t h e  ERDA Miami Workshop on S i g n i f i c a n t  

Environmental Problems ( E l l i o t  and Machta, i n  p r e s s ) .  These groups 

acknowledge, with i n c r e a s i n g  emphasis and consensus, t h a t  t h e  biosphere 

i s  impor tan t  a s  a r e sou rce  which w i l l  be  a l t e r e d  by any major c l i m a t i c  

s h i f t ,  and t h a t  t h e  r o l e  o f  t h e  biosphere i n  carbon cyc l ing  had been 

underest imated.  

1 . 2 .  SECULAR TREND OF CARBON DIOXIDE CONCENTRATION 

Since  t h e  d e t e c t i o n  o f  C02 a s  a c o n s t i t u e n t  o f  a i r  by Bergman i n  

1774, t h e r e  have been many measurements o f  t h e  amount o f  C02 i n  t h e  

atmosphere.  Cal lendar  (1940, 1958) examined t h e  measurements of 

a tmospheric  C02 from 1866 t o  1956 and argued t h a t  t h e  s e c u l a r  i n c r e a s e  

of C02 beginning i n  about  1900 was due t o  t h e  burning o f  f o s s i l  f u e l s  

by man. Bray's (1959) s t a t i s t i c a l  a n a l y s i s  o f  t h e  r e l i a b i l i t y  o f  t h e  



d a t a  reached  a s i m i l a r  c o n c l u s i o n .  He a l s o  emphasized t h e  need f o r  

f u r t h c r  sampl ing a t  s e l e c t e d  l o c a t i o n s .  The c o n c e n t r a t i o n  o f  

a tmospher ic  C02 around 1900 was g iven  by him t o  b e  abou t  290 t o  293 

p a r t s  p e r  m i l l i o n  by volume (ppmv). 

Beginning w i t h  t h e  I n t e r n a t i o n a l  Geophysical  Year i n  1958, 

s y s t e m a t i c  measurements o f  t h e  c o n c e n t r a t i o n  o f  a tmospher ic  C02 became 

a v a i l a b l e .  These i n c l u d e  t h e  n e a r l y  c o n t i n u o u s  r e c o r d  main ta ined  s i n c e  

1958 a t  t h e  Mauna Loa Observa to ry  i n  Hawaii (19' N l a t i t u d e ,  3400 m 

a l t i t u d e ;  F i g u r e  1 ) .  The measurements were o b t a i n e d  w i t h  a  c o n t i n u o u s l y  

r e c o r d i n g  i n f r a r e d  gas  a n a l y z e r ,  a f t e r  c o r r e c t i o n  f o r  l o c a l  e f f e c t s  a s  

d e s c r i b e d  by Machta (1972b),  P a l e s  and Keel ing (1965) ,  and Keel ing e t  a l .  

(1976b).  Scand inav ian  d a t a  d e r i v e d  p r i m a r i l y  from f l a s k  samples aboard 

a i r c r a f t  were d i s c u s s e d  by Bischof  (1970) and Bol in  and Bischof  (1970) .  

S h o r t e r  r e c o r d s  o f  i n f r a r e d  gas  a n a l y z e r  measurements from P o i n t  Barrow, 

Alaska (73' N l a t i t u d e )  a r e  a l s o  a v a i l a b l e  ( c f .  SCEP, 1970, p. 4 2 ) .  

I n  t h e  S o u t h e r n  Hemisphere, South  Po le  d a t a  were o b t a i n e d  m o s t l y  

from f l a s k  samples c o l l e c t e d  s i n c e  '1957 (Kee l ing  e t  a l . ,  1976a) .  New 

e f f o r t s  a l s o  were i n i t i a t e d  t o  measure t h e  c o n c e n t r a t i o n  o f  a tmospher ic  

C02 'around A u s t r a l i a  and New Zealand (Pearman and G a r r a t t ,  1973; 

G a r r a t t  and Pearman 1973a, 1973b).  

Three  t y p e s  o f  f l u c t u a t i o n  a r e  a p p a r e n t  i n  t h e s e  r e c o r d s .  The 

f i r s t  i s  a  s e a s o n a l  v a r i a t i o n  w i t h  an  ampl i tude  o f . a b o u t  6 ppm f o r  blauna 

Loa d a t a  (Kee l ing  e t  a l . ,  1976b) .  The v a r i a t i o n  h a s  a  maximum i n  s p r i n g  

and a  minimum i n  l a t e  summer cor responding  t o  t h e  s e a s o n a l  changes i n  

n e t  p h o t o s y n t h e s i s  and r e s p i r a t i o n  o f  t h e  b i o s p h e r e  (Olson,  1970a; 
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Figure 1. Trend in the concentration of atmospheric C02 at M a m a  Loa Observatory, Hawaii. 

Source: Keeling, C. D., and R. B. Bacastow. 1977. Impact of industrial gases on climate. 
pp. 72-95. In Energy and Climzte. National Academy of Scicn:es,.Geophysics Research 
Boart, Geophysics Study Committee, Washington, D.C. 



Lie th ,  1963; Junge and ~ z e p l a k ,  1968).  Ground-level seasonal:  amplitudes 

of  t h e  Scandinavian d a t a  a r e  about 15 ppm and damp ou t  with a monthly 

l a g  a t  10 km a l t i t u d e ,  and even more l a g  a t  11 km'(average s t r a t o s p h e r e  

a l t i t u d e ,  wi th  only 0 .7  ppm average seasonal  amplitude) (Bischof ,  1970; 

Bolin and ~ i s c h o f ' ,  1970; Bolin and Keeling, 1963)'. Data from t h e  . 

Southern Hemisphere a l s o  d i s p l a y  a seasonal  v a r i a t i o n  (November high vs .  

March low) bu t  with a smal le r  amplitude o f  about 1 . 6  'ppm (Keeling e t  a l . ' ,  

1976a),. The out-of-phase r e l a t i o n  with t h e  growing season sugges t s  t h e  

presence 0 f . a  r a t h e r  s t rong  in te rhemispher ic  exchange process  with. a 

de lay  of  about s i x  months (Bolin and Keeling, 1963; Junge and Czeplak, 

Dominating t h e s e  C02 time s e r i e s  i s  a genera l  upward t r end  o,f 

atmospheric C02 with t ime. This  averaged about 0.76 t o  0.72 ppm per  

year a t  Mauna Loa and the '  South Pole,  r e s p e c t i v e l y ,  fi-om 1959 through . 

1968, and over 1 .0  ppm a f t e r  1969. The i n c r e a s e  from 1959 t o  1971 i s .  

3.4 and 3.1% f o r  Mauna Loa and the  South Pole,  r e s p e c t i v e l y  (Pa les  and 

Keeling, 1965; Brown and Keeling, 1965; Keeling e t  a l . . ,  197.6a,b). Also 

no t i ceab le  i s  a change i n  the  annual rake  of  C02 i n c r e a s e .  I t  appa ren t ly  

, 
decl ined  dur ing  t h e  e a r l y  1960s and increased  a f t e r  1967. The d e c l i n e  

was i n t e r p r e t e d  by Bainbridge (1971) a s  a consequence of  coo l ing  of  

su r f ace  ocean water  by about 1 O K .  However, Bacastow (1976) Tegarded 

t h e  v a r i a t i o n  a s  t h e  r e s u l t  o f  t h e  southern O s c i l l a t i o n ,  a l a r g e  s c a l e  

atmospheric and hydrospheric  f l u c t u a t i o n  with an i r r e g u l a r  per iod  of  one 

t o  f i v e  yea r s .  The connect ion,  i f  p r e sen t ,  i n d i c a t e s  thaf  a p r i n c i p a l  ' 

cause of the va r ia t ion  may bc a change i n  t h e  r a t e  of  removal o f  C02 by 

t h e  oceans (Machta e t  a l . ,  1977).  



1 . 3 .  THE TERRESTRIAI. RTOSPHERF, A S  A SOIIRCC: OR 
SINK OF ATMOSPHERIC C02 

The c o n c e n t r a t i o n  o f  a tmospher ic  CO has  been observed t o  i n c r e a s e  2 

s t e a d i l y  s i n c e  1958, b u t  t h e  annual i n c r e a s e s  approximate o n l y  50% o f  

t h e  carbon  d i o x i d e  r e l e a s e d  each y e a r  by f o s s i l - f u e l  combustion 

(Baes c t  o l . ,  1377; Kcs te r  and Pytkowicz, 1977) .  U n t i l  r e c e n t l y ,  i t  had 

been widc ly  accepted,  t h a t  about  30% o f  t h e  annual r e l e a s e  was disso lved  

i n  . t h e  ocean and t h e  remainder  was a s s i m i l a t e d  by green  p l a n t s  ( e - g . ,  

Pearman and G a r r a t t ,  1972; Machta, 1972a, 1973; K e e l i n g , . l 9 7 3 a ) .  

However, s e v e r a l  s t u d i e s  by g e o p h y s i c i s t s  and b i o l o g i s t s  i n  t h e  p a s t  

two o r  t h r e e  y e a r s  impl ied  t h a t  t h e  t e r r e s t r i a l  b io sphe re  i s  probably  

. . n o t  a n e t  s i nk  f o r  t h e  exces s  C02 and may have func t i oned ,  i n  t h e  p a s t  

hundred y e a r s ,  a s  a s i g n i f i c a n t  sou rce  o f  a tmospheric  carbon d iox ide  

(Woodwell and Houghtqn, 1977; Adams e t  a l . ,  1977; Bol in ,  1977a) .  The 

oceanographers ,  however, ma in t a in  t h a t  t h e  ocean a lone  could  n o t  

accommodate t h e  amount o f  t h e  excess  CO no t  remaining a i r b o r n e  2 

( F a i r h a l l . ,  1973; Whi t f i e ld ,  1974) .  I nc r ea s ing  importance and 

c o n t r o v e r s y  have t hus  a r i s e n  concerning t h e  p o s s i b i l i t i e s  t h a t  t r e e s  and 

humus have been n e t  sou rce s  o r  n e t  s i n k s  f o r  a tmospheric  C02 ( e . g . ,  

Olson e t  a l . ,  1978; Loomis, , i n  p r e s s ;  Woodwell, 1978) .  

. . Recent e s t i m a t e s  o f  t h e  n e t  r e l e a s e  o f  n o n f o s s i l  carbon from 

o x i d a t i o n -  o f  o r g a n i c  m a t t e r  ( l i v i n g  and dead) range from 1 t o  8 Gtons 

o f  ca rbon  annua l ly  (Hutchinson, 1954; Adams e t  a l . ,  1977; Bol in ,  1977a; 

Woodwell and Houghton, 1977; Woodwell e t  a l . ,  1978; Wong, 1978; 

Baes e t  a l . ,  1976, 1977) .  The u n c e r t a i n t y  o f  t h e s e  e s t i m a t e s  i s  g e n e r a l l y  



high, as the calculations are based on limited data gathered from small 

geographical areas extrapolated to a global scale. Measurements of the 

13c/12c ratio in tree rings formed between 1850 and 1950 infer a 

cumulative release of 120 Gtons of nonfossil carbon during this period 

(Stuiver, 1978), with considerable release before 1900 (Stuiver, 1978; 

Wilson, 1978). 

Deforestation of the lands is suggested as the main source of 

nonfossil carbon in the atmosphere. In the boreal and north temperate 

regions, the total area of forested lands is sometimes assumed to be 

roughly stable for the last hundred years (Rostlund, 1956). However, in 

tropical, subtropical, and south temperate forests, clearing definitely 

prevails over reforestation and natural succession (Persson, 1974; 

Sommer, 1976). Yet another source of nonfossil carbon is the soil humus 

which may contain from 1500 to 3000 Gtons of carbon (Bohn, 1976; 

Schlesinger, 1977). The losses. to the atmosphere from soil carbon have 

been' enhanced because of the increased oxidation from swamp drainage; 

field plowing, and disturbance after logging operations. However, the 

long-term trend of carbon loss from the soil could have been reversed 

through humus-building agricultural' practices in some well-managed, 

fertile areas (Loomis, in press). The possibility of net C02 loss from, . ' 

some areas and net storage in others leaves the global balance in doubt . . 

at this time. 

If the biosphere is not providing storage for roughly 20% of the 

excess C02, another sink'is $lied. Marine chemists dispute the 

a s s e r t i o n  tha t  the excess C02 not remaining airborne could be absorbed 



by the ocean. Both physical circulation and the buffering action of 

ocean water are limiting the transfer of atmospheric C02 to the deep 

ocean (Broecker, 1974; Skirrow, 1975). 

. Constraints of the buffering effects of sea water reduce the uptake 

of C02 in the mixed surface layer (Py.tkowicz, 1967). The thermocline 

acts as a barrier between the mixed layer and the deep water where steep 

gradients of temperature and salinity slow mixing processes by diffusion 

and overturn. Furthermore, the deep water circulates very slowly by 

advection from the North Atlantic to the Pacific, and hence, hinders 

the penetrat,ion of carbonate ions and any shift in the mean concentration. 

Particulate .organic matter settles slowly by gravitation. 

If the anthropogenic emissions of fossil plus nonfossil carbon 

continue unabated at the present rate or faster, chemical buffering of 

the surface water may cause the ocean to be even less effective in 

absorbing the excess.CO in the future than during the past century 2 

(Keeling, 1973a; Revelle and Munk, 1977). The future.biosphere does not 

seem 1ikel.y to have the capacity to store the large amount of excess 

C02. , A finer discrimination of the biospheric submodel in a global 

carbon'model is essential in clarifying the confusion on the role of 
. , 

terrestrial ecosystems as sources or sinks for the excess C02 released 

fl.on~ hurlall activities. 

1.4.' SCOPE OF THIS STUDY 

The present study extends the previous computer simulation studies 

of the g'lobal carbon cycle. Research activities are concerned mainly 



with placing bounds on the pool sizes, exchange rates, and net shifts 

of terrestrial organic carbon in the global. system. This objective is 

to help answer the questions: Could the.biosphere account for a 

significant fraction of the C02 released to the atmosphere,or of the 

total uptake of excess carbon from the atmosphere? What possible limits 

of biospheric exchanges and net shifts of atmospheric carbon can be 

inferred for the past and for the future? . . 

In focusing on the biospheric component of the carbon cycle, it is 

helpful to divide the terrestrial biota into broad subdivisions. Here 

the ter.restrCa1 e.cosystems are grouped into three categories as in Olson 

et al. (1978). Forests and woodlands north of 30' N latitude are called 

"Northern WoodsI1; tropical, subtropical, and other temperate forests 

south of 30' N, "Southern Woods1'; and all other nonforest. ecosystems such 

as grasslands (including open savanna), crbplarids, deserts, and 'tundra, 

the "Nonwoods." Organic carbon in each zone is allocated to a rapidly 

exchanging pool or a slowly exchanging pool, according to data and 

judgment on its average turnover time. 

The changing land-use pattern is an important factor affecting the . . 

global carbon cycle. The present study also explores explicitly the 

formulation of estimating the quantities of biospheric carbon from 
. . 

preliminary projections of area and mass per unit area for the broad 

ecosystem groups. Empirical equations also are developed to restrain 

the net primary production (NPP) and storage capacity of the biota at 

high level of atmospheric C02 and high value of mass per unit area of . , 

each ecosystem group. 



Current aggregative approaches in modeling the global carbon cycle 

lack the sensitivity to resolve the precise role of these biospheric 

reservoirs. Most of the existing carbon models are of lower order 

systems described by less than ten differential equations for the whole 

earth. A slightly more complex model, incorporating as much available 

information as possible, is developed and tested here. This allows 

effective modification of the model and also precise interpretation of 

the simulation results, but avoids some of the unmanageability of large 

models. The biospheric submodel with six pools turns out to be 

informative at the present stage, even if more or fewer pools are 

suitable for other purposes. 



CHAPTER 2 

LITERATURE REVIEW 

2.1. THE GLOBAL CARBON CYCLE 

The dynamics of the global carbon cycle are dependent on three 

interconnected natural cycles superimposed with an economic or anthro- 

pogenic cycle  orch chert, 1951; Junge, 1963, 1977; Martin, 1970). Two of 

the natural cycles, the organic matter cycle and the geologic cycle, are 

regarded as maintaining a steady state over geologic time, while the 

other biological cycie, termed the "small cycleIt by Borchert (1951), has 

a turnover time of about 40 years (Schlesinger, 1977). The latter is 

not completely balanced, because a small amount of carbon is continuously 

transferred to the slower organic matter cycle (Junge, 1977). The 

economic cycle is only a transient disturbance resulting from human 

activities (Martin, 1970). 

2.1.1. Historical Background 

The importance of carbon compounds for life aroused early interest 

in the cycle of carbon on earth. More than a century ago, the cyclical 

character of the circulation of carbon between plants and animals through 

a common atmospheric reservoir was lucidly demonstrated by Dumas (1841). 

The general concept set forth in that paper has become common knowledge. 

One of the earliest efforts to quantify the global carbon cycle was 

that of Lotka (1924). In a discussion of the various processes related 



to the carbon cycle in nature, he partitioned the carbon atoms into 

several interconnected reservoirs: the atmosphere, lithosphere, ocean, 

animal, plant, and fossil fuel (coal) pools. Estimates of reservoir 

size and magnitude of some of the processes such as weathering of rock 

and combustion of fossil fuels were given in his paper. However, 

reservoir sizes for the animal and plant pools were not given. Also 

missing were the fluxes of carbon between the atmosphere and the other 

three reservoirs (ocean, animals, and plants). 

In a review of the global carbon cycle, Bolin (1970) attempted to 

synthesize the previous findings of carbon circulation in nature, 

especially in the biosphere. A compartment diagram of the global carbon 

cycle was presented together with the values for inventories and transfers 

of the reservoirs. An improvement of this diagram with extensive 

modification was summarized by the participants of the 24th Brookhaven 

Symposium on Biology (Reiners et al., 1973). 

2.1.2. The Biota and the Carbon Cycle 

The contribution of terrestrial ecosystems to modifying or 

stabilizing the carbon cycle has probably been underestimated in many 

earlier attempts to understand the kinetics of carbon in nature (cf. 

Kira et al., 1973).   his‘ deficiency was pointed out by B l s v r ~  (1970a), 

who also stressed the importance of the forests (the main pool of 

terrestrial organic carbon). The hierarchical nature of the role of the 

forest subsystems within the global carbon cycle also was discussed in 

the same work. 



Recently, Botkin (197.7) briefly reviewed the effects of C02 

enrichment on terrestrial and fresh water .ecosystems. He considered 

that C02 enrichment may increase the carbon mass in the forests, but the 

interactions of tree species and the aftermath of increasing deforestation 

probably .will cancel these effects. 

2.2. QUANTITATIVE MODELS OF GLOBAL CARBON CYCLE 

2.2.1. Introductory Remarks 

The quantitative aspects of the global carbon cycle were thoroughly 

summarized by Bolin (1975) and Baes et al. (1976, 1977). These workers, 

with different emphases, succinctly reviewed the physical and chemical 

processes of relevance to the carbon cycle, and also the characteristic 

features of the ocean circulation. In addition, up-to-date estimates of 

the reservoir size and magnitudes of the interconnecting fluxes between 

the reservoirs were also evaluated. 

Quantitative models of the global carbon cycle d'eveloped so far can 

be grouped into two categories: the thermodynamic sedimentary model and 

the kinetic compartmental or box model (Garrels and Lerman, 1977; 

Mackenzie and Wollast, 1977a). The term "compartment" is used inter- 

changeably with "reservoir" or "box" in most studies of biogeochemical 

cycles (e.g., Svensson and Siiderlund, 1976; Stumm, 1977). In the 

compartmental model, the elemental carbon is partitioned into a number 

of physical entities, the compartments or the reservoirs, with arbitrary 

or distinguishable boundaries interconnected by fluses of carbon 



between adjacent reservoirs. The number of res'ervoirs chosen for such a 

model depends both on the previous knowledge of the way'carbon is 

distributed about the earth's surface and on the geographical scale of 

the transfer under consideration (Mackenzie and Wollast, 1977a; Eriksson 

and Rosswall, 1976). The concentration and distribution of carbon 

within a particular reservoir, and to some extent the rates of transfer, 

are governed by interacting physical, chemical, and biological processes. 

The resultant behavior of carbon in the cycle is generally described in 

terms of first-order differential equations (~riksson, 1971; Mackenzie 

and Wollast, 1977b). 

The mass balance of the sedimentary or rock cycle is based entirely 

on chemical'equilibrium reactions in most of the thermodynamic models 

(Li, 1972; Garrels and Mackenzie, 1972; Mackenzie; 1975; Mackenzie and 

Garrels, 1966). Implicitly, these models assume that the distribution 

of various elements (including carbon) in the earth's crust are the end 

results of chemical equilibria and that the chemical reactions obey the 

laws of thermodynamics. Nevertheless, they are inadequate for complete 

description of the carbon cycle, particularly for the transient 

behavior, and are usually insufficient as a predictive tool (Mackenzie 

and Wollast, 1977b; Broecker, 1971). 

2.2.2. Compartmental blodels and Radiocarbon 

A variety of simple compartmental models have been studied in 

connection with the transfers and steady-state distributions of 14c in 

the atmosphere and in the oceans. Several workers in the latter part 



of the 1950s (e.g., Craig, 1957, 1958, 1963; Revelle and Suess, 1957; 

14 
Broecker, 1963) took advantage of the naturally occurring C as a 

tracer to obtain the steady-state mean residence times of carbon in the 

sea and the atmosphere. Most of these earlier models were fairly simple', 

composed of a two-layer ocean, an atmospheric compartment and, sometimes, 

an additional biospheric compartment. However, the-basic computational 

procedure for obtaining residence times of carbon in the various 

compartments later was used for other more complex models suggested by 

Broecker (1963), and Miyake and Saruhashi (1973). 

The detonation of nuclear devices usually produces a significant 

amount of 14c to the atmosphere. Since 1954, aboveground nuclear tests 

have been carried out in northern latitudes. The, bomb-produced 14c is 

being redistributed in the carbon cycle. Actual measurements of the 

excess 14c, which can be considered as 'individual ttspikes,ft allow fhe 

response of the oceans to be revealed (Junge, 1963; Fairhall et al., 1973; 

Keeling and Bacastow, 1977). Nydal and his co-workers (Nydal, 1967, 

1968; Nydal and ~Evseth, 1970; Gullikesen et al., 1973) also employed 

simple compartmental models to characterize the distribution of excess 

14c, and to fit statistically the oceanic 14c data compiled from 

periodic actual measurements from the high-yield nuclear test series of 

1957 and 1962. 

The dilution of 14c activity by the addition o.f fossil-fuel carbon, 

the Suess effect (Revelle and Suess, 1957) has generally been disregarded 

in previous models. In view of the increasing production of fossil fuel 

carbon, this dilution effect will become increasingly significant 



(Baxter and Walton, 1970), Walton et al. (1970) took account of the 

magnitude of this effect in their estimates of the mean residence times 

of carbon reservoirs. 

2.2.3. Dynamic hlodels of the Carbon Cycle 

The carbon dioxide/climate problem has stimulated many studies in 

the past, especially during the last ten years, to obtain a better 

understanding of the circulation of carbon atoms in our environment. 

Results from these studies have provided mathematical models of the 

world carbon cycle that offer an initial framework for interfacing with 

climatic models. Most of these time-dependent models, with varying 

degrees of refinement, are able to integrate the improved information 

concerning the.various components of the carbon cycle from previous 

static models. The latter assumed steady-state conditions to simplify 

estimation of the transfer rates and exchange time of the many fluxes. 

In a comprehensive study of a carbon cycling model, Keeling (1973a) has 

summarized and reviewed some of the early work. Several later models 

also have been reviewed by Bolin (1975). 

2,2.3.1. Model Structures 

Topologically, many of the carbon models are compartmental or box 

models. The carbon in the compartments is treated as if well-mixed or 

at least randomly mixed; the transfer'processes are assumed to obey 

first-order rate equations. Nonlinearities in the model equations are 

usually associated with primary production of living plants and the 



chemical d i s s o c i a t i o n  equi l ibr ium4 o f  carbonates  i n  t h e  ocean ( c f .  

Keeling, 1973a).  

Depending on t h e  o b j e c t i v e  o f  t h e  s t u d i e s ,  t h e  e a r l i e r  models e i t h e r  

neglec ted  t h e  biosphere a l t o g e t h e r  (Revel le  and Suess ,  1957),  o r  assumed 

t h e  ocean t o  be one well-mixed r e s e r v o i r  (Eriksson and Welander, 1956). 

A few workers (Cramer and 'Meyer , ' l972;  Gowdy e t  a l . ,  1975),  whose carbon 

models were' based on B o l i n l s  (1970) inventory ,  a l s o  put  i n  compartments 

f o r  t h e  marine p l a n t s  (phytoplankton3 and animals (zooplankton) .  While 

Oeschger e t  a1.(1975) and S iegen tha l e r  and Oeschger (1978) modeled with 

only  one b iosphere  compartment, o t h e r s  have expedient ly  lumped the 'whole  

biosphere with t h e  a tmosphere ' (P1asse t  and L a t t e r ,  1960; P l a s s e t  and 

Dugas, 1967; Dugas, 2968) o r  with t h e  mixed layer . (Zimen and Altenhein,  

1973b). 

The va r ious  carbon compounds found i n  t h e  biosphere decompose a t  

d i f f e r e n t  r a t e s  (Swif t ,  1977; Minderman, 1968).  Considerable  knowledge 

would be gained by subdiv id ing  t h e  b iosphe r i c  carbon pool .  Er iksson  and 

Welander (1956) d iv ided  t h e  land biosphere i n t o  an " a s s i m i l a t i n g  p lan t1 '  

and a  much l a r g e r  "dead organic  matter"  pool .  This  p r a c t i c e  was followed 

by many workers, such a s  Bolin and Eriksson (1959), Bolin (1970),  

Young e t  a l .  (1972), Gowdy e t  a l .  (1975), Smil and Milton (1974),  and 

Niehaus (1975, 1976). However, t he  r e s idence  time of  a  carbon-  atom i n  

t h e  t e r r e s t r i a l  biosphere can be v e r y . d i f f e r e n t  before  t h e  atom i s  

r e tu rned  t o  t h e  atmosphere, depending on which pool i t  i s  i n .  This  i s  

a l s o  t r u e  f o r  t he  dead organic  ma t t e r  o r  humus a s  i t  i s  oxid ized  t o  C02 

a t  d i f f e r e n t  r a t e s  by microorganisms (Minderman, 1968).  I t  i s  reasonable  



and advantageous t o  d i f f e r e n t i a t e  carbon pools  o f  t h e  land b iosphere  

i n t o  v a r i o u s  c a t e g o r i e s  accord ing  t o  t h e  r e s idence  time of t h e  carbon 

f r a c t i o n s  ( c f .  SCEP, 1970; Wagener and  ors st ell, 1972).  An appropr i a t e  

d i v i s i o n  i s  t o  have a r a p i d l y  exchanging carbon pool with a r e s idence  

t ime o f  t h e  o r d e r  o f  a few yea r s ,  and a s lowly exchanging pool with a 

r e s i d e n c e  t ime o f  t h e  o r d e r  o f  decades t o  c e n t u r i e s .  Models adopt ing  

t h e s e  c r i t e r i a  o f  d i v i s i o n  were developed by Keeling (1973a),  Bacastow 

and Keeling (1973), Ekdahl and Keeling (1973),  Machta (1972a, 1973),  

Kil lough (1977),  Olson and Killough (1977), Olson e t  a l .  (1978), 

Revel le  and Munk (1977),  and Zimen e t  a1  . (1977) . 
Bol in  and Er iksson  (1959) noted t h a t  t h e  top  50 t o  100 m o f  s ea  

water  i s  a g i t a t e d  by t h e  wind such t h a t  i t  i s  r e l a t i v e l y  wel l  mixed and 

r a p i d l y  e q u i l i b r a t e d  wi th  atmospheric carbon d ioxide .  They accord ingly  

d iv ided  t h e  ocean compartment i n t o  a s u r f a c e  l a y e r  o f  75 m depth 

exchanging with a much l a r g e r  deep ocean l a y e r  beneath.  Most of  t h e  

l a t e r  workers fol lowed t h e i r  formula t ion .  Oeschger e t  a l .  (1975) tnade a 

s i g n i f i c a n t  improvement i n  r e p r e s e n t i n g  t h e  carbon movement i n  t h e  ocean, 

r e p l a c i n g  t h e  2- o r  3 - r e se rvo i r  oceanic  model with a "box-diffusion 

model" t h a t  a l lows carbon f l u x  ac ros s  a g rad ien t  beneath t h e  mixed 

s u r f a c e  l a y e r .  This  approach showed.many promising r e s u l t s  and has been 

r e a d i l y  adopted by many o t h e r  workers ( e .g . ,  Jbrgensen and Mejer, 1996; 

Killough, 1977; Olson and Killough, 1977; and S iegen tha l e r  and Oeschger, 

1978).  A comparison of  t h e  box-d i f fus ion  model with t h e  r e s e r v o i r  o r  

compartmental model was analyzed thoroughly i n  an Appendix a t  t h e  end 

of t h e  r e p o r t  by Keeling and Bacastow (1977).  



Other v a r i a b l e s  a l s o  can be included i n  t h e  system o f  equat ions  t o  

c h a r a c t e r i z e  t h e  i n i t i a l  s t a t e s  of t h e  var ious  compartments bes ides  

concen t r a t ion  and l e v e l  of carbon i n  t h e  model. These v a r i a b l e s  may 

inc lude  human popula t ion  (Young e t  a l . ,  1972), ambient temperature o r  

t h e  e a r t h ' s  h e a t  balance (Jbrgensen and Mejer, 1976; Niehaus, 1975, 

1976; Mulholland e t  a l . ,  1977),  concen t r a t ions  of  n i t rogen  and 

phosphorus i n  t h e  b i o t a  (Jbrgensen and Mejer, l976)., o r  s o c i e t a l  

a c t i v i t i e s  such as f o s s i l - f u e l  product ion and consumption (Smil and 

Milton, 1974).  Hof fe r t  (1974) has made a  ref inement  i n  t h e  atmospheric 

subsystem by inc lud ing  l a t i t u d i n a l  d i s t r i b u t i o n  and mixing o f  atmospheric 

carbon i n  h i s  model. 

2 .2.3.2.  Source Functions of  F o s s i l  Carbon 

Re l i ab l e  d a t a  on f o s s i l - f u e l  product ion from 1860 A . D .  t o  t he  

p re sen t  have been compiled and documented by t h e  United Nations. 

(Keeling, 1973b; Rotty,  1973, 1975, 1977).  Based on these   figure.^, 

t oge the r  with t h e  app ropr i a t e  carbon content  o f  each type  o f  f u e l ,  t h e  

annual amount of  carbon r e l e a s e d  t o  t h e  atmosphere from combustion of  

f o s s i l  f u e l s  a lone can be c a l c u l a t e d  (Revel le  and Suess ,  1957; Baxter 

and Walton, 1970; Keeling, 1973b; Rotty,  1977; Zimen e t  a l . ,  1977; Per ry  

and Landsberg, 1977). S i m i l a r l y ,  CO, from k i l n i n g  o f  l imes tone  f o r  

cement a l s o  can be compiled. For a t  l e a s t  t h e  p a s t  110 yea r s ,  wi th  t he  

except ion  of  t h e  per iod  between t h e  two World Wars,. the  wor ld ' s  

consumption of  f o s s i l  f u e l s  and cements has increased  exponen t i a l l y  

a t  about 4.3% per  yea r .  I t  i s ,  t h e r e f o r e ,  conceivable  t o  approximate 



within this time period the input function of fossil-fuel carbon (with 

about 2% of the total CO from production of cement) as an exponential 2 

. .  . function (e.g., Baxter and Walton, 1970;.Keeling, 1973a; Ekdahl and 

,Keeling, 1973; Bacastow and Keeling, 1973; Machta, 1972a, 1973). It is 

improbable that the exponential growth of fuel consumption will continue 

unabated until fuel supplies are completely exhausted. In order to 

represent more realistically the exhaustion of finite fossil-fuel 

resources, Dugas (1968) computed the consumption rate with a piecewise 

continuous function. Fuel consumption was allowed to continue 

exponentially until around 2000 A.D. and then to level off following a 

hyperbolic tangent function when fossil fuels become scarce. 

The utilization rate of a nonrenewable resource is more appropriately 

illustrated by a sigmoid curve (Hubbert, 1971). Two different types of 

functions 'that can generate a sigmoid curve, a Gaussian.norma1 curve 

. . and the family of.logbstic curves, have been used by various workers to 

.model the annual'injection of fossil-fuel carbon to the atmosphere. 

The normal curve (cf. Hoffert, 1974; Gowdy et al., 1975; Mulholland et al., 

1977) is genera.1l.y expressed as 

where b(t) is the amount of fossil carbon released between time t and 

ttst, and Pm is the total inventory of recoverable fossil fuels to be 
. . 

consumed. 



The l o g i s t i c  f u n c t i o n  f i r s t  i n t roduced  by Verhuls t  (cf.. Lotka, 

1924) ,  can be gene ra l i z ed  'by t h e .  equa t ion  (Goel e t  a l . ,  1971)', . 

The s imple  l o g i s t i c  f unc t i on ,  wi th  t h e  exponent ia l  c o n s t a n t  n  = 1, was 

f i r s t  adopted independent ly  by Young e t  a l .  (1972) and Zimen and 

Al tenhe in  (1973a,b) t o  d e s c r i b e  t h e  produc t ion  o f  C02 from i n d u s t ' r i a l  

a c t i v i t i e s .  S i m i l a r  f u n c t i o n s ,  b u t  w i th  d i f f e r e n t  v a l u e s  o f  t h e  

exponent ( f o r  0 < n - < l ) ,  were used a s  i n p u t  f u n c t i o n s  i n  l a t e r  modeling 

e f f o r t s  (Kil lough,  1977; Olson and Kil lough,  1977; Olson e t  a l . ,  1978; 

Keeling and Bacastow, 1977; Reve l le  and Munk, 1977; Zimen e t  a l . ,  1977; 

S i e g e n t h a l e r  and Oeschger, 1978) .  

An i n p u t  f u n c t i o n  which d i f f e r s  s l i g h t l y  from t h e  l o g i s t i c  f unc t i on  

was developed by Rot ty  (1976, 1977) .  The f u n c t i o n  

i ( t )  = r ~ [ 1  - P / P _ ] ~ ,  a  - > 1 , . .  (2..3) 

shows a  d i f f e r e n t  behavior  from t h e  o t h e r  two sigmoid curves  by be ing  

more asymmetr ical .  I t ,  too ,  i s  equ iva l en t  t o  t h e  s imple  l o g i s t i c .  

f u n c t i o n  i f  a = n = 1. 

2.2.3 .3 .  Biospher ic  Fluxes 

The a s s i m i l a t i o n  r a t e  [or pr imary produc t ion)  o f  p l a n t s  i s  

dependent both on t h e  concen t r a t i on  o f  t h e  a tmospheric  carbon and on t h e  

biomass o f  t h e  p l a n t s  themselves .  This  i s  suggested i n  Er iksson  and 



Welander (1956) d i s c u s s i o n  of t h e  behavior  o f  t h e  g loba l  carbon cyc le  

. . i n  which t h e  land  b i o t a  i s  coupled t o  t he  atmosphere and the  ocean, with 

. . , t h e  p o s s i b i l i t y  o f  s e l f - s u s t a i n e d  o s c i l l a t i o n  o f  a tmospheric  carbon 

d i o x i d e .  However, p l a n t  r e s p i r a t i o n  was considered t o  be a  func t ion  o f  

biomass only .  This  concept  o f  donor and r e c i p i e n t  c o n t r o l s  i n  primary 

p roduc t ion  of  p l a n t s  was a l s o  found i n  t h e  models of  l a t e r  s t u d i e s  

( e . g . ,  Keeling, 1973a; Kil lough,  1977; Olson and Killough, 1977; Revel le  

and Munk, 1977; Olson e t  a l . ,  1978).  

The r a t e  o f  t r a n s f e r  between l i v i n g  biomass and dead o rgan ic  

m a t t e r  i s  probably no t  a  func t ion  o f  t h e  p r e s e n t  l e v e l  o f  biomass, bu t  

i s  r a t h e r  a  func t ion  o f . t h e  biomass l e v e l  some years  e a r l i e r  (Eriksson 

and Welander, 1956).  Hence, t ime-delays were in t roduced  i n  some models 

t o  c h a r a c t e r i z e  t h e  responses  of  t h e  b iosphe r i c  compartments (Eriksson 

and Welander, 1956; Young e t  a l . ,  1972).  

The problem o f  modeling t h e  behavior  o f  land p l a n t s  responding t o  

an i n c r e a s e  i n  atmospheric  carbon d ioxide  was s t u d i e d  b r i e f l y  by Bolin 

and Er iksson  (1959).  However, they  s t i l l  assumed t h a t  t h e  primary 
. . 

product ion  fo l lows  f i r s t - o r d e r  r a t e  equat ion  depending only  on t h e  

donor ( i . e . ,  t h e  atmospheric)  compartment. Moreover, t ime-delay was 

n o t  i nco rpora t ed  i n  t he  system. The donor-control  l e d  1 i n e a r  compartmental 

. . model o f  Gowdy e t  a l .  (1975) was another  example i n  t h i s  regard .  

Niehaus (1975, 1976) took a  t o t a l l y  d i ' f f e r e n t  approach t o  model 

t h e  f e r t i l i z a t i o n  e f f e c t  o f  i nc reas ing  C 0 2  on t h e  n e t  pr imary product ion  

(NPP) o f  t h e  b iosphere .  He used an empir ica l  Mi tscher l ich- type  func t ion  

t o  compute the  r e l a t i v e  growth r a t e  a s  a  func t ion  o f  normalized p a r t i a l  



. . 
p r e s s u r e  o f  a tmospher ic  ca rbon  d i o x i d e .  Paramete rs  i n  t h i s  e q u a t i o n  

were d e r i v e d  from f i e l d  exper iments  on s e v e r a l  t r e e  s p e c i e s  as r e p o r t e d  

i n  t h e  l i t e r a t u r e .  Th i s  e q u a t i o n ,  a s  g iven  by Niehaus (1976) i s  . . 

where ym = 3 i s  t h e  s p e c i f i c  a s y m p t o t i c  growth r a t e  and k i s  t h e  p a r t i a l  

p r e s s u r e  o f  a tmospher ic  C02 normal ized  a t  320 ppmv. A 10% i n c r e a s e  i n  

a tmospher ic  ca rbon  up t o  f i v e  t imes  t h e  c u r r e n t  c o n c e n t r a t i o n  would 

c a u s e  approx imate ly  .an 8% r i s e  i n  t h e  n e t  p r o d u c t i o n  r a t e .  

I n  many l a b o r a t o r y  exper iments ,  t h e  o r g a n i c  ca rbon  i n c r e a s e s  

l o g a r i t h m i c a l l y  w i t h  a n  i n c r e a s e  i n  ambient  ca rbon  d i o x i d e  (Kee l ing ,  

1973a) .  Fur thermore,  a 10% i n c r e a s e  i n  C02 r e s u l t s  i n  up t o  a b o u t  5% 
. . 

more n e t  p r o d u c t i o n  i n  p l a n t s .  Th i s  p o t e n t i a l  growth r a t e  would 

f u r t h e r  b e  reduced,  i f  l i m i t i n g  n u t r i e n t s  were t a k e n  i n t o  a c c o u n t .  

Consequent ly ,  i n  Keel ing (1973a) ,  t h e  i n c r e a s e  i n  n e t  p r i m a r . ~  

p r o d u c t i o n  (NPP) was d e s c r i b e d  by a l o g a r i t h m i c  f u n c t i o n  a d j u s t e d  by a 

b j o t i c  growth f a c t o r ,  B .  The l a t t e r  f a c t o r  ranged from 0 t o  0 . 4 .  T h i s  . . 

approach t o  d e s c r i b i n g  b i o s p h e r i c  r e s p o n s e s  t o  a d d i t i o n a l  CO 2 was used 

wide ly  i n  subsequent  models o f  t h e  ca rbon  c y c l e  ( e . g . ,  Oeschger e t  a l . ,  . '  

1975; Ki l lough ,  1977; R e v e l l e  and Munk, 1977; Zimen e t  a l . ,  1977; . . 

S i e g e n t h a l e r  and Oeschger,  1978; Olson e t  a l . ,  1978) .  

The b i o s p h e r e  may n o t  s e r v c  as a major s i n k  f o r  t h e  e x t r a  C 0 2  

i n j e c t e d  i n t o  t h e  a tmosphere .  ~ r o e c k e r  e t  a1  . (1971) and H o f f e r t  (1974) 

argued t h a t  even though t h e  i n c r e a s i n g  C02 would enhance t h e  pho to-  

s y n t h e t i c  r a t e  t.o a cer t . a . i  n e x t . e n t  i n  greenhouse exper iments ,  t h e  



a v a i l a b i l i t y  o f  water  and o t h e r  necessary  n u t r i e n t s  would e v e n t u a l l y  

become ' l imi t ing  under f i e l d  cond i t i ons  ( c f .  A t t i w i l l ,  1971; Lemon, 1977).  

A l l  o f  them p r e f e r r e d  t o  keep t h e  mass of t h e  biosphere cons t an t  i n  

t h e i r  modeling s t u d i e s .  

Biospher ic  carbon can be assumed t o  i n c r e a s e  i n i t i a l l y  and could 

remain cons t an t  o r  decr,ease a f t e r  reaching  a  c e r t a i n  maximum l e v e l  

(Bacastow and Keeling, 1973; Killough, 1977).  This  has been accomplished 

by s e t t i n g  t h e  b i o t i c  growth f a c t o r  B = 0 a t  some s p e c i f i c  t ime dur ing  

t h e  s imu la t ion  (Bacastow and Keeling, 1973),  o r  by mul t ip ly ing  t h e  

growth func t ion  by a  l i m i t i n g  f a c t o r  ( e . g . ,  Killough, 1977).  

Seve ra l  r e c e n t  a p p r a i s a l s  and reviews on t h e  c o n t r i b u t i o n  of  

b i o s p h e r i c  carbon t o  t h e  atmosphere have provided a  wide range o f ,  

t e n t a t i v e  va lues  which underscore t h e  n e c e s s i t y  of  f u r t h e r  r e s e a r c h .  

I n  t h e i r  review, Baes e t  a l .  (1976) assumed t h a t  t h e r e  was l i t t l e  n e t  

change o f  b iosphe r i c  carbon i n  t h e  Northern Woods and . t ha t  t h e  annual 

r a t e  o f  c u t t i n g  t h e  Southern Woods might approach l % / y e a r .  A t  t h i s  

r a t e ,  t h e i r  p re l imina ry  e s t ima te s  of  b iosphe r i c  carbon r e l e a s e s  from t h e  

Southern Woods were 1 . 2  Gtons/year from prompt r e l e a s e s  and about  

2 Gtons/year from delayed r e l e a s e s .  

Adams e t  a l .  (1977) es t imated  t h e  probable maximum c u t t i n g  r a t e  of  

f o r e s t s  t o  be 1 ton  p e r  c a p i t a  pe r  year  (o r  about 4 Gtons/year c u r r e n t l y ) .  

No allowance f o r  t h e  a c c e l e r a t e d  decay o f  s o i l  humus and o rgan ic  mat te r  

was inc luded .  Using a  s l i g h t l y  d i f f e r e n t  approach, Bolin (1977a) 

e s t ima ted  t h a t  i n  t h e  e a r l y  1970s, about 1 Gton of carbon p e r  year  was 

r e l e a s e d  d i r e c t l y  t o  t h e  atmosphere from t h e  t r o p i c a l  f o r e s t s  assuming 



a l s o  l i t t l e  n e t  change i n  t h e  temperate f o r e s t s .  Based on t h e  r a t e s  of  

h a r v e s t s  r epo r t ed  i n  l i t e r a t u r e ,  Woodwell e t  a l .  (1978) judged t h a t  t h e  

most probable range f o r  t h e  t o t a l  world r e l e a s e  from t h e  b i o t a  annual ly  

i s  4 t o  8 Gtons/year of  carbon. The maximum value  might reach  18 Gtons/ 

year .  Another e s t ima te  was given i n  t h e  r e c e n t  comprehensive review o f  

Wong (1978).  He provided gross  and n e t  e s t ima te s  of  carbon r e l e a s e s  

from t h e  va r ious  sources  such a s  f o r e s t  c l e a r i n g s ,  wood burning,  

d e s e r t i f i c a t i o h ,  e t c .  H i s  es t imate  f o r  . t he  n e t  i npu t  o f  nonfoss i l  carbon 

was about 1 . 6  Gtons/year o f  which 1 . 5  Gtons/year was assumed t o  come from 

t h e  c l e a r i n g  o f  new t r o p i c a l  f o r e s t s .  The l a t t e r  f i g u r e  was taken a s  an 

in t e rmed ia t e  va lue  from t h e  e s t ima te s  of  Baes e t  a l .  (1976) given above. 

An e a r l y  e s t ima te  of  carbon r e l e a s e d  from biomass burning was given'  

. . 
a s  0 .1  Gtons/year by Robinson and Robbins (1972). Much o f  t h e i r  

e s t ima te  of  biomass burning a s  wel l  a s  t h e  corresponding e s t ima te s  of  

, . 
Adams e t  a l .  (1977), and Wong (1978) were probably allowed f o r  jn  t h e  

7 Gtons/year of  f o r e s t  burning i n  Baes e t  a l .  (1976, 1977).  Except f o r  

t h e  e s t ima te s  given by Baes e t  a l .  (1976), most of  t h e  o t h e r  e s t ima te s  

d i d  no t  g ive  e x p l i c i t l y  t h e  propor t ion  o f  carbon r e l e a s e d  d i r e c t l y  t o  

t h e  atmosphere o r  t h e  amounts o f  carbon s h i f t e d  t o  the  r a p i d l y  and. 
. . 

slowly exchanging carbon pools .  The delayed r e l e a s e s  o f  l i v e  organic  

mat te r  and s o i l  humus would s. i .gnifj .cantly increas .e  t h e  t o t a l  re , lease  i n  

t h e  near  f ~ l t ~ ~ r e .  . .  . 



2 . 2 . 3 . 4 .  De fo res t a t ion  Rates 

I t  i s  necessary  t o  i n c o r p o r a t e  t h e  i n c r e a s e  o f  d e f o r e s t a t i o n  

e x p l i c i t l y  i n  a  new carbon model i n  o rde r  t o  v i s u a l i z e  t h e  e f f e c t s  o f  

d iminish ing  b iosphe r i c  s t o r a g e  on t h e  g loba l  carbon cycle . .  In  an 

a n a l y s i s  o f  man's. impact on t h e  g loba l  carbon cyc le ,  Young e t  a l .  (1972) 

f i r s t  in t roduced  a  v a r i a b l e  r e f l e c t i n g  t h e  carbon s t o r e d  i n  f o r e s t  

c u t t i n g s .  They de f ined  i t s  r a t e  o f  change a s  t h e  pe r  c a p i t a  consumption 

r a t e  o f  wood t imes  t h e  world popula t ion  l e v e l .  

The e f f e c t s  o f  d e f o r e s t a t i o n  on t h e  carbon cyc le  have been modeled 

by s h i f t i n g  a  f i x e d  p o r t i o n  (1% o r  l e s s  annual ly)  of  t h e  carbon s to red  

i n  t r o p i c a l  f o r e s t s  t o  t he '  non fo res t  compartments (Olson e t  a l . ,  1978). 

These i n i t i a l  f i n d i n g s  suggested t h a t  an annual r a t e  of d e f o r e s t a t i o n  of 

t r o p i c a l  f o r e s t s  of  1% s i n c e  1860 would d r a s t i c a l l y  reduce t h e  carbon 

s t o r e d  i n  t h e  wor ld ' s  f o r e s t s  i n  t h e  near  f u t u r e .  Concomitantly, an 

u n r e a l i s t i c a l l y  h igh  amount o f  carbon would remain i n  t h e  atmosphere. 

Defo res t a t ion  r a t e s  a r e  ~ r o b a b l ~  vary ing  with o t h e r  cond i t i ons .  

Revel le  and Munk (1977) conceived t h e  p re sen t  remaining f o r e s t s  a s  

nonrenewable resources  ( c f .  G6mez-Pompa e t  a l . ,  1972) and descr ibed  the  

r e l e a s e  o f  carbon from l a r g e - s c a l e  d e f o r e s t a t i o n  by another  l o g i s t i c  

equa t ion .  An a l t e r n a t i v e  approach was taken by Zimen e t  a l .  (1977) i n  

t h e i r  r e c e n t  paper .  They viewed t h e  f o r e s t  a s  another  energy source 

supplementing t h e  usual  f o s s i l  f u e l s ,  and so  t h e  r e l e a s e  o f  carbon from 

f o r e s t  was considered t o  vary  p ropor t iona l ly  with t h e  carbon inpu t  from 

combustion of f o s s i l  f u e l s .  



2 .2 .3 .5 .  Sea  Water B u f f e r i n g  F a c t o r  

The b u f f e r i n g  a c t i o n  o f  c a r b o n a t e  i o n s  i n  s e a  w a t e r  p l a y s  a  

s i g n i f i c a n t  r o l e  i n  t h e  o c e a n ' s  up take  o f  a tmospher ic  C 0 2 .  Carbon 

d i o x i d e  i s  i n  a  d i s s o c i a t i v e  e q u i l i b r i u m  w i t h . t h e  i n o r g a n i c  ca rbon  

- - 
s p e c i e s  HCO - and C03 i n  s e a  w a t e r  (Pytkowicz, 1972; Broecker ,  1974; 

3  

Skir row,  1975) . 1 f '  t h e  a tmospher ic  ca rbon  d i o x i d e  c o n c e n t r a t i o n  

i n c r e a s e s  by X%,  t h e  r e s u l t i n g  r e l a t i v e  i n c r e a s e  o f  o c e a n i c  ca rbon  

d i o x i d e  and i n o r g a n i c  ca rbon  i o n s  i n  e q u i l i b r i u m  w i l l  b e  a p p r o x i m a t e l y  

X / < %  (Kee l ing ,  1973a) .  Here t h e  b u f f e r i n g  f a c t o r ,  5, h a s  been used a s  

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

change i n  s e a - s u r f a c e  p a r t i a l  p r e s s u r e  owing t o  a n  i n f i n i t e s i m a l  t r a n s f e r  

o f  C02 a c r o s s  t h e  a i r - s e a  i n t e r f a c e .  B o l i n  and E r i k s s o n  (1959) ,  i n  

e x p l a i n i n g  t h e  c h e m i s t r y  o f  t h e  d i s s o c i a t i v e  e q u i l i b r i a  o f  t h e  c a r b o n a t e -  

b i c a r b o n a t e  sys tem i n  s e a  w a t e r ,  s u g g e s t e d  a  b u f f e r i n g  f a c t o r  o f  12 .5 .  

T h i s  v a l u e  i s  s l i g h t l y  o v e r e s t i m a t e d  because  t h e  i n f l u e n c e  o f  b o r a t e  i n  

s e a  w a t e r  i s  n e g l e c t e d  ( c f .  Keel ing,  1973a) .  

A comprehensive e x p o s i t i o n  o f  ca rbon  c h e m i s t r y  i n  t h e  s e a  was g i v e n  

by Keel ing (1973a) and summarized by Baes e t  a l .  (1976, 1977) .  

Keel ing (1973a) and P l a s s  (1972a) a l s o  d e a l t  w i t h  t h e  v a r i a t i o n  of t h e  

b u f f e r i n g  f a c t o r  under v a r i o u s  c o n d i t i o n s  o f  ptl and CO p a r t i a l  p r e s s u r e .  2  

These r e l a t i o n s  were expressed  by e q u a t i o n s  t h a t  a r e  cumbersome f o r  

numerical  computat ion.  Algor i thms  f o r  o b t a i n i n g  t h e  i n c r e m e n t a l  form o f  

t h e  b u f f e r i n g  f a c t o r  ( o r  e v a s i o n  e f f e c t )  From pll and C 0 2  c o n c e n t r a t i o n  

were coded independen t ly  by Uacastow and Keel ing (1973) ,  Jb rgenson  and 



Mejer (lY76), and Killough (1977). Their calculation gave the valuc of 

preindustrial buffering factor at around 9 to 10. . A  constant value of 

10 was assumed by Oeschger et al. (1975) in their box-diffusion model. 

To simplify further the computation of the buffering factor, 

separate empirical formulas were derived from the relative change of 

atmospheric or sea surface partial . pressure . of CU2 to obtain the 

corresponding value of buffering factor: 

1 Revelle and Munk (1977), 

where X is the concentration of atmospheric CO 2 and Xo is 

the preindustrial concentration of atmospheric CO 2 ' 

Cii) Zimen et al. (1977), 

where p is the partial pressure of C02 in the surface 

water relative to the preindustrial value. 

Ciii) Siegenthaler and Oeschger (1978), 

where p is the same as above. 

Eq. (2.5) is used in Chapter 3 with X and X replaced by ca and ca*, 0 
respectively. Theoretically, 5 increases with increasing temperature 

and increasing inorganic carbon .in the ocean (Keeling, 1973a; 

Jbrgensen and Mejer, 1976). This means that more carbon dioxide will 



be released to the atmosphere as,the oceanic carbon increases. This 

temperature refinement is not included in the present model. 



CHAPTER 3 

MODEL DEVELOPMENT 

The g loba l  carbon model developed i n  t h e  p re sen t  s tudy  i s  b a s i c a l l y  

a  d e t e r m i n i s t i c  compartmental model. As def ined  by Eriksson (1971), a  

compartment i s  any homogeneous p a r t  o f  n a t u r e  with c l e a r l y  de f ined  bu t  

a r b i t r a r i l y  chosen boundar ies .  The compartmental model i s  designed t o  

d e s c r i b e  t h e  t ime development o f  average p r o p e r t i e s  of  t h e  compartments, 

i n  p a r t i c u l a r  where a  d e t a i l e d  d e s c r i p t i o n  of  t h e  processes  i n  t h e  

compartments i s  t oo  complex t o  formulate  (Eriksson,  1971; Bolin and 

Rodhe, 1373) . 
The b a s i s  o f  t h e  p r e s e n t  compartmental model r e s t s  on t h e  

hypo thes i s  of  mass ba lance  which provides a  dynamic d e s c r i p t i o n  o f  

carbon movement i n  t h e  environment. The c a l c u l a t i o n  of  s t e a d y - s t a t e  

mass ba lance  involves  equat ing  the  inpu t  o f  carbon t o  a  p a r t i c u l a r  

compartment with t h e  f l u x e s  out  of t h a t  compartment. For l i n e a r  

systems, f i r s t - o r d e r  r a t e  equat ions a r e  assumed i n  a1 1  f luxes .  However, 

n o n l i n e a r i t i e s  can be incorporated i n  t he  model i f  t h e  k i n e t i c s  of t h e  

t r a n s f e r  processes  a r e  b e t t e r  descr ibed by nonl inear  func t ions ,  i . e . ,  

by flows which a r e  not d i r e c t l y  propor t iona l  t o  the  amounts i n  the 

source colilpartn1ent. 

Table 1  l i s t s  the  syinbols and i n i t i a l  values of t h e  25 s t a t e  

v a r i a b l e s  used i n  modeling t h e  global  carbon cyc le .  Inventor ies  of 
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Table  1. Es t imated  Value of S t a t e  V a r i a b l e s  a t  S t e a d y  S t a t e  (1860 A.D . )  

- - -- - - - 

Symbol S t a t e  V a r i a b l e  Value 

C 
1 

t r o p o s p h e r e  

c 2  s t r a t o s p h e r e  

508 Gtons 

90 

C 3 a q u a t i c  1iv.e organisms 1 . 5  

C 
4  dead organisms and o r g a n i c  m a t t e r  i n  mixed l a y e r  2  9  

C 5  dead organisms and o r g a n i c  m a t t e r  i n  t h e r m o c l i n e  1 ,620  
and deep ocean  

6 d i s s o l v e d  and m i s c e l l a n e o u s  ca rbon  on l a n d  592 

C 7 mixed s u r f a c e  l a y e r  

C 8  t h e r m o c l i n e  

C 9  deep ocean 

C 10 
Nonwoods ( r a p i d l y  exchanging carbon)  

C1l Nonwoods ( s l o w l y  exchanging carbon)  

c12 Northern Woods ( r a p i d l y  exchanging ca rbon)  6 5  

C 1 3  Northern Woods ( s lowly  exchanging ca rbon)  560 

c 14 Sou thern  Woods ( r a p i d l y  exchanging carbon)  4 8  

Sou thern  lJoods ( s lowly  exchanging ca rbon)  580 

C 
16 

d e t r i t u s  c a r b o n a t e s  and c a l c a r e o u s  t e s t s  1 ,290  

C 17 sed imenta ry  c a r b o n a t e s  30,000,000 

C 18 deep humus and r e a c t i v e  o r g a n i c  sediment  1 ,000 

C 19 l i t h i f i e d  o r g a n i c  sediment 6 ,600,000 

41 o rnasslarea o f  conlpartrnent c 10 0 .46 kg/rn2 

41 1 
mass/area  o f  conlpartnlent c  11 6 .62  

41 2 
rnass/area o f  cor~lpartrnent c  12 2.24 

3 rnass/arca o f  corlrpartrnent c  
1 3  

19.31 

ql/l 
rnass/area o f  con1j)artrnent c  

14 . 
1 . 7 2  



carbon i n  t h e  19.compartments a r e  p a r t i a l l y  based on t h e  reviews o f  

Baes e t  a l .  (1976, 1977). and Pytkowicz (1973).  The va lues  r e p r e s e n t  t h e  

c o n d i t i o n s  which e x i s t e d  b e f o r e  t he  l a r g e - s c a l e  anthropogenic emissions 

of  f o s s i l  carbon d iox ide .  A block diagram o f  t h e  carbon model i s  

p re sen ted  i n  F igure  2.  The number of  s i g n i f i c a n t  f i g u r e s  i s  necessary  

f o r  mass-balance purposes b u t . d o e s  no t  r e f l e c t  t h e  accuracy of  t h e  d a t a  

and numerous assumptions which have been reviewed. '  

3 .1 .1 .  Atmospheric Compartrncnts 

I n  most prev ious  carbon models, t h e  p r e i n d u s t r i a l  concen t r a t ion  of  

a tmospher ic  carbon d iox ide  was- assumed t o  be 290 ppmv (615 Gtons C). 

Thi s  va lue  seemed compatible  wi th  293 ppmv a s  found by Bray (1956) f o r  

t h e  mean o f  r epo r t ed  obse rva t ions  somewhat later-between 1857 t o  1906. 

The i n c r e a s e  of about  20 ppmv o f  atmospheric carbon d ioxide  due t o  

d e f o r e s t a t i o n  and i n d u s t r i a l i z a t i o n  dur ing  t h i s  per iod  (S tu ive r ,  1978; 

Wilson, 1978) has  n o t  been taken  i n t o  account  u n t i l  very  r e c e n t l y .  

An in t e rmed ia t e  va lue  o f  280 ppmv, equ iva l en t  t o  598 Gtons o f  

carbon,  was taken  a s  t h e  1860 concen t r a t ion  o f  a tmospheric  carbon 

d iox ide .  According t o  Machta (1973), t h e  t roposphere  (cl)  con ta ins  

about  85% o f  t h e  atmospheric  carbon and t h e  remaining 15% i s  i n  t h e  

s t r a t o s p h e r e  ( c + .  'l'his r a t i o  a l s o  was adopted i n  t h i s  s tudy  i n  

p a r t i t i o n i n g  t h e  atmospheric  carbon pool i n t o  t h e  t roposphere  and t h e  

s t r a t o s p h e r e  .compartments. 
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F i g u r e  2.  The 1860 A . D .  g l o b a l  carbon c y c l e .   umbers i n  boxes a r e  pool  s i z e s  i n  u n i t  of  Gton 
( = 1 0 ~ ~ g ) .  S o l i d  arrows a r e  n a t u r a l  f l u x e s  i n  u n i t  o f  Gton/year .  Broken arrows a r e  
anthropogenic  f l u x e s .  Dotted arrows a r e  n a t u r a l  f l u x e s  whose v a l u e s  a r e  assumed t o  b e  
n e g l i g i b l e .  



3.1.2.  Marine Compartments 

For modeling purposes,  t h e  ocean submodel was d iv ided  i n t o  t h r e e  

pa r t s - the  mixed s u r f a c e  l a y e r  ( c7 ) ,  t h e  i n t e rmed ia t e  waters  Cincluding 

t h e  main thermocline where it e x i s t s ,  c8 ) ,  and t h e  deep ocean (cg) 

( c f .  Baes e t  a l . ,  1976, 1977; Broecker e t  a l . ,  1971; Miyake and 

Sa ruhas i ,  .1973). The p r e i n d u s t r i a l  p a r t i a l  p ressure .  o f  i no rgan ic  carbon 

i n  t h e  mixed l a y e r  i s  n e a r l y  i n  equi l ibr ium wi th  atmospheric carbon 

d i o x i d e .  Following t h e  procedure o f  Killough (1977), t h e  i n i t i a l  amount 

o f  i n o r g a n i c  carbon i n  t h e  mixed l a y e r  was r e c a l c u l a t e d  t o  cover  t h e  

2 
whole ocean a r e a  o f  361 x l o 6  km . An average pH of 8.275 (Keeling, 

1973a) was used i n  t h e  c a l c u l a t i o n .  A va lue  of  650 Gtons o f  carbon was 

ob ta ined  (Table 14. Refinements, e . g . ,  s e p a r a t i n g  warm'and co ld  

s u r f a c e  waters ,  a r e  p o s s i b l e  but  a r e  merely r e f l e c t e d  i n  some f l u x  

e s t i m a t e s  i n  t h i s  r e p o r t .  

Inorganic  carbon pools  i n  t he  tFLermocline and the  deep ocean 

followed t h e  es t imates  given by Baes e t  a l .  (1976) tak ing  account of the. 

s m a l l e r  p ro j ec t ed  a r e a  of t h e  deeper ocean l a y e r s .  

Another pool of inorganic  carbon s c a t t e r i n g  i n  t h e  ocean \<a t e r  i s  

t h e  ca l ca reous  t e s t  ( s h e l l s )  and d e t r i t a l  carbonates  (c  ) This 
16 

mate r i a l  i s  formed by s e a  plankton i n  t h e  su r f ace  waters ,  and some of i t  

su rv ives  d i s s o l u t i o n  ' in co ld  deep waters  t o  be depos i ted  on p a r t  of t he  

s e a  f l o o r  of  l e s s  than 4 km depth (Broecker, 1974).  A rough e s t ima te  

of  1290 Gtons was given by Pytkowicz (1973) f o r  t h a t  p a r t  o f  t he  

s e t t l e d  d e t r i t a l  carbonates  which a r e  i n  exchange with s e a  water .  This  

amount i s  about t h r e e  t imes t h e  unpublished e s t i m a t e o f w .  S .  Broecker ( s ee  



Baes e t  a l . ,  1976; Olson e t  a l . ,  1978) . A t  l e a s t  p a r t  o f  t h e  submarine  

and l i t h o s p h e r i c  sediment  (c17) ,  which c o n t a i n s  a n  amount o f  30 x 1 0  
6 

Gtons,  i s  e v e n t u a l l y  r e t u r n e d  t o  t h e  w e a t h e r i n g  environments  on t h e  

c o n t i n e n t s .  

The t o t a l  l i v i n g  biomass ( c  ) i n  t h e  s e a  i s  e s t i m a t e d  t o  c o n t a i n  3 

about  1 . 5  Gtons. o f  ca rbon .  T h i s  i s  c l o s e  t o  t h e  e s t i m a t e  o f  1 . 8  Gtons 

by  hitta taker (1975) .  The o t h e r  poo l  o f  dead o r g a n i c  m a t t e r  i s  a b o u t .  

t h r e e  o r d e r s  o f  magnitude l a r g e r  t h a n  t h e  l i v i n g  biomass .  ~ o t h  d i s s o l v e d  

o r g a n i c  m a t t e r  a n d ' p a r t i c u l a t e  o r g a n i c  m a t t e r  a r e  p r e s e n t  i n  s e a  w a t e r .  

Baes e t  a l .  (1976) p a r t i t i o n e d  t h e  m a t e r i a l  i n t o  two compartments- 

29 Gtons i n  t h e  mixed l a y e r  (c4)  and 1620 Gtons i n  t h e  lower w a t e r s  ( c ~ ) .  

3 . 1 . 3 .  T e r r e s t r i a l  Ecosystems 

Pool s i z e s  o f  l i v e  and d e t r i t a l  o r g a n i c  ca rbon  i n  t h e  t e r r e s t r i a l  

ecosystems were reviewed by Olson e t  a l .  (1978) ,  Baes e t  a l . .  (1976, 

1977) and S c h l e s i n g e r  (1977) .  Recent e s t i m a t e s  o f  l i v e  o r g a n i c  carbon 

f o r  t h e  b i o s p h e r e  r a n g e  from 557 t o  1080 Gtons.  The h i g h e s t  f i g u r e  cou ld  

wel l  approximate  t h e  p a t t e r n  o f  g l o b a l  ca rbon  d i s t r i b u t i o n  a t  t h e  

p r e a g r i c u l t u r a l  o r  p r e l o g g i n g  s t a t e  (Ilodin e t  a l . ,  1975) .  A c l u s t e r '  o f  

i n t e r m e d i a t e  v a l u e s  o f  about  815 i 20 Gtons o f  ca rbon  were o b t a i n e d  by 

I k i n e r s  e t  a l .  (1973) ,  Whit taker  and Likens (1973, 1975) and Ryabchikov 

(1975) .  ?'he lowest  e s t i m a t e  g iven  by Olson e t  a l .  (1978) i s  used i n  t h i s  

model f o r  t h e  y e a r  1970. 

I h e  SCEP (1970) r e p o r t  gave an  e s t i m a t e  o f  1580 Gtons a s  t h e  amount 

o f  o r g a n i c  carbon c i r c u l a t i n g  a c t i v e l y  w i t h i n  t h e  t e r r e s t r i a l  ecosystems.  



This  va lue  i s  s l i g h t l y  l a r g e r  than t h e  va lue  o f  1533 Gtons summarized by 

. Reiners  e t  a l .  (1973).  Baes e t  a l .  (1976, 1977) and Olson e t  a l .  (1978) 

.. ,. r e a d j u s t e d  t h e s e  va lues  t o  1760 Gtons by recogniz ing  a  l a r g e r  cont r ibu-  

. . 
_ : .' t i o n  f r o m ' t h e  dead o rgan ic  mat te r  (about 1200 Gtons) .  Thei r  e s t ima te  

r e p r e s e n t s  t he  d i s t r i b u t i o n  o f  a c t i v e  organic  carbon around t h e  year  . :  

1970. I t  i nc ludes  approximately 1600 Gtons o f  carbon with r e l a t i v e l y  

r a p i d  turnover  r a t e  and about  160 Gtons of  .carbon with s lower turnover  

r a t e .  .Each of  t h e s e  carbon pools  was f u r t h e r  apor t ioned  t o  t h e  t h r e e  
. . 

b i o t i c  zones a s  given i n  Table 1 (page 33) .  Thei r  pool s i z e s  a t  1970 

. . 
a l s o  served  a s  t a r g e t  va lues  i n  t h i s  s tudy t o  a d j u s t  t h e  i n i t i a l  carbon 

poo l s  o f  t h e  s i x  t e r r e s t r i a l  b i o t i c  compartments, c10 t o  c  (Tab le .1 ) .  
15 

The i n i t i a l  slow carbon pools  add up t o  1630 Gtons comprising 

3 
about  1 x 10 Gtons of  t h e  p a r t i a l l y  decomposed l i t t e r  and s o i l  humus 

from , t h e  . upper p a r t  of t h e  s o i l  hor izon .  There i s  another  pool of  

3 
approximately 1 x 10 Gtons of  carbon from buried p e a t  and deep humus 

(cI8) which ox id i zes  s lowly and has a  s t i l l  slower turnover  r a t e  

3 (residence '  time about 1 x 10 years  o r  longer)  than the  t h r e e  pools of  

s l o w l y  exchanging carbon.  Al toge ther ,  the,amount of humus and dead 

3 organ ic  ma te r i a l  approaches 2 x 10 Gtons, and i s  wi th in  the  range of  

. . .  
3 

1'. 5 x 10' to 3 x 10 Gtons estj.rnated r e c e n t l y  by Schl.esi.nger (1977) and 

Uohn (1977),  r e s p e c t i v e l y .  llle carbon dioxide produced from the  slow 

o x i d i z a t i o n  of t h i s  r e a c t i v e  deep humus i s  l i k e l y  t o  d i s s o l v e  i n  ground 

waters .  'Pytkowicz (1973) gave an e s t ima te  of  592 Gtons f o r  t h i s  pool .  

This  e s t ima te  seems very high, un less  i t  inc ludes  a  s t o r e  of  o t h e r  

, '  . .  carbon sources such a s  t he  carbonates  o r  c a l i c h e  found i n  many of  t h e  



a l k a l i n e  s o i l s .  This  pool (c6) may a l s o  inc lude  a  r e l a t i v e l y  small  

amount o f  i no rgan ic  carbon which i s  d i s so lved  i n  i n l and  waters .  Fur ther  

c l a r i f i c a t i o n  o f  t h i s  e s t ima te  i s  s t i l l  d e s i r a b l e .  Est imates  o f  . , 

l i t h i f i e d  carbon i n  t h e  sediment.ary rocks ( c  ) vary  widely.  A va lue  19 
6  

o f  6 . 6  x 10 Gtons C was used i n  t h i s  model ( c f .  Baes e t  a l . ,  1976, 

1977).  T h i s  source o f  u n c e r t a i n t y  has e s s e n t i a l l y  no e f f e c t  on t h e  

r e s u l t s  s t u d i e d  i n  t h e  p r e s e n t  r e p o r t .  

3 .2 .  CIRCULATION OF CARBON 

The symbol and d e f i n i t i o n  o f  t h e  f l u x e s  between ad jacen t  . ' 

compartments t oge the r  w i t h , t h e i r  i n i t i a l  va lues  a t  s t eady  s t a t e  

(1860 A . D . )  a r e  given i n  Table 2 .  Many o f  t he  va lues  a r e  taken from 

Baes e t  a l .  (1976), Garre l s  e t  a l .  (1975, 1976),  and Pytkowicz (1973). 

Some o f  t h e  f l u x e s  a r e  es t imated  from o t h e r  r e l a t e d  sources ;  a  few a r e  

computed by mass-balancing t h e  t o t a l  i n f l u x e s  and ou t f luxes  o.f t h e  

ad jo in ing  compartments i n  t h e  model. 

3 .2.1.  Atmospheric Fluxes 

The r e s idence  time of  carbon d ioxide  i n  t he  s t r a t o s p h e r e  i s  about 

fou r  yea r s  (Walton e t  a l . ,  1970).  This va lue  i s  used i n  t h e  p re sen t  

s tudy  al though a  s h o r t e r  t ime o f  about  two years  i s  used i n  t h e  models 

developed by Machta (1973) and Keeling and Bacastow (1977). Assuming 

t h a t  t h e  amount o f  carbon t r a n s f e r r e d  from the  s t r a t o s p h e r e  t o  t h e  

t roposphere ba lances  t h e  f l u x  i n  t h e  oppos i t e  d i r e c t i o n ,  then  F  = 
1 , 2  



. . 

Table 2 .  ~ s s u m e d v a l u e  -of Carbon Fluxes a t  s t e a d y  S t a t e  (1860 A.D .  ) 

Value 
F l.ux (Gton/ year) Process  

F 
1 , 2  

2 2 . 5 ,  Transfer  o f  i no rgan ic  C from troposphere t o  s t r s t ~ s p h e r e  

Transfer  of inorganic  C from s t r a t o s p h e r e  t o  tmposphe re  

Absorption o f  C from t roposphere  t o  mixed l a y e r  

Evasion o f  C from mixed l a y e r  t o  t roposphere  

NPP o f  Nonwoods ( r ap id ly  exchanging C) 

NPP o f  Nonwoods (s lowly exchangi2g C) 

NPP o f  Northern Woods ( r a p i d l y  exchanging C )  

NPP o f  Northern Woods (s lowly .exchanging C) 

NPP o f  Southern Woods ( r a p i d l y  exchanging C) 

NPP of  sou thern  Woods ( s lowly  exchanging C) 

Death o f  a q u a t i c  organisms 

Resp i r a t i on  o f  a q u a t i c  animals  

Grav i t a t i ona l  s i nk ing  o f  o rgan ic  d e t r i t u s  

Oxidat ive decay i n  mixed s u r f z c e  l a y e r  

Oxidat ive decay i n  thermocl ine 
! 

Oxidat ive decay i n  deep ocean 



Table 2 (continued) 

Value 
Flux (12 ton/ year)  Process  

0.03 Deposition o f  o rgan ic  sediments from marine o rgan ic  mat te r  
F5,19 

F 0.32 Dissolved inorganic  C t r anspo r t ed  by s t reams 
637 

F7, 3  
3  1 NPP o f  a q u a t i c  p l a n t s  and phytoplanktons 

F 19 Transfer  of  inorganic  C from mixed l a y e r  t o  thermocl ine 
7,8 

F7,9 17 
Transfer  o f  inorganic  C from mixed l a y e r  of  po l a r  s e a s  t o  deep ocean 

F7J16  0.65 
Formation o f  ca lcareous  t e s t s  

F 3 8 Transfer  o f  inorganic  C from thermocl ine t o  mixed l a y e r  
8J7 

F8,9 4 0 
Transfer  o f  inorganic  C from thermocl ine t o  deep ocean 

F 58 Transfer  o f  inorganic  C from deep ocean t o  thermocl ine 
9 ,8  

F1o, 1 10 
Oxidat ive decay o f  r a p i d l y  exchanging C i n  Nonwoods 

F 1 l , l  7.85 Oxidat ive decay of  s lowly exchanging C i n  Nonwoods 

F12,1 10 
ox ida t ive  decay o f  r a p i d l y  exchanging C i n  Northern Woods 

F13, 1 7.85 Oxidat ive decay o f  s lowly exchanging C i n  Northern Woods 

F14,1 11 
Oxidat ive decay o f  r a p i d l y  exchanging C i n  Southern Woods 

8.86 F15, 1 
Oxidat ive decay o f  slowly exchanging C i n  S o ~ t h e r n  Woods 

F11,18 0.15 Deposition of  o rgan ic  ma t t e r  from Nonwoods 



Table 2 (continued) 

Value 
Flux (Gton/ y ear) Process 

0.15 ~e~osition of organic matter from Northern Woods 
F13, 18 

0.13 Deposition of organic matter from Southern Woods 
F15,18 

F16, 9 
0.2.3 Dissolution of calcareous tests and detrital carbonates 

0. 2'3 Sedimentation of inorganic C 

0.C3 Metamorphism of sedimentary rocks and volcanism 

0.23 Weathering of carbonates 

0.C2 Physical weathering of sedimentary rocks 

F18, 4 0. C.3 Organic C transported by streams 

F18, 6 0.23 Oxidation of deep humus 

O.G7 Lithification of organic matter 

0. C7 Organic C transported by streams 

F19, 6 0.C3 Oxidation of old organics 



About 60 t o  100 Gtons o f  carbon e n t e r s ' t h e  ocean annual ly 

(Pytkowicz, 1973; Woodwell and Pecan, 1973).  -The f i g u r e  given by 

Baes e t  a l .  (1976), i c e . ,  F .  = 90 Gtons/year,  i s  r e t a i n e d  here  a s  t he  
1 , 7  

f l u x  o f  carbon from t h e  t roposphere  t o  t h e  s u r f a c e  ocean. This  impl ies  

a  r e s idence  time of  carbon t r a n s f e r r i n g  from t h e  atmosphere t o  t h e  sea  

o f  about  6 .6  years .  On land,  t h e  vege ta t ion  a s s i m i l a t e s  about 56 Gtons 

o f  carbon a s  annual n e t  primary product ion (SCEP, 1970; Lie th ,  1975).  

This  amount i s  p a r t i t i o n e d  among t h e . s i x  b i o t i c  compartments a s  shown 

i n  Figure 2 (page 35) .  Gross primary product ion i s  about twice  t h i s  

r a t e  o f  income, on average; r e s p i r a t i o n  of  t h e  au to t roph ic  p l a n t s  i s  no t  

t r e a t e d  he re ,  because i t  i s  so  r a p i d  and has l i t t l e  e f f e c t  on s to rage  

(Olson e t  a1  . , 1978) . 

3.2.2.  Marine Fluxes 

Recent e s t ima te s  o f  marine primary product ion approach 31 Gtons/ . 

year  ( P l a t t  and Subba Rao, 1975; Fogg, 1977). This  va lue  i s  adopted 

he re  a s  t h e  n e t  primary product ion o f  marine ecosystems. Although many 

I. 4 
o f  t h e  observa t ions  from shor t - te rm C feeding  experiments lead  t o  

some in te rmedia te  va lue  between n e t  product ion and g ros s  product ion  

(Bunt, 1975; Fogg, 1975), t h e s e  overes t imat ions  a r e  probably o f f s e t  by . . 

n o t  i nc lud ing  t h e  benth ic  product ion,  l o s s  'of d i s so lved  o rgan ic  m a t t e r '  . '  

from c e l l s  and a l s o  photosynthes is  a t  low l i g h t  i n t e n s i t y  (Bunt, 1935).  

About 36% (perhaps more) o f  t he  marlne primary product ion i s  

consumed by marine animals [Whittaker, 1975).  Of t h i s  amount,' about' 70 
.L 

t o  80% r e t u r n s  t o  t h e  water from animal r e s p i r a t i o n  and eges t ion  



( T a i t ,  1971) .  Thus, t h e  f l u x  F = 31 Gtons/year x 0.36 x 0.75 = 
3 ,7  

8 Gtons/year .  On ba lance ,  t h e  l i v i n g  a q u a t i c  organisms c o n t r i b u t e  

23 Gtons o f  o rgan ic  carbon annua l ly  t o  t he  d i s so lved  and p a r t i c u l a t e  

o r g a n i c  carbon pools  i n  t h e  mixed l a y e r .  Most of  i t  oxid ized  t h e r e .  A 

smal l  f r a c t i o n  o f  t h e  degraded organic  mat te r  (about 1.65 Gtons/year) 

i s  be ing  ox id i zed  a s  i t  s e t t l e s  s lowly t o  t h e  deep ocean ( c f .  Broecker, 

1974) . 
Pytkowicz (1973) suggested t h a t  n e a r l y  98% o f  t h e  annual organic  

i n f l u x  i s  oxid ized  i n  t h e  n e a r  su r f ace  waters .  A va lue  o f  21.5   tons/ 

yea r  i s  ass igned  t o  o x i d i z a t i o n  i n  the  mixed l a y e r ,  l eav ing  t h e  

remainder  of  1 Gton/year t o  t h e  thermocline.  Moreover, about 0.03 Gtons 

o f  t h e  o rgan ic  carbon i s . d e p o s i t e d  annual ly  i n  t h e  sediment (Garre l s  

e t  a l . ,  ,1975) .  This  leaves  t h e  balance o f  0.62 Gtons/year a s  t h e  f l u x  

o f  carbon r e p r e s e n t i n g  t h e  o x i d i z a t i o n  o f  o rgan ic  mat te r  i n  t he  deep 

ocean.  

Taking t h e  r e s idence  t ime of  t h e  subsur face  l a y e r s  a s  1000 years  

(Broecker,  1963; S t u i v e r ,  1973),  t he  upwell ing r a t e  of  i no rgan ic  carbon 

t o  t h e  mixed l a y e r  i s  c a l c u l a t e d  a s  equal  t o  38 Gtons/year.  This  i s  

balanced by a  s l i g h t l y  sma l l e r  downward advec t ion  o f  i no rgan ic  carbon, 

i . e . ,  t: 
7,8 

+ F = 36 Gtons/ycar.  Thc f l u x  F i s  a s u r r o g a t e  f o r  t h e  
799 7,9 

s i n k i n ~ . o f  cold p o l a r  water  t o  the  deep l a y e r s  of  t he  warm oceans 

( i - e . ,  t h e  deep A t l a n t i c ,  Pac i f i c , .  and Indian Oceans). In  e s t ima t ing  

t h e  magnitude of t h i s  p a r t i c u l a r  f l u x ,  i t  i s  assumed t h a t  t h e  t r a n s f e r  

o f  carbon from t h e  mixed l a y e r  depends on t h e  p a r t i a l  pre.ssur.e o f  CO 
2 

i n  t h e  water  and t h e  r a t i o  o f  su r f ace  a r e a s  between t h e  po la r  waters  



and the warm oceans. Though the polar waters cover approximately one- 

sixth of the ocean surface, they absorb up to five times as.much CO 2 

per unit area as the warm surface waters (Broecker, 1963). Somewhat 

arbitrarily here, the polar waters are allowed to carry about 17 Gtons 

of carbon annually to .the deep oceans, and the remaining flux of 19 Gtons/ 

year is assumed to pass through the thermocline. Bolin (1977b) outlines 

other approaches which are beyond the scope of the present work. The 

transfer of inorganic carbon from the thermocline.to the deep oceans is 

assumed to be 40 Gtons/year which is slightly greater than the upwelling 

rate from the thermocline (cf. Miyake and Saruhashi, 1973). 

Pytkowicz (1973) estimated that 1.3 Gtons of the bicarbonate carbon 

is being utilized annually by marine organisms for test formation. In 

the course of forming carbonates from bicarbonates, one-half of the 

carbon content is released as CO to the surrounding water so that only 
2 

0.65 Gtons (F7,16) of carbon is consumed annually in the formation of 

calcareous tests (cf. Pytkowicz, 1973). As the solid tests.and other 

detrital carbonates pass slowly through the unsaturated d.eep ocean,' 

abour 8.38.  Ceons.of carbonate,.carbon per year (F ' ) react with an 16,9 

equal amount of CO produced from the oxidization of organic matter and 2 

redissolve as bicarbonates (Pytkowicz, 1973). The deposition of 

carbonates to the sediment, F16, 17 is estimated by Pytkowicz (1973) as 

0.29 Gtons/year. Concurrently, 0.02 Gtons of carbon (F ) is returned 1.7,l h 

annually to the ocean from physical weathering of sedimentary rocks 

(Pytkowicz, 1973). 



Chemical weathering o f  sedimentary rocks  by CO, d i s so lved  i n  
L 

ground waters  probably consumes about 0.32 Gtons o f  carbon annual ly  

(F6,7) from the  C02 a lone ,  and a t .  t h e  same t ime,  r e l e a s e s  about 0.:23 

Gtons o f  carbon from sedimentary carbonates ,  (F17 ,7 )0  A. t o t a l  o f  0 .55 

Gtons of i no rgan ic  carbon i s  t r anspor t ed  annual ly  t o  t h e  ocean from 

runo'ff and r i v e r  d i scha rge  (Pytkowicz, 1973). ' 

I t  i s  assumed t h a t  an average o f  0.04 Gtons o f  carbon (F17,1) i s  

r e l e a s e d  yea r ly  t o  t h e  atmosphere from me'tamorphism o f  sedimentary rocks  

and from volcanism o r i g i n a t e d  i n  t h e  deep l i t h o s p h e r e  (Baes e t  a l . ,  1976; 

Pytkowicz, 1973) . 

3.2.3.  T e r r e s t r i a l  Fluxes 

The n e t  product ion  o f  organic  carbon f o r  t h e  s i x  b iosphe r i c  

compartments fo l low t h e  e s t ima te s  g iven  by Baes e t  a l .  (1976, 1977) and 

Olson e t  a l .  (1978). The t o t a l  t e r r e s t r i a l  NPP i s  about  56 Gtons/year.  

For t h e  r a p i d  carbon poo l s ,  an  equal  amount o f  o rgan ic  carbon from 

o x i d a t i v e  decay i s  hypothesized t o  r e t u r n  t o  t he  atmosphere. However, 

a smal l  f r a c t i o n  o f  t h e  n e t  product ion from t h e  slow carbon pools  i s  

inco rpora t ed  i n  t h e  s o i l  a s  slow-decaying humus. 

The annual d e p o s i t i o n  o f  organic  carbon t o  t h e  sediment (F18,19 1 

i s  e s t ima ted  t o  be about  0.07 Gtons/year (Garre l s  e t  a l . ,  1976). A t  

s t e a d y  s t a t e ,  on ly  0.03 Gtons o f  carbon from t h e  o rgan ic  s e d i m e n t i s  

ox id i zed  and d i s so lved  i n  t h e  ground waters  annual ly  (F ) and thus ,  19,6 

0.29 Gtons o f  carbon pe r  year  (F ) is  r equ i r ed  t o  balance t h e  l o s s  18,6 

from weathering o f  sedimentary rocks (Garre l s  e t  a l . ,  1976).  



Another 0.15 Gtons of  carbon a s  d i s so lved  and p a r t i c u l a t e  organic  

ma t t e r  i s  t r anspor t ed  annual ly  t o  t he  ocean by r i v e r s  and s t reams 

(Garre l s  and Mackenzie, 1972; Mackenzie, 1975).  I t  is  assumed t h a t  t he  

organic  mat te r  i s  der ived  from both t h e  deep humus pool and the  o l d  

organic  sediment pool .  From mass-balance c a l c u l a t i o n s ,  
F19J4 

= 0.07 

Gtons/year and so  F l a J 4  = 0.08 Gtons/year.  S ince  a t o t a l  of 0.44 Gtons 

(F18,4 
+ F 

18 ,6  + '18,19 
= 0.08 + 0.29 + 0.07) o f  organic  carbon pe r  year  

i s  l o s t ' f r o m  t h e  r e a c t i v e  organic  .sediment pool (c  ) ,  an i n f l u x  o f  an 18 

equal  amount o f  carbon from t h e  slow carbon pools  i s  r equ i r ed  t o  balance 

t h e  f luxes  a t  s teady  s t a t e .  For lack  of  app ropr i a t e  d a t a ,  an approxi-  

mately equal  c o n t r i b u t i o n  from each o f  t h e  t h r e e  slow carbon pools  i s  

assumed i n  t h i s  model. F11J18 = 0.15 Gtons/year,  F13, 18 = 0.15 

Gtons/year and F15,18 = 0.14 ~ t o n s / y e a r .  

Besides t h e  anthropogenic f l uxes  d iscussed  i n  Sec t ion  3.3.4,  some 

of t h e  carbon i n  t h e  t e r r e s t r i a l  compartments a l s o  may t r a n s f e r  t o  t h e  

atmosphere because of  human a c t i v i t i e s .  Such flows may be t h e  r e s u l t  of  

a c c e l e r a t e d  o x i d i z a t i o n  o f  organic  mat te r  from t h e  plowing o f  c roplands  

o r  fr.om the  dra inage  of  swamps and bogs. Not enough informat ion  i s  

a v a i l a b l e  t o  determine the  magnitude o f  t hese  f luxes  bu t  they  a r e  

supposed t o  be r e l a t i v e l y  smal l .  These f l u x e s  a r e  a l s o  drawn a s  broken 

arrows on t h e  l e f t  o f  t h e  block diagram (Figure 2 ,  page 35) i n  a d d i t i o n  

t o  t h e  broken arrows which show t h e  s h i f t i n g  o f  carbon a f t e r  land- 

c l e a r i n g  a c t i v i t i e s .  

Severa l  o t h e r  n a t u r a l  f l u x e s  a r e  shown a s  do t t ed  arrows i n  t h e  

block diagram (Figure 2) .  These f luxes  r ep re sen t  t h e  d i r e c t  depos i t i on  



o f  ca rbona te  c a l i c h e  i n  a l k a l i n e  s o i l s  and i t s  r e v e r s e  process  r e l e a s i n g  

CO t o  t h e  atmosphere d i r e c t l y .  The va lues  o f  t h e s e  f l u x e s  a r e  a l s o  
2 

assumed t o  be n e g l i g i b l e .  

3 . 3 .  MAJOR WORKING ASSUMPTIONS AND THEIR BACKGROUND 

The working hypothes is  extending throughout t he  presen.t  model i s  

t h a t  t h e  b i o s p h e r i c  o rgan ic  carbon could be both a source and s ink  f o r  

a tmospher ic  CO - in  d i f f e r e n t  p l aces  a t  t h e  same t ime.  Both r a p i d l y  
2 

(T < 10 y e a r s )  and s lowly (T - n x 10 yea r s )  exchanging pools  from 

"Southern Woods" (mainly t r o p i c a l  and sub t rop ica l  f o r e s t s )  and perhaps 

"Northern Woods" ( f o r e s t  occupied a r e a s  no r th  o f  30" North l a t i t u d e )  

have been s h i f t e d  p a r t i a l l y  t o  var ious  Nonwoods ecosystems ( inc lud ing  

a g r i c u l t u r a l  l ands ,  g ra s s l ands ,  d e s e r t s ,  and f r i n g e  a r e a s  i n  urban and 

r u r a l  communities).  Some e x t r a  CO w i l l  be r e l ea sed  t o  t h e  atmosphere 2 

promptly (e .g . ,  by burning,  much more i n  r e c e n t  years  than  i n  former 

c e n t u r i e s ) .  More CO w i l l  r e t u r n  t o  t h e  atmosphere g radua l ly  a s  organic  
2 

remains decay. 

3.3.1.  Assumption of Quasi-Steady S t a t e  Before 
Large-Scale I n d u s t r i a l i z a t i o n  . 

Over t h e  l a s t  h a l f - b i l l i o n  years ,  t h e  r a t i o s  of  carbon i s o t o p e s  i n  

marine carbonates  have v a r i e d  wi th in  a r e l a t i v e l y  narrow range.  This  

s t r o n g l y  suppor ts  t h e  p o s t u l a t e  t h a t  t h e  g loba l  carbon cyc le  has  

maintained a dynamic s t eady  s t a t e  f o r  a long time ( ~ r o e c k e r ,  1970; 

Mackenrie, 1975; Schidlowski e t  a l . ,  1975, Junge e t  a l . ,  1975; Garre l s  

e t  al. ,  1976).  The s teady  s t a t e  probably exhib i ted  a damped o s c i l l a t i o n  



o u t  of  phase  w i t h  t h e  advances  and r e t r e a t s  o f . t h e  c o n t i n e n t a l . g l a c i e r s  

d u r i n g  t h e  P l e i s t o c e n e  epoch. However, t h e  emergence of  human s o c i e t y  

h a s  i n a d v e r t e n t l y  p e r t u r b e d  t h i s  s t e a d y  s t a t e  by h a s t e n i n g  t h e  r e l e a s e  

o f  ca rbon  d i o x i d e  more r a p i d l y  t h a n  t h e  normal f l u c t u a t i o n s  th rough  

a g r i c u l t u r e ,  f o r e s t  c l e a r i n g ,  and t h e  combustion o f  f o s s i l  f u e l s .  

S i n c e  e a r l y  N e o l i t h i c  t ime ,  f o r e s t s  have been c l e a r e d  t o  p r o v i d e  

l a n d  f o r  t h e  growing .of c r o p s  .(Olson e t  a l . ,  1974) .  About 90% o f  t h e  

o r i g i n a l  f o r e s t s  i n  China and o t h e r  European c o u n t r i e s  a r e  gone ( S e a r s ,  

1956; Darby, 1956; Young, 1976) .  The v a s t  t r o p i c a l  f o r e s t s  a r e  

d i m i n i s h i n g  . r a p i d l y  ( ~ e i  e r ,  1973; Goodland and I rwin ,  1975; Hamil t o n ,  

1976; . ~ r i n i ~ ,  1977) . This  h a s  c r e a t e d  some u n f o r e s e e n  consequences .  

S o i l  ca rbon  i s  d i m i n i s h i n g  from t h e  c o n s t a n t  plowing and a c c e l e r a t e d  

. o x i d a t i o n .  Wood i s  used a s  f u e l  t o  p r o v i d e  h e a t .  From around t h e  1 0 t h  

c e n t u r y  i n  China and p o s s i b l y  f o u r  o r  f i v e  hundred y e a r s  l a t e r  i n  t h e  

o t h e r  European c o u n t r i e s ,  f o r e s t  a r e a s  were r e g r e s s i n g  r a p i d l y .  Coal 

was used i n c r e a s i n g l y  t o  r e p l a c e  fuelwood and c h a r c o a l  (Tuan, 1968, 

1970; Nef, 1977) .  However, f o s s i l  f u e l s  were n o t  used e x t e n s i v e l y  
. . 

worldwide u n t i l  a  much l a t e r  date-probably  a f t e r  t h e  l a s t  h a l f  o f  t h e  

1 9 t h  c e n t u r y  (Putnam, 1953) .  The i n c r e a s i n g  a n t h r o p o g e n i c  emiss ion  

o f  CO a n n u a l l y  i s  now two t o  t h r e e  magnitudes l a r g e r  t h a n  t h e  average  2  

annual  d e g a s s i n g  o f  C02 from t h e  e a r t h ' s  mant le  ( c f .  Baes e t  a l . ,  1976) .  

I n  a c t u a l i t y ,  i t  h a s  a l r e a d y  per turb .ed t h e  g l o b a l  ca rbon  c y c l e  from i t s  

o r i g i n a l  s t e a d y  s t a t e .  

A t  p r e s e n t ,  t h e r e  a r e  no r e l i a b l e  d a t a  g i v i n g  t h e  amounts of  carbon 

d i o x i d e  r e l e a s e d  b e f o r e  1860 A . D .  from an thropogen ic  p r o d u c t i o n .  



Estimates of annual production of fossil fuel and cement from 1860 onward 

are being compiled and updated by the United Nations; whereas, data on 

deforestation are still scarce and mostly unreliable. In view of this 

fact and the later adoption of part of Keeling's (1973b) compilation of 

annual production of industrial C02, the year 1860 is arbitrarily taken 

as.the onset of the large-scale perturbation. Hence, all simulation 

runs start with to = 1860. Much of the colonial-clearing of tropical 

forests to be simulated in the present study- also accelerated around 

that time (Sioli, 1973; Goodland and Irwin, 1975). Similar treatment 

of earlier land clearing will require longer simulations and better 

estimates than are now available. 

3.3.2. Source Functions of Carbon Dioxide from 
Fossil Fuel and Cement 

Keeling (1973b), Kotty (1973, 1975, 1977) and Zimen et al. (1977) 

have compiled similar estimates of the annual production of carbon 

dioxide from the combustion of fossil fuels and the kilning of cement 

covering the period from 1860 to 1974. These tabulated figures show a 

growth coefficient of.about 4.35%/year for the periods 1860 to 1910 and 

1945 to 1974 but with a disrupted growth in between. Hence, it is 

impractical to describe the source function for this period with a 

smooth curve. Instead, the actual historical data have been used as 

inputs in the model. From 1860 to 1949, the input rates of carbon 

dioxide to the atmosphere were interpolated linearly from the list 

compiled by Keeling (1973b). The annual inputs for the remaining years 

up to 1974 were interpolated from the values compiled by Rotty (1977). 



No correction for oilhead flaring was applied ,to Keeling's (197.3b) 

original figures, since the practice of flaring was .almost negligible 

before 1950 (Rotty, 1974). 

The extrapolation of the exponential increase of carbon dioxide 

production is not appropriate when modeling long-term projections. The 

future input of carbon dioxide to the atmosphere depends very much on 

the potential demand and production of fossil fuels, which in term are 

dictated by the ultimate supply of recoverable fossil-fuel resources 
. .. 

(Hubbert, 1971, 1973). Thus, a logistic function or one of its 

modifications, is an adequate equation for projecting the future 

release of fossil-fuel carbon. 

A modified logistic equation similar to the one introduced by 

Keeling and Bacastow (1977) was employed in this study to project the 

input rate of carbon dioxide from fossil fuel and cement beyond the 
. . 

year 1974. This equation is expressed as, 

where Pm is the ultimate release of carbon in recoverable fossil fuels 

and cement, 

P is a function of time and represents the cumulative amount of 

carbon released up to that time, 

n is a variable quantity to place more or less emphasis on the 

release rate of the remaining fuels, and 

r is the initial fractional rate of increase. 



By i n t e g r a t i o n  ( c f .  Turner e t  a . l . ,  1976),  t h e  above equat ion  g ives  t h e  

cumula t ive  amount o f  carbon r e l e a s e d  a t  t ime t ,  i . e . ,  

11 exp [ -n r ( t - t ' )  1 l / n  
9 

where Po i s  t h e  cumulat ive product ion  o f  carbon from 1860 t o  t' = 1974. 

Resources o f  f o s s i l  f u e l s  and s h a l e  o i l  a r e  pdor ly  known bu t  may be 

4 
assumed t o  con ta in  10 Gtons o f  carbon (Olson e t  a l . ,  1978).  However, 

o n l y  a f r a c t i o n  o f  t h e s e  may be  recoverable  as "reserves" even t ak ing  

i n t o  account  t h e  improved economic and t echn ica l  cond i t i ons  i n  t he  near  

future. Keeling a d  Bacastow (1977), Revel le  and Munk (1977) and Zimen 

e t  a l .  (1977) used an e s t i m a t e  of  about  5000 Gtons ( c f .  Per ry  and 

Landsberg, 1977) i n  each of  t h e i r  models. The va lue  o f  7500 Gtons used 

i n  t h e  p r e s e n t  s imu la t ion  i s  e s s e n t i a l l y  t h e  same a s  t h e  7300 Gtons o f  

Baes e t  a l .  (1976, p .  32) .  I t  may prove "high" b u t  t h a t  i s  i n t e n t i o n a l  

f o r  c o n t r a s t  with o t h e r  s c e n a r i o s  d iscussed  below. 

The exponent n i n  Eq. (3.1)  can be decreased t o  p r o j e c t  a 

s lower  r e l e a s e  r a t e  and t o  a l low t h e  u l t i m a t e  supply t o  t a p e r  o f f  more 

s lowly .  To a s s u r e  a r e l a t i v e l y  smooth f i t  t o  t h e  h i s t o r i c a l  d a t a ,  t h e  

va lue  of  n was c a l c u l a t e d  wi th  a predetermined growth r a t e  ( r  = 4.35%/ 

yea r )  and t h e  1974 annual product ion P and cumulative product ion Pn.  

From t h e  d i f f e r e n t i a l  equat ion ,  n was obta ined  a s  

n = l og  ( 1  - P / P ~ ~ ) / ~ O ~ ( P ~ / P _ )  . 

The percentage  growth r a t e  parameter,  r ,  may b e . t r e a t e d  a s  a 

c o n s t a n t  which can be c a l c u l a t e d  a l s o  from t h e  d i f f e r e n t i a l  equat ion 



with a  predetermined exponent n  and t h e  1974 product ion  e s t ima te s  

( b  and Po; equiva len t  t o  Killough, 1977, page 42); i . e . ,  

A l t e r n a t i v e l y  t h e  parameter r may be t r e a t e d  a s  noncons tan t .and  may 

depend on the  i n t e r a c t i o n s  of  many s o c i a l ,  economic, and p o l i t i c a l  

f a c t o r s .  Hence, r may be regarded a s  a  slowly decreas ing  func t ion  

depending on t h e  cumulative product ion of  carbon from f o s s i l  f u e l .  

The r a t e  might s t a b i l i z e  a t  a  lower l e v e l ,  probably i n  t he  middle o f  

t h e  next  century ,  i f  t h e  human popula t ion  begins t o  s t a b i l i z e  (Echols, 

1976) . 
In  one o f  t h e  scena r ios  s imulated i n  t h i s  s tudy  ( t h e  "slow burner f f  

c a s e ) ,  r was assumed t o  decrease  t o  an asymptot ic  va lue  of  1 .35%lyear  

according t o  t h e  expression,  

r ( p )  = {74 - exp( -0 .00271~)1  I-' (3.5) 

Combining Eqs. (3.4) and (3.5) r e s u l t s  i n  a  source funct ion.  t h a t  accounts  

f o r  both t h e  r e sou rce  l i m i t a t i o n  and t h e  c o n s t r a i n t s  from human a c t i o n s ,  

Because t h i s  equat ion  cannot be i n t e g r a t e d  e a s i l y  f o r  any a r b i t r a r i l y  

chosen va lues  o f  t h e  cons t an t s ,  i t  was computed by updat ing r o f  . 

E q .  ( 3 . 4 )  with t h e  c u r r e n t  va lue  .of p ( t ) ,  and subsequent ly,  t h e  new . 



v a l u e  o f  r was used i n  t h e  fol lowing s t e p  t o  o b t a i n  t h e  values 01 6 ( t )  

and P ( t ) .  

. 3.3.3.  Change i n  Land Areas of  t he  T e r r e s t r i a l  Ecosystems 

Very p re l imina ry  e s t ima te s  of  t h e  a r e a  and t r ends  of  d i f f e r e n t  

t e r r e s t r i a l  ecosystems a r e  g iven  i n  Table 3 ( c f .  Olson e t  a l . ,  1978, 

Table 2 .2) .  The p r e a g r i c u l t u r a l  e x t e n t s  o f  major ecosystems a r e  
. . 

regrouped from t h e  works of Rodin e t  a l .  (1975) and t h e i r  map modified by 

Olson (1370b). The a r e a l  e x t e n t s  of  each ecosystem f o r  1860 and 1970 

. a r e  t e n t a t i v e  appro.ximations a f t e r  p a r t s  o f  t he  a r e a s  had been c l e a r e d  

f o r  t h e  development o f  a g r i c u l t u r a l  l ands  ( c f .  Wilson, 1978) and urban 

growth. These e s t i m a t e s  have incorpora ted  proper  adjustments  for 

unvegeta ted  lands  and o t h e r  f r i n g e  a r e a s  (Ryabchikov, 1975) and i n  t h i s  

s ense  a r e  p r e f e r r e d  over  t h e  land-area t a b l e  compiled by Whittaker and 

Likens (1973) .. The l a t t e r ' s  f i g u r e s  a r e  g e n e r a l l y  h ighe r  than t h e  

e s t i m a t e s  given i n  Table 3 f o r  1970, bu t  may i n  some c a s e s  approximate 

c o n d i t i o n s  e a r l i e r  i n  t h e  h i s t o r i c  c l e a r i n g  o f  t h e  t r o p i c s  (Somrner, 

1976; ~ r u n i g ,  1977),  and o t h e r  temperate r eg ions  (Rostlund, 1956; 

' Darby, 1956) . 
The f u t u r e  growth o f  human popula t ion  i s  used i n  t h e  p r o j e c t i o n  o f  

a r e a  t r ends  of t h e  t h r e e  land  c a t e g o r i e s .  According t o  some 

o p t i m i s t i c  p r o j e c t i o n s  by Fre jka  (1973) and Echols (1976), human 

popu la t ion  may s t a b i l i z e  a t  about 6 t o  8 b i l l i o n  people around 2075 A . D .  

Most o f  t h e  f o r e s t e d  lands t h a t  a r e  s u i t a b l e  f o r  conversion t o  i n t e n s i v e  

agr icu1 , ture  w i l l  probably be c l ea red  dur ing  t h i s  per iod  o f  growth. A 



Tab12 3 .  Estimated Pa r t i t i o r . i ng  o f  T e r r e s t r i a l  Ecosystem Area Trends,  and Organic Carbon poolsa 

Estimated Carbon Pool 
Estimated Area 

( lo6  km2) Live (Gton) 

Preagr  i - Preagr i -  ensi it^^ Lleadf To ta l  llapidg slowh 
Reservoir  c u l t u r a l b  1860' 1 9 7 0 ~  c u l r u r a l b  1860C 1 9 7 0 ~  kg/m2 Gton Gton Gton Gton 

.A. Boreal + Temperate 
Boreal ( t a i g a )  
Semiboreal 
Cord i l l e r an  
Other cool ten). ~ e r a t e  
Warm temperate 
Semiarid 
Arid moistland 

TOTAI. 

XORTIIERN Ii'OOOS 
SUBTOTAL 
(excluding S o f  30' N: 
add below) 

Tropica l  + Sub t rop ica l  
Net s i t e ,  r a i n f o r e s t  
Other t r o p i c a l  moist  
:.lontane, seasonal 
'lontane, humid 
Arid moistland 
Ik'oody savanna, scrub 

TOTAI. . 2 :  



Table 3 (cont inued)  

Estimated Area Estimated Carbon P ~ o l  

( l o 6  km2) Live (Glon) 

P reag r i -  P reag r i -  t lensitye [leadf To ta l  ~ a ~ i d ~  Slow h 
R e s e r w i r  c u l t u r a l b  1860' 1970d c u l t u r a l b  1 8 6 0 ~  l97od kg/m2 Gton Gton Gton Gton 

2 .  NOEi1\00DS COblP1,EXCS 

i 
Agro-urbsn 

Crops 0 5 12 
F r inge  a r e a j  

k 1 4 7 
-Buildings,  e t c .  0 1 3 - 

10 22 

Other Land 
Tundra- l ike ,  bogs 13.53 
Grass lands  22.96 
Deser t ,  semideser t  29.35 - 

NOSVOODS TOTAL 6 7 

EARTH n inus  water ,  i c e  

3. LAKES., RIL'EFS 3 
( inc lud ing  r e s e r v o i r s )  

4 .  GLXCIE? 1 5+ 
EARTH minus m e a n s  

5. OCEAXS 350+ 361 - 1 - -550 1651 - - - 2 - 1649 

5 58 :!SO8 3471 162 3309 

EXXTtl TOTAL 510 



Table  3 ( c m t i n c e d )  

a~our : e :  Olson, J. S . ,  H .  A .  Pfuderer ,  andY.-H. Chan. 1978. Changes i n  t h e  Global Carbon Cycle and t h e  Biosphere.  
ORNL/EIS-199. Clak Ridge National Laboratory,  Oak Ridge, Tennessee.  

b ~ f t e r  Rodjn, Bazi levich  and 3ozov (1975). and O'lson (1970b). 

'very p re l imina ry  judgement o f  f o r e s t  c l e a r i n g  be fo re  and a f t e r  1860 ( sub jec t  t o  r e v i s i o n ) .  

d ~ f t c r  Olson (19703, and new z s t i m a t e s ) .  

e1970 e s t i ~ ~ a t e  on ly ;  p a r e n t h e t i c a l  averages  a r e  weighted. 

£1970 e s t i m a t e  o f  r e l a t i v e l y  ~ t i v e  dead p o 0 1 , ' ~ r o b a b l ~  excluding s i g n i f i c a n t  amounts of .  pea t  ( h i s t o s o l s )  and other '  
r e s i s t a n t  humus ( e s t ima ted  a s  having r e s idence  t ime near  o r  g r e a t e r  than 1000 y e a r s ) .  

g1970 e s t i m a t e  t h a t  i nc ludes  n a t e r i a l s  wi th  a  p r o b a b i l i t y  d i s t r i b u t i o n  o f  f a i r l y  s h o r t  r e s idence  t imes (such a s  l i v i n g  
and dead s t a g e s  o f  l eaves ,  f lowers ,  f r u i t s ,  small  r o o t s ,  most animals ,  and t h e i r  uns t ab l e  r e s i d u e s .  

h1970 e s t i m a t e  o f  most woody p a r t s  of l i v e  p l a n t s  an3 dead r e s i d u e s  having r e s idence  t imes  averaging man:, yea r s .  

i 
Af t e r  Ryabchtkoff (1975).  

j ~ r i n ~ e  a r e a s  i nc lude  d e c o r a t i v e  and wild vege ta t ion ,  abandor.ed f i e l d s ,  roads ides ,  and o t h e r  more o r  l e s s  vege ta t ed  
a r e a s  around tot4ns o r  o t h e r  s e t t l e m e n t s .  

k ~ e l a t i v e l s  unvegeta ted  a r e a s  i n  towns o r  i n d u s t r i a l  a r e a s ,  mines, q u a r r i e s ,  highways, and o t h e r  d i s t u r b e d  a r e a s  
bes ides  a g r i c u l t u r a l  f i e l d s .  



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

and i n  mountainous r eg ions  would be harves ted  f o r  t imber and firewood, 

o r  p a r t s  would b e  c l e a r e d  t o  provide  lands f o r  highways, i n d u s t r i a l  

c o n s t r u c t i o n ,  urban development, e t c .  

Revel le  (1974, 1976) c a r e f u l l y  a s se s sed  t h e  e x t e n t  o f  t h e  p o t e n t i a l  

a r a b l e  land  a v a i l a b l e  i n  v a r i o u s , r e g i o n s .  Including only  lands  which 

can  produce a t  l e a s t  one c rop  with o r  without  i r r i g a t i o n ,  he  es t imated  

6 2 
t h a t  ano the r  11 x 10 km o f  t h e  noncroplands would be  developed f u r t h e r  

f o r  i n t e n s i v e  a g r i c u l t u r e .  This  f i g u r e  does no t  i nc lude  about  

2 
0 ; s  x l o6  km o f  t h e  humid t r o p i c a l  f o r e s t s  growing on l o w - f e r t i l i t y  

2  
l a t e r i t i c  s o i l s .  O f  t h e  t o t a l  p o t e n t i a l  cropland,  o n l y  3 X 10' km a r e  

2 
i n  t h e  Northern Woods r eg ion  a i d  the  o t h e r  8 x l o 6  km a r e  i n  t h e  

Southern Woods. A t  p r e s e n t ,  human se t t l emen t s  may occupy approximately 

2 
3  x l o 6  km of t h e  land s u r f a c e  conta in ing  cons iderable  vege ta t ion .  A 

doubling of  t h e  human popula t ion  i n  t h e  next  century  would r e q u i r e  an 

equal  a r e a  f o r  t h e  same func t ions .  A n e t  a r e a  of  on ly  about 1 x lo6  km 
2  

might be needed i n  t h e  Northern Woods reg ion ,  because nea r ly  20% o f  t h e  

popula t ion  inc rease  would occur  i n  t h e  developed coun t r i e s  o f  t h e  North 

temperate l a t i t u d e  (Fre jka ,  1973). Assuming f u r t h e r  t h a t  t h e  e n t i r e  

p o t e n t i a l  a r a b l e  land would be used f o r  a g r i c u l t u r e ,  an es t imated  

2 4 K l o6  krn n e t  o f  the Nortliarll Wuu& a r r i  wuuld bc reduced g radua l ly  i n  

t h e  coming years .  In  t h e  Southern Woods reg ion ,  even assuming 

2  
1 x lo6 km of t h e  semideser t s  and d e s e r t s  could be u t i l i z e d  i n  urban 

2 expansion, t h i s  s t i l l  would r e q u i r e  9  x lo6  km n e t  o f  urban and 

a g r i c u l t u r a l  l ands  t o  be converted from f o r e s t e d  lands .  



In t h e  p r e s e n t  model, a  l o g i s t i c  equat ion  was used t o  p r o j e c t  t h e  

decrease  o f  t h e  Northern Woods land a r e a ,  i . e . ,  

2 where = 20 x l o 6  km i s  t h e  asymptot ic  a r e a l  e x t e n t  o f  t h e  Northern 
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Woods, and R~ = 4.82 x 10 y r  i s  t h e  r a t e  of  c l e a r i n g  (F igure  3 ) .  

A simple l o g i s t i c  equat ion  does not  f i t  t h e  a r e a  change s c e n a r i o  

conjec ted  f o r  t h e  Southern Woods reg ion .  Several  f a c t s  have t o  be taken 

i n t o  cons ide ra t ion .  Beginning from t h e  e a r l y  yea r s  of  t h e  19th  century , .  

t h e r e  was l a v i s h  e x p l o i t a t i o n  o f  t imber r e sou rces  from t h e  t r o p i c a l .  

f o r e s t s  ( c f .  Goodland and Irwin,  19751, and a l s o  a  r a p i d  expansion of  

new croplands i n  New Zealand, A u s t r a l i a ,  and South Af r i ca  (Wilson, 1978).  

The c l e a r i n g  r a t e ,  which was inc reas ing  exponent ia l ly  due t o  t h e s e  

a c t i v i t i e s ,  was magnified by t h e  s y n e r g i s t i c  e f f e c t s  of a  3% annual 

popula t ion  growth (Revel le  and Munk, 1977) and t h e  d e s t r u c t i o n  o f  f o r e s t s  

dur ing  wars and the  subsequent r ebu i ld ing  o f  c i t i e s  a f t e rwards .  I t  was 

assumed i n  t h i s  model t h a t  t h e  c l e a r i n g  r a t e  would s t a y  c o n s t a n t  a . f te r  

1980 when' the n e t  los's o f  for.ested l a n d s  would be slowed down by 

r e f o r e s t a t i o n  and a l s o  a f f o r e s t a t i o n  i n  a r i d  l ands .  By 2000 A . D . ,  t he  

c l e a r i n g  o f  f o r e s t s  would be l i m i t e d  by the  f o r e s t  r e sou rce  i t s e l f  a.nd 

would be approximated by a  l o g i s t i c  func t ion .  Hence, t h e  change of 

Southern Woods land a r e a  was expressed by t h e  fol lowing equat ions :  
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Figure  5. P ro j ec t ed  a r e a  t rends  of  Nonwoods, Northern Woods, and 
Southern Woods. 



- 1 -4 - ko = 0.03 y r  , kl = 2.22 x 10 y r  l ,  k 2  = 8 .13  x yr-l' 

k = 3.1 x yr-l, and A-' = 15 x l o 6  km2 is  t h e  asymptot ic  
3  

a r e a l  e x t e n t  o f  Southern Woods. 

kO(t-1980) 
-kl e  , 1860 < t < 1980 - - 

S 

The cons tan t  k was taken t o  be t h e  same a s  t h e  r e c e n t  annual 0  

popula t ion  growth r a t e  of  3%,  The o t h e r  cons t an t s  were chosen 

accord ingly  t o  o b t a i n  a  r e l a t i v e l y  smooth curve (Figure 3) which would 

pass  through both t h e  es t imated  va lues  of  Southern Woods a r e a  f o r  1860 

and 1970. 

where R ( t )  = 

3.3.4.  S h i f t s  o f  T e r r e s t r i a l  carbon Af ter  Defo res t a t ion  

-k 2' 
1980 < t < 2000 , - 

5 S 
'k3(1-A"/A_ 1, 2000 < t - < 2400 

As t h e  land i s  c l ea red ,  some o f  t h e  carbon would be r e l e a s e d  

promptly t o  t h e  environment e i t h e r  from burning of fue.lwood and s l a s h  

o r  from enhanced r e s p i r a t i o n  o f  he t e ro t roph ic  s o i l  organisms. A 

s l i g h t l y  b igger  r e l e a s e  of  carbon would be delayed f o r  a  few decades 

o r  longer  a s  a  r e s u l t  o f  t h e  slow decomposition processes  o f  r e f r a c t o r y  

carbon compounds (Swift ,  1977).  P re sen t ly ,  no t  enough sys t ema t i c  da t a  

have been publ ished g iv ing  t h e  r e l a t i v e  amount. o f  carbon r e l e a s e d  

promptly t o  t he  environment a f t e r  logging ope ra t ions .  A s  f i r s t  

approximations, 40% of  t h e  t o t a l  carbon removed from t h e  Southern Woods' 



rapidly exchanging compaitment was assumed to return promptl'y to the 

atmosphere, and the remaining portion to the Nonwoods' rapid carbon 

pool. The equivalent shifts from the rapidly'exchanging carbon of 

Northern Woods were set at 30 and 70%, respectively. For the slowly 

exchanging carbon in the Southern Woods region, 20% of the carbon 

removed was considered to transfer promptly to the atmosphere, 35% to 

the Nonwoods' rapid carbon pool, and the other 45% to the Nonwoods' 

slow carbon pool. A slightly smaller fraction (20%) from the' Northern 

Woods' slow carbon pool was modeled to shift promptly to the atmosphere, 

whereas 30% was shifted to the rapid carbon pool in the' Nonwoods, and 

the remaining 50% to the Nonwoods' slow carbon pool. 

3.3.5. Primary Production of Marine Organisms 

Although carbon is found in abundance in sea water, the majority 

of it is not available for assimilation by plants in the. sea. Most of 

the marine plants depend on dissolved C02 for photosynthesis. Only a 

small fraction of the plant species can make use of'bicarbonate ions 

(Steemann Nielsen, 1975). Except under certain circumstances (clear, 

mid-day in summer) .in some eutrophic lakes (cf. Schindler and Fee, 1975), 

the amount of CO supplied by invasion from the atmosphere is rapid ' 2 

enough so that it is usually not limiting to the photosynthetic 

production of marine plants. Increase of the partial pressure of 

atmospheric carbon dioxide might induce a corresponding increase in the 

NPP of marine plants, but field measurements obtained so far are still 

not conclusive (Small et al., 1977). 



The growth o f  marine microphytes (a lgae  and diatoms) i s  known t o  be  

l i m i t e d  by t h e  a v a i l a b i l i t i e s  o f  nonchelated n i t rogen ,  phosphorus, and 

s i l i c o n  i n  t h e  ocean (Stengel  and Soeder,  1975).  Thus, t h e s e  microphytes 

may n o t  be a b l e  t o  u t i l i z e  f u l l y  t h e  p red ic t ed  a d d i t i o n  o f  carbon d ioxide  

t o  t h e  ocean. S e a w e e k a n d  o t h e r  aqua t i c  macrophytes growing along t h e  

c o a s t a l  r eg ions  probably g e t  s u f f i c i e n t  n u t r i e n t s  from r i v e r  runof f ;  

however, t h e  con t r ibu t ions  of  t h e s e  organisms t o  t h e  t o t a l  budget of 

marine organic  carbon a r e  probably small  (Botkin, 1977).  I t  i s  probably 

v a l i d  t o  assume t h a t  t h e  change i n  NPP of  a q u a t i c  p l a n t s  would remain 

small  w i th in  t h e  t ime span o f  t h i s  s imula t ion ,  o r  a t  l e a s t  i n  t h e  

e a r l y  decades before  d r a s t i c  change of  ocean c i r c u l a t i o n  and c l ima te  

might occur .  Hence, f o r  t h i s  s tudy ,  NPP o f  marine p l a n t s  i s  kept  a t  t h e  

p re sen t '  r a t e  o f  31 Gtons/year (c.f .  P l a t t  and Subba Rao, 1975; Fogg,: 1977) . 

. 3.3.6.  Primary Production of  T e r r e s t r i a l  Bio ta  

A s  i n  Eriksson and Welander [1956), n e t  primary product ion (NPP) 

t e r r e s t r i a l  b i o t a  is. assumed t o  vary p o s i t i v e l y  wi th  t h e  amount of  

atmospheric carbon and t h e  mass of  t h e  b i o t a .  Net primary product ion 

can be  modeled a s  t h e  product o f  a logar i thmic  func t ion  o f  t h e  

r e l a t i v e  i n c r e a s e  o f  atmospheric carbon ad jus t ed  by a b i o t i c  growth 

f a c t o r ,  6, and t h e  r e l a t i v e  i n c r e a s e  o f  carbon.  i n  t h e  b i o t a   eelin in^, 

1973a; Ra.castow and Keeling, 1973; Keeling and Bacastow, 1977; Olson 

e t  a l . ,  1978).  The l a t t e r  r e l a t i o n ,  e s p e c i a l l y  t h e  e a r l y  r i s i n g  phase, 

can be approximated roughly by a power func t ion  o f  t h e  r e l a t i v e  change 

i n  t h e  carbon mass per  u n i t  a r e a  o f  each ecosystem. The employment 



of the mass per unit area ("density") takes into account the recession 

in forest areas caused by various human activities. 

A slightly modified form of the flux of carbon from the atmosphere 

to the land biota at a high concentration of atmospheric carbon dioxide 

is developed in this study. This is an adaptation of Keeling's (1973a) 

formulation. The function is expressed by the formula 

where ca = mass of carbon in the.atmosphere at time t, 

,= * .= mass of atmospheric carbon at steady state, 
a 

qb = carbon mass per unit area at time t, 

qb* = carbon mass per unit area at steady state, 

E~ = environmental coefficient of C02 enrichment, and 

E~ = limiting effect of increasing density of carbon mass. 

The biotic growth factor, B, accounts for the availability of 

limiting resources for photosynthesis under natural conditions and for 

the genetic variation of the individual tree species in utilizing carbon 

dioxide. Values for B may range from 0 to 0.4 (Keeling, 1973a), but 

ought to reflect the wide spectrum .of potential production responses 

expected for various ecosystems. In this model, B for the Northern 

Woods is set equal to 0.15; for both the Southern Woods and the Nonwoods, 

B = 0.2. 

Since gas exchanges in photosynthesis and respiration are carried 

out mainly through the boundary layers of leaf and bark surfaces, it 

might be appropriate to relate the fluxes of carbon dioxide with change 



i n  s u r f a c e  a r e a  t h a n  w i t h  change i n  biomass.  The exponent 2 / 3  ( i . e . ,  

t h e  area:volume r a t i o )  i n  t h e  e q u a t i o n  changes  t h e  dimension r e l a t i o n  

from a  f u n c t i o n  o f  mass ( o r  volume) t o  a  f u n c t i o n  o f  a r e a .  

I n  g e n e r a l ,  t h e  p l a n t ' s  r e s p o n s e  t o  a  p a r t i c u l a r  env i ronmenta l  

f a c t o r  can  be  d e f i n e d  by a n  i d e a l i z e d  growth r e s p o n s e  c u r v e  (Russo and 

Knapp, 1976) .  T h i s  c u r v e  u s u a l l y  h a s  a  " t o l e r a n c e "  range ,  a  na r rower  

"growth" r a n g e  and w i t h i n  which, an  "optimum" r a n g e  o f  v a l u e s .  

P h y s i o l o g i c a l  a c t i v i t i e s  o f  t h e  p l a n t  can  o n l y  occur  between t h e  upper  

and lower l imits o f  t h e  growth r a n g e .  Growth r a t e  i s  maximum w i t h i n  

t h e  optimum r a n g e .  For each v a l u e  (v) o f  any growth p r o c e s s ,  t h e r e  i s  

a  r e l a t e d  environmental  c o e f f i c i e n t  ( E )  which i s  c o n s i d e r e d  a s  a measure 

o f  t h e  p l a n t ' s  p h y s i o l o g i c a l  r e s p o n s e  t o  t h i s  p r o c e s s .  A h y p e r b o l i c  

d e c r e a s e  i n  any p r o c e s s  i s  assumed o u t s i d e  t h e  optimum r a n g e .  Thus, 

t h e  c o e f f i c i e n t  E would assume one o f  t h e  f o l l o w i n g  v a l u e s ,  

where g  i s .  t h e  upper  v a l u e  o f  t h e  growth range ,  and 

m i s  t h e  upper  v a l u e  o f  t h e  optimum r a n g e .  

Measurements o f  NPP o f  t r e e  s p e c i e s  a t  v e r y  h igh  ambient CO 
2 

l e v e l  a r e  few and t h e  r e s u l t s  a r e  i n c o n c l u s i v e .  Fur thermore,  a lmos t  a l l  

o f  t h e s e  measurements a r e  d o n e ' i n  l e a f  o r  growth chambers where t h e  

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

f i e l d .  Some o f  t h e  r e c e n t  s t u d i e s  a r e  reviewed by Lemon (19771, and an 



annotated bibliography on the,effects of global C02-enrichment on plants 

have been ,compiled by Strain (1977) . 
The increase of total NPP of a plant community under an enriched 

C02 atmosphere may be hindered by other limiting factors (cf. Attiwill, 

1971; Botkin, 1977; Delwiche and Likens, 1977; Zinke, 1977). However, 

there are also measurements of photosynthesis in stressed or polluted 

environments that show substantial increases in NPP (e.g., Wright, 

1974; Hurt and Wright, 1976; Bryan and.Wright, 1976; Green and Wright, 

1977). Even under very high ambient CO concentration with favorable 2 

light and nutrient supplies, NPP also may be slowed down by the closure 

of leaf stomata or from plant tissue injury (Gaastra, 1959; Zelitch,, 

1971), or even by the high starch content in the leaves (Hofstra and 

Hesketh, 1975) . 
Several experimental results suggest that CO enrichment effect 2 

may approach the upper ceiling at atmospheric concentration of from 

650 ppm for Eucalyptus (Brittain and Cameron, 1973) to about 2400 ppm 

for the cucumber (Aoki and Yabuki, 1977). In general, plants following 

the C4 pathway of photosynthesis saturate at a CO level of about 1000 2 

ppm, whereas most other plants with C type metabolism only.show 3 

inhibition at about 2500 ppm (Leopold and Kriedemann, 1975; Noggle and 

Fritz, 1976). These figures would be lowered considerably in natural 

conditions (cf. Totsuka, 1966; Lister and Lemon, 1976) because of mutual 

shading and competition for nutrients. In the present study, the 

optimal atmospheric C02 concentration for NPP [variable m in Eq. (3.10)] 

was set,at 1000 .ppm. The average NPP would be allowed to decrease with 



the further increase of atmospheric carbon dioxide. At higher than 

5000 ppm atmospheric C 0 2  level [variable g in Eq. (3.10)], NPP is 

assumed to cease completely (cf. Moore, 1976; BolhAr-Nordenkampf, 1976). 

Only scant field measurements are available for relating plant 

biomass to NPP (cf. Kira, 1975). Japanese studies have shown that leaf 

biomass and gross production rate tend to reach an asymptotic value 

within a relatively short period after the closure of forest canopy, 

whereas total plant biomass and community respiration continue to 

increase with age slowly but steadily. As a result, net production 

rate is expected to reach a maximum after the complete closure of 

canopy, and thereafter to decline gradually as the mass and plant 

respiration per unit area increase and the irradiation below the 

canopy decreases (cf. Hellmers, 1964; Kira, 1975; Reichle, in press). 

Except for some open woodlands and savannas, the mature natural 

forests are usually closed forest. Thus, any increase in the carbon 

"density" will probably retard the rate of net production, if other 

conditions are held constant. The 1860 values of carbon "density" in 

Northern Woods, Southern Woods, and Nonwoods were assumed to be the 

optimal values [m's in Eq. (3.10)] in this study (see below). However, 

thinning may have proceeded so far by that time that the optimum is 

really higher. 

In preagricultural time when the destruction of forest by man was 

still insignificant, the growth of forest would approach or even 

overshoot an equilibrium with the particular site and climate of the 

region. The "density" of carbon in these forests would indicate the 



probable  average maximal v a l u e  supported under l o c a l  environmental 

cons t r a in t s - a l lowing  f o r  n a t u r a l  f l u c t u a t i o n s .  For l i v e  biomass, t h e s e  

v a l u e s  were taken a s  1 .35  and 1 .4  t imes t h e  1970 va lues  f o r  t h e  Northern 

Woods and Southern Woods, r e s p e c t i v e l y .  S imi l a r  va lues  f o r  dead organic  

m a t t e r  might be l a r g e r  due t o  t h e  prolonged accumulation o f  humus and 

p e a t s .  Hence, t h e  maximal va lues  [g i n  Eq. (3 .10) ]  f o r  carbon t t dens i ty t '  

i n  t h e  t e r r e s t r i a l  biosphere were s e t  a r  1 . 5  rimes rhe  1970 va lues  f u r  

both t h e  r a p i d l y  exchanging carbon and t h e  slowly exchanging carbon. 

Higher va lues  a r e  p o s s i b l e  over  l imi t ed  a r e a s ,  and poss ib ly  could apply  

ove r  wide a r e a s  i f  f o r e s t  management allowed i t .  

3.4.  SYSTEMS REPRESENTATION AND MATHEblATICAL FORMULATION 

I n  t h e  p re sen t  model, t h e  t o t a l  carbon i n  na tu re  i s  considered t o  

c y c l e  w i t h i n  a  c losed  system. Nineteen compartments a r e  descr ibed  by 

s t a t e  v a r i a b l e s  f o r  t h e i r  carbon mass and a n c i l l a r y  t rea tment  covers  

changes o f  a r e a ,  and of  amounts per  u n i t  a r e a .  Mathematically,  t h e  

dynamics o f  t h e  change i n  carbon mass i n  t h e s e  compartments can be 

r e p r e s e n t e d  by a  system o f  non l inea r  o rd ina ry  d i f f e r e n t i a l  equat ions .  

Let ci* be  t h e  mass o f  carbon a t  s t eady  s t a t e  i n  compartment i a s  given 

i n  Table 1 (page 33),  and F . *  be t h e  s t e a d y - s t a t e  carbon f l u x  from 
i, J 

compartment i t o  compartment j a s  .given i n  Table 2 (page 4 0 ) .  The r a t e  

c o n s t a n t  ai j  i n  t h e  d i f f e r e n t i a l  equat ions  i s  given by . 

The dynamic equat ions  f o r  changes o f  elemental  carbon i n  t h e  

t roposphere  ( c  ) and i n  t h e  s t r a t o s p h e r e  (c2)  a r e :  
1 



where u ( t )  i s  t h e  inpu t  due t o  f o s s i l  f u e l  combustion; and  q i ( t ) ,  

i=10,  ..., 15 i s  t h e  d e n s i t y  of  carbon i n  compartment i. 

Only one equat ion i s  used t o  d e s c r i b e  t h e  t ime course  o f  carbon i n  

t h e  l i v i n g  a q u a t i c  organism (c  ) .  However, t h e  dead organisms and , '  3 

o t h e r  organic  mat te r  i n  t h e  mixed ' layer  (c  ) and i n  t h e  subsur face  waters  
4 

( c  ) a r e  t r e a t e d  s e p a r a t e l y :  
5 

The d i f f e r e n t i a l  equat ion desc r ib ing  t h e  change of  i no rgan ic  carbon 

d isso lved  i n  ground waters i s  a s  fo l lows:  

The dynamics o f i n o r g a n i c  carbon i n  t h e  mixed l a y e r  ( c ) ,  t h e  
, 

thermocline (c  ) and the  deep ocean (cg)  a r e  modeled by t h e  fol lowing 
8 

cquat ions : 



C9 = a5,9C5 
-1. a + a 

7,gC7 + a8,9c8 16,gC16 - a9,8C9 ' (3.20) 

For the six terrestrial biotic compartments, the mass balance 

equations are: 



where f 1, i  = F 1 , i  * { l  + Bi 1n[.(c1 + c2) / (c1*  + c 2 * ) ] }  

2/3E 
cl(qi/qi*) 2 , i  $ i = 10, 11, .. ., 15 . (3.27) 

The d e n s i t i e s  qi a s soc i a t ed  wi th  t h e  t e r r e s t r i a l  compartments a r e  

given by 

where A 0 N S 
Al l  = A ; A12, A13 = A ; and A14, A15 = A . 

Two o f  t h e  remaining fou r  equat ions  desc r ibe  t h e  t ime behavior  of  

i no rgan ic  carbon pools  i n  ca lcareous  t e s t s  and d e t r i t a l  carbonates  

(clG) and sedimentary carbonates  ( c  17) .  The o t h e r  two equat ions  d e f i n e  

t h e  r a t e  of  change o f  organic  carbon i n  t h e  r e a c t i v e  sediment pool 

(c18) and t h e  l i t h i f i e d  organic  sediment (clg) . These equat ions  a r e :  

I n  t h e  computer ,program, t h e  c a l c u l a t i o n  i s  organized s l i g h t l y  

d i f f e r e n t l y  t o  allow f o r  f u t u r e  modi f ica t ions  of  t h e  carbon d e n s i t i e s ,  



qi • 

The r a t e s  of  change of t h e  s i x  b iosphe r i c  compartments a r e  computed 

. . . d i r e c t l y  a s  t h e  d e r i v a t i v e  of  t h e  pro'duct of  ( a r ea )  x (dens i ty ) ,  i . e . ,  

The va lues  of  mass/area (dens i ty )  a r e  es t imated  a t  p re sen t  from t h e  

mass-balance equa t ions  ( i . e . ,  Eqs. 3.20 t o  26; with c i  rep laced  by 

? : 
c i = 10, ..., 15,. i n  t h e  computer program) and t h e  a p p r o p r i a t e  a r e a  

. . i ' 
o f  t h e  ecosystem groups. 



CHAPTER 4 

COMPUTER SIMULATIONS AND RESULTS 

4 .1 .  IMPLEMENTATION OF THE MODEL 

. . 
. . 

The nonl inear  system s f  d i f f e r e n t i a l '  equa t ions  which d e f i n e s  t.he 

p re sen t  model has been solved by numerical i n t e g r a t i o n  on t h e  computer. 
. : .  

The computer program i n  the  Appendix i s  coded i n  I B M ' S  Continuous 

Simulat ion Modeling program-111 (CSMP-111) . s ' imulation language (IBM, 

1975).  This  s p e c i a l  language o f f e r s  a  s tandard  framework f o r  

r ep re sen t ing  t h e  model s t r u c t u r e ,  provides many func t iona l  u n i t s  which 

a r e  e a s i l y  incorpora ted  i n t o  a  model, and r e q u i r e s  only  a  few con t ro l  

s ta tements  t o  o b t a i n  l i n e - p l o t s  and t a b u l a t i o n  o f  t h e  o u t p u t s .  This  

language i s  a  p r o p r i e t a r y  sof tware  package and depends on t h e  use  o f  IBM 

machines and usua l ly  occupies  a  s u b s t a n t i a l  co re  requirement  i n  t h e  

computer. Yet t he  r e l a t i v e  e a s e  and speed of  achiev ing  a  workable , .  

program makes i t  a  h e l p f u l  t o o l  i n  t he  developmental s t a g e  o f  many 

s imula t ion  models. A l l  s imula t ion  runs  have u t i l i z e d  t h e  IBM 360/75 
. . 

o r  360/91 machine a t  t h e  Oak ' ~ i d ~ e  National Laboratory. The p l o t t i n g  ., 

programs a r e  w r i t t e n  i n  DISSPLA ( In t eg ra t ed  Software System Corporation,, 

197.'0) language which i s  a  s p e c i a l  sof tware  package f o r  prepar ing  graphic . . 

. . 
, . d i s p l a y s  on the  var ious  output  dev ices .  

In t hc  prcsent  model, t h e  time cons t an t s  (o r  f r a c t i o n a l  tu rnover  

r a t e s )  a s soc i a t ed  with each compartment have .a  l a r g e  range of  va lues  

(from > 1000 years  t o  ~1  year o r  l e s s ) .  Systems o f  d i f f e r e n t i a l  



equa t ions  with t h i s  c h a r a c t e r i s t i c  a r e  u s u a l l y  numerical ly  s t i f f  (Gear, 

1971).  The CSMP-I11 package provides an i n t e g r a t i o n  method c a l l e d  

STIFF t o  handle t h i s  t y p e  o f  system. However, t h e  subrout ine  i s  a v a i l a b l e  

o n l y  i n  s i n g l e  p r e c i s i o n  ope ra t ion ,  and i s  l i k e l y  t o  accumulate e r r o r s  

du r ing  t h e  many i n t e g r a t i o n  s t e p s  when t h e  system i s  solved f o r  a  long 

t imc pc r iod .  I t  i s  u s c f u l  t o  note  t h a t  t h c  p rc scn t  modcl i 5 . a  c loscd  

system i n  t h e  sense  t h a t  carbon n e i t h e r  e n t e r s  nor l eaves  t h e  system. 

To keep t r a c k  o f  t h e s e  e r r o r s ,  d i f f e r e n c e s  i n  f i n a l  and i n i t i a l  va lues  

o f  t h e  t o t a l  mass of  carbon were used t o  check t h e  e x t e n t  of  d e f i c i t  

from round-of f .  

4 .2 .  SIMULATION SCENARIOS 

Four s e p a r a t e  c a s e s  d i f f e r i n g  mainly by t h e  d i f f e r e n t  f o r c i n g  

f u n c t i o n s  (F igure  4 )  were s imula ted .  The t ime per iod  f o r  each run  was . . 

t h e  same f o r  a l l  cases-from 1860 t o  2460. These scena r ios  can be 

contemplated a s  conce ivable  s t r a t e g i e s  o r  management p o l i c i e s  o f  f o s s i l -  

f u e l  consumption and land c l e a r i n g  i n  t h e  f u t u r e .  We do not  know t h e  

e x a c t  f u t u r e  s cena r io ,  b u t  can examine cases  t h a t  hopefu l ly  b racke t  t h e  

r e a l  f u t u r e .  The 19 i n i t i a l  pool s i z e s ,  44 f l u x e s ,  and about  20 o t h e r  

parameters  were s p e c i f i e d  a s  d iscussed  i n  Sec t ions  3 .1  and 3.2.  

System responses from a l t e r n a t i v e  choices  o f  t h e s e  parameters  w i l l  be  

d i scussed  i n  Chapter 5. 

Case 1 i s  t h e  "nominal" o r  r e f e rence  run .  I t  i s  chosen a s  t h e  

s t anda rd  a g a i n s t  which t h e  o t h e r  s imula t ion  experiments a r e  compared. 

The annual i npu t  o f  f o s s i l  carbon used i n  t h i s  s imula t ion  run  i s  assumed 



SOURCE FUNCTIONS 

YEAR 

Figure 4. Different scenarios.of annual carbon input from fossil fuel and cement. Case 1: 
l'nominal"' scenario ., Case 2: "delayed ccnsumptian" scenario. Case 3.: "slow burner" 
scenari~. 



t o  r e p r e s e n t  a  s l i g h t  moderat ion o f  t h e  p re sen t  t r e n d  (F igure  4 ) .  

P r o j e c t i o n  o f  t h e  annual r e l e a s e  o f  CO from f o s s i l - f u e l  combustion and 
2  

cement' manufactur ing beyond 1974 was c a l c u l a t e d  from E q .  (3.1) with t h e  

i n i t i a l  r a t e  parameter ,  r = 0.0435 yr-l, and t h e  exponent ia l  cons t an t ,  

n  = 0.427 de r ived  from E q .  (3 .3) .  

Case 2 r e p r e s e n t s  a "dolaycd consumption" scenario. A s i a i i l a r  

modif ied l o g i s t i c  equa t ion  was employed t o  project .  the. f u t u r e  r e l e a s e  

o f  f o s s j l  carbon. To o b t a i n  a  low-release curve,  t h e  exponent ia l  cons t an t  

was reduced t o  n  = 0.1.  The i n i t i a l  r a t e  parameter was computed a s  i n  

E q .  (3.4)  from which a  va lue  o f  0.11 was obta ined .  

Case 3 t y p i f i e s  t h e  "slow burner" s cena r io  wi th  d r a s t i c  (probably 

v e r y  u n r e a l i s t i c )  and sudden decrease  i n  t h e  expansion o f  f o s s i l - f u e l  

burn ing .  The source  f u n c t i o n  o f  f o s s i l  carbon was given by E q ,  ( 3 . 6 )  

with  a  decreas ing  r a t e  parameter .  I t  was computed according t o  t h e  

procedure  d i scussed  i n  Sec t ion  3'. 3 . 2 .  This s cena r io  can be considered 

a s  one r e p r e s e n t i n g  p o s s i b l e  r educ t ion  of t h e  f u t u r e  r a t e  o f  f o s s i l -  

f u e l  burning.  The exponent ia l  cons t an t  i n  E q .  ( 3 . 6 )  had t h e  same va lue  

a s  i n  Case 1, i . e . ,  n  = 0.427. 

Case 4  combined t h e  reduced inpu t  o f  f o s s i l  carbon a s  i n  Case 3 

b u t  wi th  an  a d d i t i o n a l  damping a c t i o n  from an improved biomass manage- 

ment. I t  may be c a l l e d  t h e  "combination" scena r io .  Besides a  decreas ing  

r a t e  o f  f o s s i l - f u e l  consumption, i t  was assumed t h a t  a  l a r g e r  p o r t i o n  o f  

t h e  s lowly  exchanging carbon i n  t h e  wooded compartments would be s to red  

i n  t h e  r e a c t i v e  sediment-deep humus compartment a f t e r  2000 A.D.  This  

might .be t h e  r e s u l t  o f  b e t t e r  s o i l  management p r a c t i c e s  i n  ag r i cu . l t u re  



and f o r e s t r y ,  i nc reases  of  carbon i'n wet lands,  and i n  deep s o i l  hor izons  

o r  t h e  d e l i b e r a t e  u t i l i z a t i o n  of  t imber a s  m a t e r i a l s  i n  c o n s t r u c t i o n  

and durable  commodities i ndus t ry ,  with d e l i b e r a t e  de lays  i n  r ecyc l ing .  

In  t h e  model, t h e s e  va r i ed  p o s s i b i l i t i e s  f o r  delayed o x i d a t i o n  a f t e r  

2000 A . D . ,  were s imulated simply a s  i f  1% per  year  o f  t h e  s lowly  

exchanging carbon i n  t he  wooded compartments were t r a n s f e r r e d  

cont inuous ly  t o  t h e  sediment-deep humus compartment (compartment 18 ) .  A t  

t h e  same time, t h e  b i o t i c  growth f a c t o r s  f o r  t h e  Northern Woods and the  

Southern Woods' compartments were r a i s e d  t o  0.2 and 0.25, r e s p e c t i v e l y .  

The fol lowing s e c t i o n s  w i l l  f i r s t  d i s c u s s  t h e  behavior  o f  t h e  

"nominal" run  i n  cons iderable  d e t a i l .  Responses of t h e  model i n  t h e  

"slow burner" s cena r io  w i l l  s e rve  f o r  comparison t o  i l l u s t r a t e  t h e  

d i f f e r e n c e s .  Resul t s  from Cases 2 and 4  w i l l  be d iscussed  in .  Chapter 6  

where they  a r e  most r e l e v a n t  t o  a l t e r n a t i v e  p o l i c i e s  of  f o s s i l - f u e l  

consumption and b iosphe r i c  management. 

4 .3.  TRIAL RESULTS AND DISCUSSIONS 

4.3.1.  Anthrouoeenic Releases o f  F o s s i l  Carbon 

Est imates  of  t h e  annual i npu t  of  f o s s i l  carbon used i n  t h e  d i f f e r e n t  

s cena r ios  a r e  given i n  Table 4 .  The p r o j e c t i o n s  a s s o c i a t e d  with t h e  

"nominaltt c a se  a r e  s l i g h t l y  l e s s  than t h e  p red ic t ed  l e v e l s  o f  f o s s i l - f u e l  

consumption suggested by Hamilton (1977). The emission r a t e  a t  2000 A . D .  

was near  t h e  11 Gtons/year assumed by Niehaus (1976) a s  t h e  o p t i m i s t i c  

equ i l i b r ium s t r a t e g y  i n  h i s  s tudy .  This  v a l u e  a l s o  came w i t h i n  t h e  range  

of  8 .5  t o  15 Gtons/year given by Rotty (1977) who based h i s  e s t ima te s  



Table 4. Annual. and Cumulative Release of Carbon from Fossil Fuel and Cement 

Scenario 1975 1980 1985 2000 2020 2025 ,..- Peak (Year) 

Annual Release (Gton/year) 

Nominal 5.05 5.92 6.90 10.62 17 :4 2 19.41 42.48 (2101) 

Delayed 5.03 

Slow burner or 4.90 4.96 5.03 5.23 5.50 5.57 13.20 (2382) 
combination 

Cumulative Release (Gton) 

Nominal ' 142.2 169.6 201.6 331.5 608 .'5 ,700.5 . 

Delayed 142.2 169.2 . 200.0 318.6 547.2 618.1 

Slow burner or 142.1 164.? i85.8 244.2 317.9 526.2  
combination 



on fue l -use  t r ends  and t h e  d i f f e r e n t ,  r eg iona l  p a t t e r n s  .of energy demand. 

Hamil-ton's (1977) p r o j e c t i o n  o f  . f o s s i l - f u e l  ,consumption f o r  t h e  year  , . 

2000 i s  about  14 Gtons/year.  

The peak r a t e  of r e l e a s e  f o r  the.  "nominal" s cena r io  would occur  i n  . 

2101 A.D.  when t h e  f o s s i l  carbon would r e l e a s e  a t  : t h e  r a t e  o f  4 2 . 5  Gtons/ 

year .  In  t h e  "delayed consumption" scena r io , . . t he  peak would be de1,ayed 

fo r .  anoth'er 20 'years ,  i . e . ,  a t  2 1 2 1  A . D . ,  and t h e  maximum r a t e  of  

r e l e a s e  would be about 28.4 Gtons/year (F igure  4 ,  page 75) .  

The o t h e r  source func t ion  used by both t h e  "slow burner" and the  

"combinationtf s cena r ios  p ro j ec t ed  a  very  slow inc rease  i n  t h e  f o s s i l -  

f u e l  consumption and cement manufacturing over  an  extended per iod  o f  t ime.  

The peak would be delayed f u r t h e r  u n t i l  2382 A . D .  when on ly  13.2 Gtons/ 

year  o f  f o s s i l  carbon would be r e l e a s e d  ( F i g y e  4 ) .  

This  source func t ion  r e p r e s e n t s  a  very.modest  r o l e  f o r  f o s s i l - f u e l  

consumption i n  t h e  f u t u r e .  I t  can be argued t h a t  i n  t h e  next  25 o r  50 

years ,  t he  supply o f  f o s s i l  f u e l  would be a  determinant  i n . f o r m u l a t i n g  

any n a t i o n a l  energy po l i cy .  The demand f o r  energy i n  t h e  developed 

c o u n t r i e s  would be met i n c r e a s i n g l y  by nonfoss i l  sources ,  most l i k e l y  

nuc lear  o r  s o l a r  (Weinberg. and Rotty,  1977).  Most of  t he .deve lop ing  

c o u n t r i e s  have n e i t h e r  t h e  r e sou rces  (geologica l  o r  economic) nor  t h e  

s o c i a l  i n f r a s t r u c t u r e  t o  adopt such an ,energy-in' tensive l i f e s t y l e .  

Hence, t h e  demand f o r  f o s s i l  f u e l  i n  t h e  near  f u t u r e  might p o s s i b l y  be 

lower than  t h e  c u r r e n t  e s t ima te s  proposed by Rotty (1977) and Niehaus 

(1976).  The h igher  peak r e l e a s e s  p ro j ec t ed  i n  t h e  "nominal" and t h e  

high b u t  "delay consumptiontt s c e n a r i o s  might no t  be r e a l i z e d  a s  t h e  



unacceptable  eco log ica l  impacts of  a high l e v e l  o f  atmospheric CO 2 

g r a d u a l l y  induce a l l  o f  human , soc i e ty  t o  s h i f t  t o  a s t r a t e g y  o f  moderate 

r e l e a s e  (Olson e t  a l . ,  1978, F ig .  6-3) .  

By 1970, an es t imated  120 Gtons o f  carbon had been r e l e a s e d  from 

cement and f o s s i l  f u e l .  According t o  t h e  "nominal" case ,  t h i s  v'alue 

would i n c r e a s e  t o  332 Grons by the  ~ I I J  ol: t h i s  century .  I n  t h c  " 3 1 0 ~  

burner"  s cena r io ,  t h e  cumularive r e l e a s e  wuulcl Le about  244 Gtons i n  

2000 A . D . ,  and l e s s  than  5000 Gtons o f  carbon would be r e l e a s e d  t o  t h e  

atmosphere between 1860 and 2460 (Table 4,  page 7 5 ) .  

4 . 3 . 2 .  Anthropogenic Releases  o f  Biospheric  Carbon 

Table 5 summarizes one hypothes is  o f  c r e d i b l e  annual and cumulative 

r e l e a s e s  o f  b iosphe r i c  carbon from l and-c l ea r ing  a c t i v i t i e s  whose 

consequences a r e  examined i n  t h e  s imu la t ions  t h a t  fol low.  A s  mentioned 

i n  S e c t i o n  3.3,  on ly  those  p a r t s  o f  t h e  organic  carbon t h a t  a r e  r e l e a s e d  

d i r e c t l y  t o  t he  atmosphere o r  a r e  s h i f t e d  from slowly t o  r a p i d l y  

exchanging pools  w i l l  have any apprec i ab le  i n f luence  on t h e  near-term 

behavior  o f  t he  carbon c y c l e .  Note t h a t  t h e  turnover  t ime o f  delayed 

r e l e a s e s  o f . b i o s p h e r i c  carbon r e q u i r e  s e v e r a l  years ,  so . t h e  a c t u a l  

amounts reaching  t h e  atmosphere a s  t h e  model ope ra t e s  a r e  lower than  the  

e s t i m a t e s  given i n  F igure  5 f o r  years  o f  r i s i n g  r e l e a s e , . a n d  h ighe r  i n  

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

About 1 .33  Gtons/year o f  organic  carbon a r e  es t imated  t o  have been 

c l e a r e d  from t e r r e s t r i a l  f o r e s t s  i n  1860 A.D.  Of t h i s  amount, on ly  

0.28 Gtons were r e l e a s e d  promptly t o  t h e  atmosphere i n  t h e  same .year; 



Table 5. Annual and Cumulative Amounts of Biospheric Carbon Assumed to be Removed and Released 

1900 1950 1970 1975' 1980 2000 2050 2100 

Annual Transfer (Gton/year) , . . . . 

Total removed* 1.340 2.632 4.040 4.520 5.060 4.731 1.081 0.443 

Prompt release 0.285 0.568 0,876 0.980 1.097 1.022 0.231 0.094 

Delayed release 0.474 0.962 1.488 1.667 1.867 1.740 0.388 0.155 

Relocated ' 0.581 ' 1.102 1.676 1.873 2.096 1.969 0.462 0.194 

Cumulative Transfer (Gton) 

Total removed* 52.91 143.99 210.49 232.23 256.56 354.01 468.56 502.47 m I-' 

Prompt release 11.20 70.74 45.14 49.85 55.13 76.22 100.82 108.04 

Delayed releas,e - 18.43 51.28 . 75.70 83.71 92.69 528.59 170.35 182.39 

*Difference between releases and total removed is assumed to persist as humus with slow 
turnovers in nonwooded compartments or sediments relocated by soil erosion. Numbers do not add up 
because of rounding. 
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0.46 Gtons a r e  assumed t o  c o n s t i t u t e  t h e  delayed r e l e a s e  (Figure 5 ) .  
. . 

The remainder was assul~led t o  p e r s i s t  a s  humus with "slow" turnover  r a t e  

n e a r l y  unchanged, even though s o i l  had changed s t a t u s  from wooded t o  

nonwooded ecosystems. F igure  5 a l s o  shows t h a t  t h e  r e l e a s e  of both 

c a t e g o r i e s  of  carbon inc rease  a b r u p t l y  a f t e r  1890 and reach  a peak 

va lue  o f  2.96 Gtons/year i n  1980. I f  t h e  d e f o r e s t a t i o n  r a t e  i n  t h e  

Southern Woods reg ion  i s  considered t o  s t a b i l i z e  and decrease  a f t e r  

1980, t h e  t o t a l  b iosphe r i c  r e l e a s e  would a l s o  decrease  s lowly t o  2.71 

Gtons/year i n  t he  -year 2000 and then  would drop p r e c i p i t o u s l y  i n  

subsequent yea r s .  

The s t e e p  inc rease  o f  b iosphe r i c  carbon r e l e a s e s  s i n c e  1890 a l s o  

i s  shown by t h e  cumulative r e l e a s e s  (Figure 6 ) .  From 1860 t o  1950, t he  

cumulative amount o f  b iosphe r i c  carbon from d e f o r e s t a t i o n  a c t i v i t i e s ,  

t r a n s f e r r e d  from both t h e  Northern Woods and t h e  Southern Woods reg ions ,  

i s  es t imated  t o  be 144 Gtons. Only about 82 Gtons o f  t h e  carbon i s  

r e l e a s e d  t o  t he  atmosphere e i t h e r  promptly o r  delayed f o r  a few yea r s .  

That which i s  no t  r e l e a s e d  a s  C02 i s  a t  l e a s t  r e d i s t r i b u t e d  t o  t h e  slow 

carbon pool o f  t h e  Nonwoods compartment. The t o t a l  cumulat ive r e l e a s e  

was est imated t o  i nc rease  t o  121 Gtons i n  1970 and t o  reach  205 Gtons 

i n  2000.A.D. (Table 5 ) .  . T h e r e a f t e r ,  t h e  excess  carbon coming from 

nonfoss i l  sources i n c r e a s e  vcry  slowly. 

The amounts o f  b iosphe r i c  carbon r e l e a s e d  t o  t h e  atmosphere a r e  

very  much t h e  same i n  t h e  "nominal, " the '  "helayed, " and t h e  "slow burner" 

s cena r ios .  In  t he  "combinationtf s cena r io ,  however, t h e  c o n t r i b u t i o n  of  

nonfoss i l  carbon i s  l e s s  than  t h e  o t h e r  ca ses ,  e s p e c i a l l y  a f t e r  t h e  peak 
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Figure 6 .  C u m l a t i v e  r e l e a s e s  o f  carbon from d e f o r e s t a t i o n  and combustian of  f o s s i l  f u e l  
( t tmmina l t t  s cena r io )  . P. Bio: prompt r e l e a s e  o f  b iosphe r i c  carbon. D .  Bio: delayed 
r e l e a s e  o f  b iosphe r i c  carbon. F .  F .  : f o s s i l  carbon. 



r e l e a s e  i n  1980. This  i s  t h e  r e s u l t  o f  a d d i t i o n a l  f l u x e s  o f ' c a r b o n  

going t o  t h e  deep hunius compartment a n d ' t h e  e f f e c t  of  h ighe r  b i o t i c  

growth f a c t o r s  on s t o r a g e  of  carbon. 

Comparing the  cumulative r e l e a s e s  o f  f o s s i l  and nonfoss i l  carbon, 

t h e r e  i s  a g r e a t e r  cont . r ibut ion i n i t i a l l y  from t h e  b i o t a  than  from t h e  

f o s s i l  sources a s  was suggested by S t u i v e r  (1978).  However, t h e  share  

from f o s s i l  f u e l  i nc reases  r a p i d l y  and by 1970, both sources  have 

a l r e a d y  con t r ibu ted  approximately an equal amount, %I20 Gtons, t o  ' t he  

atmosphere over  t h e  per iod  s i n c e  1860. 

Figure 7 shows t h e  cumulat ive r e l e a s e s  o f  b iosphe r i c  and f o s s i l  

carbon i n  t h e  "slow burner" s cena r io .  In  t h i s  case ,  t he  t o t a l  

p roduct ion  o f  f o s s i l  carbon, and hence t h e  t o t a l  anthropogenic r e l e a s e ,  

w i l l  no t  i n c r e a s e  a s  r a p i d l y  a s  those of the,"nominalV c a s e .  tlowever, t h e  

cumulative amount o f  b iosphe r i c  carbon r e l eased  from both a c t i v e  

c a t e g 0 r i e s . i ~  about t h e  same a s  t h e  amount es t imated  i n  t h e  "nominal" 

c a s e .  . . . .. 

The annual r e l e a s e  of  b iosphe r i c  carbon es t imated  by t h e  p re sen t  

s tudy  was about t h e  same a s  given i n  Baes e t  a l .  (1976). The p r o j e c t i o n s  

f o r  t h e  prompt r e l e a s e  o f  b iosphe r i c  carbon from t h e  wooded compartments 

f o r  t h e  next  25 years  were about 0.98 t o  1.01 Gtons/year.  Corresponding 

p r o j e c t i o n s  f o r  t h e  delayed r e l e a s e  were 1.67 t o  1.87 Gtons/year 

(Table 5, page 81) .  The o v e r a l l  r e l e a s e  was h ighe r  than  t h e  e s t ima te s  

of  Bolin (1977a) and Wong (1978) b u t  was near  t h e  lower l i m i t  o f  t h e  

range o f  va lues  suggested by Woodwell e t  a l .  (1978)'. 
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Figure 7. Cumlative release of anthropogenic carbon ("slow burner" scenario). P. Bio: prorpt 
release of biospheric carbon. D. Bio: de1a:~ed release of biospheric carbon. F; F;: 
fossil carbon. 



. .. ... . . 

Only a few estimates of the cumulative input of biospheric carbon 

are available. Except for the rough estimate given by Hutchinson (1954), 

the other values are based on the measurements of radiocarbon ratios. 

from a limited sample of dated tree rings. Hutchinson's (1954) estimate 

for the period 1900 to 1935 was about 20 Gtons of carbon. This value 

might be too low, as Farmer and Baxter (1974) gave an estimate of about 

30  tons over the 20-year period after 1900. The former value compared 

favorably with the result of about 17 Gtons obtained 2n this study . . 
, . 

(Figure 6, page 84). The calculation given by Stuiver (1978) 'for the 

hundred-year period beginning from 1850 was about 120 Gtons'. This value 

is higher than the,result obtained in this study, even when the possible 

contribution'from the 10-year period before 1860 was added to the 

estimate from the simulation study. However, Wilson (1978) suggested. 

that the total release of nonfossil carbon for the brief period between 

1860 and 1890 would possibly be 110 Gtons. This was 5 times the 'estimate . , .. 

of 22.2 Gtons obtained for the same period in this report. Until more 

estimates from radiocarbon measurements are available, . it is diff.icu1 t 

.to judge the accuracy of these estimates. Refinement of the model would 

be required if further measurements confirm that a substantially larger 
. : 

amount of the biospheric carbon was released before the end of the bast 
. .. 

.. .. 
century. 

4.3.3. Projections of Atmospheric Carbon 

Time courses of carbon level in the atmospheric compartment 
. . 

obtained from a1 1 four scenari.ns a& shown together in Figure 8. In the 
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Figure 8. . Simulated changes of carbon level in the xtmosphere (tro2ospnere + stratosphere). 
Case 1: ."nominal" scenario. Case 2: "delayed consumption" szenario. Case 3: "slow 
turner" scenario. Case 4: "combinationv scenario. 



"nominal" case ,  . the  t r a j e c t o r y  of  atmospheric 'carbon r i s e s  r a t h e r  

r a p i d l y  t o  a peak around 2275 A . D .  and, a f t e r  pass ing  t h i s  peak, 

d e c l i n e s  s lowly.  The es t imated  va lue  a t  1975 was 712 Gtons; it i n c r e a s e s  

t o  861 Gtons i n  t h e  year  2000. A t  t h e  beginning o f  t h e  22nd century ,  

t h e  concen t r a t ion  i n c r e a s e s  t o  more than  f i v e  t imes t h e  o r i g i n a l  va lue  

i n  1860. A doubling of  t h e  p r e i n d u s t r i a l  l e v e l  t o  1196 Gtons i s  reached 

a t  t h e  year  2027. The p ro j ec t ed  peak va lue  reaches  about 6253 Gtons, o r  

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

Revelle and Munk (1977) and Keeling and Bacastow (1977), t h e  r e s u l t s  

ob ta ined  i n  t h i s  r e p o r t  show a  f a s t e r  i nc rease  o f  atmospheric carbon 

and a  doubling time which both a r e  achieved e a r l i e r  i n  t h e  t ime h i s t o r y  

o f  t h e  s in~u la t i ' on .  . . 

In t h e  "slow burner" s cena r io ,  t h e  l e v e l  of  atmospheric carbon-  

i nc reases  a t  a  much slower pace than i n  t h e  "nominal" c a s e  and s t i l l  

shows an inc reas ing  t rend  a t  t h e  l a s t  t ime s t e p  of  t h e  s imu la t ion .  

Compared t o  t h e  "nominal" ca se ,  t h e  es t imated  va lue  i n  t h i s  s imula t ion  

run  f o r  1970 was about t he  same a s  i n  t h e  former ca se .  Atmospheric 

C02 then i n c r e a s e s  t o  809 Gtons i n 2 0 0 0  A.D. ,  bu t  on ly  1257 Gtons i n  
. . 

2100 A.D .  Furthermore, i t  de l ays  f o r  another  60 y e a r s ,  ( i . e . ,  2087 A.D.) ' ,  

t h e  time r equ i r ed  t o  reach twice t h e  amount of  t h e  p r e i n d u s t r i a l  l e v e l .  

A t  t h e  f i n a l  time s t e p  of  t h e  s imula t ion ,  t h e  p ro j ec t ed  carbon l e v e l  

reaches  3376 Gtons, o r  s i x  t imes t h e  1860 concen t r a t ion ,  

The peak va lues  of  atmospheric carbon concen t r a t ion  p red ic t ed  

by many workers ( e .g . ,  Revelle and Munk, 1977; Oeschger e t  a l . ,  1975) 

a r e  about two t o  f i v e  t imes t h e  concen t r a t ion  before  1860 A . D .  



~xceptions are the higher estimates given by Bacastow and Keeling (1973) 

and ~eeling and Bacastow (1977), reaching five to eight times the 

preindustrial value. Options in their models to limit the mass of the 

biosphere seem to retain a higher fraction of the injected carbon in the 

atmosphere; By putting several restraints on net primary production 

(see 'section-3.3.61, the present model predicted a still l ~ i g l i e r  

retention of the atmospheric carbon, reaching slightly mure L11ar1 10 

times ' the initial concentration. 

In retrospect, the low peak values of atmospheric carbon 

concentration obtained from some of the carbon models might be 

explained by: . (1). the unlimited growth of biomass absorbing most of . 

the additional carbon dioxide (see example Fig. 10.1 and Fig. 10.2 .of 

the first model o f  Kevelle and Munk, 1977); (2)' the somewhat'lower 

estimate of the fossil carbon resource (3 to 4 x lo3 Gtons) ultimately 

released (Dugas, 1968; Killough, 1977; Young et al., 1972); or (3) the 

deliberate.constraints imposed on the rate of anthropogenic production 

of carbon dioxide.inttheir simulations (Smil and Milton, 1974; Zimen 

et al., 1977; Siegenthaler and Oeschger, 1978). 
. . 

. 2 ,  

4.3.4. ' Marine Compartments 

The increases of carbon levels in 'the inarine' comp'artments are slow 

and steady initially, but accelerate in the next two or three centuries 

as atmospheric carbon increases (Figure 9). In the "nominal" case, the 

amount of carbon in the mixed layer reaches a maximum of 780 Gtons, ' 

peaking at about the same year (i.e;, 2275 A.D.).as in the atmospheric' 
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Figure 9 .  Prc+jec t ions  o f  carbon l e v e l  i n  t h e  mixed l a y e r  (ML),  t he  thermocline (TC) and the  deep 
s e z  (DS) ("nominaltt s c e n a r i o ) .  



compartment. This finding of a synchronous peaking time suggests that 

the chemical equilibrium of sea water in the mixed layer responds 

instantly to an incrqase in atmospheric carbon dioxide with very short 

time delay. This observation.was in line with a similar time-delay of 

about two years calculated by Broecker (1977). By 1975, about 33  tons 

of carbon are added to the marine compartments during the previous 115 

years of fossil-fuel combustion and land-clearing. 

Generally, carbon levels in the marine compartments obtained with 

the "slow burner" scenario are slightly less than the corresponding 

values obtained from the first case. There is no peaking of mixed 

layer carbon observed in the "slow burner" scenario. 'I'his 1s. also true 

for the time courses of carbon levels in the thermocline and the deep 

ocean compartments for both scenarios. 

4.3.5. Net Primary Production 

The net primary production of wood compartments displays a similar 

behavior in both the "nominal" and the "slow burner" scenarios.' Since 

the increase of NPP is proportional to the increases in the mass of 

atmospheric carbon and the biospheric "density," the NPP is expected to 

show an increase during the early time-step of the simulation. Figure 10 

shows the responses of'the. NPP of both rapidly and siowly exkhal.iging 

carbon obtained with the "nominal" case. 

In the wood co.mpartments, the NPP decreases a little for the first 

few years, probably because of lower mass densities resulting from 

extensive deforestation. As the atmospheric carbon is increasing, the 
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Figure 10. Simulated net primary production of terrestrial ecosystems 
("nominal" scenario) . 



NPP o f  t h e  r a p i d l y  exchanging carbon i r i  Lot11 compartrncnts a l s o  i n c r e a s e  

above t h e  p r e i n d u s t r i a l  v a l u e s  (10.88 Gtons/year i n  t h e  Northern Woods 

and 12.07 Gtons/year i n  t h e  Southern Woods). The s lowly exchanging 

carbon i n  t h e  wood compartments a l s o  shows a s i m i l a r  t r e n d ,  b u t  t h e  

p e r i o d  o f  i n c r e a s e  cont inues  f u r t h e r  t o  around 1995 f o r  t h e  Southern '  

Woods (10.29 Gtons/year) and 2030 f o r  t h e  Northern Woods (9.37 G L U I I S /  

y e a r ) .  The subsequent d e c l i n e  o f  t h e s e  compartments i s  l i k e l y  a 

r e f l e c t i o n  o f  t h e  l i m i t i n g  cond i t i ons  o f  t h e  high atmospheric  carbon and 

t h e  h igh  mass "densi ty"  imposed i n  t h e  s t r u c t u r e  o f  t h e  model. 

The NPP obta ined  f o r  t h e  Nonwoods i s  s t r o n g l y  inf luenced  by t h e  

a d d i t i o n  o f  carbon from l and-c l ea r ing  a c t i v i t i e s .  The l a t e r  per iod  i s  

a g a i n  l i m i t e d  by t h e  high l e v e l  of  atmospheric carbon and a l a r g e  carbon 

mass per  u n i t  a r e a .  I n  t h i s  s imula t ion ,  t h e  NPP shows an inc reas ing  

t r e n d  i n  t h e  beginning and then  l e v e l s  o f f  a t  about  2160 A . D . ,  r eaching  

14.8 Gtonsjyear  i n  t h e  r a p i d  carbon pool and 11.7 Gtons/year i n  t h e  slow 

carbon pool .  

Resu l t s  ob ta ined  . .. from t h e  "slow burner'! s cena r io  show t h a t  t h e  

changes o f  NPP i n  t h e  wood compartments a r e  almost i d e n t i c a l  with those  

from t h e  "nominal" ca se ,  except  t h a t  t h e  va lues  o f  NPP from t h e  former 

s c e n a r i o  a r e  s l i g h t l y  s lower between t h e  pe r iod  from 2000 t o  2150. The 
- . -  . . 

Nonwoods compartments g i v e  d i f f e r e n t  responses i n  t h e i r  r a t e s  o f  

o rgan ic  production..  General ly ,  t h e  magnitudes o f  NPP a r e  lower than  

s i m i l a r  i tems'  i n  t h e  "nominal" case ,  and . t h e  NPP a l s o  . d e p i c t s  a much 

slower i n c r e a s e  over  t h e  e n t i r e  per iod  o f  t h e  s imula t ion  (Figure 11 ) .  

Th i s  behavior  i s  most l i k e l y  caused by t h e  low l e v e l  of  atmospheric 
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("slow burner" scenario) .  . 



carbon p r o j e c t e d  i n  t h i s . s c e n a r i o .  The "bene f i t s t1  o f  C02 f e r t i l i z a t i o n  

a r e  n o t  f u l l y  r e f l e c t e d  i n ' t h e  biosphere growth, and t h e  NPP might 

a c t u a l l y  be h ighe r  i f  t h e  act .ual  c o n s t r a i n t s  .on pho tosyn the t i c  r a t e  and 

on u l t i m a t e  s t o r a g e  a r e  l e s s  s eve re  than a r e  assumed. 

4 . 3 . 6 .  Mass Per Unit Area o f  Biospheric  Carbon 

S ince -  t h e  :value o f  mass/arca ( i 'dens i ty"]  o f  b iosphe r i c  carbull i l l  

t h i s  model i s  formulated a s  a mass-balance equat ion  depending on t h e  

changes o f  o rgan ic  carbon,  i t s  behavior i s  s t r o n g l y  l inked  t o  t h e  n e t  

pr imary product ion  and t h e  atmospheric l e v e l  o f  carbon.  The upper 

frame o f  F igure  12  d e p i c t s  t h e  changes o f  mass d e n s i t y  o f  t h e  r a p i d l y  

exchanging carbon ( e .g . ,  f o l i a g e  and o t h e r  s h o r t - l i v e d  p l a n t  p a r t s  and 

r e s i d u e s )  i n  t h e  "nominal" c a s e .  The two wood compartments have curves 

o f  t h e  same shape, bu t  t h e  Southern Woods shows a  t ime-delay o f  s eve ra l  

decades r e l a t e d  t o  c l e a r i n g  and regrowth h i s t o r y .  

In  t h e  f i r s t  'few yea r s ,  t h e  d e n s i t y  va lues  o f  t h e  Southern Woods 

remain almost  cons t an t  on t h e  average.  Af t e r  t h i s  per iod ,  t h e  va lues  

o f  carbon/area  i n c r e a s e  f o r  about a  hundred yea r s  a s  regrowth 

dominates t hose  c u t  a r e a s  which remain i n  f o r e s t .  The va lues  o f  biomass/ 

a r e a  and NPP l e v e l  o f f  f o r  t h e  remaining per iod  o f  t h e  s imula t ion .  The 

pe r iod  o f  i n c r e a s e  i s  probably t h e  r e s u l t  o f  t h e  t empora r i l y ' acce l e ra t ed  

NPP. A s  t h e  b i o t a  limits i t s  own f o l i a g e  and NPP a t  some upper va lue  

i n  t h e  f u t u r e ,  t h e  d e n s i t y  a l s o  remains r e l a t i v e l y  unchanged. In r e a l i t y ,  

it may dec rease  i f  tu rnover  t imes a r e  shortened by i n t e n s e  harves t ing-  

e .g . ,  f o r  biomass f u e l s .  A t  t h e  assumed equ i l i b r ium s t a g e ,  t h e  
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Figure 12. Predic ted  mass pe r  u n i t  a r e a  of  b iosphe r i c  carbon (llnominal" 
s c e n a r i o ) .  



d e n s i t i e s  o f . t h e  Northern Woods and t h e  Southern Woods r i s e  t o  3.3 kg/m 
2 

2 and 2 .4  kg/m , r e s p e c t i v e l y ,  i n '  t h e  p re sen t  model. 

The behavior  o f  t h e  d e n s i t i e s  o f  slowly exchanging carbon pools  

(lower frame o f  F igure  12) i s  q u i t e  s i m i l a r  a s  those  o f  t h e  r a p i d  carbon 

p o o l s .  In  t h e  Northern Woods t h e  d e n s i t y  i nc reases  s lowly u n t i l  around 

2600 A . D .  and then  l e v e l s  off a t  a va lue  o f  27.7 kg /m2.  The dr1laiL.y 01 

t h e  Southern  Woods remains a t  t h e  same l e v e l  f o r  t h e  firsr 100 years ,  

fo l lows  by a sharp  i n c r e a s e  t o  around 2000 A . D .  and remains l e v e l  a t  

2 about  25.6 kg/m f o r  t h e  remainder o f  t h e  sj .mulation. Again, t h i s  'may 

r e f l e c t  assumed regrowth and s t o r a g e  i n  t hose  f o r e s t  a r e a s  which a r e  

al lowed t o  regrow i n s t e a d  o f  being converted t o  nonfores t .  . 

There a r e  on ly  s l i g h t  i n c r e a s e s  i n  t h e  d e n s i t i e s  f o r  t h e  r a p i d  and 

slow carbon pools  o f  the:.,Nonwoods (F igure  12) .' The r a p i d  carbon pool 

L 
o n l y  s t o r e s  a maximum o f  0.75 kg/m o f  carbon. 

I n  t h e  "slow burner" s cena r io  (F igure  13 ) ,  t h e  carbon d e n s i t i e s  

o f  both r a p i d  and slow carbon pools  from t h e  wood compartments a t e  . 

almost  t h e  same a s  t hose  obta ined  from t h e  previous case .  However, va lues  

o f  mass/area of  bo th  carbon pools  from t h e  Nonwoods a r e  s l i g h t l y  below 

t h e  r e s u l t s  reached . i n  t h e  "nominal" case .  These obse rva t ions  a r e  

a n t i c i p a t e d  a s  t h e  r a t e s  o f  NPP f o r  t h e  two wood compartments have 

almost  t h e  same va lues  from both scena r ios .  . b!oreover., i n  t h e  "slow 
. .. . 

burner"  ca se ,  both r a p i d  and slow carbon pools  o f  t h e  Nonwoods have a 

s l i g h t l y  lower r a t e  of NPP a s  t hose  from t h e  "nominal" ca se ,  and t h e  

modest b e n e f i t  o f  C02  f e r t i l i z a t i o n  i s  even l e s s  e f f e c t i v e .  
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4.3.7.  P r o j e c t i o n s  o f  Biospheric  Carbon 

The l e v e l  o f  b i o s p h e r i c  carbon i n  a t e r r e s t r i a l  compartment depends 

b o t h  on t h e  a r e a  and t h e  d e n s i t y  of  carbon i n  t h e  mixture of  ecosystems. 

A s  mentioned i n  t h e  previous  s e c t i o n ,  t h e  carbon d e n s i t i e s  o f  t h e  wood 

compartments obta ined  from t h e  "nominal" and t h e  "slow burner" s cena r ios  

a r e  n e a r l y . i d e n t i c a 1 .  The carbon l e v e l s  of  s i m i l a r  compartments 

ob ta ined  i n  t h e s e  two s c e n a r i o s  a l s o  fol low n e a r l y  t h e  same cour ses .  

The fo l lowing  d i s c u s s i o n  on t h e  p r o j e c t i o n s  o f  car'bon l e v e l  i n  t h e  

wood compartments a r e  t h e r e f o r e  p e r t i n e n t  t o  both scena r ios  (F igures  14 

and 15) . 
In t h e  r a p i d  carbon pool ,  t h e  l e v e l  o f  carbon i n  t h e  Northern Woods 

shows a s l i g h t  dec rease  i n i t i a l l y  f0.r about  10 years  and then  a r a p i d  

i n c r e a s e  t o  70.2 Gtons i n  1947. Af te r  t h i s  maximum, a long and slow 

d e c r e a s e  occurs 'which  s t a b i l i z e s  a t  about 65.3 Gtons. 

The ampli tude o f  carbon e s t ima te s  f o r  t h e  Southern Woods i s  l a r g e r  

t han  t h a t  o f  t h e  Northern Woods. I t  a l s o  decreases  s l i g h t l y  f o r  t h e  

f i r s t  10 y e a r s  s i m i l a r  t o  t h e  mass/area curves .  The carbon l e v e l  t hen  

i n c r e a s e s  slowly t o  51.8 Gtons i n  1954, fo l lows  by a r a p i d  drop  t o  

4 3 . 8  Gtons around 2000 A.D .  The rea f t e r ,  the  l e v e l  s t a b i l i z e s  a t  about  

35.5 Gtons. 

The genera l  t rend  o f  t h e  r a p i d  carbon pool i n  t h e  Nonwoods i s  about 

t h e  same a s  t h e  wood compartments except  t h a t  t h e  l e v e l  shows an i n c r e a s e  

from c l e a r i n g  s i n c e  t h e  beginning o f  t h e  s imula t ion .  I n  t h e  "nominal" 

r u n  (F igure  14) ,  t h e r e  i s  a peak o f  about  43.8 Gtons around 2000. The 
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s c e n a r i o ) .  
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Figure 15. Pxojec t ions  o f  r a p i d l y  exchanging carbon i n  t e r r e s t r i a l  ~ c z ~ s y s t e m s  ("slow burner" 
s c e n a r i o ) .  



curve  then  decreases  t o  a low va lue  o f  35 Gtons i n  2035, because t h e  low 

inpu t  o f  carbon from d e f o r e s t a t i o n  no longer  exceeds t h e  r a p i d  l o s s e s  o f  

t h e  carbon r e s i d u e s  which a r e  assumed converted from slow t o  r a p i d  pools .  

A s  t h e  high concen t r a t ion  o f  atmospheric carbon begins t o  dominate a f t e r  

t h i s  t ime, t h e  carbon con ten t  i n  t h e  Nonwoods r i s e s  aga in  and s t a y s  a t  a 

l e v e l  o f  about  50.9 Gtons f o r  t h e  subsequent yea r s .  

For t h e  "slow burner" s cena r io  (Figure I S ) ,  t h e  p r o j e c t i o n  o f  

carbon i n  t h e  Nonwoods shows a minimum of  about 33.1 Gtons around.2080. 

I t  i nc reases  aga in  slowly t o  about 48.3 Gtons i n  t h e  l a t e r  t ime h i s t o r y  

o f  t h e  s imula t ion .  

There i s  a s i m i l a r  s i t u a t i o n  i n  t h e  slow carbon pools  o f  t h e  wood 

compartments where r e s u l t s  produced from both scena r ios  a r e  almost 

i d e n t i c a l  (F igures  16  and 17 ) .  The carbon l e v e l  i n  t h e  Northern' Woods 

decreases  t o  530 Gtons g radua l ly  from t h e  s t a r t  t o  around 1925 because 

o f  d e f o r e s t a t i o n .  ; A s  t h e  NPP r i s e s  slowly, t h e  carbon i n  t h i s  compartment 

a l s o  inc reases  t o  598 Gtons around 2085. The l e v e l  d e c l i n e s  i n  subsequent 

years  t o  about 563 Gtons. 

A d i f f e r e n t  t ime behavior  i s  observed i n  t h e  l e v e l  o f  slow carbon 

pool of  t h e  Southern Woods [Figures 16 and 1 7 ) .  The l e v e l  dec reases  

g radua l ly  i n  t h e  beginning and then  a c c e l e r a t e s  a f t e r  1900 due t o  t h e  

i n c r e a s e  c..l.eari.ng of f o r e s t s .  Af t e r  about 2060 A , D , ,  t h e  p ro j ec t ed  

].eve1 st.ays a t  ahout 429 Gtons o f  carbon, . ,. . 

Since some of  t h e  carbon i n  both wood compartments i s  s h i f t e d  t o  

both t h e  r ap id  and slow carbon pools  of  t h e  Nonwoods, a genera l  i nc rease  

i n  t h e  l e v e l s  of  r a p i d  and slow carbon pools  i n  t h e   onw woods . a re  
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F i g u r e  16 .  Erne c o u r s e s  o f  s lowly  exchanging carbon :in t e r r e s t r i a l  ec.os:/stems (''nominal" 
s c e n a r i o )  . 
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Figure 1 7 .  Time courses  of  s-lowly exchanging carbon i n  t e r r e s t r i a l  ecosystems ("slow burner" 
s c e n a r i o ) .  



observed .  I n  t h e  "nominal" r u n  (Figure 16 ) ,  t h e  i n c r e a s e  i s  completed i n  

s e v e r a l  s t e p s .  The f i r s t  s t e p ,  between 1.860 and 2010, shows a slow. 

i n c r e a s e .  The second s t e p  i s  observed between 2010 and 2060, when t h e  

carbon l e v e l  remains about  t h e  same. This  per iod  corresponds t o  t h e  

p o s s i b l e  d e c l i n i n g  r a t e  o f  d e f o r e s t a t i o n  a t  t h a t  t ime.  Subsequently,  

t h e  r a t e  o f  NPP i s  g f f e c t e d  more s t r o n g l y  by t h e  i n c r e a s i n g  concen t r a t ion  

o f  a tmospheric  carbon,  and t h c  p ro j cc t cd  carbon l e v e l  i n  t h i s  compartment 

shows a slow r i s e  t o  a v a l u e  of  717 Gtons. 

In  t h e  "slow burne r t t  c a s e  (Figure 17) ,  t h e  slow inc reas ing  o f  

a tmospheric  carbon p r o j e c t e d  i n  t h e  f u t u r e  i s  s u f f i c i e n t  t o  slow down t h e  

i n c r e a s e  o f  carbon l e v e l  i n  t h e  Nonwoods. The curve shows a slow 

dec rease  from around 2020 t o  2180; a f t e r  t h a t  t h e  p r o j e c t i o n  inc reases  

a g a i n  t o  634 Gtons i n  t h e  yea r  2460. 

4.3.8. P a r t i t i o n i n g  of  Excess Carbon 

Table 6 g ives  t h e  es t imated  f r a c t i o n s  o f  t h e  excess  carbon inc luding  

carbon r e l e a s e d  promptly o r  s lowly from f o s s i l  f u e l  a n d - t h e  biosphere 

a s  i t  i s  d i s t r i b u t e d  among compartments o f ' t h e  atmosphere, t h e  marine, 

and t h e  t e r r e s t r i a l  b io iphe re ;  Since t h e  b iosphe r i c  carbon from delayed 

r e l e a s e  a l s o  was used i n  t h e  c a l c u l a t i o n ,  t h e s e  numbers a r e  l i k e l y  

underes t imates .  P a r t i t i o n i n g  of excess  carbon t o  t h e  sediment compart- 

ments and o t h e r  minor compartments i s  not  included,  and t h e s e  presumably 

cover  t h e  remainder of t h e  excess  carbon. 

In  1950, about  35% o f  t h e  annual r e l e a s e  o f  anthropogenic carbon 

remained i n  t h e  atmosphere. The percentage i s  p ro j ec t ed  t o  i nc rease  



Table 6. partitioning of Excess Carbon (as fraction of the total 
excesses) 

Colnpartment 1950 1960 1970 1975 2000 

Annual Fractions 

Atmosphere 0.35 0.45 0.51 0.53 0.61 

Marine 0.12 0.13 0.13 0.13 O., 15 

- 0.009 , -0.015 -0.016 0.03 Biosphere -0.007 

Cumulative Fractions 

~tmos~here 0.36 0.37 0.40 0.41 0.49 . . 

Marine 0.11 0.12 0.12 0,12 0.13 

Biosphere -0.066 -0.052 -0.043 , -0.042 . -0.016 

Biosphere + 0.50 0.49 0.46 0.44 0.37 
releases 



g r a d u a l l y  t o  60% i n  t h e  year  2000. The marine compartments a r e  est imated 

t o  absorb  a t o t a l  o f  about  12% of  t h e  annual excess  between 1860 and 

1970. The percentage  was about  h a l f  t h a t  es t imated by Revel le  and Munk 

(1977). . Cur ren t ly ,  t h e  t e r r e s t r i a l  b iosphere  i s  r e spons ib l e  f o r  a n e t  

r e l e a s e  o f  carbon t o  t h e  atmosphere. A s  t h e  NPP o f  t h e  b i o t a  i nc reases ,  

t h e  t e r r e s t r i a l  ecosystems absorb more carbon d iox ide  and r e t a i n  a t o t a l  

of about  3% of t h e  excess  C02 r e l e a s e d  i n  2000 A . D .  

Table 6 a l s o  shows t h e  p a r t i t i o n i n g  o f  t h e  excess  CO a s  f r a c t i o n s  
2 

o f  t h e  t o t a l  cumulat ive r e l e a s e s .  About h a l f  o f  t h e  cumulat ive r e l e a s e s  

o f  carbon would be  r e t a i n e d  i n  t h e  atmosphere by t h e  year  2000. A t  t h e  

same time, t h e  marine compartments absorb a t o t a l  o f  about 13% o f  t h e  

t o t a l  exces s .  In  t h e  b iosphere ,  t h e  pools  o f  slowly exchanging carbon 

con t inue  t o  r c l e a s e  carbon.  I t  fo l lows  t h a t  t h e  t e r r e s t r i a l  ecosystems 

would c o n t r i b u t e  cont inuous ly  a t o t a l  o f  1 .6% o f  t h e  cumulative excesses  

t o  2000 A.D.  To ta l  p a r t i t i o n i n g  o f  excess  ;arbon t o  t h e  t e r r e s t r i a l  

b iosphe re  p lus  t h e  r e l e a s e s ,  prompt and delayed,  o f  b iosphe r i c  carbon 

( c f .  Revel le  and Munk, 1977),  a l s o  a r e  given i n  Table 6 .  



CHAPTER 5 

MODEL EVALUATION 

5.1. SENSITIVITY ANALYSES 

Many d e t a i l s  and i n t e r a c t i o n s  o f  components o f  t h e  g loba l  carbon 

cyc le  a r e  not  ye t  thoroughly known. Furthermore, wide ranges of  va lues  

have been r epor t ed  f o r  t h e  pool s i z e s  and f l u x e s  o f  t h e  compartments. 

This  cond i t i on  i s  not  unexpected, i f  one cons ide r s  t h e  l i m i t a t i o n s  o f  

t h e  measuring techniques and t h e  l a r g e  amount o f  v a r i a b i l i t y  t h a t  a r e  

c h a r a c t e r i s t i c  of  n a t u r a l  systems. 

One way t o  a s s e s s  t h e  use fu lnes s  of  t h e  model i s  t o  f i n d  o u t  how 

s e n s i t i v e  t h e  responses o f  t h e  components a r e  under parameter 

p e r t u r b a t i o n s .  However, s e n s i t i v i t y  a n a l y s i s  (TomoviC, 1964) of  complex 

n o n l i ~ l e a r  system with many d i s c o n t i n u i t i e s ,  such as i n  t h e  p r e s e n t  

model, i s  cumbersome. The p r a c t i c a l  and d i r e c t  method used i n  t h i s  

s tudy was t o  observe t h e  response.  o f  atmospheric carbon t o  sys temat ic  

v a r i a t i o n s  i n  t h e  c o e f f i c i e n t s ,  i n i t i a l  cond i t i ons ,  o r  f o r c i n g  func t ions  

o f  t h e  model. A tremendous number of comput.er runs 'would have t o  be ' 

performed i f  a l l  t h e  parameters and t h e i r  combinations were analyzed.  

Of t h e s e  runs ,  some may no t  y i e l d  s i g n i f i c a n t  information.  Hence, on1.y 

a  few o f  t h e  parameters whose va lues  a r e  considered e s p e c i a l l y  c r i t i c a l  

were t e s t e d  i n  t h e  present  s e n s i t i v i t y  a n a l y s i s .  



5.1.1.  I n i t i a l  Value o f  Atmospheric Carbon 

The f i r s t  parameters  t o  b e  i n v e s t i g a t e d  was t h e  i n i t i a l  va lue  o f  

t h e  atmospheric  compartment. Two o t h e r  s e t s  of  va lues  were used i n  

subsequent  s imu la t ion  r u n s  t o  compare t h e  responses o f  t h e  atmospheric 

carbon wi th  t h a t  from t h e  "nominal" ca se .  One o f  t h e s e  va lues  was 

616 Gtons used by Keeling (1973a). The model was s imulated with t h e  

fo l lowing  changes: c * = 523.6 Gtons, c2*  = 92.4 Gtons, and F * = 
1 1 , 2  

F2, 1 * = 23 Gtons/year.  'S tu iver  (1978) and Wilson (1978), supported by 

ev idence  from t h e  13c/12c r a t i o s  of  da ted  t r e e  r i n g s ,  suggested t h a t  t h e  

p r e i n d u s t r i a l  l e v e l  o f  atmospheric carbon might he near  270 pprnv, o r  

576.7 Gtons. Consequently,  another  s imula t ion  run  was c a r r i e d  ou t  with 

cl* = 490.2 Gtons, c2* = 86.5 Gtons, and F * = F * = 21.6 Gtons/ 
1 ,2  2 , 1  

yea r .  

F igure  18 shows t h e  changes of atmospheric carbon with d i f f e r e n t  

s t a r t i n g  va lues .  These changes do no t  a l t e r  t h e  t iming o r  t h e  

c h a r a c t e r i s t i c s  o f  t h e  t ime t r a j e c t o r i e s  o f  atmospheric carbon. Only 

t h e  magnitudes of  t h e s e  curves  a r e  a l t e r e d ;  i n s i g n i f i c a n t l y  i n  t h e  e a r l y  

pe r iod  bu t  with i n c r e a s i n g  d i f f e r e n c e s  a t  t h e  end. The t r a j e c t o r y  wi th  

t h e  lowest  s t a r t i n g  va lue  inc reases  t o  837 Gtons i n  2000 A . D . ,  and 

r e a c h e s  a peak va lue  o f  6210 Gtons around 2275 A,n. I f  t h e  i n i t i a l  

l e v e l  o f  atmospheric carbon were taken  t o  be 616 Gtons, it r i s e s  t o  

882 Gtons i n  2000 A.D.  and peaks a t  t h e  same time a s  t h e  o t h e r s  with a 

v a l u e  o f  6289 Gtons. 
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Figure 18. Respons,es o f  ktmospheric carbon with d i f f e r e n t  i n i t i a l  pool s i z e s  i n  t he  atmosphere. 
S o l i d  curve:  nominal va lues .  Upper curve:  616 Gtons C .  Bottom curve:  576.7 Gtons o f  
carbon. 



5.1.2. Bio t i c  Growth Factor  

Some o f  t h e  c o n s t a n t s  employed i n  t h e  equat ions  t o  e s t ima te  t h e  n e t  

pr imary product ion  o f  b i o s p h e r i c  compartments a r e  subjec ted  t o  l a r g e  

v a r i a t i o n .  The b i o t i c  growth f a c t o r  is one of  t h e  c o e f f i c i e n t s  whose 

impact has  been s t u d i e d  by seve ra l  workers. This  f a c t o r  i s  u s u a l l y  

assumed t o  range from 0 .0  t o  0.4 (Keeling, 1973a; Oeschger e t  a l . ,  1975) 

f o r  l a r g e  a r e a s .  

In  t h e  p re sen t  s e n s i t i v i t y  ana lyses ,  t h e  t h r e e  b i o t i c  growth f a c t o r s  

f o r  t h e  Northern Woods, Southern Woods, and Nonwoods compartments a r e  

i nc reased  o r  decreased by 10% a t  t h e  same t ime.  As found by Olson 

e t  a l .  (1978), t h e  l e v e l  of  atmospheric carbon was r e l a t i v e l y  i n s e n s i t i v e  

t o  small  changes i n  t h e  growth f a c t o r s ,  bu t  t h e  concen t r a t ion  of  

a tmospheric  carbon does dec rease  with a h igher  va lue  of  f3, and v i c e  

v e r s a  (F igure  19 ) .  When t h e  growth f a c t o r s  a r e  decreased by l o % ,  t h e  

p r o j e c t i o n  o f  atmospheric carbon a t  2000 A . D .  i s  865 Gtons, and peaks 

i n  2275 A . D .  a t  a va lue  o f  6297 Gtons. I f  t h e  growth f a c t o r s  a r e  

i nc reased  by l o % ,  t h e  l e v e l s  of  atmospheric carbon i n  2000 and 2275 A.D.  

a r e  858 Gtons and 6215 Gtons, r e s p e c t i v e l y .  

5 .1.3.  Maximum MassIArea 

, The o t h e r  parameter i n  t h e  NPP equat ions  t o  be analyzed i s  t h e  

maxim4 d e n s i t y  o f  carbon t h a t  can be a t t a i n e d  i n  each o f  t h e  b iosphe r i c  

compartments. In  t h e  s imula t ions ,  t h e  probable maximum d e n s i t y  o f  each 

b i o s p h e r i c  compartments i s  no t . suppor t ed  by a c t u a l  observa t ion .  
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Figure  19. S e n s i t i v i t y  o?  a tmospher ic  carbon l e v e l  t o  d i f f e r e n t  va lue s  o f  t h e  b i o t i c  growth 
f a c t o r s .  S o l i d  curve :  nominal v a l u e s .  Upper curve :  90% o f  nominal v a l u e s .  Bottom 
curve :  110% o f  nominal v a l u e s .  



T e n t a t i v e  va lues  assumed i n  t h e  "nominal" run  a r e  1 . 5  t imes t h e  

p r e i n d u s t r i a l  e s t i m a t e s .  Th i s  f a c t o r  i s  increased  o r  decreased by 10% 

( i . e . ,  1 .65  o r  1 . 3 5  t imes  t h e  p r e i n d u s t r i a l  e s t ima te s )  i n  t h e  s e n s i t i v i t y  

a n a l y s e s .  

A s  i n  t h e  previous  t e s t ,  t h e  b a s i c  p a t t e r n  o f  t h e  atmospheric 

r e sponses  i s . s i m i l a r  but  i s  s l i g h t l y  more s e n s i t i v e  (F igure  2U). A 

s l i g h t l y  h igher  l e v e l  o f  atmospheric carbon i s  observed when t h e  model 

s p e c i f i e d  lower v a l u e s  o f  t h e  maximum o f  mass d e n s i t y .  The p ro j ec t ed  

l e v e l  o f  a tmospheric  carbon i n  2000 A . D .  i s  883 Gtons, r i s i n g  t o  a peak 

o f  6345 Gtons around 2275 A . D .  When t h e  maximum d e n s i t i e s  a r e  s e t  a t  

1 .65 t imes  t h e  i n i t i a l  e s t ima te s ,  atmospheric carbon dec reases  t o  851 

Gtons i n  2000 A . D .  and peaks a t  a va lue  o f  on ly  6164 Gtons i n  2275 A.D.  

5 .1 .4 .  Flux of  Po la r  Waters 

One component o f  t h e  t o t a l  f l u x  t h a t  t r a n s p o r t s  about 36 Gtons/ 

y e a r  o f  carbon from t h e  mixed su r f ace  l a y e r  t o  t h e  deeper  waters  passes  

through t h e  thermocline.  The o t h e r  component occurs  i n  t h e  po la r  r eg ions  

where co ld  po la r  waters  s ink  d i r e c t l y  t o  t h e  deep waters  o f  t h e  warm 

oceans.  Es t imates  o f  t h e  l a t t e r  f l u x  used i n  t h e  "nominal" run  may be 

near  an  upper bound. Consequently, on ly  t h e  response t o  a smal le r  down 

f l u x  o f  p o l a r  waters  was t e s t e d .  The magnitudes o f  f l u x e s  from t h e  mixed 

l a y e r  were assumed p ropor t iona l  t o  t h e  r a t i o  o f  t h e  sea  s u r f a c e  a r e a s  

where t h e  two f l u x e s  occur .  Hence, t h e  changes were: F * = 30 Gtons/ 
7 ,8  

yea r ,  F * = 6 Gtons/year and F * = 47 Gtons/year.  The l a s t  change 
739 9,8  

was necessary  for mass-balancing t h e  system. 



TIME COURSES OF ATMOSPHERIC CARBON 

1660 1960 2 W  2160 2260 -2360 2460 

YEAR 
Figure 20. Effect of increasing and decreasing the maximum values of ma.ss/area on the simulated 

level of atmospheric carbon. Solid curve: 1.5 times preindustrial values. Upper 
curve: 1.35 times preindustrial values. Bottom curve: 1.65 times preindustrial values. 



The r e s u l t s  (F igure  21) show ' tha t .  t h e  carbon l e v e l  i n  t h e  

atmosphere i s  r e l a t i v e l y  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 s e  f l u x e s  i n  

t h e  e a r l y  t ime per iod  o f  t h e  s imu la t ion .  .The. s e n s i t i v i t y  i n c r e a s e s  a t  

t h e  end, when t h e  atmospheric  carbon inc reases  from 863 Gtons i n  2000 

A . D .  t o  a maximum o f  6390 Gtons i n  2285 A.D.  The peaking t ime o f  t h e  

a tmospher ic  carbon i s  delayed f o r  about iO yea r s  a s  compared t o  t h e .  

f ' ~ ~ o ~ n i ~ ~ a l  ~ U I I .  

D i f f e r i n g  viewpoints  were expressed by Dugas (1968) and Broecker 

e t  a l .  (1970) r ega rd ing  t h i s  d i r e c t  t r a n s f e r  of  atmospheric carbon t o  

t h e  deep ocean.  Dugas' (1968) r e s u l t s  showed t h a t  t h e  concen t r a t ion  of  

a tmospheric  carbon was no t  c r i t i c a l l y  a f f e c t e d  by t h e  i n c l u s i o n  o f  t h i s  

t r a n s f e r  i n  her  model. Yet Broecker e t  a l .  (1970) maintained t h a t  t h i s  

p a r t i c u l a r  t r a n s f e r  played an important  r o l e  i n  moving e x t r a  carbon 

d i o x i d e  from t h e  atmosphere t o  t h e  deeper  ocean. The s e n s i t i v i t y  

a n a l y s i s  g iven  he re  sugges t s  t h a t  t h e  a d d i t i o n  o f  such a f l u x  i n  t h e  

model i s  v e r y  s i g n i f i c a n t  when t h e  atmospheric carbon r e a c h e s ' a  high 

1 eve1 . 

5.2.  VERIFICATION WITH HISTORICAL DATA 

Measurements o f  carbon l e v e l  i n  t h e  atmosphere a t  s e l e c t e d  

l o c a l i t i e s  can be used t o  v a l i d a t e  t h e  responses  o f  t h e  model. The 

observed concen t r a t ions  o f  atmospheric carbon a t  Mauna Loa s i n c e  1958 

[Keeling e t  a l . ,  1976b),  t o g e t h e r  with t h e  e s t ima te s  obta ined  from t h e  

p r e s e n t  model, a r e  l i s t e d  i n  Table 7.  Although t h e  d a t a  cover  only  17 

yea r s ,  t hey  can s t i l l  b e  used a s  a y a r d s t i c k '  f o r  some f u t u r e  ref inements  

i n  c e r t a i n  a s p e c t s  o f  t h e  model. 
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Figure 2 1 .  E f f e c t  on simlllated l e v e l  of  atmospheric carbon o f  lowering t h e  f l u x  o f  p o l a r ' w a t e r s .  

S o l i d  curve : ~ o m i n a l  va lues .  upper curve : * =  30 ~ t o n i ? ~ e a r ,  F7,9 
F:,8 

* = Gtons/year,  
F * =  47 G t o ~ s / y e a r .  

9 ,8  



. Table 7. Concentration of ~arboli in.Air Observed at Mauna Loa, 
Estimated and Simulated for Atmosphere 

. . 
. . .  

. . .  . Keeling et al. (1976) This Report 

Year PPm (moll a Gton C Gton C 

1958 (315.49) 669.72 662.25 

-- 

a Estimates in brackets are taken from Zimen .et al. (1977). 



'Es t imates  obta ined  from t h e  p re sen t  model show a  s t e e p e r  s l o p e  

dur ing  1958 t o  1974 than  t h e  observed d a t a .  The l a r g e s t  e r r o r ,  which 

occurred i n  1958, i s  about 7.47 Gtons, o r  about  1 . 1 2 %  l e s s  than  t h e  

Mauna Loa measurement. The d i f f e r e n c e  may.be exp1ained:by t h e  ne.t 

r e l e a s e  of .  a  s u b s t a n t i a l  amount o f  organic  carbon from d e f o r e s t a t i o n  . 

dur ing  o r  immediately be fo re  t h i s  p e r i o d .  According.to .Wilson (1978) 

and S t u i v e r  (1978), t h e  n e t  c o n t r i b u t i o n  of  b iosphe r i c  carbon t o  t h e  

atmosphere may a l r e a d y  have tapered  o f f  b.y 1900 A . D . ,  whereas t h e  . I 

presen t  model s t i l l  assumes a  l a r g e  b iosphe r i c  rkl .ease dur ing  t h i s .  

per iod  and which reaches  a  maximum r e l e a s e  betwecn 1980.and 2000; 

According t o  Keeling and Bacastow (1977)) t h e  average a i r b o r n e  

f r a c t i o n  of  f o s s i l  CO between 1959 and 1973 i n c l u s i v e  was about 56%. 
2  

The e s t ima te  f o r  t h e  s i m i l a r  f r a c t i o n  i n  t h e  p re sen t  s tudy  was ' abou t -  

75% f o r  t h e  same pe r iod .  This  higher  va lue , .ev ident ly  r e f l e c t s  th.e 

s t e e p e r  g r a d i e n t  o f  t h e  t ime h i s t o r y  mentioned above. ' T h e . p o s s i b i l i t i e s  

o f  r e l a t i v e l y  more d e f o r e s t a t i o n  o r  o t h e r  nonfoss i l  r e l e a s e  e a r l y  i n  t h e  

l a s t  cen tury ,  and l e s s  dur ing  t h e s e  c r i t i c a l  y e a r s . o f  e m p i r i c a l ,  . 

monitoring, t h e r e f o r e  deserve  c l o s e r  s tudy  i n  t h e  cont i i luar lon o f  the.  . 

presen t  work. 



CHAPTER 6  

. . . . . . .  IMPLICATIONS OF ALTERNATIVE SCENARIOS 

I t  i s  expected t h a t  changes i n  t h e  g loba l  carbon cyc le  and C02 

c o n c e n t r a t i o n s  w i l l  become a dominant eco log ica l  and s o c i e t a l  problem 

i n  t h e  nea r  f u t u r e  i f  mankind cont inues  t h e  upward t r end  of f o s s i l - f u e l  

u t i l i z a t i o n .  Unless r e c e n t  models o f  carbon cyc le s  and c l i m a t i c  change 

a r e  both  missing key p o i n t s ,  t h e  c l ima te  w i l l  change s i g n i f i c a n t l y ;  t h i s  

i n  t u r n  may a f f e c t  human l i f e  support  systems. The urgency o f  t h e  carbon 

d iox ide / c l ima te  problem i s  d i r e c t l y  l i nked  t o  t h e  combustion o f  f o s s i l  

f u e l  and t h e r e f o r e  c a l l s  f o r  cau t ion  regard ing  f u t u r e  p o l i c i e s  o f  us ing  

t h e  f o s s i l  carbon r e sources  i n  t h e  developed na t ions  a s  well as i n  t h e  

l e s s  developed c o u n t r i e s  ( c f .  Rotty and Weinberg, 1977; Niehaus, 1976).  

General ly ,  d e c i s i o n  makers a r e  r e l u c t a n t  t o  formulate  any v i t a l  

p o l i c y  which i s  based on ana lyses  wi th  so many u n c e r t a i n t i e s  (Spofford,  

1971).  However, t h e  cho icc  has t o  be made soon i n  view o f  t h e  occurrence 

o f  l o n g - l a s t i n g  e f f e c t s  a s s o c i a t e d  wi th  many of  t h e  a n t i c i p a t e d  impacts.  

Technical  bases  under ly ing  seve ra l  a l t e r n a t i v e  energy systems have t o  

be made before  t h e  end o f  t h i s  cen tu ry  i f  s o c i e t y  i s  t o  have t ime t o  

a n t i c i p a t e  and cope wi th  t h e  main imp l i ca t ions  o f  t h e s e  cho ices .  

6.1.  A l t e r n a t i v e  Scenar ios  of  Ult imate Fuel Use 

The s e n s i t i v i t y  ana lyses  d iscussed  i n  Chapter 5 a r e  concerned 

mainly wi th  t h e  c o e f f i c i e n t s ,  i n i t i a l  cond i t i ons ,  e t c . ,  w i th in  t h e  

model f o r  a  r e l a t i v e l y  h igh  r e l e a s e ,  namely 7500 Gtons o f  carbon over  



%600 yea r s  (peak r a t e  42.5 Gtons/year i n  2101 A.D.). I t  i s  i n t e r e s t i n g  

t o  s e e  t h e  response of  t h e  atmosp.heric carbon t o  d i f f e r e n t  va lues  of  t h e  

u l t i m a t e  amount of  f o s s i l  carbon t h a t  would be r e l ea sed  t o  t h e .  

environment. A s  noted i n  Sec t ion  3.3.2,  a medium-level e s t ima te  used 

by Keeling and Bacastow (1977) and Zimen e t  a l .  (1977) was about  

5 x l o 3  Gtons o f  carbon. However, i f  most o f  t h e  p r e s e n t l y  known sources  

of f o s s i l  carbon were consumed a s  f u e l ,  then u l t i m a t e  r e l e a s e  could be 

3 about 10 x 10 Gtons ( c f .  Olson e t  a l . ,  1978).  These two e s t i m a t e s  were 

s u b s t i t u t e d  i n  t h e  modified l o g i s t i c  equat ion f o r  a d d i t i o n a l  runs .  The 

p o s s i b i l i t y  o f  r e l e a s i n g  lower f r a c t i o n s  of  t h e  p o t e n t i a l  carbon 

r e sources  a s  f u e l ,  genera t ing  C02, i s  d i scussed  below. 

Figure 22 shows t h e  responses of  atmospheric carbori t o  t h i s  

parameter.  S imi la r  r e s u l t s  have a l r eady  been d iscussed  by Olson e t  a l .  

(1978, F ig .  2.2; Table 4.6) and Zimen e t  a l .  (1977). With a 5000 Gtons 

t o t a l  r e l e a s e  of  f o s s i l  carbon, t h e  f u t u r e  l e v e l  of  atmospheric carbon 

i s  t e n t a t i v e l y  pro jec ted  t o  860 Gtons i n  A . D .  2000, and peaks a t  4159 

Gtons i n  2225 A . D . ,  h a l f  a century  e a r l i e r  than  t h e  "nominal" run .  The 

peak value i s  about seven times the  1860 e s t ima te .  In  t h e  oppos i t e  

d i r e c t i o n ,  t h e  very high e s t ima te  of  t h e  u l t i m a t e  r e l e a s e  a l s o  s u s t a i n s  

a corresponding higher  p r o j e c t i o n  of  atmospheric carbon. I t  reaches  

about  882 Gtons by t h e  end of  t h i s  centiry. The peak l e v e l ,  reached 

i n  2340 A . D . ,  i s  8795'Gtons, o r  about l5 t imes t h e  p re indu ' s t r i a l  va lue .  
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Figure 22 .  aange o f  s imulated atmospheric carbon us ing  d i f f e r e n t  w l u e s  of  u l t ima te  r e l e a s e s  of 

carbon from f o s s i l  f u e l .  S o l i d  curve:  nominal value,  7,500 Gtons. Upper curve: 
9 - O D  = 10,000 Gtons. Bottom curve:  Pa = 5,000 Gtons. 



6.2. RESULTS OF ALTERNATIVE SCENARIOS 

A s  po in ted  ou t  by Brooks (1977), a  cont inuing ,  sus t a ined  e f f o r t ,  

supported by s teady  pub l i c  a t t e n t i o n  and v i s i b i l i t y ,  i s  r equ i r ed  t o  

dea l  with any long-term environmental problem. Simulat ion o f  d i f f e r e n t  

s cena r ios  cen te r ing  on t h e  many p o s s i b i l i t i e s  of  f o s s i l - f u e l  consumption 

and t h e  f u t u r e  management of  t h e  eco log ica l  systems a r e  e s s e n t i a l  i n  

supplying t h e  needed information f o r  assessment o f  s o c i e t a l  and 

eco log ica l  impacts.  Management p o l i c i e s  can be formulated t o  opt imize 

some chosen o b j e c t i v e  func t ions  under s eve ra l  important c o n s t r a i n t s  such 

a s  maintaining a  balanced and d i v e r s i f i e d  p a t t e r n  o f  ecosystems (Olson 

e t  a l . ,  1978).  A l t e r n a t i v e l y ,  minimizing t h e  p red ic t ed  f u t u r e  va lue  o f  

CO and maximizing t h e  g ros s  and n e t  primary product ion  and carbon 2 

s t o r a g e  of  t h e  biosphere and i t s  u ses  by man a r e  both impor tan t .  

Besides t h e  two scena r ios  which have been d iscussed  more f u l l y  i n  

Chapter 4 ,  t h e  o t h e r  s cena r ios  ( t h e  "delayed consumption" scena r io  and 

t h e  "combination" scena r io )  a r e  d iscussed  below i n  a  search  f o r  p o s s i b l e  

a l t e r n a t i v e  s t r a t e g i e s  r e l a t e d  t o  t h e  o b j e c t i v e  func t ions  j u s t  

mentioned. Evcn though a c t u a l  d a t a  may be r ev i sed  a s  models improve, 

t h e  pe r spec t ive  on l a r g e  o r  small changes seems l i k e l y  t o  be he lp fu l .  

I f  t h e  7500 Gto'ns consumption of f o s s i l  f u e l  i s  r e t a i n e d ,  bu t  i s  

delayed according t o  t h e  cond i t i ons  suggested i n  t h e  "delayed consumptionft 

s cena r io ,  t h e  emission of  carbon from f o s s i l  f u e l  would be reduced t o  

9 .3  Gtons/year i n  t h e  year  2000. The r a t e  would inc rease  t o  about  65% 

of  t h e  maximum r e l e a s e  obta ined  i n  t h e  "nominal" ca se  a  hundred years  



l a t e r .  Th i s  percentage  would incr .ease f u r t h e r  t o  68% sometime around 

2121 when t h e  emission r a t e  o f  t h e  "delayed consumption" scena r io  would 

r each  i t s  own maximum. A f t e r  2175, t h e  annual r e l e a s e  of  f o s s i l  carbon 

from t h e  "nominal" c a s e  would s t a y  below t h e  l e v e l  r e l ea sed  from t h e  

"delayed" scena r io  (F igu re  4, page 7 5 ) .  

Values f o r  t h e  NPP and t h e  d e n s i t y  o f  t h e  b i o t a  obta ined  i n  t h e  

"delayed" scena r io  a r e  s l i g h t l y  behind t h e  corresponding va lues  from 

t h e  "nominal" c a s e  f o r  t h e  f i r s t  100 t o  150 yea r s ,  because t h e  "delayed" 

s c e n a r i o  i s  assumed t o  have a lower excess  o f  carbon d iox ide  i n  t h e  

atmosphere.  La ter ,  a s  more and more f o s s i l  carbon i s  r e l e a s e d ,  va lues  

f o r  NPP and mass/area show s l i g h t  i nc reases  over  t h e  va lues  obta ined  

i n  t h e  "nominal" ca se .  These t r ends  a r e  a l s o  shown i n  t h e  carbon pools  

o f  t h e  b iosphe r i c  compartment-s (Figures  23 and 2 4 ) .  

The response  o f  t h e  atmospheric compartment (F igure  8,  page 88) i n  

t h e  "delayed" scena r io  shows t h a t  doubling would occur  by 2033, about 

s i x  y e a r s  l a t e r  t han  t h e  t ime reached i n  t h e  "nominal" c a s e .  The peak 

va lue  occu r s  i n  2380, reaching's va lue  of  about  5700 Gtons, o r  s l i g h t l y  

more than  n ine  t imes  t h e  p r e i n d u s t r i a l  concen t r a t ion .  

I n  t h e  "combination" scenar io ,  r e l e a s e  o f  f o s s i l  carbon i s  assumed 

t o  fo l low t h e  same cour se  a s  t h a t  i n  t h e  "slow burner" s cena r io  

(Figurc 2 5 ) .  In  both cases, a t o t a l  of about  42'/U Gtons a r e  r e l e a s e d  

by t h e  yea r  2460. Moreover, t h e  "combination" scena r io  a l s o  assumes 

h ighe r  v a l u e s  i n  t h e  b i o t i c  growth f a c t o r s  a f t e r  2000, and a t  t h e  same 

t ime,  a n  a d d i t i o n a l  18 o f  t h e  slowly exchanging carbon from t h e  wooded 

ecosystems i s  assumed t o  be d i v e r t e d  i n t o  long-term s to rage .  The l i v e  
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ANTHROPOGENIC RELEASES 

Figure 25. Cumulative release of carbon from deforestation and combustion of fossil fuel 
("combination" scenario). 



b i o t a  shows s i g n i f i c a n t  dec reases  i n  t h e i r  mass/area va lues  a f t e r  2000 

A . D . ,  moreso i n  t h e  two wood compartments (Figure 26).  These observa-  

t i o n s  a r e  a l s o  app l i ed  t o  t h e  NPP (Figure 27) except t h a t  t h e  slow carbon 

o f  t h e  Southern Woods compartment a t t a i n s  a h igher  NPP i n  t h e  

"combination" case ,  presumably i n  response  t o  a s u b c r i t i c a l  l e v e 1 , o f  

a tmospheric  carbon d iox ide  and a lower d e n s i t y  of  carbon i n  t h e  

ecosystems. Most of  t h e  excess  carbon i s  now s to red  i n  t h e  r e a c t i v e  

sediment-deep humus compartment (c  ) where t h e  carbon i s  exchanging 
18 

v e r y  s lowly.  

Compared wi th  t h e  o t h e r  s cena r ios ,  t h e  amount of  r a p i d l y  e x c h a n g i n g  

carbon i n  t h e  wood compartments i n  t h e  "combination" scena r io  

( F i g u r e  28) i s  a b l e  t o  main ta in  a t  about  t h e  same l e v e l s  a s  i n  t h e  o t h e r  

c a s e s .  However, r a p i d  carbon i n  t h e  Nonwoods compartment dec reases  t o  

about  60% o f  t h a t  i n  t h e  "nominal" c a s e  i n  2100 and only  improves t o  

about  70% i n  2460. Resu l t s  s b t a i n e d  from t h e  "r.omhj.na.ti..on" sccna r lo  

(F igure  29) r e v e a l  t h a t  on ly  t h e  Southern Woods' slow carbon pools  a r e  

a b l e  t o  s t o r e  approximately t h e  same amount o f  carbon a s  i n  t h e  "nominal" 

ca se ,  most l i k e l y  a p o s i t i v e  response t o  t h e  h igher  NPP.  The o t h e r  two 

compartments can on ly  s t o r e  carbon a t  about 60 t o  70% t h e  l e v e l s  o f  t h e  
. .. 

"nominal" c a s e .  These f e a t u r e s  e s i e n t i a l  l SII&+ imp l i ca t ions  of 

u s ing  biomass i n t e n s i v e l y  a s  a n  a l t e r n a t i v e  energy source t o  supplement 

f o s s i l  and o t h e r  energy sou rces .  

I f  t h e  increas-ed s t o r a g e  o f  some o rgan ic  carbon t o  t h e  deep humus 

o r  r e a c t i v e  sediment compartment could be  maintained by e x c e l l e n t  

management on a l a r g e  s c a l e ,  t h e  atmospheric carbon concentrat io 'n  might 
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Figure 26. Projected mass density of biospheric carbon ("combination" 
scenario). 



Figure 27. Simulated n e t  primary production of t e r r e s t r i a l  ecosystems 
(ttcombinationt' scenario)  . 
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be maintained a t  l e s s  than  1 . 5  t imes t h e  1860 va lue  dur ing  t h e  next  . . 

cen tu ry .  The p o s s i b i l i t i e s  o f  technologica l  wood s t o r a g e  t o  s e rve  t h e  

same purpose deserve  exp lo ra t ion .  The l e v e l  of  C02 neve r the l e s s  would 

i n c r e a s e  slowly t o  1700 Gtons, o r  s l i g h t l y  below t h r e e  t imes  t h e  o r i g i n a l  

va lue  (2 .5  t imes t h e  p re sen t  l e v e l ) ,  by 2460. 

6 .3 .  IMPLICATIONS OF CHANGING FOSSIL AND NONFOSSIL 
CARBON USE 

Several  t e n t a t i v e  p ropos i t i ons  can be observed by comparing t h e  

r e s u l t s  ob ta ined  from d i f f e r e n t  l e v e l s  of used r e s e r v e s  and from t h c  

fou r  s cena r ios  t h a t  were used assuming 7500 Gtons r e se rve .  C lea r ly  t h e  

former dominate t h e  a tnosphe r i c  l e v e l .  There i s  no s u b s t a n t i a l  

r educ t ion  i n  t h e  peak l e v e l  o f  atmospheric carbon j u s t  by de lay ing  t h e  

consumption o f  f o s s i l  f u e l  f o r  a  few more decades.  The increased  

s luggishness  o f  ocean water t o  absorb carbon d iox ide  and t h e  probable 

upper l i m i t  o f  carbon s t0rag.e  reached i n  t h e  b iosphere  a r e  t h e  main 

f o r c e s  t h a t  cause a  l a r g e r  and l a r g e r  f r a c t i o n  o f  t h e  excess  carbon 

d iox ide  t o  remain i n  t h e  atmosphere. Lowering of  ocean ac id i ty-  

(changing t h e  bu f fe r ing  f a c t o r )  may make t h e  r e a l  s i t u a t i o n  worse than  

p ro j ec t ed  he re .  

There i s  a  p o s s i b i l i t y  t h a t  some o f  t h e  coa l  w i l l  be kept  by 

n e c e s s i t y  a s  chemical feeds tocks  o r  f o r  o t h e r  u ses  when o i l  and gas 

a r e  exhausted. I f  mankind e l e c t s  t o  l i m i t  t h e  u l t i m a t e  consumption 

o f  f o s s i l  carbon t o  about  5000 Gtons r e l e a s i n g  a t  t h e  same i n i t i a l  

r a t e  o f  4 .35%/year ,  t h e  maximum concen t r a t ion  o f  atmospheric carbon 



would n e v e r t h e l e s s  i n c r e a s e  t o  f i v e  t imes t h e  1974 va lue  (3500 Gtons v s .  

702 Gtons) .  Th i s  i s  about  t h e  same magnitude obta ined  i n  t h e  "slow 

. .  burner"  s cena r io  except  t h a t  t h e . r i s e  i n  t h e  next  two c e n t u r i e s  would 

b e  much s lower.  This  s cena r io  r e f l e c t e d  t h e  p o s s i b l e  ame l io ra t ing  

e f f e c t s  o f  an a l t e r n a t i v e  p o l i c y  o f  u t i l i z a t i o n  of  t h e  t o t a l  f o s s i l -  

carbon r e source  over  a  much longer  t ime span. C lea r ly ,  s t i l l  slower 

expansion i n  t h e  next  c e n t u r y  o f f e r s  more t ime f o r  dec id ing  t h e  u l t i m a t e  

l e v e l  a s  wel l  a s  t h e  r a t e  o f  ox id i z ing  f o s s i l  carbon.  

An accep tab le  s t r a t e g y  i n  t h e  f u t u r e  may have t o  depend on t h e  

proper  management o f  t h e  b iosphere .  Even t h e  very  pre l iminary  c u r r e n t  

e s t i m a t e s  o f  t o t a l  NPP sugges t  t h i s  r a t e  i s  about  10 t imes f a s t e r  than  

t h e  annual ' r e l e a s e  o f  f o s s i l  carbon. In t h e  t lnominaltt  case ,  t h e s e  r a t e s  

a r e  about  e v e n . i n  2100 A.D.  when ' t he  f o s s i l  carbon r e l e a s e  was assumed 

t o  r each  t h e  maximum r a t e .  The NPP modeled i n  t h e  "slow burner"  

s c e n a r i o  o r  t h e  "combination" scena r io  would s t i l l  absorb carbon up t o  

f o u r  t imes  f a s t e r  than  t h e  emission r a t e  o f  f o s s i l  carbon a t  t h e  t ime 

o f  peak' r e l e a i e .  Hence, t h e  biosphere would be a b l e  t o  t a k e  up more o f  

t h e  excess  carbon i n  t h e  meantime t o  compensate f o r  t h e  slow abso rp t ion  

o f  t h e  ocean under circumstances which remain t o  be de f ined .  The 

problem r e q u i r i n g  f u r t h e r  s tudy  i s  whether more o f  t h i s  carbon flow 

can  be  used i n  l i e u  o f  f o s s i l  energy, while producing needed food and 

perhaps inc reas ing  carbon s t o r a g e , a s  wel l .  Some of  t h e s e  o b j e c t i v e s  
. . 

may be  i n  c o n f l i c t  (Olson e t  a l . ,  1978).  

Biomass i s  s t i l l  t h e  main source of  f u e l  energy i n  most o f  t h e  l e s s  

developed c o u n t r i e s  ( E a r l ,  1976; Eckholm, 1976).  Suggest ions have a l s o  



been made t o  gene ra t e  e l e c t r i c a l  and f l u i d  energy,  from biomass i n  a 

l a r g e r  s c a l e  i n  developed na t ions  (e.g., Szego and Kemp, 1973; Rose, 

1977; Burgess, 1.977; Tillman, 1978).  Some advantages of  t h i s  a l t e r n a t i v e  

p o l i c y  a r e  t o  r e p l a c e  t h e  organic  carbon formed m i l l i o n s  of years  ago 

f o r  t h e  recent ' ly  formed biomass and qu ick ly  r e c y c l i n g  t h e  carbon i n  t h e  

atmosphere. However, t h e . n e t  e f f e c t  o f  t h i s  management p o l i c y  may s t i l l  

produce t h e  same response of  a r e l a t i v e l y  high l e v e l  of  atmospheric 

carbon a s  i n  t h e  c a s e  o f  burning only  5000 Gtons o f  f o s s i l  carbon 

mentioned e a r l i e r .  The d i s r u p t i n g  impacts from t h e  high carbon l e v e l  

can be reduced provided f u r t h e r  consumption o f  f o s s i l  carbon would be 

d r a s t i c a l l y  reduced o r  t h a t  o t h e r  nonfoss i l  energy sources could be 

developed t o  r e p l a c e  t h e  t o t a l  dependency on f o s s i l  f u e l  (Niehaus, 1977).  

In  t h e  f i n a l  a n a l y s i s ,  t h e  b a s i c  s t r a t e g y  i n  t h e  long-term 

management o f  t h e  carbon d ioxide  problem i s  t h e  r educ t ion  o f  f o s s i l - f u e l  

consumption, keeping p a r t  o f  t h e  f o s s i l  carbon a s  a source o f  new 

s y n t h e t i c  m a t e r i a l s  f o r  t h e  next  gene ra t ions .  The management o f  t h e  

biosphere,  whether o r  not i t  inc ludes  t h e  concept o f  " fue l  p l a n t a t i o n "  

o r  t h e  compaction and s t o r a g e  o f  organic  ma t t e r ,  can be used a s  t h e  

supplementary p o l i c y  dur ing  t h e  t r a n s i t o r y  per iod  (poss ib ly  a century)  

towards t h e  development of  some o t h e r  sources  o f  energy accep tab le  t o  

t h e  s o c i e t y .  



CHAPTER 7 

SUMNARY AND CONCLUSIONS 

1. Cont rovers ies  have a r i s e n  r e c e n t l y  concerning t h e  r o l e  o f  

b i o s p h e r i c  o rgan ic  ma t t e r  a s  a  n e t  source  o r  s ink  f o r  t h e  anthropogenic 

r e l e a s e  o f  a tmaspheric  carbon d i o x i d e .  The ma.ssive conversion o f  

f o r e s t s  i n t o  a g r i c u l t u r a l  J.ands and poss ib ly  a c c e l e r a t e d  o x i d a t i o n . o f  

. . humus du r ing  t h e  r e c e n t  p a s t  a r e  regarded a s  the .main  sources  o f  t h i s  

excess  b i o s p h e r i c  carbon d iox ide .  Whether such nonfoss i l  i npu t s  could 

' c o n c e i v a b l y  approach o r  exceed i n p u t s  from coa l ,  gas ,  and o i l  i s  a  

m a j o r , i s s u e  f o r  c u r r e n t  r e sea rch .  In  t h e  p re sen t  s tudy ,  a  g loba l  carbon 

model 'was u t i l i z e d  t o  s imu la t e  t h e  e f f e c t s  of  changing ecologica l  

carbon ba lances  i n  a d d i t i o n  t.o changing f o s s i l - f u e l  consumption on t h c  

g loba l  carbon c y c l e  between 1860 and 2460. 

These u n c e r t a i n t i e s  about  b iosphe r i c  carbon di.oxi.de r e l e a s e  should 

n o t  obscu re  t h e  dominant f u t u r e  e f f e c t  of  f o s s i l - f u e l  consumption on 

atmospheric  CU2 l e v e l s - i f  t h e  u se  of f u e l  r e s e r v e s  cont inues  t o  expand 

a t  h igh  r a t e s  and then  l a t e r  diminish only  slowly..  I f  u l t i m a t e  u sab le  

r e s e r v e s  (near 7500 f 2500 Gtons o f  carbon) become oxid ized  i n  t h e  next  

c e n t u r y  o r  two, i n s t e a d  of  being conserved p a r t l y  a s  feeds tocks ,  then  

d r a s t i c  c l i m a t i c  changes a r e  q u i t e  c r e d i b l e .  Feedback from c l i m a t i c  

change t o  t h e  carbon c y c l e  i s  beyond t h e  scope of  t h i s  s tudy .  

2 .  The p re sen t  compartmental model d i s t i n g u i s h e d  r a p i d l y  and 

. . s lowly  ,exchanging carbon pools  f o r  both t r o p i c a l  and non t rop ica l  f o r e s t s ,  

and f o r  nonwdoded ecosystems. These compartments were coupled with a  



two-layer atmosphere, an ocean having t h r e e  water l a y e r s  and t h r e e  

orga.nic poo l s , . and  f i v e  c a t e g o r i e s  of  sedimentary and d i s so lved  carbon. 

Carbon f l u x e s  among these  19 .compartments were descr ibed  a s  a  s.et  o f  

p a r t l y  nonl inear  o rd ina ry  d i f f e r e n t i a l  equat ions  f o r  income minus l o s s .  

Q u a n t i t i e s  o f  carbon i n  t h e  t e r r e s t r i a l -  b iosphe r i c  compartments were 

es t imated  from pre l iminary  p r o j e c t i o n s  o f  b iosphe r i c  a r e a s  and carbon 

mass per  u n i t  a r e a  f o r  d i f f e r e n t  ecosystem groups. 

Both a r e a  and mass/area were t r e a t e d  e x p l i c i t l y  a s  v a r i a b l e s  i n  

t h e  model. Empirical func t ions  were employed t o  r e s t r a i n  t h e  n e t  

primary product ion and s to rage  c a p a c i t y  o f  t h e  b i o t a .  H i s t o r i c a l  d a t a  

before  1974 o f  annual r e l e a s e  of  f o s s i l  carbon (and cement) we're used' 

as p a r t  o f  t h e  fo rc ing  func t ions  f o r  a l l  s imula t ions .  

3 .  Four d i f f e r e n t  carbon u t i l i z a t i o n  scena r ios  were s imula ted .  

The "nominal" and t h e  "delayed consumption" scena r ios  (cases  1 and 2)  

assumed t h a t  t h e  annual r e l e a s e s  of  f o s s i l  carbon beyond 1974 would 

fo l low d i f f e r e n t  forms of t h e  modified l o g i s t i c  equat ion  (Eq. 3 . 1 ) ,  

These equat ions  assumed t h a t  t h e  annual product ion of f o s s i l  carbon would 

d e c l i n e  slowly a s  f o s s i l  f u e l  r e s e r v e s  were exhausted. In  t h e  "slow 

burner" and "combination" scena r ios  (cases  3  and 4 ) ,  t h e  r a t e  parameter 

i n  t h e  l o g i s t i c  equat ion  was considered a l s o  t o  decrease  from an i n i t i a l  

va lue  of  about. 0 .  r34/)rear t o  about ~ . O l ' / y e a r  u l t imare ly  (Eq. 3 . 6 )  . In  

a d d i t i o n ,  t h e  "cnmhination" scena r io  a l s o  would cont inuous ly  s h i f t  1% of  

t h e  slowly exchanging carbon ( turnover  t ime > 10 years )  i n  t h e  f o r e s t  

compartments t o  a  very  slowly exchanging compartment a f t e r  2000 A . D . ,  a s  

i f  s t o r a g e  could be con t ro l l ed  d e l i b e r a t e l y .  



4 .  Presen t  c l i m a t i c  models suggest  t h a t  a doubling o f  t h e  

a.tmospheric l e v e l  o f  C 0 2  could cause  an  i n c r e a s e  of  t h e  g loba l  mean 

s u r f a c e  temperature by 1 .5  t o  3 OK. Feedback from c l i m a t i c  change t o  

t h e  b iosphe re  i s  n o t  y e t  c l e a r .  Assuming t h e  carbon cyc le  model i s  

v a l i d  and t h a t  f o s s i l - f u e l  consumption fo l lows  t h e  "nominaltt o r  t h e  

"delayed con~urnp t ion~ .~  scena r io ,  a  doubling o f  t h e  p r e i n d u s e r i a l  cull- 

c e n t r a t i o n  of  a tmospheric  carbon could occur  i n  50 t o  6U years. By 

d r a s t i c  r educ t ion  i n  t h e  consumption of  f o s s i l  f u e l  such a s  i n  t h e  

"slow burner t1  o r  t h e  t rconbina t iont t  s cena r io ,  t h e  doubling t ime could be 

de layed  u n t i l  a t  l e a s t  a  cen tu ry  l a t e r .  

5. Results '  ob ta ined  from t h e  s imu la t ion  runs  a l s o  r e f l e c t  t h e  

d i f f e r e n t  h i s t o r i c  assumptions abour t h e  b iosphere  as a n e t  source of  

atmospheric  carbon ove r  t h e  p a s t  cen tury .  From 1860 t o  1970, t h e  

b iosphe re  i s  h e r e  assumed t o  r e l e a s e  about  120 Gtons o f  carbon t o  . t he  

a tmosphe re ' e i t he r  promptly o r  with de l ay  of  a  few yea r s .  An equal  

amount o f  carbon was a d d e d ' t o  t h e  atmosphere from t h e  combustion of 

f o s s i l  f u e l  and cement over  t h e  same per iod ,  bu t  t h e  es t imated  prompt 

c o n t r i b u t i o n  o f  excess  CO from t h e  biosphere was l a r g e r  t han  t h e  2 

s s n t s i h ~ l t . i n n  from t h e  f o s s i l  'carbon from 1860 t o  1900. Delayed i n p u t s  

o f  nonfoss i l  C 0 2  by t r a n s f e r , f r o m  slowly t o  r a p i d l y  exchanging pools  

a r e  s t i l l  inc reas ing ,  bu t  a r e  he re  assumed t o  be overtaken by f o s s i l -  

f u e l  r e l e a s e  o f  carbon around 1930. 

' 6 .  P r o j e c t i o n s  of b iosphe r i c  carbon suggested some c r e d i b l e  ways 

by which d i f f e r e n t  p a r t s  of t h e  b iosphere  could s e r v e  a s  source  and s ink  

f o r  t h e  excess  C02 simultaneously.  For t h e  next  25 years ,  t h e  f o r e s t s  



would l o s e  another  100 t o  150 Gtons o f  carbon t o  t h e  atmosphere due t o  

land c l e a r i n g s  alone;  a t  t h e  same t ime,  t h e  nonfores t  ecosystems,, mainly 

a g r i c u l t u r a l  l ands ,  would i n c r e a s e  t h e i r  t o t a l  a r e a  and mass o f  carbon 

and thus ,  would se rve  a s  s i n k s  f o r  a  l e s s e r  amount of  t h e  excess  carbon 

d iox ide .  Beyond 2050, t h e  t e r r e s t r i a l  b iosphere  could main ta in  a  

r e l a t i v e l y  cons t an t  mass of  organic  carbon, i f  CO f e r t i l i z a t i o n  e f f e c t  
2 

i s  moderate ( t h e  b i o t i c  growth f a c t o r  i s  about 0.15 t o  0 .2 ) .  The 

p o s s i b l e  d e c l i n e  of  photosynthes is  a t  very  high l e v e l  o f  atmospheric 

carbon d iox ide  should be a  major ' f a c t o r  i n  s tudying t h e  long-term 

response  o f  t h e  g loba l  carbon c y c l e .  

7. Recent r e p o r t s  of  13c/'12c r a t i o s  from da ted  t r e e  r i n g s  a l s o  

suggest  t h a t  about 120 Gtons o f  b iosphe r i c  carbon was r e l e a s e d  be fo re  

1930. They a l s o  suggest  t h a t  t h e  n e t  r e l e a s e  o f  b iosphe r i c  carbon 
. . 

remained almost s t a b l e  f o r  t h e  l a s t  30 t o  40 yea r s .  However, t h e  

p re sen t  model assumes t h a t  t h e  b iosphere  could r e l e a s e  a  s u b s t a n t i a l  

amount o f  organic  carbon t o  t h e  atmosphere u n t i l  2000 A . D .  when 

d e f o r e s t a t i o n  r a t e  could d e c l i n e .  In  terms o f  t h e  g loba l  carbon cyc le ,  

t h e  p re sen t  model may poss ib ly  underest imate t h e  e f f e c t  o f  t h e  c o n t r i -  
. , 

bu t ion  o f  b iosphe r i c  carbon before .1900,  while  overes t imat ing  t h e  same 

e f f e c t  f o r  t h e  p a s t  30 t o  '40 yea r s .  The overes t imat ion  i s  probably t h e  . 

cause of t h e  s t e e p  r i s e  of  atmospheric l e v e l  o f  CO i n  t h e  r e c e n t  yea r s  
2 

pred ic t ed  by t h e  model as compared with t h e  measured i n c r e a s e  from 

Mauna Loa ( see  Sec t ion  5 .2 ) .  A r e a p p r a i s a l  o f  t h e  c o n t r i b u t i o n  of  

b iosphe r i c  carbon i n  each r eg ion  dur ing  t h e  cen tu ry  i s  suggested 

he re  a s . o n e  of  t h e  top ics  for continuous r e sea rch  on t h e  g loba l  carbon 



cycle, so there will be a meaningful basis for anticipating and 

managing shifts in the net balance of biospheric carbon. 
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PARAHFTER POU07=21.5,  POSC8=1.0. P 0 5 0 9 = 0 . 6 2 .  P 0 5 1 9 = 0 . 0 3  

. I 

PICAMETER P ? € C 7 = 0 . 3 2 ,  P0701=90.U,  P 0 7 0 3 = 3 1 . 0 ,  f 0 7 0 8 = 1 9 . 0  
PASACETFR F 0 1 0 9 = 1 7 . 0 ,  P 0 7 1 6 = 0 . 6 5 ,  FOR07=38 . O ,  FORC9=40.0 
PARAFETES F 0 9 0 8 = 5 0 . 0 .  P 1 0 0 1 = 1 0 . 0 ,  P 1 1 0 1 = 7 . 8 = ,  F 1 1 1 8 = 0 . 1 5  
PARAMETPR P l i C l = l O . O ,  F 1 3 0 1 = 7 . 8 5 ,  P 1 3 1 8 = 0 . 1 5 ,  F lUO1=11.0  
DARAMETER P 1 5 0 1 = 8 . 8 6 ,  P15lR=O.  1 0 ,  F1609=13.38, F 1 6 1 1 = 9 . 2 9  
PAt iACYEPPl7Cl=O.OU,  F 1 7 0 7 = 0 . 2 3 ,  F 1 7 1 5 = @ . C 2 .  P lROU=0.08  
?AFP.METER F l @ 0 6 = 0 . 2 9 ,  P 1 8 1 9 = 0 . n 7 .  F l 9 0 U = 0 . 0 7 .  F 1 9 @ 6 = 0 . 0 3  
t 

*****?AEAIIETERS FOR MODIFIED LOGISTIC EQUATION TO PROJECT FUTURE 
***** RELEASE OF FOSSIL CAREON. 

COKSTRHT PINF=7.5E3,  F 0 = 1 3 7 . 2 5 9 ,  fJ197U=U. 8 9 9 7  
COKSTANT NLT = 1 3 7 . 2 5 9  

NCSCRT 
t 

****'CAT.CnLATf THE EXPONENT 0 3  THE HATE I N  THE MODIFTFD LOGISTTC CURVE. 
*a*** CASY 1: NOMINAL CASE (HIGH FATE CP FOSSIL FUEL CONSUIIFTTON) 

I F  (KASE.GT. 1) GO TO 1  
RATE = C.0435 
EXPN = ALOG ( 1  .O-U197U/ (PO*RA?E) )/ALOG(PO/PINF) 

WRITE ( 2 5 , 9 0 1 )  
9 0 1  FORCAT ('NAMEPOF19.DAT') 

G C  TO ? 

***** CASE 2: DELAYEL FOSSIL POEL CONSDRPTION . 
1 I F  (KASE.GT.2) GO TO 2. 

EXPN = 0 . 1  
h h T Z  - Ol'l?U/ (PO* ( 1  . O -  (Fn,/PTNF) **E:XFN)) 

WFITE 126.9C2) 
9 0 2  FORFAT ('NAMEPCR26,DAT') 

3  CONllNOE 
TEfl?l=FINP**EXFN 
TEnP2=FC**EXPN 
TEllF3= (TEMPI-TEMFZ)/?EMF2 
G C  TO U 

2  CONTINCE 
t 

***** CASE 3: SLCW PU5IIER--DECREASIHG RATE OPCONSOMPTION 
***** CASE 11: COURTNATICN SCENARIO--CPSE 3  t BIORASS MANAGEMENT 

I P  (KPSF. EO. 3 )  WP?TE( 2 7 , 9 0 6 )  
I P  (KRSF.BC, UI YRITE(28.907)  

9 0 6  PCRMAT l ' N A M T P 0 ~ 2 ~ . D A T g )  ' 

9 0 7  PCRRAI ('NPflEFOR28;DAT') 
F 9 9  = O.OU35 



EXPN = ALOG (1 .0-1119?~/ (PO*RATF))  /ALOG(PO/PINF) 
U  CONTTNPF 

'****?HE VCLOCE TO SOFFPCE RATIO. 

e = ;.c/3.o 
* 
'****TRANSPEF RLTES R? STEADY STAT?. 

A0102 = P O l C Z / X I C l  
A0107 = P 0 1 0 7 / X ? C l  
A 0 2 0 1  = P 0 2 0 1 / X I C 2  
AO?OU = P03CU/XIC3 
A0307 = F 0 3 0 7 / x I c 3  
AOUOS =. FOU05/XICU 
ROU07 = FOUC7/XICU 
~ 0 5 0 8  = P 0 5 0 8 / ~ 1 c 5  
A 0 5 0 9  0 ~ 0 5 0 9 / ' 1 r T i ? :  
A051C = F 0 5 1 9 / X I C 5  
A0607 . FOG07/XIC6 
A I l 7 C l  : F0701,IXIC7 
AO7C8 = PC7C8/XIC7 ' 

A0709 = F 0 7 0 q / X I C 7  
A 0 7 1 6  = F 0 7 1 6 / X I C 7  
A9E97 = F C E C 7 / X I C 8  
1 8 8 0 9  - P U U U U / X I C ~  
A09C9 = P6908/11C9 
A l O C l  = F l O C l / X T C l O  
A 1 1 3 1  = F 1 l O 1 / X ? C l l  
A l l 1 8  = F 1 1 1 8 / X I C I l  
A 1 2 0 1  = P l 2 C l / S I C 1 2  
A 1 3 0 1  = F l ? O l / X I C l ?  
A 1 3 1 8  = F l 7 l R . l Y I C 1 3  
A l U O l  = F 1 U C l / X I C l U  
A 1 5 0 1  = F l S O l / X I C 1 5  
A 1 5 1 9  = F 1 5 1 R / X I C 1 5  
A 1 6 3 9  = F 1 6 C S / X I C 1 6  
A1617 = P 1 6 1 7 / X I C 1 6  
A17C1 = F 1 7 0 1 / X I C 1 7  
A 1 7 0 7  = P l l C 7 / X T C 1 7  
A1716 = P 1 7 1 6 / X I C 1 7  
~i eou = F ~ ~ O U / I I C ~ ~  
~ 1 8 0 6  = P l e C 6 / X I C l 8  
A1819 = P 1 8 1 9 / X I C 1 8  
A190U = P19CU/XIC19 
A 1 9 0 6  = P 1 9 C 6 / X I C 1 9  

t 

A 0 1 0 1  = A 0 1 0 2 t A 0 1 0 7  
A 0 2 0 2  = A 0 2 0 1  
A 0 3 0 3  = AO3CU+A0307 
ROUOU = A3U05+AOU07 
A0505 = A0508+AO509+A0519 
AOE06 = ACEC7 
A0707 = h 0 7 0 8 * P 0 7 0 9 + A 0 7 1 6  
A08E8 = R 0 8 0 7 * A 0 8 0 9  
A 0 9 0 9  = A090P 
A1910 = A 1 0 @ 1  
R l l l l  = A 1 1 0 1 + A 1 1 1 0  
A 1 2 1 2  = A 1 2 0 1  
A1313 = A l 3 0 1 + & 1 ? 1 8  
A l U l U  = A 1 4 0 1  
A 1 5 1 5  = ~ 1 ~ 0 1 + ~ 1 5 1 8  
h 1 6 1 6  = & 1 6 0 9 + n 7 6 1 7  
A1717 = A 1 7 0 7 + A l 7 1 6  
4 1 0 1 8  =. 11P( !u*A1806+A1813 
r l 9 1 v  = 1 1 9 0 4 + ~ 1 9 0 6  . . :. . 

*****TOTAL CPfiEON I N  ?HE SYSlEn.  
. . 

TOTOC=XICl+XIC2+XIC3+XICU+XXIC5+XIC6+XIC7+XIC~+XIC~+XIClOtX~Cll . . . 
+ X I C 1 2 + X I C 1 3 + X I C 1 U + X I C 1 5 + X I C 1 7 , X I C ~ 8 t X I C l ~  



TRU N=O .O 
COUN'I=C.O 
C F F R L  = 2 . 1 U 5  
C F F F L ? =  2 . 0 5 3 7  
CCRL . =  0 . 0  
CDRL = C.0 
E I C R 1 2  = 0 . 0  
B T O R 1 3  = 0 . 0  
B I O R l U  = 0 . 0  
P I C F l 5  = 0 . 0  

*''LANE AFEP ( I N  R I L L I C N  SCOARED KR) A ?  STEADY STATE.  
**'TOTAL LPND A6EA EQOALS 1 3 0 . 9  R I L L I O N  SQUARED KR. 

*'*CARPON UASS FER U N I T  AREA O P  T E R R E S T R I A L ,  E C O S Y S T E n S .  

ATE0 = K ' € C l + X I C 2  
ATOL'I = A1RO 
C 3 L ? = X I C 3  
CULT=XICU 
C 5 L T = X I C 5  
C  6 L T =  R I C E  
C 7 L T = R I C 7  
C S L T =  XICB 
C 9 L T = X I C 9  
C l . O L T = X J C l O  
C l l L I = X T C l l  
C 1 2 L T = X I C 1 2  
C 1 3 L ? = X I C l 3  
C l U L T = X I C l U  
C 1 5 L T = X I C l S  
C 1 6 L T = X I C 1 6  
C 1 7 L ' I = X I C 1 7  
C 1 8 L ' I - x I C l e  
C 1 9 L T = X I C 1 9  

1:YNAOIC 
' NOSORT 

'***COAFUTE CARNGE I N  IAND AREA O F  N0FTHER.N WOCDS ACCORDING TO 
'r*r A S I B I I E  L O C I S T T C  EQUATION. 

E A N  = c . o o u e i r i 1 i 4  
ANT = 2 0 . 0 /  ( 1 . 0 4  ( - 0 . 2 8 3 1 5 U l Z ~ E X P  (-RAN'(YEAR- 1 8 6 0 . ' 0 ) ) ) . )  
DAN = FPN* PNT* ( 1  .O-ANT/20 .0 )  

****COCFOTE CRRNGE I N  LAND ASEA O F  SOUTHERN WOODS 
a * * *  1 8 6 0  T O  1 9 8 0  - -  SECOND ORDER EXPONENTIAL EQUATION,  
a * * *  1 9 8 0  1 0  2 0 0 0  -- EXPONENTIAL EQUATION, 
I*** ;COO T O  2 u t c  -- s r n e L e  LOGISTIC EQUATION. 

I F  ( Y E A F . G T . ~ ~ ~ U . O J  GO TO 5 .  
RAS = - 2 . 2 2 2 1  l2E-U*EXP (O.O3* ( Y E A I , L 1 8 6 0 .  0 )  ) 
b S T  = ~ S O * E X P ( - 2 . 2 1 2 1 1 2 Z - I l * . ( E X P  ( 0 . 0 3 + ( Y E A R - 1 8 6 0 . 0 ) )  - 1 . 0 )  / 0 . 0 3 )  
DAS = RAS*LST 
.GO TO 7  

5 I F ( Y E A 9 . G T . 2 3 0 0 . 0 )  GO TO 6  
RAS = - C . 3 0 R 1 3 2 5 3 P  
AST = i t . 2 7 8 0 1 U 9 0 * E X P  ( RAS* ( Y E A R - 1 9 8 0 . 0 1 )  
DAS = RbS*AST 
GO TO 7  



6  FA5 = 0 . C 3 1 0 0 7 4 2 7  
AST = 1 5 . 0 /  ( 1 . O t  (-O.?O77RO?2*EXP (-PAS* (YEAR-2000. 0 ) ) ) )  
DAS = FPSaAST* ( 1 . 0 - A S T / 1 5 . 0 )  

7  C O N T I N t E  
D A O  = P E S  (GIN) tries ( C A S )  

t 

*****CCII FUTE P N N U  RL CC2 PRODUCTION FRCII F O S S I L  FUELS. 
*****LINEAL INTEFEOLATION OP VALUES BEFORE 1 9 7 4 .  
*****AFTER 1 9 7 4  A t ,  FROJECTION FROM SOURCE FUNCTION. 
t 

I F ( Y E A F . G T .  1 9 7 4 . 0 )  GO TO 1 0  
U =AFGEN(CC2,YEAP) ' 

GO T O  2 0  
1C. T F  (KASE.LI .3)  GO TO 1 5  

f***'CCtlFU?E CAFECN RELEASED FROn F O S S I L  FFELS FOR CASES 3 AND 4 .  

R = l . 0 / ( 7 4 . 0 *  ( 1  . O - E X P ~ - 0 . 0 0 2 7 1 * N L T ) ) )  
G F p n r l r I n r /  ( l . O +  ( ( e I r r ? / r O  ) = * E X P N - ~  . O ) * E X P ( - R * E X P N * .  . . 

( y e s s  - 1 9 7 y . O ) )  ) a * (  l.iI/t 'XYN) 
U=CFFPL*F* ( 1 . 0 -  (CPFRL/FINF)  **EXFN) 
NLT = CFPRL 
GO T O  2 0  

t 

*****CO!lFUTE CPREON RELEASED FROM F O S S I L  FUELS FOF CASES 1  AND 2 .  

1 5  C T P I ? L = I I N F / ( l .  O t T E n P 3 * E X P ( - E X P N * R A T F : * ( Y E A R - l 9 7 J O ) ) * * ( l  .O/EXPN) 
HEFP = FAZE* ((7FMF1-CFFPL*+EXFN) /TEMFl) 
U = CPPRI*REFF 

2 0  CCNTINUE 
1 

SCRT 
ATII = C l t C 2  

* 
*****COMPUTE ClFEON CIOXIDE FNPTCHnENT YFFECT OH NPP. 
m 

FROCEDURE FEO,FEN,FES = BOCNDl (ATY, ATnO ,FETAO,BETAN, BETAS) 
EF1 = FESFCN ( 3 . 1 4 1 6 ,  1 C 6 7 q . 2 5 , 2 1 ? S 5 8 5 , A T f l )  
PEO = (l.O+~E?AC*ALOG(PTII/ATnO))*EPl 
FPN = ( I  .O+BETRN*ALOG( ATM/ATIIO) ) .EPI 
PES = (l.O*BETAS*ALOG (ATil/ATMO) ) * E F l  

EFrFROCEDUFE 

*****COFFUTE MASS f E N S l T Y  EFFECT ON NPP. 
6 

FROCEDUEE C 1 O , F 1 1 , G 1 2 , G 1 3 , G 1 4 , G 1 5  = B O U h ' D 2 ( Q l 0 , Q 1 l , Q l 2 , Q 1 3 . O l 4 , Q l S ,  - - .  
C 1 9 0 , C l  l O , C 1 2 0 , Q 1 ? 0 , Q 1 U O , Q 1 ~ 0 )  

ClOGn = THETA*C100 
Q l l G M  = ' IHETA*GlIO 
Q l 2 G n  = T!iETA*Q120 
C13Gtl = ' IHE?P*Ql30 
O i u G n  = I H E + A * C ~ U O  
~ 1 5 ~ ! 4  = 7 H Y A * C 1 5 0  
Q l C O n  = Ql 0 0  
~ i i c n  = c l l o  
Q l 2 0 n  = Q l 2 O  
Q ? ? O M  = Q 1 3 0  
csrcn - ~ 1 4 0  . . . 
o i 5 o n  = Q ~ S O  

B F I O  = F E S F O N  ( 3 . 1 4 1 6 , ~ 1 n c n , p 1 0 0 ~ , 0 1 ~ )  
EFl 1 : ItvZ?CN (? .  1 4 1 6 , ~ 1 1 t i ~ , Q l l C ~ , Q l 1 )  
"12 = RESPON ( 3 . 1 4 1 6 , 0 1 2 G n , Q 1 2 0 M , Q l 2 )  
EP13 = REFPON ~ 3 . 1 U 1 6 . Q 1 3 G ~ , Q 1 3 0 f l , Q 1 3 )  
E P I U  = F E S F O N  ( 3 .  ~ U ~ ~ . Q ~ U G Y , O ~ U O ~ , Q I U )  
EP15 = FESFON ( 3 . 1 4 1 6 . Q 1 5 G Y . Q 1 5 0 M , Q 1 5 )  
G I 0  = ( ( C l O / Q 1 0 0  ) * * P ) * E P l O  
G 1 1  = ( ( Q l i / 3 1 1 0  ) * * P ) * E P 1 1  
G I 2  = ( ( Q l Z / Q 1 2 0  ) + + B )  *EF12 
G I 3  = ( ( C 1 3 / ~ i 3 0  ) * * P ) * E F 1 3  
G I 4  = (ClU/ClUO ) * * @ ) * E F l U  
G I 5  = ( ( Q 1 5 / Q 1 5 0  )**B) * E F 1 5  



ENDPROCEDOFE 
I 

*****SELEAS! OF CSGANIC CAPPON FROfl DEPORPSTAATION. 

D Y 1 2  = P P S  ( C A N ) * U l 2  
D r 1 3  = P P S ( C A N ) * Q l !  
cn iu  = P e s ( c ~ s ) * ~ i o  
D n 1 5  = A B S ( D A S ) * Q l 5  * 

*****LANC ASEP CF  NONWOOtS. 

ACT = 1 2 0 . 9 -  (AN?+AST)  

*****COUPOTE CCEAN PUFFER PACTOR ACCOSDING TO REVZLLE & 3UNR ( 1 9 7 7 ) .  

ZETA 5 .O+U. O* ( (AIIJ  -A?IJO) /ATNO) 
P L 0 1 0 7  = A 0 1 0 7 * C 1  
P L 0 7 C 1  = A@701*(ZETR*C7-(ZETA-1.0) * X I C 7 )  

*****NET 1 KIIJABY FROCUCTION. O F  T E R R E S T R I A L  @ I O T A .  
L 

F L O l l O  = F O l l O * F E O * G l O  
P I O l l l  = P O l l l * F E O * G l l  
F L O l l 2  = P 0 1 1 2 * F E N * G 1 2  
P L 0 1 1 3  = P 0 1 1 3 * F E N * G 1 3  
P L O l l U  = P O l l U * P E S * G l U  
F L O 1 l . E  = P 0 1 1 5 * P F S * G 1 5  
FLAP = P L O 1 1  0 + F L O l l 1  * P L O 1 1 2 + P L O 1 1 3 + P L O  1 1 U + P L O 1 1 5  * 

*****SHIP? CP  CRGANIC CARBON AFTER DEFORESTATION.  

F L l i O l  = C ? 1 2 * 0 . 3  
P L 1 2 1 0  = D U 1 2 * 0 . 7  
~ ~ 1 3 ~ 1  = D I J l 3 * 0 . 2  
P L 1 3 1 0  = D n 1 3 j 0 . 3  
F L 1 3 1 1  = D N 1 3 * 0 . 5  
P L l U O l  = DUlU*O.U 
P L l U 1 0  = D U l U * 0 . 6  
PT.I:OI = D N 1 5 * 0 . 2  
P L ~ S ~ O  = q n i 5 * 0 . 3 5  
P L 1 5 1 1  = DU15.0.45 

t 

* * * * * ~ c D E L  E O C A I I O N S .  
d 

C l  = I K T G F L ( X I C 1  , D C l  ) 
C 2  = I N I G R L ( X ? C 2  , D C 2  ) 
C 3  = I N I G R L ( X I C 3  , D C 3  ) 
CU = I N ? G S L ( X I C U  ,DCU ) 
c 5  = I K T G F L ( X I C S  , o c 5  ) 
C 6  = I N I G R L ( X I C 6  , D C 6  ) 
C 7  = I N ' I G S L ( X I C . 7  ,DC7  ) 
C8 .= I F T G 6 7  ( K T C R  .nCR \ 
C 9  = I S T G F L  ( X I C 9  , D C 9  ) 
C l O  = I N ' I G R L ( X I C 1 0 , D C l O )  
C 1 1  = I N I G R l  ( X I C l 1  , D C 1 1 )  
C 1 2  = I F ? G 5 L ( X I C 1 2 , D C l 2 )  
C 1 3  , =  I N T G S L ( X I C I ? , D C I : )  
C 1 U  = I N I G S L ( X I C l U . D C 1 U )  
C l 5  = I N I G J L  ( X I C l 5 , D C l S )  
C l h  = TNTGFL ( X I C 1 6 . D C 1 6 )  
C 1 7  = I R ? G K L ( X I C 1 7 , C C l ? )  
C l 8  = I N ? G R L ( X I C ~ ~ , D C ~ ~ )  
C 1 9  = I N I G R L  ( X I C 1 9 , D C l Y )  
C 1 0  = I F T G F L  ( Q 1 0 0 , t Q l O )  
Q l l  = I N T G F L ( Q l l 0 , t Q l l )  
0 1 2  = I N ' I G R L ( ~ 1 2 0 , D U l Z )  
Q 1 3  = I N I G R L ( Q 1 3 0 , D Q 1 3 )  
C1U = I C T G F L ( Q 1 4 0 , C O l U )  
915 = I R T G F L ( Q l S O , C Q 1 5 )  * 
CCHT10=FL0110*FL1210*PL1310+FLl41O+FZ1510 - A 1 0 1 0 * C 1 0  
CCHT11=F10111+PL1311+PL1511 - A l 1 1 1 * C l l  



D C H T l 2 = F L O 1 1 2  -FLli01-FL1210-P1212*Cl2 
D C H T 1 3 = F L 0 1 1 3  -FL1301-FL1310-FL1311-A1313.C13 - H E V * C 1 3  
D C H T l U = F L O l l U  -FL1UOl-FL1U10-AlUlU.C10 
C C H T 1 5 = F L C 1 1 5 -  FL1501-PL1510-FL1511-A1515C15 - H R V 9 C l 5  * 
D O I ~  = ( P C T * C C H T  ~ ~ - C I O * D A O )  / (  A O T * A O V  
D Q l l  = ( A O I * D C H I l l - C l  l * C A O ) / ( A O T * A O T )  
D Q l 2  = ( A N T * D C H ? l Z - C 1 2 * D A N ) / ( A N ' I * A N T )  
D Q 1 3  = (PNT*tCHI13-C13*DAN)/(AYT*ANT) 
D Q l U  = ( A S T * C C H T l U - C l U * C A S ) / ( A S I * A S T )  
D Q 1 5  = (AST*tCH?lS-ClS*DAS)/(ASI*AST) 

+ A 1 U 0 1 * C 1 U + A 1 5 0 1 * C 1 5 + P 1 7 C 1  - A C l O l * C l - F L A B  
DC2 = A 0 1 0 2 * C 1  - A 0 2 0 1 * C 2  
D C 3  = P C 7 C 3  - A 0 3 0 3 * C 3  
CCU = PC30U*C3+Al@OU*C18+A190U.C19 -AOUOU*CU 
r . r 5  = a n u o S * c u  - A O S O ~ * C S  
DC6 = A l R 0 6 * C l R + A 1 9 0 6 * C 1 9  - f i 0 6 0 6 * C 6  
n r 7  : 1 0 1 n 7 t S ~ ~ h 0 3 0 ? * t 3 ~ A 0 ~ I C ? * C U  I hOCOl*CG i R O n A 7  1  . . . - PI C 7 C l - F n l f l 3 -  4 0 7 0 7 * C ?  
OC8 = P O 5 0  R * C 5 + A 0 7 0 8 ~ C ' l + A 0 9 0 R r C 9  - A 0 8 0 Q * C 8  
DC9 = P0509*C5+P0709*C7+AO809*CQ+A 1 6 0 9 * C 1  t - A O Q 0 9 * C 9  
D C l O  = A O I * D C 1 0 + 0 1 0  *DAC 
D C l l  = A O I * D C l l * Q l l  *DAC 
D C l 2  = P N T * t Q l Z + Q 1 2  *DAN 
C C 1 3  = P K T * C C l ? + C I ?  *CRY 
D C l U  = A 5 I * D Q l U + Q l U  * D A S  
D C 1 5  = A S T * D C 1 5 + 0 1 5  * D A S  
t C 1 6 =  P C 7 1 6 * C 7 + A 1 7 1 6 * C 1 7  - A 1 6 1 6 * C 1 6  
D C 1 7 =  A 1 6 1 7 * C 1 6  - A 1 7 1 7 * C 1 7 - F l 7 0 1  
D C l 8 =  A 1 1 1 9 * C l l + A 1 3 1 8 * C 1 3 + A 1 5 1 8 n C 1 S  - A 1 8 1 e * C 1 8  t H 9 V h  ( C 1 3 t C 1 5 )  
D C l ? =  A Q 5 1 9 * C 5 + 3 1 R 1 9 * C l R  - &  1 q l q V l Q  -V 

t 

NOSOR? 

*****CHECK 6 C O N C I N G  ERRCR.  
t 

T E U N = T F V N + l . O  
I P  ( K E E F . N E .  1 )  GO T O  50  
COUNT = C C C N I t 1 . 0  
C P T C = C  1 + C 2 + C 3 * C U + C S t ~ 6 + ~ 7 + ~ 8 + C 9 + C 1 O + ~ l l t ~ l 2 + C l 3 + C l U t C l 5  . . . 

* C 1 6 + C  1 7 + C 1 8 + C 1 9  
R E S I 9 O = I O T O C - C F I C  
F E F F  = f E S I t U / C O O N T  
I F  ( S A N F L E  ( 1 8 6 0 . 0 , 2 4 6 3 . C 1 1  - 0 )  . N E .  1 . 0 )  GO T O  5 5  

4 

*****CCflFOTE A I R P C F N  F R A C T I O N S  O F  E X C E S S  CAFIBON F R O n  ANUOAL R E L E A S E .  , . 
t 

I F  ( Y E A P . L E . 1 9 7 U )  C F P R L  = C F F t i L t r l  
E:NC=ClO+Cll+Cl~+C~34C1U+C1S-XIC1O-XIC11-XICl2-XICl3-XIClU-XICl5 
ACRL = F L l i 0 1 + F L 1 3 0 1 + F L l U O l t F L  1 5 0 1  
ADRL = FL1210+FL1?10*FLlU10tPL1510 
A P R I  = D+AC!?L 
AARL = A F S L + A t ! ? L  
ARPA = (A'In-AIl!LT)/Cl 
AFPA = ( A T E - A ? n L I ) / A P R L  
AFDA = ( A I C - A T n L T ) / R A F L  . 

* '*"*PAi)TITION O F  E X C E S S  C A R e C N  P R O n  ANNUAL PRODIICTION.  

Ir'7a (f '1 . ~ ~ ~ T ) , ~ P . A P L  
P U -  ( C U - C U L T )  / A A P L  
P:= ( C 5 - C S L I ) / A A F L  
F6= I C 6 - C 6 I , T ) / R  I F 6  
P I =  ( C " - C ' l t T )  / A A P L  
P 3 =  ( C 8 - C E L T )  / A A F L  
? Q =  ( C S - C O L T )  / A A ? L  
F l O =  ( C 1 0 - C I O L T )  / P P P L  
F 1 1 =  ( C  1 1 - C 1  I L ? )  /APFiL 
P 1 2 =  ( C l i - C l 2 L T )  /AAfiL 



P 1 3 -  ( C 1 ? - C 1 3 L T ) / A A F L  
F l u =  ( C l U - C l U L T ) / A P R L  
F 1 5 =  (C 1 E - C l S L T )  /AARL 
F 1 6 =  (C 1 6 - C l b L T )  /AARL 
F 1 7 =  ( C l l - C 1 7 L T )  /AARL 
F 1 8 =  (C  l e - C l ' 8 L T )  /AARL 
1 1 9 -  ( C 1 9 - C 1 9 L T ) / R P R L  

6 1  ACOT = '  D R l i + D R 1 3 + D R l U + D N 1 5  
ATRLT = ATR , ' 

C 3 L T = C 3  
C u L T = c u  
C S L T = C I  
C 6 L T = C 6  
C 7 L 7 = c 7  
C B L T = C E  
CQ I?= C 9  
C 1  o L T = C l o  
c l l L T = C l l  
C 1 2 L T = C 1 2  
C 1 3 L T = C 1 3  
C l u L * I = c l u  
C 1 5 L T = C l 5  
C 1 6 L T = C 1 6  
C 1 7 L ? = C 1 7  
C 1 8 L T = C 1 8  
c 1 9 L T - C l "  
C P P R L T  = C P F R L  

****'CUtlULATIVE. RELFASES O F  f ? I O S P A E R I C  CARPON P R O #  DSPORESTATION.  

P I O F 1 2  = E I C R l 2  l Dtl12.  
B I O R 1 3  = E I C S 1 3  D n 1 3  
B I O R ~ U  = E I O R I U  + D n 1 9  
B T O R I :  = B I O E I S  + D ~ I S  
CCUT = EICF12+PICR13+PIO~lU+PTORlS , * 

'****CC?FOTE RIREOnN FRACTIONS O F  COROLATIVE E X C E S S  CARBON. 
* 

C C R I  = C C F L + A C S L  
CDRL = CDRL+ADFL 
CPRL = C F F F L I C C R L  
CARL = C P R L + C D F L  

6 5  AFFC = ( P T C - A T R O ) / C F F R L  
AFDC = (PTR-ATRO) /CARL 
APBC = (BINC+CCRL+CDRL)  /CARL. 
AFPC = ( R ? R - A ? n O ) / C P R L  

4 

*****PARTITICN O P  T H E  C U O U L A T I V E '  E X C E S S  C A R P O N .  
rC 

F 3 C  = ( C 3 - X I C 3 )  /CARL 
PUC = ( C U - X l C b ) / C A R L  
P 5 C  = ( C S - X I C C ) / C A X L  
PGC = ( C 6 - X I C 6 )  / C R P L  
P l C  = ( C 7 - X I C 7 )  /CAHL 
F 8 C  = (C8-XICB.) /CARL, 
F 9 C  = ( C 9  - X I C S )  /CARL 
P l O C  = ( C 1 0 - X I C l O ) / C R R L  
P'11C = ( C 1 1 - X I C l l ) / C A R L  
P 1 2 C  = ( C 1 2 - X I C 1 2 ) / C A R L  
P 1 3 C  = ( C 1 3 - X I C 1 3 ) / C A R L  
P 1 U C  - ( C ~ ~ I Q X I C ~ ~ ) / C A P L  
P l s C  = ( C I S - X I C l S ) / C A R L  
P 1 6 C  = ( C 1 6 - X I C 1 6 ) / C A R L  
r 1 7 C  1 ( C 1 7 - X I C 1 7 ) / C A R L  . 
P i e c  = ( ~ 1 8 - X I C I ~ )  / C A R L  
P 1 9 C  = ( C I S - X I C 1 9 ) / C A R L  

55 CCNTINUE 
PAROOD = AROD ( Y E A R ' , o U T C E ~ )  
I? (PAFMOD.NE.O.0)  GO 'I@ 5 0  
I F  (KASE.EC.  l ) W R T T Z ( 2 5 , 9 0 3 )  YEAR, R T R , C I , C ~ , C ~ , C ~ , C ~  , ~ l O , C l l , -  - 
C ~ ~ , C ~ ~ , C ~ U , C ~ ~ , ~ ~ ~ , Q ~ ~ , Q ~ ~ , Q ~ ~ , Q ~ U , Q ~ ~ , U , C F F R L , A C R L , A D P ~ ~ ~ - -  
C C R L , C D R L , C I R I , F L P ~ ~ ~ , F L ~ ~ ~ ~ , P ~ O ~ ~ ~ , F L ~ ~ ~ ~ , ~ O ~ ~ U , F L @ ~ ~ ~  



ORNL-DWG 78-13654 
IF' (KACE.?C.2)WRIIE(26,903)YEAr(,ATR,CI,C2,C7,C9,C?,ClO,C11, ... 
C12,C13,Cl~,C15,C10,Q11,012,Q13.QlU,Ql5,U,CFFRL,ACRL,ADRL,. .. 
CCRL,CCSI,C9RLrFLO110,~O111,~Ol12,FLOl13,FL011U,FL0115 
IF (KACE.EC.3) BRITF(27,903)YEAIl, ATM,Cl,C2,C7,C8,C9,ClO,Cll,. .. 
C12,C13,C1~,C15,Q10,~11,C12,Q13,Q1U,Ql5,U,CFFRL,ACPL,P.~RL,. .. 
CCRL,CCR1,CARL,FZO11O,PLO111,PLO112,FLO1l3,FLOllU,FLOll5 
IF (KA5"EQ.U) WRITE (28,903) YEA9, ATR,Cl ,C2 ,C7,C8,C9, ClO,Cll,. . . 
C12,C13,C1~,C15,~10,Q11,Q12,Q13,QlU,Ql5,U,CFFIlL,ACRL,ADRL ,... 
CC9L,C~RI,CARZ,FLOl1O,FLo111,FL@112,FLO1 13,FL011U,FL0115 

9OY FORMAT (P5.0,5F15.5/5X,5F15.5/2F15.5,5PlO.U/8FlO.U/6FlO.U) 
50 CONTINUE 

IC 

TEFPINAL 
METHOD S T T F F  
TIRER Y EAR=1860-0, FINTIfl=24600 O , O U T D E L = ' J . 9 , D E L t ' l I N = l .  E-12,DELhAX=l.t7 
CDTPBT ATP,  U i  CPFRC 
OOTPUT C1, C2, C3, C4, C 5 ,  C'6, C'I, C9, CC) 
ODTPUT ClC, C11, C12, C13, ClU, C15, C16, C17, C19, C19 
CUTPUT PPFP,PFEA. AFCA,AFFC, APPC, APDC,AFPC 
OUTPUT P3 ,PU,P~,F6,F7,P4,E9,F10,Pll,P1~,P13,P1U,Pl5,Pl6,Pl7,Pl8,Pl~ 
OOTPUT P~C,PUC,P5C,F6C,P7C,F8C,P9C,P16C,F17C,F18C,Pl9C 
CFTPU? F1OC,F11C,F12C,P13C,P14C,Pl5C 
OOTPUT ABFA ,APPA, AFDA,APPC,AFPC, APDC, AF9C 
OUTPUT 7FTA,F10107,FL0701 
CUTDOT ACUT, CCUT,CCRL,CDFL. DRl2, DRl3, Drl U, Dnl5 
CUTPUT FLO110,FLO 112,FLOllU, FLO111,FLO11?,PLO11~ 
OCTPUT QlC.Cl1 ,C12,Q13,QlU,Q15 
OUTPOT TRON ,COCNT,CETC,RESIDn,FFRR 
SEFUN KASE 
EN9 RERUN * 
CCISTANT KPSE = 2 
RERVN KASE 
EPD FrERrJI 

t 

CCNSTAN'I KPSE = 3 
EFklTE KASE 
END RERUN .* 
CCISTRNT KPSE = '1 
TIflSR FINTIP=2000.@5 
END CONTINCE 
TIFEF PINTIC=2U60.0 
CONSTANT HRV= 0.01 
CONSTANT EETAO=C.2 , BETAN=0.2. BETAS=0.25 
E RD 

STOP 
E KC JCn 
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