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Preface I 

. 5 

Initial plans for research of the carbon dioxide (C02) and climate ' 

issue were prepared in 197 8 and were reviewed extensively at that time by. 

federal agencies and members of the scientific community. Since then thk 

plans have been used to guide early phases of the Department of Energy's and 

the nation's efforts related to this issue. This document represents a 

revision of the 1978 plan to (a) reflect recent ideas.and strategies for. 

carbon cycle research, and (b) expand the scope of research on climatic 

responses to increasing atmospheric concentrations of C02. The revised 

plan takes into account a number of investigations already being supported 

by various agencies, and it attempts to build on or add to existing research 

where there is a crucial. need for information directly related to the C02 
f 

issue. It should be recognized that this document is the first iection ' 

(part I) of a comprehensfve plan on the overall consequences of increasing 

concentrations of C02, and includes guidelines for research on the Global 

Carbon Cycle and Climatic ~ffects of*Increasing C02. A second section of 

the comprehensive plan (Part II), related to the Environmental and Societal 

Consequences of a Possible C02 1nduced.Climate Change, is in preparation. 

Also in preparation is a Plan for a National Program on Carbon ~ioxide, 
. . 

Environment and Society which outlinesinstitutional management and inter- 
t 

agency coordination ;equired for a national C02 program. The three docuf 

ments collectively will provide valuable guidance 'to both national and 
b 

international program sponsors] and to the s=ientific community for inv=sti- 
, . 

gating what is believed to be a.very crucial environmental issue related to 
. . 

global ene,rgy use. 



The r ev i sed  P a r t  I Plan i s  based on ( a )  t h e  r e s u l t s  from a number of 

t o p i c a l  workshops, (b )  in-depth review and d i scus s ion  of i s s u e s  a t  a 

r e s e a r c h  progress  meeting (Apr i l  23, 24, 1980), ( c )  a d  hoc c o n t r i b u t i o n s  
, 

from i n t e r e s t e d  s c i e n t i s t s ,  and ( d )  a reexamination of ' t h e  issues:  by Drs. . @ 

L e s t e r  Machta, William E l l i o t t  and ~ i c h a e l  MacCracken. D r s .  Murray Mi tche l l  

add Fred MacKensie summarized t h e  main s c i e n t i f i c  _concerns which emerged 

from t h e  A p r i l  ~ e s e a r c h  Pragrc?.ss Meeting, and D r .  Roger Dahlmail of t h i s  

Of f i ce  i o s t e r e d  completion sad review of t h e  r ev i sed  plan. The e f f o r t s  of 

a l l  who con t r ibu t ed  a r e  deeply apprec ia ted .  

David H. Slade ,  ~ i r e c t o r  
Carbon Dioxide and Climate ~ i v i s i o n  
Of f i ce  of Heal th  and Environmental Research 
O f f i c e  of Environment 
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THE CAREON DIOXIDE ISSUE 

The percept ion  t h a t  accumulations of atmospheric C02 may r e s u l t  i n  

s e r i o u s  problems stems from the  following: 

- There has been a well-documented worldwide inc rease  i n  atmospheric 

C02 concent ra t ions  s i n c e  1957; t h i s  growth has probably been 

occurr ing s i n c e  the  middle of the  pas t  century. 

- During the  pas t  few decades, the  C02 i nc rease  i n  the atmosphere 

has  equaled about 50 percent  of the  t o t a l  f o s s i l  f u e l  C02 

r e l ea sed  t o  t he  atmosphere. 

- C02 t r ansmi t s  s o l a r  r a d i a t i o n  but ,absorbs some of the  outgoing 

long wave r a d i a t i o n  from the  e a r t h  and r e r a d i a t e s  p a r t  of it back 

t o  warm t h e  s u r f a c e  of '  t he  e a r t h ,  c r e a t i n g  the  so-cal led "green- 

house" e f f e c t .  Thus, q u a l i t a t i v e l y ,  C02 should warm the  lower 

Atmosphere. The r e d i s t r i b u t i o n  of r a d i a t i v e  f l u x e s  a l s o  tends t o  

cool  t h e  s t r a to sphe re .  

- Dif fe ren t  c a l c u l a t i o n s  of t he  greenhouse warming i n d i c a t e  t h a t  a 

doubling of t he  C02 content  of the  a i r  could r e s u l t  I n  a 

3 - + 1.5"C warming of the  lower atmosphere. This  g l o b a l  warming 

would be a s i g n i f i c a n t  a l t e r a t i o n  of t h e  present  c l imate ,  t o  a 

degree unprecedented i n  h i s t o r i c a l  times. 

- While such c l i m a t i c  e f f e c t s  would be worldwide, they would l i k e l y  

not  be geographica l ly  uniform: some reg ions  of the  globe would 

experience g r e a t e r  changes than o thers .  

- The doubling of atmospheric C02 i s  l i k e l y  t o  occur during the  

middle of t he  next century  i f  use of f o s s i l  f u e l  cont inues  t o  grow. 

There a r e  s u f f i c i e n t  f o s s i l - f u e l  reserves  t o  r a i s e  the atmospheric 

C02 severa l fo ld , '  i f  they a r e  used. 



- The n a t u r a l  removal mechanisms a r e  such t h a t  it w i l l  l i k e l y  t ake  . . 

many c e n t u r i e s  before  an thropogenica l ly  induced high.CO2 .concen- 
- .  

t r a t i o n s  i n  t h e  atmosphere r e t u r n  t o  "normal", l e v e l s  . a f t e r  the  add- - .. 

i t i o n s  cease. 

- Present-day concepts  of environmental c o n t r o l  technology of C02 

do not appear  f e a s i b l e  from economic and energy requirement stand- . . , . . . _ ,  

points .  

A t  t h i s  t i m e ,  s c i e n t i s t s  a r e  not  abso lu t e ly  c e r t a i n  t h a t  s i g n i f i c a n t  

c l i m a t e  changes w i l l  occur  i f  t he  burning of f o s s i l  f u e l  cont inues o r  t h a t  

t h e  p red ic t ed  c l ima te  change would, o n . t h e  whole, be adverse.  On the  o the r  

hand, a l l  c l ima te  changes w i l l  impose stress and we cannot ignore  the  possi-  

b i l i t y  of long- las t ing  undes i r ab le  c l ima te  changes. It is i m p e r a t i v ~  tha t  
, ' 

s o c i e t y  be a b l e  t o  a n t i c i p a t e  . t he  . consequences of f o s s i l  f u e l  consumption 

and C02 re leaac .  

Answers t o  t h e  fol lowing ques t ions  should be obtained i n  order  t o  evalu- 

a t e  p o s s i b l e  courses  of ac t ions .  

1. What w i l l  be t he  f u t u r e  atmospheric concent ra t ions  of C02 f o r  

var ious  scena r ios  of carbon d ioxide  r e l e a s e s  t o  the  atmosphere? . . 

2. What will be t h e  c l i m a t i c  response t o  t h e s e  e l eva t ed  C02 concen- 
. , , ,  

t r a t  ions? . . 
. ,  

3. How w i l l  t he se  c l ima te  changes, a long wi th  the  increased  C02 con- 

centrations, a f f e c t  the geo log ica l  and phys i ca l  environments? * 

4 .  What, i f  any, w i l l  be the  e f f e c t s  of t hese  changes on human 

s o c i e t i e s ?  . . 



5. I n  t h e  event t h e s e .  changes a r e  undes i rab le ,  what a c t i o n s  can be 

taken t o  prevent  o r  counterac t  them? O r  t o  improve adap ta t ion  t o  

them? I f  t h e  changes a r e  l o c a l l y  b e n e f i c i a l ,  how can these  

reg ions  be i d e n t i f i e d ?  

This  document w i l l  l a y  out research  p lans  t o  seek answers . t o  t he  f i r s t  
, . 

two of t hese  .quest ions.  The plan,  o r i g i n a l l y  developed i n  1978 f o r  l i m i t e d  
. . 

d i s t r i b u t i o n ,  d=ew heav i ly  on t h e  r e s u l t s  of a Department of Energy- 

sponsored workshop he ld  i n  Miami Beach i n  March 1977 ( E l l i o t t  and Machta, 

1979), t h e  National  Academy of Sciences pub l i ca t ion  Energy and. C l i m a t e  

i s sued  i n  l a t e  1977 (Geophysics Study Corn., 1977), and a number of n a t i o n a l  

and i n t e r n a t i o n a l  workshops held during the  pas t  few years.  This  r e v i s i o n  

was reviewed i n  Apr i l  1980 by a group of s c i e n t i s t s  and many of t h e i r  com- 

ments a r e  ' r e f l e c t e d  herein.  
, . . . I  

The United s t a t e s  'carbon cyc le  and c l imate '  r e sea rch  program must' be con- 
. . .  , . 

s ide red  i n  t h e  context  of a n  i n t e r h i t i b n a l  research  program. Two examples ' 

may s u f f i c e  t o  demonstrate t he  importance of t h e  i n t e r n a t i o n a l  a spec t s  of 
. . 

t h e  carbon cyc le  i ssue .  ' F i r s t ,  =arbon s to rage  and r e l e a s e  i n  t r o p i c a l  a r e a s  

can be g r e a t l y  a f f e c t e d  by the  d e f o r e s t a t i o n  now tak ing  place. The coun- 

t r i e s  i n  which such b iosphe r i c  changes a r e  l i k e l y  w i l l  be encouraged t o  

supply information and t o  cooperate  with developed coun t r i e s '  i n  providing 

ground t r u t h  f o r  s a t e l l i t e  observa t ions ,  e t c .  Second, the  oceans a r e  t he  

u l t i m a t e  s i n k  f o r  f o s s i l  f u e l  carbon. The v a s t  a r e a  d i c t a t e s  t h a t  sh ips  
. . . . . . 

from many coun t r i e s  are needed t o  make measurements j o i n t l y ;  t h e  t a sk  is  

l i k e l y  too  l a r g e  f o r  the  G.A. alone. 

A t  p resent  i n t e r n a t i o n a l  l eade r sh ip  is  shared between the  ~ n t e r n a t i o n a l '  

Council of S c i e n t i f i c  Unions (ICSU) , r ep re sen t ing  t h e  academic world, and 
. . 

t h e  World ~ e ' t e o r o l o g i c a l  o rgan iza t ion  .(WMO) f o r  t he  governments. ICSU has 
. . ' - ._ 



delegated  the  r e s p o n s i b i l i t y  t o  i ts  S c i e n t i f i c  ~.omrnittee on Problems of the 

Environment (SCOPE) which, i n ' t u r n  has set up a spec ia l  working group on 

carbon dioxide. Carbon dioxide  related research is a l s o  c a r r i e d  out by 

n a t i o n a l  governments such a s  t h e  Federal  Republic of Germany, ~ u s t r a l i a  and 

Sweden. A s  i n t e r n a t i o n a l  tn te res t '  i n  resolving the uncer t a in t i e s  i n  the  

C02 i s s u e  grows, coun t r i e s  beyond those i n  the  developed world w i l l  l i k e l y  

p a r t i c i p a t e .  



I. TEW GLOBBL CARBON CYCLE 

The atmo*phere, the ocean and the biosphere are the three major compo- 

nents of the'exchangeable carbon cyclepigure 1.1.). Note that except for 

the atmosphere the amount of carbon in each reservoir is somewhat uncertain; 

the individual fluxes between and within reservoirs are even more uncertain. 

The mathematical description of the carbon cycle permits prediction of the 

fate of new C02 added to the atmosphere but such forecasts are 'currently 
i 

flawed because of the uncertainties illustrated in the figure. An extensive 

treatment of the carbon cycle can be found in Bolin et al. (1979). 

Predictions 'of future levels of C02 in the air will ultimately be made 

by improved numerical models of the carbon cycle. To su~cessfully model the 

carbon cycle will require better informati0.n on (a) net fluxes of C02 be- 

tween various reservoirs--with particular attention to emissions from 

anthropogenic sources; (b) observation of atmospheric C02 and its changes 

with time and space; (c) studies of past atmospheric C02 concentrations; 

and (d) integrated models of the carbon cycle which can predict changes due 

to man-made ~0~ sources. The principal research issues of the carbon 

cycle category are summarized in Figure 1.2. Priority and summary budget 

recommendations are presented in Table 1.1. 

A . ~  Fluxes of Carbon Dioxide 

A major' source of the observed increase in C02 is the combustion of 

fossil fuels. Recently, however, the possibility has been raised that 

world-wide'land use practices, particularly deforestation in the tropics, 

could also be contributing to the buildup (Woodwell et al, 1978). Both 

types .of fluxes are expected to increase in the future. It is widely 

accepted that sources such as volcanoes and other venting of gases from the 
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FIGURE 1.1. Exchangeable Components of the Global Carbon Cycle 



RESEARCH CATEGORY 
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CARBON CYCLE 

RESEARCH SUBCATEGORY RESEARCH ISSUE 

1. Industrial Sources 
- A. Fluxes of C02 2. Organic Tenestrial Fluxes 

3. Inorganic Terrestrial Fluxes 
4. Air-Sea Exhange of C02 
5. C02 Exchange Between Upper and 

Deep Ocean ' 

6. Ocean Sediments 

- B. Atmospheric Storage 1. Obsewations of Atmospheric C02 
L 2. Development of Standard Gases 

t C. Past Records of Cog 1. Same 

D. Models of the Carbon Cycle 1. Same 

FIGURE 1.2. prin=ipal Research Issues of the Carbon Cycle Program Plan 
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TABLE 1.1. Summary Budget and P r i o r i t y  Recommendations f o r  Carbon Cycle Zesearch 

* Budget amounts a r e  Ln $ 1 0 0 0 ~ .  Amounts f o r  FY 1930 a r e  approximate expendi tures ;  
amounts f o r  outyeara  a r e  p r o j e c t i o n s  requi red  f o r  a balanced sus t a ined  program. 
This  i n t e r p r e t a t i o n  a p p l i e s  t o  a l l  budget d a t a  shown i n  a l l  success ive  t a b l e s  of 
t h i s  document. 

, 

Recommended Budget* 

F i s c a l  Year 

80 81 82 83 84 

200 2QO 250 250 250 

700 1503 2500 3000 3000 

0 103 100 200 200 

200 250 300 300 300 

2000 22W 1500 1500 3000 

15 200 200 200 200 

100 353 350 350 350 

280 35~3 350 350 350 

300 400 400 750 750 

3795 555C 5950 6900 8400 

Research Research I s sue  
Subcategory 

- 
C02 Fluxes Indus t r i a l  Sources 

Organic T ~ r r e s t r i a l  So l r ce s  

Inorganic  T e r r e s t r i a l  Sources 

Air-Sea E:ichenge of CO? - 
CO, ~ x c h a n g e - ~ p p e r / ~ e e p  Ocean 

L 

Ocean Sediments 

Atmospheric CO S torage  2 

Records of C02 

Models of Carbon Cycle 

TOTAL 

P r i o r i t y  

Medium t o  High 

High 

Me d ium 

Low 

Medium t o  High 

Low t o  High 

High 

Low t o  High 

High 

, 



interior of the earth, while important over the long history of the earth, 

are not a significant factor in the recent rise (Baes et al, 1976). 

Scattered observations in the late 19th and 20th centuries suggest a C02 

concentration only 10-20% lower than today's value. Further back in time, 

there is little information on the concentration or fluctuations that would 

shed light on natural sources of .co~. 

It is important to determine the relative importance of- fossil fuel and 

biospheric emissions. I£ the expected impacts of increasing C02 ever 

point to the need for control of the sources of atmospheric C02, - 

curtailment of fossil fuel usage might not be the only action required. 

In addition to determining the magnitude of net sources, the processes 

removing C02 from the air must also be understood. Obviously, a 

prediction of the future atmospheric concentration of C02 depends on all 

fluxes into and out of the earth's atmosphere. 

1. Industrial Sources 

Projections of future releases of C02 from fossil fuel combustion are 

the most important first step in assessing the future impacts of increasing 

C02 on man and his environment. Continued increases in emissions could 

set the stage for an imminent problem while reduced emissions could delay 

the need for further studies of the carbon cycle, climate, and impacts of 

the C02 issue. Knowledge of past releases of C02 is also needed for the 

validation of carbon cycle models. 

There are three aspects of industrial sources of C02 that should be 

considered: estimation of the carbon content of fossil fuel reserves in the 

ground; determination of the annual rate at which these reserves are now 

converted to fuel and used (also other industrial sources such as cement 



Table IA . l .  P r i o r i t y ,  mi les tones  and es t imated  budget requirements  f o r  
r e sea rch  on i n d u s t r i a l  sources .  

!? 

- 
P r i o r i t i e s :  

Main ta in ing  a record of p a s t  and cu r r en t  emissions of Medium 
i n d u s t r i a l  f o s s i l  f u e l  sniirrea of C02. Improving t h e  
accuracy  of t h e  e s t ima te s .  The maintenance of t h e  emiss ion  
record  is  r e l a t i v e l y  easy  t o  perform and w i l l  be dune v i r t u a l l y  
i r r e s p e c t i v e  of i t s  p r i o r i t y .  

, . 
Prepa ra t i on  of f u t u r e  world energy scena r io s  and p ro j ec t ed  High 

r e l e a s e s  of C02. This  f u n c t i o n  w i l l  be performed mainly 
f o r  o t h e r  reasons andl by o rgan iza t ions  funded by non-C02 
r e l a t e d  programs. S p e c i a l  s cena r io s  f o r  t he  C02 i s s u e  w i l l  
be needed f o r  s e n s i t i v i t y  s t u d i e s ,  e tc .  

Mi les tones  and Budget: 

F i s c a l  Year +I , ~ i l e s t o n e s  

19 W R.ev1ew publ i shed  edergy scenarin predfc- 
t i o n s ,  updaLe pas t  and c u r r e n t  CO re- 
~ Q J & C .  

1981 . I n i t i a t e  energy scena r io s  focused on 
updat ing  p a s t  and c u r r e n t  C02 r e l ea se s .  

1982 I s sue  r e p o r t  on f u t u r e  energy scena r io s  
r e l a t e d  t o  C02 i s s u e ,  update pas t  and 
c u r r e n t  C02 r e l ea se s .  

. J  

1983 Analyze and improve knowledge of sources  
of p a s t  and c u r r e n t  CU2 r e l ea se s .  Pre- 
pare  d r a f t  summary r epo r t .  

S 

1984 I s s u e  a r ev i sed  f u t u r e  s cena r io  r e p o r t ,  250 
assist i n  prepar ing  a C02 s t a t u s  r e p o r t ,  
update  p a s t  and cu r r en t  C02 r e l ea se s .  

P 



production); and perhaps most important, projection of future demand for 

these fuels (Geophysics Study Comm., 1977). 

The available reserves are well enough known today to argue that, if 

burned, atmospheric C02 will likely increase to several times its present 

concentration. Better assessment on a country-by-country basis will be 

needed to keep track of current use and estimate future levels of combus- 

tion. The carbon content varies among and even within each type of fuel. 

The carbon content and energy equivalent of each fuel source, including the 

synthetic fuel cycle, must be examined before their C02 potential can be 

accurately assessed. 

The actual rate of fuel consumption must be monitored (and converted to 

C02) to determine the current annual emissions. It is not always easy to 

estimate this on a global basis because of the varying quality of the inter- 

national data base. Countries may distort their fuel production and usage 

for internal reasons so cross-checks must be made. Although global data on 

fuel production and consumption are available from the united Nations, 

the conversion to C02 releases requires knowledge of the carbon content of 

each fuel, a parameter that is not always available. 

Future emissions of C02 into the atmosphere are difficult to estimate, 

depending as they do on a variety of.socio-economic factors and political 

considerations. Various extrapolations can be made based on historical con- 

sumption rates and population growth rates broken down by country or region, 

but these need constant checking and updating. Such factors as limitations 

on' capital, qnvironmental considerations, and availability of foreign 

exchange can influence a country's use of fuel. The energy contribution 

from fossil fuels will also depend on the availability and cost bf alterna- 



t i v e  energy sources.  More d e t a i l e d  a n d ' r e a l i s t i c  e s t ima te s  of f u t u r e  use of 

f o s s i l  f u e l s ,  cons ider ing  a l l  t h e  p o s s i b l e  c o n s t r a i n t s  on t h e i r  use,  should 
i lp  

be under taken. 

, -.-- 
2. Organic T e r r e s t r i a l  Fluxes 

A cont roversy  ex i s t s , - a s  . to  whether n e t  changes i n  biomass* from defor- 
<> 

e s t a t i o n  and o t h e r  landd&se p r a c t i c e s  a r e  now a oe t  source of atmospheric 
3fi 

C02 o r  whether t h e  b iosg ie re  has r e c e n t l y  been a c t i n g  a s  a  ne t  s i n k  of 

akmospherlc C02. Current  models of oceanic  uptake of C02 a r e  i n  b e t t e r  
.* . 

agreement wi th  t h e  atmoiicheric i nc rease  of C02 i f ,  a t  most, only a  small  
tl , 

n e t  amount of C02 i s  comjng from the ,b iosphe re .  Yet some eva lua t ions  of 
.' 3 

biomass d a t a  i n d i c a t e  t h a t  ne t  biomass changes con t r ibu te  amounts of C02 

equa l  t o  o r  g r e a t e r  than  the  f o s s i l  f u e l  c o n t r i b u t i o n  i t s e l f .  I f  t he  . l a t t e r  

has  been t h e  case  over t he  p a s t  20-100 yea r s ,  then the  s inkc f o r  atmospheric 

C02 must be s e r i o u s l y  underest imated by the  cu r r en t  models. 

Regardless of cu r r en t  and pas t  t r ends  i n  t he  biomass carbon r e s e r v o i r ,  

f u t u r e  emis s ions .o f  C02 could be s u b s t a n t i a l l y  increased  by la rge-sca lc  

f o r e s t  c l e a r i n g  followed by t h e  ox ida t ion  of t he  m a t e r i a l  and s o i l  humus. 

> 
"There is l i t t l e  known about cu r r en t  o r  pas t  r a t e s  a t  which land vege ta t ion  

has been a l t e r e d  o r  removed, with consequent changes i n  s to red  carbon. The 

coaversions can be d e l i b e r a t e ,  e.g., conversion of t he  f o r e s t  a r e a s  t o  a g r i -  

c u l t u r e ;  i n c i d e n t a l  t o  o t h e r  a c t i v i t i e s ;  o r  they may be n a t u r a l  a s  a  r e s u l t  

of l o c a l  c l i m a t i c  s h i f t s .  Other d e l i b e r a t e  or n a t u r a l  conversions can a l s o  

* A s  used i n  t h f s  doc&ent, the  term "biomass" r e f e r s  t o  both l i v i n g  and 
dead organic  ma t t e r  of r ecen t  o r i g i n ;  i .e. ,  i t  excludes f o s s i l  f u e l s .  

J 



Table IA. 2. Priority, milestones and estimated budget reqdrements for 
research on organic terrestrial fluxes. .. . . 

Priorities: 

Determination of net flux of C02 from the biosphere is. a very high . 
priority item. The first step is to investigate the feasibility of several 
of the proposed methods. Subsequent priorities will depend on the outcome I 

of these feasibility studies. It is planned to pursue more than one line of 
research. 

1. Carbon isotope studies to remove some uncer- High 
tainties in the interpretation of the "C;"C ratios 
in tree rings, coral rhgs, and present atmosphere. 

2. Precise measurements of changes in atmospheric 02. High 

3. Detection of changes in C02 (inorganic carbon) in u g h  
the oceans. 

4. Measurement of carbon changes in terrestrial bio- High 
mass and soils by satellite sensing and/or 
in-situ observations. 

f 

5. Responses of biota to increased atmospheric C02. High 

Milestones and Budget: 

Fiscal Year Milestones Budget 

1980 Determine feasibility of items .700 
a*-d. ; begin collection of samples for 
02, continue work, previously started, 
for items a. and c. 

1981 Select methods for intensive effort. 
Begin measurement phase. 

I 

1982 Continue measurements. 2500 

19 83 Continue measurements. ~ssess results and 3000 
desirability and need for using other . 
approaches. Prepare draft summary report. 

1984 Continue measurements. Complete summary 3000 
report on findings to date. 



i n c r e a s e  vege ta t ive  C02 uptake.* one must es t imate  t h e  changes i n  biomass 

both t o  formulate  and c a l i b r a t e  models of t he  carbon cyc le  a s  wel l  a s  t o  

p r e d i c t  t he  e f f e c t  on atmospheric C02 of f u t u r e  land-use changes. , 

A.change of less than  0.5% i n  t o t a l  biomass, i f  converted t o  C O ~ , '  

would be equ iva l en t  t o  t he  c u r r e n t  annual f o s s i l  f u e l  add i t i ons .  The 

r equ i r ed  p rec i s ion  f o r ' d e t e c t i n g  s u c h - a  small  biomass change w i l l  t a x  the  

ingenu i ty  of t h e  s c i e n t i f i c  community. 

A number of methods have been suggested f o r  dhtermining the  ne t  amount. 

of C02 added t o  ( o r  sub t r ac t ed  frdm) t h e  atmosphere by t h e  biosphere.  
. 

. .  . 

These inc lude  some i n d i r e c t  methods such a s  m e i s ~ r e m e i t s  of ' the  r a t i o  of 

carbon i so topes  i n  tree r i n g s  and the a i r ,  measuring t h e  changes i n  02  i n  

t h e  a i r ,  measuring changes i n  C02 i n  t h e  atmosphere and oceans, and d i r e c t  

measurements of changes i n  biomass. A d i scuss ion  of these  approaches 

f 0110~s r 

2.1 The 13c/12c method of determining biomass changes 

Organic ma t t e r  i n  vehe ta t ion  a n d  hutsue i s  deple ted  i n  1% h e c . i \ l ~ f i ~  

photosynthes is  f r a c t i o n a t e s  absorbed atmospheric C02. When the  carbon is 

ox id i zed  a f t e r  t he  vege ta t ion  d i e s ,  t h e  C02 t h a t  is re turned  t o  the atmos- 

phere is  t h e r e f o r e  enriched i n  12c r e l a t i p e  t o  t h a t  i n  a i r .  F o s s i l  f u e l  

carbon i s  s i m i l a r l y  d e p l i t e d  i n  13c. By measuring the  decrease of 13c/12c 
. > ;  

i n  a i r  wi th  t ime, one c a n  d e f e c t  d e f o r e s t a t i o n  and nther  rrxld.l,za.tim o£ bio- 

mass' by s u b t r a c t i n g  the  expected decrease due t o  foes i ' l  f u e l  combustion from 

13 12 t h e  decrease  observed ' i n  t h e  a i r .  Programs f o r  t he  measurement of C/  C 

have begun and should be expanded. 

* For example, a l a r g e  a r e a  of i n t e r i o r  A u s t r a l i a  has been transformed, a t  
l e a s t  temporari ly ,  from d e s e r t  t o  savannah because of increased  r a i n f a l l  
dur ing  the  pas t  5-6 years .  
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'r . 
However, t he  s c i e n t i f i c  community has exh ib i t ed  cons iderable  i n t e r e s t  i n  

u s ing  t r e e  r i ngs  (and, t o  a l e s s e r  e x t e n t ,  c o r a l  r i n g s )  a s  proxy i n d i c a t o r s  

of atmospheric 13c/12c r a t i o s  of t he  past .  S tud ie s  of t r e e  r i n g s  have 
r:. 

r a i s e d  a number of unexpected u n c e r t a i n t i e s .  To d a t e  t r e e s  i n  d i f f e r e n t  , 

geographica l  a r e a s  have provided d i f f e r e n t  time t r ends  i n  the  3 ~ /  12c r a t i o .  

A group of s c i e n t i s t s  be l i eve  t h a t  t h e  13c/12c t r ends  r e f l e c t  environmental 
- a  

cond i t i ons  (e.g., c l i m a t i c  changes and l o c a l  p o l l u t i o n )  r a t h e r  than o r  i n  
i '> 

a d d i t i o n  t o  changes i n  atmospheric 13c/12c r a t i o .  There is  a l s o  unce r t a in ty  
\. t 

1 3  12C 
concerning t h e  magnitude of t he  f r a c t i o n a t i o n  ef f 'ect of ,, , C/ 

. ,  

dur ing  photosynthesis .  The expected 13c/12c r a t i o  i n  t r e e s  - .  is  t h e r e f o r e  , . . -... 

uncer ta in .  The repor ted  13c/12c t r ends  i n  c o r a l  f a i l  to, p a r a l l e l  those of 
32 

t r e e  r ings.  
'.. . 

F i n a l l y ,  measuring t r ends  i n  the  13c/12c r a t i o s  from pas t  records  repre- 

s e n t s  only the  f i r s t  s t e p  i n  t he  e s t ima t ion  of biomass changes. The h i s t o r y  
' ,.: - ,. 

of t h e  change i n  13c/12c from biomass r e l e a s e s  and f o e s i l  f u e l  combustion 

must be understood i n  terms of a model of t h e  carbon c y c l e  . . i n  such a way as t o  . . . ". 
. . 

provide agreement with the  observed t rend  i n  1 , 3 ~ / 1 2 ~ .  These s t e p s  have 
. . . . ,  > t \  

proven t o  be more than t r i v i a l .  It has been shown, f o r  example, t h a t  
I 

between 1958 and 1978, the  3 ~ / 1 2 ~  r a t i o  measured i n  a i r  agrees  equal ly  wel l  

wi th  carbon h i s t o r i e s  e i t h e r  inc luding  o r  excluding de fo re s t a t ion .  

A number of i n v e s t i g a t o r s  a r e  cont inuing t h e i r  s tudy of the  measurement 
. 

end i n t e r p r e t a t i o n  of 13c/12c r a t i o s  i n  t r e e  r ings .  It i s  expected t h a t  

f a c t o r s  such a s  p o l l u t i o n  and c l imate  e f f e c t s  and f r a c t i o n a t i o n  uncer ta in-  
.? 

t i e s  can be resolved wi th in  a few years.  The t r e e s  s e l e c t e d  f o r  a n a l y s i s  



should have experienced minimal o r  known environmental changes and i n s o f a r  

as p o s s i b l e  r e f l e c t  cond i t i ons  i n  t he  non-forest atmosphere. A number of 

o r g a n i z a t i o n s  a r e  a l r eady  sampling ambient c l ean  a i r  f o r  13c/12c ana lys i s .  
. . 

~ u r t h e r ,  sources of o ld  a i r  i n  i c e  cores  may prove t o  be va luable  and might 
t: 
d 

extend  t h e  C02 record backward beyond h i s t o r i c a l  epochs e i t h e r  by d i r e c t  
. . 

measurement of CO2 concent r a t i o n  o r  through t h e  measurement of 3 ~ / 1 2 ~  

r a t i o s .  A review of t h e  s t a t u s  of s t a b l e  i so tope  research  w i l l  be a v a i l a b l e  

soon' (Jacoby , 1980). 

The 13c/12c method f o r  measuring biomass change s t i l l  shows promise. 

There is reason t o  expect  t h e  problems can be solved i n  t h e  next few years .  
6 .  

The method deserves support  but a l t e r n a t i v e  techniques must a l s o  be a c t i v e l y  
d '  

pursued. 

2.2 The oxygen method 

When carbon is  oxid ized  t o  C02, t h e  two oxygen atoms come from 

t h e  atmosphere. I f  t h e  decrease  of atmospheric 02 can be measured and the  

p o r t i o n  a t t r i b u t e d  t o  t h e  combustion of f o s s i l  f u e l  is sub t r ac t ed ,  t h e  

remaining decrease could be assumed t o  be due t o  t he  formation of C02 from 

a l l  o t h e r  sources.  These l a t t e r  sources would inc lude  ox ida t ion  of biomass 

carbon as wel l  a s  t he  oxida t ion  of reduced s u l f u r  and f e r r o u s  i ron.  Evi- 

dence p o i n t s  t o  carbon ox ida t ion  as, by f a r ,  t he  dominant way i n  which oxy- 

gen would be l o s t  from the  atmosphere. Thus, one p o t e n t i a l  means of measur- 

i n g  t h e  C02 emissions from biomass l o s s  is by measuring changes i n  atmos- 

p h e r i c  oxygen. 
. , 

The advantage of t he  technique l i e s  i n  the  a b i l i t y  t o  provide g loba l  

average  va lues  of non-foss i l  f u e l  C02 sources.  This  advantage becomes a 



defect if one wishes to know where the biomass changes are taking place. . 
, . 

Its main shortcoming lies in its demand for measurement accuracy beyond what 
' f 

is now possible. If one wishes to detect amounts of C02 equal to about 

10% of the current fossil fuel source in only a few years, one must compare 

two numbers whose difference lies in the sixth or seventh significant 
.. 

figure. Today, one can achieve the fifth or possibly the sixth significant 

figure. (This is discussed more fully in Jacoby, 1980). 

There are several possible techniques to reach the very high precision 

demanded by the oxygen method including an improved paramagnetic apparatus, 

(Machta and Hughes, 1970), developing a gravimetric method, (Schwiesow and 
-'' 

Derr, 1970) and an isotope dilution procedure. These ideas should be 
9' 

explored and the more promising ones developed, if feasible. A first step 

could be the immediate collection and.carefu1 storage of air samples so that 

air will be available when the analysis techniques are available. 
t .  

Besides the instrumental difficulties, it must be determined that bio- 

mass oxidation and fossil fuel combustion are the only significant contri- 
I 

butors to changes in atmospheric 02. Because of the very small changes 
2 1 

involved, great care must be taken to insure that any measured changes, or 
. f; 

lack thereof, are properly interpreted. Of particular concern are changes 
1r1 

in the exchange rate of 02 across the air-sea fnterface. Thus the feasi- 
J 

bility of this technique must be confirmed by examining more carefully other 

oxidizing processes and the air-sea chemistry. 
I .; 

2.3 Change in atmosphere-ocean carbon inventory 

The increase in concentration of atmospheric C02 must appear as the 
-1: , 

sum of the changes in the several exchangeable carbon reservoirs. Existing 
.I: 

and planned national and international atmospheric monitoring programs can 



a c c u r a t e l y  document t he  inc rease  i n  t h e  C02 concent ra t ions  i n  t he  a i r .  By 
. . 

c a r e f u l l y  measuring t h e  inc rease  i n  t he  t o t a l  inorganic  carbon of t he  

oceans, one has t he  sum of the  two non-biospheric r e se rvo i r s .  When the  

f o s s i l  f u e l  C02 is  sub t r ac t ed  from t h e  sum of t he  changes i n  t h e  two 
. ' ., 

r e s e r v o i r s ,  t h e  r e s i d u a l  r ep re sen t s  the  inc rease  o r  decrease of t h e  
-$ 

. biosphere.  

The percentage change i n  atmospheric and oceanic C02 w i l l  be very 

small. For example, t h e  cu r r en t  i nc rease  i n  t he  a i r  is of the  order  of 0.5% 
, . 

pe r  year. Because of i ts much l a r g e r  carbon content ,  the  percentage changes 

i n  t h e  oceans w i l l  be much smaller .  The inc rease  i n  the  a i r  is  measurable 

s i n c e  t h e  atmosphere i s  r e l a t i v e l y  homogeneous and measurement techniques 

a r e  p r e c i s e  t o  about 0.1%. 
. . .  . . 

There a r e  obvious d i f f i c u l t i e s  i n  measuring the  inorganic  carbon 

inventory  of oceans. For example, t h e  number of oceanic  samples needed t o  

o b t a i n  a r e l i a b l e  inventory  of t o t a l  inorganic  carbon is  unknown and is 

expected t o  be l a rge .  It i s  poss ib l e  t h a t  r e l a t i n g  t o t a l  inorganic  carbon 

measurements t o  o the r ,  more numerous, measurements of chemical and phys ica l  

p r o p e r t i e s  of t h e  ocean, t h e  sampling requirements f o r  t o t a l  inorganic  
9 

carbon measurements can be g r e a t l y  reduced. The small  expected change 
$2 

demands high p rec i s ion .  A s  of t h i s  wr i t i ng ,  accuracy of t he  order  of 1 p a r t  

i n  4000 i s  only i n  t he  developmental s t a g e  i n  one laboratory.  While t h e r e  

is reason t o  expect  t h e  techniques could become rou t ine ,  t h i s  accuracy 

pushes t h e  s tate-of- the-ar t .  
.. .. 
' 5 

The atmosphere-ocean carbon inventory  method is  being pursued and, u n t i l  

shown t o  be u n s a t i s f a c t o r y ,  w i l l  be supported. 
.. .. 



2.4 Direct estimates of biospheric changes 

Direct estimates through surveillance and other means of the changes in 

carbon stored in the terrestrial :biomass, mainly in the world's forests, 

require determination of changes in both the carbon content of living matter 
- .  

and the carbon stored as dead organic matter. This is very difficult and 

will require careful evaluation to determine if estimates can be obtained 

with the required accuracy in a cost effective manner. This method was the 

subject of a major DOE-sponsored SCOPE Workshop May 7-11, 1979 in Woods 

Hole, 'M. The proceedings (Woodwell, 1980) .will elaborate the virtues and 
. . 

limitations of this direct method. 

2.4.1 Changes in living organic carbon pools 

A good deal of evaluated data on the living biomass already exist at 

locations scattered around the world. These data should be located, cata- 

1dged, and synthesized into histories of changes in the living vegetation of 

the world oyer the past centuries. 

Remote sensing may be the most feasible way of monitoring future changes 

in living carbon reservoirs but this technique will have to be verified by 

substantial "ground-truth" measurements. The first step must be a study.of 

its feasibility. Thorough consideration must be given 'to a sampling strate- 

gy with proper statistical considerations. Global monitoring of the bio- 

sphere will be costly, time-consuming, and difficult with no assurance of 

( 
The concept, in princip1e;is straightforward. Imagery from the Landsat 

,,. , 

satellite (including Landsat C and D) could be used as the basis fbr the 

construction of a global vegetation map. Difficultied A l l  arise because 
< "  .. . 

substantial changes in vegetation type occur over short distances. There 



will also be difficulties in definition of soil characteristics and in 

choosing the appropriate spatial resolution. In some tropical.areas, 

prevailing cloudiness prevents. suitable ground viewing. High resolution 
I 

radar, aerial photography, and ground surveillance may be required to 

supplement satellite data. 

Such a global map could, however, provide measurements of the areal dis- 

tribution of vegetation.. Converting these measurements'fo stored carbon and 

change in carbon will be even more difficult. Mahy ground surveys would be 

required, in a wide variety of regions. The best solution may be a combina- 

tion of remote sensing with selected in situ measurements. Landsat pictures -- 
have' already detected deforestation in small areas of the tropics. No 

studies have yet investigated reforestation. Nor has there been any study 

of how to convert visible forest changes to changes in carbon content. 

It is suggested that any technique to measure biospheric sources of 

C02 should be accurate to better than 20% of the current fossil fuel emis- , 

sions (i.e., better than about 1 x 10~~ac). Tt was argued in  wood^ Hnl P 

in May 1979 that this amount of carbon represents an upper bound of non- 

fossil fuel C02 which could be accommodated by existing, albeit imperfect, 

carbon cycle models. The living biosphere contains about 600 x 1015~~. 

Thus, the desired accuracy must be of the order of 0.1%, an almost impossi- . 
ble accuracy to achieve by est imati.ng vegeta t kve carbon at two ~ucceooivc 

times by surveillance. Most suggestions for using aerial surveillance for 

detecting changes in the living biosphere on a global scale thus far appear 

to be very costly, time consuming, and require small scale feasibility . .. 
studies before embarking into' the giobal scale. New ideas are needed to 

avoid .these difficulties. 

*-P 



; F:. 
2.4.2 Changes i n  s o i l  carbon pool s i z e s  

.. - 
The s i z e  of t he  carbon r e s e r v o i r  represented  by dead organic  mat te r ,  

. . . .., . 
inc luding  s u r f a c e  l i t t e r  and s o i l  carbon, is l e s s  wellsknown than f o r  l i v i n g  

: T? i . . 
matter .  This  pool may conta in-  over 3 t imes the  amount 'of carbon i n  t he  

.A ' 

s tanding  vegeta t ion .  Fur ther ,  it is  unce r t a in  how ,much of t h i s  carbon read- 

i l y  exchanges with the  atmosphere o r  how much could bei>eleased t o  t he  a i r  

when the  s o i l  o r  t h e  vege ta t ion  i s  d is turbed .  Such releases could be par- 

t i c u l a r l y  important i n  la rge-sca le  d e f o r e s t a t i o n  and i h  t he  d ra in ing  of wet- 
, . . . %  

lands. 
. P I  

It cannot be assumed t h a t  l o s s  of carbon from t h e  i o i l  immediately con- 
, ' 

t r i b u t e s  t o  i nc reases  i n  atmospheric C02. Some of t h e - l o s t  carbon could 

be t r anspor t ed  v i a  r i v e r s  t o  t he .  oceans without enter iAg the  atmosphere. 

The problem of e s t ima t ing  changes i n  s o i l  carbon 6: a world-wide bas i s  
. - 

is  extremely d i f f i c u l t ,  even more so than f o r  t he  l i v i n g  biomass. It may 

;fi ' 
no t  be poss ib l e  t o  e s t ima te ,  with s u f f i c i e n t  accuracy,  ne t  c o n t r i b u t i o n s  t o  

atmospheric  C02 i n  t h e  past .  It w i l l  s t i l l  be important  t o  understand t h e  ' 

e f f e c t s  of f u t u r e  a l t e r a t i o n s  of land-use p r a c t i c e s  on'i*oil carbon and 

whether t hese  p r a c t i c e s  could lead  t o  s u b s t a n t i a l  changes i n  atmospheric 

CO2. It is a l s o  p o s s i b l e  t h a t  m c h  of t h e  s o i l  carbon 'Gists as r e l a t i v e -  

, '1  
. . 

l y  r e f r a c t o r y  carbon compounds (e.g., cha rcoa l )  un l ike ly  t o  be d i s tu rbed  by 

man's a c t i v i t i e s  or  unable t o  e n t e r  t he  atmosphere. 'Rig amount of l i v i n g  

., ,l: ( 
material converted t o  r e f r a c t o r y  carbon by burning needs t o  be determined. 

One approach is t o  a s s e s s  age and turnover  time of ' the  organic  f r a c t i o n s  

t h a t  c o n t r i b u t e  t o  t h e  carbon content  of s o i l s .  The g&l of t h i s  research  
r -5' , 

would be an e s t ima t ion  of t h e  ex t en t  t o  which man's activities have a f f e c t e d  
;J,. 

r e l e a s e s  of carbon from s o i l  o rganic  mat te r  of var ious  ecosystems. Another 



r e sea rch  a spec t  i s ' t h e  t r a n s f e r  of carbon between s o i l  l a y e r s  and i n t o  

so lu t ion .  Some he lp  i n  t h e s e  ma t t e r s  can be expected from l 4 ~  ages  but 

r o o t s  of l i v i n g  m a t e r i a l  may t r a n s f e r  carbon t o  deep s o i l  hor izons ,  thereby 

compf i c a t i n g  the  problem. 

S p e c i a l  a t t e n t i o n  should be paid t o  peat  reg ions ,  bogs, and o the r  wet- , 

lands.  Although not  g r c a t  i n  t o t a l  a r e a  (about  1% of clle aiea 01 LIE 

e a r t h ) ,  t he  primary p r o d u c t i v i t y  of t hese  reg ions  is l a r g e  (over 7% of the 

world carbon product ion) ,  and they a r e  under i n t e n s e  human p re s su re  i n  many 

p a r t s  of t he  world. Pea t  is  used f o r  f u e l  and many wetlands a r e  being 

dra ined  t o  provide dry  land '  f o r  va r ious  purposes. This p r a c t i c e  can r e l e a s e  

carbon d ioxide  t o  t h e  a i r  as wel l  a s  reduce t h e  annual  carbon f i x a t i o n  of 

t h e s e  regions.  

2 . 5  Response of b i o t a  t o  increased  atmospheric C02 

Some models of t h e  carbon cyc le  assume t h a t  t he  excess  C02 enhances \ 

photosynthesis .  Some commercial crops hake shown increased  y i e l d s  when 
< .  

grown i n  greenhouses a t  e l eva t ed  C02 concen t r a t ions  (up t o  1000 ppm). It 

is not  ye t  c l e a r ,  however, t h a t  similar r e s u l t s  would occur under n a t u r a l  

cond i t i ons  where water ,  s u n l i g h t ,  temperature and n u t r i e n t s  might be l i m i t -  

i n g  f a c t o r s  t o  increased  growth. Despite t h i s  u n c e r t a i n t y ,  many 3.f  not noat 

of  t h e  cu r r en t  carbon cyc le  models i nco rpora t e  a f e r t i l i z a t i o n  f a c t o r  f o r  

h ighe r  concen t r a t ions  of C02. Typica l ly  i t  i s ' a r g u e d  t h a t  a given f rac-  
. . 

t i o n a l  i nc rease  i n  C02 concen t r a t ion  inc reases  C02 uptake by the  b i o t a ,  

mainly the  world f o r e s t s ,  but t h a t  only a f r a c t i o n  of t he  f o r e s t s  a r e  cap- , 

a b l e  of responding t o  C02 f e r t i l i z a t i o n .  

While t h e  main ques t ion  is the amount of enhanced b iosphe r i c  s to rage  of 

carbon, increased  C02 could a l s o  a l t e r  ecosystem compositions i f  d i f f e r e n t  



species of plants respond differently to increased. C02 in the natural 

environment. If some particular species should acquire 'a competitive advan- 

tage it does not now enjoy, the composition of some ecosystems could change, 

with unidentified consequences 'for herbivores and higher trophic level ani- 

mals. It is worth noting that these hypothetical results of ' ~ 0 ~  fertili- 

zation could take place even if the'climate does not change. Much of the 

recommended environmental effects research program will bear on these prob- 

lems as well as the question of increased carbon accumulation in the 

biosphere. 

To acquire information on the plants' responses to higher C02 levels, 

it will be necessary to consider the effects of increased C02 on photosyn- 

thesis, nitrogen fixation, water-use efficiency and, of course, actual 

growth. Photosynthesis is the central governing the primary produc- 

tivity of all green plants. The availability of nitrogen nutrients is con- 

sidered a major limiting factor to plant productivity and it is not clear to 

what extent enhancement of photosynthesis by increased C02 will increase 

N2 fixation. Water use by plants is controlled largely by the behavior of 

thestomata, which in turn may be influenced by elevated ambient C02 con- 

centration. It is possible that increased atmospheric C02 could result in 

improved water-use efficiency by allowing the photosynthesis rate to remain 

unchanged while reducing the demand for water. On the other hand, plants 

may simply increase photosynthesis for the same water usage at elevated 

C02 concentrations. . Increased primary productivity by itself is not 

sufficient to slow down the atmospheric C02 growth. Only if this 

increased productivity results in a continuous increase in stored carbon in 

biomass or det'ritus will it increase the strength of the sink for excess 

C02. 



Even if plants sequester more carbon in response to increased ambient 

C02, it must be determined if heterotrophic respiration will return the 
, 

C02 to the atmosphere. If this occurs on a short time scale, little addi- 

tional carbon will.be stored in the terrestrial biosphere. 

A research program on biotic response to increased atmospheric C02 

should include : 

1) Quantitative determination of the responses of stomatal and non- 

stomatal components of photosynthesis to C02 enrichment under a range of 

coubinatlons of light and temperature regimes. Experimental plants must 

include ecologically diverse representatives from the world's major biomes 

and they must be grown at present and elevated C02 concentrations (probab- 

ly up to 5 times present C02 levels). 

2) The determination of the influence of nutrient status, especially 

nitrogen and phosphorus, on the response of stomatal and non-stomata1 compo- 

nents of photosynthesis to C02 enrichment. 

3) The determination of the influence of wariuer.-than-optimal eempera-' 

tures and water stress on the response to C02 enrichment of stomatal and 

non-stomata1 components of photosynthesis. 

4 )  The determination of the effect of C02 enrichment on N2 f ixa- 

rioi~ in several different major kinds of symbiotic and non-symbiotic plant- 

microorganism associations. 

The research proposed in 1) through 4) should be carried out mainly in 

the laboratory on plants under controlled conditions. 

5) Studies of the effect of cl~rouically increased C02 on growth. 

These include rates and water use efficiency of biomass production, carbon 

allocation to the various plant organs, morphogenesis, phenology and repro- 

duction. It is highly probable that important differences exist in the mode 



of response among d i f f e r e n t  spec i e s ,  p a r t i c u l a r l y  between d i f f e r e n t  l i f e  

forms (e.g., annual p l a n t s  and t r e e s )  and spec i e s  of c o n t r a s t i n g  eco log ica l  

o r i g i n s .  Any e f f e c t s  of increased  C02 on morphogenesis and phenology, 

e s p e c i a l l y  f l o r a l  induct ion  and o t h e r  reproduct ive  events ,  can be expected 

t o  be s t rong ly  dependent on the  seasonal  v a r i a t i o n  of s e v e r a l  environmental 

f a c t o r s ,  i n  p a r t i c u l a r  day l eng th  and l i g h t  qua l i t y .  A major p a r t  of t h i s  

r e sea rch  should be conducted a t  n a t u r a l  f i e l d  s i t e s ,  l oca t ed  i n  d i f f e r e n t  

biomes a n d , l a t i t u d e s .  Cont ro l led  growth experiments wi th  enhanced C02 i n  

s imulated n a t u r a l  environments, poss ib ly  using n a t u r a l l y ~ i l l u m i n a t e d  green- 

houses,  should a l s o  be s tud ied  f o r  f e a s i b i l i t y .  An a l t e r n a t i v e  t o  growth 

chamber s t u d i e s  is  t h e  bathing of s e l e c t e d ,  poss ib ly  f o r e s t e d ,  p l o t s  wi th  

loca l ly ,  generated C02. The problem of knowing the  magnitude of the  . 

g r e a t e r  C02 concent ra t ion  around the  t r e e s ,  e tc . ,  may be overcome by samp- 

l i n g  t h e  a i r  f o r  C02 concen t r a t ions  a t  a number of p laces  on t h e  s i t e s .  

1,3 12 
It has been.,suggested that .  t he  r e l ea sed  C02 be given a - .d i f f e r en t  C/ C 

r a t i o  than  t h e  a i r .  This anomalous r a t i o  could then be measured i n  t h e  

m a t e r i a l  wV*ch has been grown and the  uptake of l o c a l l y  introduced C02 

in fe r r ed .  The f e a s i b i l i t y  of t h i s  idea  is being examined. 

6) Conceptual and mathematical models r e l a t i n g  the  var ious  responses 

of photosynthesis ,  growth, and ecosystem r e s p i r a t i o n ,  t o  increased  C02. 

These models should be con t inua l ly  developed and updated a s  the  d a t a  base  

increases .  ,,The f i n a l  goa l  is  t h e  cons t ruc t ion  of r e l i a b l e  p r e d i c t i v e  models 

of t h e  overaJl  e f f e c t  on g loba l  p roduc t iv i ty  and s to rage  of excess  C02. 



3. Changes i n  Inorganic  T e r r e s t r i a l  Carbon 

The s i z e  of t he  inorganic  t e r r e s t r i a l  carbon pool and i ts  dynamics a r e  

l e s s  we l l  known than  organic  carbon pools. The poss ib l e  r o l e  of t h i s  pool  

i n  exchanging carbon with t h e ' o t h e r  r e s e r v o i r s  on the  time s c a l e  of a  few 

yea r s  t o  decades i s  a l s o  not  we l l  understood. Of the  carbonate  minera ls  

exposed on the  land surface,,  c a l c i t i c  and dolomi t ic  type minerals  'contain 

over  1600 x 109 tons of carbon i n  thla f i r o t  mctcr of oo i l .  A l a r g e  f r a c -  

t i o n  of t h i s  pool  i s  not r e a d i l y  a v a i l a b l e  f o r  so lu t ion .  But changes i n  

carbonates  do occur  wi th  i r r i g a t i o n  and wi th  modi f ica t ions  of c l imate  and 

vegeta t ion .  Calcareous s o i l s  i n  humid regions'have l e s s  carbonate  but t h e  

turnover  is  f a s t e r .  It is not c l e a r  whether the  inorganic  carbon cons t i -  

t u t e s  a  source o r  s i n k  of atmospheric C02. A pre l iminary  s tudy of the  

magnitude of t h e  carbonate  pool and its chemical dynamics, inc luding  i ts  

r o l e  i n  c o n t r ~ l l ~ n g  atmospheric 13c/12c r a t i o s  would de f ine  whether more 

d e t a i l e d  r e sea rch  should proceed. Other a spec t s  l i k e l y  t o  need s tudy a r e  

deep leaching of b icarbonate ,  r ecyc l ing  of f o s s i l  ground water s a t u r a t e d  

wi th  carbonates ,  t h e  i n f luences  of ac id  p r e c i p i t a t i o n ,  a g r i c u l t u r a l  l iming 

( f o s s i l  carbon) of a c i d + s o i l ,  and the  s i g n i f i c a n c e  of apparent  imbalances i n  

g l o b a l  cyc l ing  of calcium. 

4. Air-Sea Exchange of C02 

It would appear t h a t  t he  exchange of C02 between air.. and ocean water 

should be c r u c i a l  t o  the  p r e d i c t i o n  of t h e  amount of f o s s i l  f u e l  C02 t h a t  

remains i n  the  air. However, empir ica l  evidence i n d i c a t e s  t h a t  t h i s  

exchange is s u f f i c i e n t l y  rap id ,  on a  time s c a l e  of yea r s ,  so  t h a t  i ts  exact  

va lue ,  while  va luab le ,  does not s i g n i f i c a n t l y  a l t e r  p r e d i c t i o n s  of atmos- 



Table IA.3. Priority, milestones and estimated budget requirements for 
research on inorganic terrestrial fluxes. 

Priorities: 

To establish the role of exposed carbonate rocks and Medium 
calcareous soils some preliminary estimates of the magni- 
tude of these pools and fluxes to and from the air are 
needed. 

Milestones and Budget: 

Fiscal Year Milestones Budget 

19 80 None. 

1981 Initiate preliminary studies. 100 

19 82 Determine the need for further efforts. ,100 

1983 Continued effort if required. Prepare 200 
draft 'summary report. 

1984 Evaluate.current studies. , . - 200 . ' 



Table IA.4. P r i o r i t y ,  mi les tones  and est imated budget requirements f o r  
r e sea rch  on a i r - s ea  exchange of C02. 

P r i o r i t i e s :  

Some con t inua t ion  of t he  p re sen t  i n v e s t i g a t i o n s  of t r a n s f e r  Low 
a c r o s s  t h e  a i r - sea  boundary i s  planned. Much of t h e  work 
would be i n c i d e n t a l  t o  o t h e r  oceanic  observat ions.  D i rec t  
measurements of f l u x e s  should be inves t iga t ed  b r i e f l y  f o r  i t s  
f e a s i b i l i t y .  The i n v e s t i g a t i o n s  have a low p r i o r i t y  except 
where they  can be c a r r i e d  out  e a s i l y  and with r e l a t i v e l y  
l i t t l e  expanse i n  connect ion with h igher  p r i o r i t y  items. 

Mi les tones  and Budget: 

F i s c a l  Year Milestones Budget 

1980 Assess t h e  need f o r  s p e c i a l  f l u x  measure- 200 
ments, over t he  sea. Obtain C02 grad ien t  
measurements a c r o s s  the. a i r - sea  i n t e r f a c e  on 
. sh ips  of opportuni ty.  

1981 Measure f l u x e s  with e i t h e r  s p e c i a l  equipment 250 
and/or by a i r - sea  g rad ien t s  on sh ips  of 
oppor tuni ty .  I n i t i a t e  s tudy of a l l  informa- 
t i o n  bear ing  on the  r a t e ,  t h e  d i u r n a l  and 
seasonal ,  and t h e  geographical  v a r i a t i o n s  of 
C02 exchange ac ros s  t he  a i r - sea  i n t e r f a c e .  

C~nfinue f lux  measurement^ and fitlldy ~ ~ 1 s t -  ?n n 
i ng  information.  

Continue f l u x  measurements. Prepare a corn- 300 
prehensive t e p o r t  on knowledge about t h e  
a i r - s ea  exchange. 

1984 Reassess t h e  needs f o r  f u r t h e r  measurements 300 
and analyses .  
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phe r i c  C02 concent ra t ions  f o r  per iods of decades t o  cen tu r i e s  i n  t he  

fu tu re .  The va lue  of ' f u r t h e r  research  i n  a i r - sea  exchange de r ives  more from 

.an understanding o f  i t s  geographical  d i s t r i b u t i o n  and phys ica l  processes  

r a t h e r  than  f o r . f u t u r e  'C02 p r e d i c t i o n s  i n  a i r .  As  such, the  urgency of 

research  is  reduced a t  t h i s  time. 

The techniques can be ca tegor ized  i n  t h ree  ways: methods t h a t  measure 
- 

q u a n t i t i e s  a t  o r  near  t h e  a i r - s ea  boundary, those dependent on oceanic  meas- 

urements, and those  dependent on atmospheric measurements. . 
The near-sea-surface measurement methods inc lude :  t he  use of modern 

eddy-correlat ion techniques a t  s e l e c t e d  po in t s ,  the  only d i r e c t  method of 

measurement of t h e  v e r t i c a l  f l u x  of C02; t h e  p r o f i l e  method, which assumes 

t h a t  the  f l u x  can be derived from the  g rad ien t  of a measured C02 concen- 

t r a t i o n  by m u l t i p l i c a t i o n  by an eddy d i f f u s i o n  c o e f f i c i e n t  t h a t  i s  . o f t e n  

known very imperfect ly;  t he  a i r - sea  p r o f i l e  method, which c a l c u l a t e s  the  

f l u x  by mul t ip ly ing  the  a i r - s ea  C02 concent ra t ion  g rad ien t  and an'imper- 

f  e c t l y  known t r a n s f e r  c o e f f i c i e n t  ; and con t ro l l ed  labora tory  s imula t ion  of 

t h e  t r a n s f e r  ofV'co2 between a i r  and ocean water (e.g., r e l a t i n g  upt'ake v i a  

wind s p e e d  and air-sea g rad ien t ) .  A l l  of t hese  methods have been r epor t ed  

upon, a l though not  neces sa r i l y  q u a n t i t a t i v e l y .  

The measurement methods i n  a i r  include:  t h e  Suess e f f e c t ,  which r e f e r s  

t o  t h e  d i l u t i o n  of 14c02 by f o s s i l  f u e l  C02; t h e  decrease with time of 

14 
C02 generated i n  nuclear 'weapons t e s t s  a s  i t  e n t e r s  t he  biosphere and 

oceans; and g loba l  meridional  g rad ien t s  of C02 t h a t  a r e  f i t t e d  t o  sources 

and s inks  of C02' i n t o  and out of t he  a i r .  These methods have. a l s o  been 

t r i e d  and repor ted  upon. 

The oceanic  measurement methods include:  i n fe rences  about a i r - sea  

t r a n s f e r  based on t r a n s p o r t  of radon; t he  measurement of. i nc reases  of t o t a l  



i n o r g a n i c  carbon i n  the  ocean with time and the  inc rease  of C02 i n  air; 

and v e r t i c a l  f l u x  measurements i n  t he  upper l a y e r s  of t he  ocean. The radon 

method has been o f t e n  repor ted  i n  t he  l i t e r a t u r e ;  work is  i r i -progress  t o  

'develop t h e  t o t a l  inorganic  carbon method, but t h e r e  is l i t t l e  o r  no e f f o r t  

i n  t h e  measurement of downward f l u x  through the ocean. . . 

The bu f fe r  f a c t o r  r ep re sen t s  t he  r a t i o  of t he  f r a c t i o n a l  change i n  

~ C 0 2  ( t h e  p a r t i a l  Pressure of coar in the a i  t t o  tho frnati.nnnl change 

of  pC02 i n  t h e  water a t . chemica1  equi l ibr ium. I ts  value is c u r r e n t l y  

es t imated  t o  be between about  7 and 11, depending on the  temperature.  The 

va lues  ca l cu la t ed  from thermodynamic p r i n c i p l e s  seem t o  be gene ra l ly  

accepted but a small  program t o  measure the  va lues  -- i n  s i t u  is being under- 

taken to .  i n su re  t h a t  'no d i sc repanc ie s  between theory and measurement e x i s t .  

5. C02 Exchange Between the  Upper and Deep Ocean 

. . 5.1 Transfer  of inorganic  carbon i n  t h e  ocean 

For a t  l e a s t  t h e  nex t  s e v e r a l  hundred ycnro, t r a n s f e r  of C02 Irom the 

s u r f a c e  waters  t o  deeper .waters  w i l l  c o n s t i t u t e  t he  r a t e - l imi t ing  s t e p  f o r  

oceanic  uptake of C02. This  t r a n s f e r  t akes  p lace  by tu rbu len t  mixing i n t o  

t h e  main thermocline,  by organized c i r c u l a t f o n s  (where water p r e v i o u ~ l y  i n  

c o n t a c t  with t h e  a i r  s i n k s ,  mainly a t ' h i g h  l a t i t u d e s ) ,  and by the  s inking  of 

carbon-containing p a r t i c l e s  of b i o l o g i c a l  o r i g i n  ( d e t r i t u s ) .  

Planning f o r  research  i n  c a l c u l a t i n g  the  t r anspor t  of ~0~ w i t h i n  the  

oceans has been ass igned  t o  a committee of s c i e n . t i s t s  from ocean research  

i n s t i t u t i o n s .  The i n i t i a l  s t e p s  i n  t h i s  planning c a l l  f o r  improving under- 

s t and ing  by a n a l y s i s  and i n t e r p r e t a t i o n  of t h e  behavior of a number of t ran-  

s i e n t  t r a c e r s  added by man (e.g., r ad ionuc l ides )  o r  f o r t u i t o u s  n a t u r a l ,  

t r a c e r s  t r a n s f e r r e d  from a i r  t o  s ea  and then  t r anspor t ed  wi th in  t h e  ocean. 

This  approach involves  ex tens ive  planning f o r  sh ip  time, c o l l e c t i o n  appara- 



Table IA.5. Priority, milestones and estimated budget requirements for 
research on C02 exchange between upper and deep ocean. 

Priorities: 

1. Transient tracer experiment to investigate High 
transfer of inorganic carbon in oceans. This 
forms the basis for ocean transport modeling. 

2. Organic carbon in oceans. Medium 

' ~i'lestones and Budget : 

Fiscal Year Milestones Budget, 

1980 Continue purchase and development of 2000 
field equipment. Shakedown cruise in 
North Atlantic. .:. . 

1981 Conduct major sampling activity in 
North ~tlantic. 

1982 Sample analysis and data interpretation. 1500 
~nitiation of ocean transport modeling 

1983. Continue data analysis and interpretation. 1500 
Prepare for southern ocean cruise. Pre- 
pare draft summary. report. 

1984 Undertake transient tracer program 3000 
in southern oceans. Complete survey 
of state of knowledge on ocean modeling. 

. :  



tus, separation of the tracers from the seawater, and measurement of carbon 

and other constituents. Thus far, the planning has included the selection 

of cruise tracks in the North Atlantic Ocean for 1980 #and 1981. . The first , 

of the cruises will collect data and test the instrumentation. During the 

second year, a major sampling effort will be undertaken in the North Atlan- 

tic Ocean. In subsequent years, cruises'in the Southern Hemisphere and 

Pacific Oceans would follow.. 

The tracers to be analyzed include; 3H and 14c, 3 ~ e  (the daughter 

product of tritium), fluordcarbons -1 1 and -12, and 39~r, a cosmic-ray- 

produced gaseous radionuclide which has a 270-year half life. The latter 

isotope possess an ideal ha1.f life for studying intermediate waters of the 

oceans. In addition to 'the transient tracers, measurements of pCO2 in air 

and water and alkalinity .will be made as well as the usual hydrographic. 

observations and nutrient sampling. 

For selected regions of the oceans of special importance in storing or 

transporting carbon, such as the anticyclonic gyrcs, conside~;uLlon is being 

given to the deliberate injection of a suitable tracer which would be 

followed for an appropriate time, to help improve understanding. A number 

of inert tracers are under study for this application. Accompanying the 

field work, a program for data analysis and synthesis will provide an ocean 

module for use in the carbon cycle model. The interpretation will 

yield better box-type models as well as help guide development and valida- 

tion of complex three-dimensional ocean transport simulations. 

5.2 Organic carbon in the ocean 

Carbon-containing particles fall from the surface water to deeper waters 

as fecal pellets.and dead organisms. Most of these particles subsequently 

decompose in the deeper water, although some may be refractory and transfer 



a small amount of carbon into the sediments. The decomposed carbon goes 

into the larger pool of dissolv~d'organic carbon (DOC). Some particulate 

organic carbon (POC) and the DOC is oxidized back to C02.in the water 

column or sediments, probably by bacteria. 

It 'is thought that carbon is.not a limiting element in marine ecosystems 

and only changes in the supply of nutrients such as phosphorus, nitrates and 

silicates could materially alter the rate at which carbon is absorbed by 

marine plant life and transferred to deeper waters. 

If significant man-made fertilization of the ocean is taking place, and 

some of the increased organic matter transferred to the sediments, a mecha- 

nism of transferring and storing carbon in the ocean is taking place that 

man is influencing. Some nutrient transport from land to sea is undoubtedly 

occurring but the quantities involved may be insignificant on a global 

scale. This question should be investigated on a moderate scale to deter- 

mine the order-of-magnitude of the transfer of nutrients, and 

nitrogen. into the oceans by rivers and through the air and their possible 

role in sequestering carbon, particularly. in estuaries and coastal margins. 

6. Sediment Dissolution 

Most current models of oceanic uptake of C02 from the air only con- 
. . 

sider increases in dissolved C02 species arid ignore reactions with the 

solids in the sediments. The fossil-fuel-produced C02 has not yet reached 

the deep ocean sediments.in significant amounts but it is possible that some 

shallow water sediments, notably the high-magnesium calcites could already 

be dissolving. If this is indeed happening, then the reaction of the car- 

bonate ions with the C02 to make HC03 ions could be enhancing oceanic 



Table IA.6. Priority, milestones and estimated budget requlrements for 
.: research on C02 reactions with shallow and deep-wa,ter 

sediments. 

Priorities : 

Assess the role of shallow and deep water rarhnnnte 
dissolution. 

1.  Deep water Low 

2. Shallow water High 

Milestones and Budget: 

Fiscal Year Milestones Budget 

19 80 Hold a workshop on carbonate dissolution. 
t 15 

Initiate a study of role of ocean biology 
in carbon transport. 

1981 Literat~ire r~v-bew and initial ficld study 200 
, . of shallow water carhanotc diasslution. 

1982 Initiate field study shallow water carbon- 200 
ate dissolution and paper study of deep 
water carbonate dissolution. 

19 83 Continue study of shallow and deep water 200 
carbonate dissolution.' Prepare draft 
summary report. 

1984 Continue study of sh~1.l.a~ and decay water 200 
carbonate dissolution. Complete status 
report on carbonate dissolution and asso- 
ciated processes. 
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C02 uptake from the atmosphere: this could be an additional. sinkl.for 

atmospheric C02. Dissolution 'of carbonates can be enhanced by chHnging 

water chemistry; C02 and other pollutants may be contributing to acidifi- .I 

cation of waters which increases dissolution. 

6.1 Shallow water sediments 
< 

Although there is recent evidence that some high-magnesium calcites are 
\ 

dissolving in the ocean, a recent workshop concluded that this is not now a 

large sink for atmospheric C02. Dissolution of shallow water sediments 

could be a sink for only a few percent' of the net carbon emitted to the air 

since the areal extent of those sediments now under attack does not appear 

to be large .enough to be a major sink. Continued study of these sediments 

could be useful, however, in giving an early indication that increased dis- 

solution is beginning to occur. 

6.2 Deep water sediments 

Calcite is the critical deep-sea carbonate in ocean sediment which 

determines the ultimate absorption of C02 by the ocean on time scales of 

more than a few hundred years. The bulk of the available calcite lies .below 

depths of 2.5 km, but above the abyssal planes. Roughly half.of the world's- 

total calcite lies at depths between 3 and 4.km in the Atlantic Ocean. 

It is necessary to have more. detailed maps of the distribution of the 

calcite in marine sediments now exists. An areal distribution of cal- 

cite content of the upper few tens of centimeters of sediment should be ob- 

tained at various depth intervals in each ocean basin. The cores for this 

mapping are largely in hand. The topography of the sea floor is also 

suff ic,ient ly well known. . . 



!$ . , 

In addition to the distribution of the carbonates on the ocean floor, 
,/' ' -  

the kinetics of their dissolution requires laboratory studies of dissolution 

and determination of the thermodynamic solubility of the carbonate species 
/ 

over a range of temperatures encompassing natural conditions. Also, studies 

will be needed of the fluid dynamics of the benthic boundary layer, includ- 
I 

ing the polar waters. This would include quantifying the effects of biolog- 
' ,  

. ical mixing of the sediments. 

I 

It is to be stressed that much of the needed research applies to both 

shallow-water sediments, which may be dissolving now or in the near future, 

and the deeper sediments, the disso1u;ion of which will ultimately control 
% ,  

.the absorption of excess C02. This latter is a slow one, having a 

time scale of. perhaps a thousand years. First priority will go to the 

shallow-water sediments where the effects are likely to be of importance in 

the next century. 

. . .  . 
7. Other Possible Sinks 

The oceans are generally thought to be the largest sink for the excess 

carbon not retained in the air, but it remains possible that the forests 

'could be absorbing some of this carbon. Other possible sinks should not be 

neglected, however: the .sum, of 'a number of small contrlb~rlnn~ r n l ~ l ~ d  add up 

to a significant quantity and some possible sinks could be larger than now 

uuLlmated. Wc have alrtddy refenid t o  the possibflity of eutrophication of 

ocean margins as a possible &ink; ~~ricultural practices, including rice 

paddy cultivation could contribute to storage of carbon. The additions of 

nitrogen and sulfur to the environment by man may be fertilizing areas other 

than the specific targets. Soil carbonates, particularly in arid climates, 

should be investigated as a possible sink of as yet undetermined magnitude. 



B. Atmospheric Storage of C02 

1. Monitoring Network . 
. . 

In response to recent recommendations, the world-wide C02 baseline 

monitoring network has been expanded to 19 stations at remote sites- to 

determine the global background concentrations. Another 8 will be added 

very shortly. Most of these stations collect samples of air in flasks which, 

are sent to a central laboratory for measurement. 1nternational.cooperation 

among the participating nations is being organized through the World Meteor- 

ological Organization. The station locations have been selected for opera- 

tional feasibility and avoidance of local sources of measured gasses.. The 

world-wide network will provide global C02 growth rates. The observed 

horizontal gradients of C02 may (and have.) suggest the places and times .or. 

sources and sinks of atmospheric C02. The seasonal C02 variations at 

these stations may yield clues to changes in regional photosynthesis, and 

the interannual changes mi,ght indicate variations in the global atmospheric 
. .  " . 

circulation or sea surface temperatures. Occasional aircraft,flights to 
, . 

give both horizontal and vertical distributions would be a useful adjunct to 

these single-point measurements at the surface. 

For reasons discussed in other -sections, the monitoring of atmospheric 

C02 should include the determination of the isotopic composition of atmos- 

pheric carbon; determination of the ratios of 13c/12c and possibly 14cl12c 

should augment the C02 concentration measurements. 

Samples of clean air should be archived for future analysis under the 

supposition that future technology may permit a more refined analysis. 

Before storing samples, however, it should be determined that storage tech- 
. . .  

niques would preserve the sample' s integrity. 



Table IB. Priority, milestones and estimated budget requirements for 
research on atmospheric storage of C02 

Priorities: 

1. . The world-wide network for measuring atmgsgheric C02 High 
hnn hccn, cxpandcd. H O U  i e  uaf 11 U. 3. ugc~ lc j~  f nvolved. 

2. Maintenance of gtandard gases available for Ose in . High 
mcaourcwcnts ,muat c~~~tiiluc. 3u~ue Tuudlng will be 
required to assure continuation of standards. 

. . 
3. The evaluation of gas chromatography techniques will be Medium 

, undertaken and if feasible, an orderly transition to 
I this method at some of the network stations will be 

undertaken. 

, t Milestones and Budget:" 

Budget 
Fiscal Year Milestones . . 

. 180 
1980 Expand global measuring network 

completed. Test of gas chromatography 
techniques. 

1981 Determine feasibility of gas chroma- 350 
., tography completed. Begln procurement and 

installation of instruments if practicable 
Continue measurements and analyses, 

1982 . Install chromatographic instruments; over- 350 
iap with IR instrumentation. 

1983 . .  Continue measurements and analyses. Continue 350 
comparison between chromatografihic and IR . . 

. . sensors in field locations. Prepare draft 
summary report. 

1984 . Continue measurements. Assess atmospheric 350 
network and its results. Complete summary 
of findings of atmospheric.storage problem. 
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2. Standard Gases 

The need for continuing, long-term measurement of atmospheric C02 has 

been amply demonstrated. The availability of C02 standard gases, calibra- 

ted to an absolute standard is essential to-this objective. 

Current C02-in-nitrogen standards at the Scripps Institution of Ocean- 

ography, the WMO ~nternational Calibration Center, are based on manome'tric 

(pressure) methods. Scripps can also prepare similar C02-in-aif'stan- 

dards. The NOAA GMCC laboratory has developed a dilution technique. capable, 

in principle, of the desired accuracy and has also prepared its own CO~-' 

in-air standards. Finally, the National Bureau,of Standards (NBSD has 

developed gravimetric methods that may ultimately become the world standard 

C02-in-air gases. From the absolute standards, one calibrates working gas 

used in the actual Cog concentration determinations. An orderly, integra- .. 

tion of any new standards must be accomplished by intensive intercomparis'on 
'. , 

between new C02-in-air standards and existing C02-in-N2 Scripps stand- 

ards. 

A period of several years will be required, for determining the long-term ' 

stability of any new primary and working standards gas. During this period, 

it is vital that the current gas standards and measurement equipment be 

maintained. Because the C02-in-.N2 standards present problems for the 

non-dispersive infra-red analyzer (NDIR), future C02 standard gases will 

be C02-in-air: steps to accomplish the transition are underway at 

Scripps, National Bureau of Standards, and NOAA. 

3. Measurement Instruments .. 

Almost all background measurements of C02 in the gas phase have been 

made with a technique employing the NDIR C02 analyzer. While this method 



is adequate, it has several disadvantages that might possibly be avoided by 

new, but untried instruments. Several shortcomings of the NDIR analyzer 

are: the need to dry relatively large air samples, the need for frequent 

intercomparison with C02 gas standards and the use of relatively large . 

amounts of standard gases. 

Gas chrowtography is h ~ i . n g  evaluated to dctcrmfne if it wuuld provide 

precision as good as that now achieved by NDIR analyzers but with much 

reduced demands for the quantity of working gases. Laser absorption spec- 

troscopy also is a promising measurement technique for the isotopic composi- 

tion of carbon and oxygen in C02. Another possibility is to use coinci- 

dences of emission lines of a C02 laser with absorption lines of C02. 

C. Past Records of Atmospheric C02 . . 

Adequate observations of the atmospheric C02 concentration exist only 

since 1958. Most of the older data, while suggesting lower values, are not 

precise enough to establish benchmark values. Validation of r.srhnn.cyc1e 

models would be greatly assisted by knowing atmoepheric concentrationa-even 

to within a few ppm--in the latter 19th and early 20th centuries, In 

addition, if there have been large changes in concentration in the geologic 

past, knowledge of such,changes, together with information on concurtent 

globai climate, could lend support to, or suggest discrepanr,i~s in, current 

climate models. 

Attempts ate being made to deduce atmospheric concentrations within the 

last century by examining some of the early solar spectrographic plates. It 

is hoped that these..can be used to infer the concentrations from the indi- 

cated absorption of sunlight by C02. 



Table .IC:,,, Priorj'ty, milestones and estimated budget requirements for 

. . 
' resgarch o,n determining past atmospheric CO concentration; 

2 

Priorities,: 

. . .  
Determination,of ,past (pre-1957) C02 concentrations, :' , , ; . ; ' ~ i ~ h  
on his tor.ic (pas't 5,000 years) time scale. 

Geologic ( > 3,00,0, years BP) time scale. , . ':LOW 

. . 
; .Milestones and Budget: : . . ! . .  

, 
,Fiscal Year Milestones , $ , ' ,  Budget 

1980 . . 
, , .  , I .  Examine Smithsonian and other so'iar spectra ' t'i"" 280 

for CO concentration i-nformation. Examine . '  . 2 . . 
C02 .of ice cores. Hold workshop. on , , ' I  

geological CO concentrations. Further 

. . 
, work on oceanzc techniques to reconstruct 

past C02 levels. 

1981 Continu,e examination of spectra and geological : :  ; '  350 
records. for CO changes. 2 

' , 1982 Continue data analyses and interpretation of . . '  ' 350 
, past concentration and evaluate accuracies of ' 
estimates. 

: 1983 . Reassess value of accepted and promising.new 350 
techniques to estimate past C02 levels. 
Prepare draft summary report. 

1984 
' . Complete report on past C02 levels. . Complete 350 

,studies needed for final report. 



r I c e  cores  from. the  permanent c o n t i n e n t a l  i c e  shee t s  may conta in  "old 

a i r "  from which C02 concen t r a t ions  can be est imated f o r  t ens  of thousands 

of years  i n  t h e  pas t .  Poss ib ly  i s o t o p i c  records i n  t r e e  r i n g s  may be use fu l  

f o r  a few thousand years .  
, 

D. Models of t h e  Carbon Cycle ,. - 
Each of. elre i i luvt! research areas inc lude  .development .of model components 

. . .  . . 

a s  p a r t  of t h e i r  e f f o r t s  but i n t e g r a t i n g  the  r e s u l t s  of t hese  i t ud ie ;  i n t o  a 

comprehensive g l o b a l  carbon cyc le  model is' a f i n a l  s tep.  I ts goal ,  of 

course ,  is  the  p r e d i c t i o n  of fu tu ry  atmospheric C02 concent ra t ions  from 

scena r ios  of f o s s i l  f u e l  use and land-use changes. To be v a l i d ,  t hese  

models must be a b l e  t q  reproduce not  only the  c u r r e n t l y  a v a i l a b l e  da t a  on 

atmospheric  C02 growth, but  be compatible with the  d i s t r i b u t i o n  of the  

i so topes  of carbon found i n  t he  atmosphere, oceans and - bi.osphere. A f u r t h e r  

d i scuss ion  of t hese  problems can be found in' Bacastow and Bjorkstrom, 

( i98oj .  

Progress i n  carbon cyc le  modeling w i l l l i  depend upon progress  i n  de te r -  
I ,  . 

mining t h e  components of t h e  carbon cyc le ,  r eac t ions  t o  increased  atmos- 

p h e r i c  C02, and feedback from c l ima te  changes. The models w i l l  a l s o  be 

u s e f u l  f o r  s t u d i e s  of t he  s e n s i t i v i t y  of t he  carbon cycle  ( o r  a t  l e a s t  i t s  

model s imula t ion)  t o  changes .in t h e  var ious  carnpnnenta. S e n s i t i v i t y  s t u d i e s  

call r evea l  critical parameters ,  a r e a s  needing more research  and equa l ly  
, 9 

important ,  a r eas  where reso lv ing  an unce r t a in ty  adds l i t t l e  t o  the a b i l i t y  
,.. , 

t o  p r e d i c t  f u t u r e  l e v e l s  of C02 .  This  e f f o r t  must ' proceed, as w f t h  all 

modeling e f f o r t s ,  2n c l o s e  a s s o c i a t i o n  ~ 5 t h  d a t a  ga the r ing  and a n a l y s i s .  



Table ID. Priority, milestones and estimated budget requirements for 
research on carbon cycle modeling. 

. . . . Priorities: . . . ... . . 

Development, testing and' use of carbon cycle .models . :. -High ' . " 

based on new findings arising from.research programs' 
. . . .. . . .  . . . ' . , . .  

. a 

Milestones and Budget: 
. . 

. . . . 
Fiscal Year Milestones , .  : . . Budget 

19 80 Contract several model development efforts 300 
with scientists or organizations that have 
diverse interests (e.g., oceanography, 
biology). 

1981 Continue to develop models. Test their 400 
output against validation data. Evaluate 
priorities in carbon cycle research. 

19 82 Continue model development. Engage in a 400 
national.and international model comparison. 

19 83 Contract new gcie%tists and,/or organizations 750 
to develop second generation carbon models., 
Prepare draft summary report. 

1984 Complete a .summary position on carbon.cycle 7 50 
models. Exercise newest models with latest 
energy use scenarios. , .  . . 



11. CLIMATE EFFECTS OF INCREASING C02 

Present concentrations of C02 in the atmosphere, acting in combination 

with other absorbing gases (e.g., H20 and 03), play an important role in 

maintaining the current climate. Without C02 acting to absorb much of the 

infrared radiation emitted from the earth's surface and then re-radiating 

some of the energy back to the surface, surface temperatures would *rkhahly , 

be several degrees cooler, particularly- in polar regions.* The atmospheric 

circulation of moisture would probably also be substantially less active, 
/ 

and polar icecaps larger. At the same time, the stratosphere would probably 

be tens of degrees warmer, thereby leading to possibly altered atmospheric 

dynamics and probably somewhat reduced ozone concentrations. 

This strong coupling between C02 concentrations and the prevailing 

climate has led to growing interest about the future climatic rhanges that 

may be induced by the projected increasing levels of C02. The hes t  avail- 

able, but still significantly simplified, climate.modeling studies, indicate 

0 that doubling of present C02 concentrations would lead to an increase in 

mean annual Northern Hemisphere surface temperatures of 1.5 to 4.5OC (see 

Fig. 11.1. ). Studies of past interactions of C02 and climate and their 

role in the evolution of the atmosphere and possibly in past variations of 

glacial extent, while still somewhat speculative, form a further basis for 

* There are no models now capable of comprehensively simulating the cli- 
mate assuming the complete absence of C02. This is because of the 
wide range of interacting processes, including other radiatively active 

/ 

gases, atmospheric chemistry, water vapor cycling and dynamics that play 
a role in determining the climate. The qualitative comments in the text 
are based on extrapolations of expected first order effects derived from 
model studies that incorporate C02 concentrations within a factor of 
two of present concentrations. 



Figure 11.1. Estimates of the change in surface temperature due t o  various changes in 
C02 concentration. Investigator: o Manabe and Wetherald (19671; A Manabe 
and Wetherald (1975); 0 Manabe (1971); V Ramanathan ( 1 9 7 5 ) ; ~  Augustsson ' 
and Ramanathan (1977); x Manabe and Stouffer (1979): + Manabe and 
Wetherald (1980); Wetherald and Manabe (1980); A Hansen (1980): VGlSS - 

(19781; m Gates (1980; * Potter (19781, NH value; + Hunt and Wells (1979); 0 
Ramanthan et al. (1979). Manabe and Wetherald (19801 also refer to  an eight 
times COg'increase that led to  even further heating. Shading shows present 
range of natural fluctuations in climate (Mitchell, 1979) during which C02 concentrations 
have increased from about 300 to 335 ppmv. The results of Gates e t  al. assume no oceanic 
response and are therefore not included in developing the estimate of possible climatic 
change. 
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concern t h a t  t h e  p o t e n t i a l  e f f e c t s  may be important.  The atmosphere of 

Venus, wi th  i t s  very high temperatures ,  c l e a r l y  i n d i c a t e s  t h a t  high C02 

concen t r a t ions  can cause dramatic  e f f ec t s . ,  . , 

. . 
I 

C02 concent ra t ions  a r e ,  however, only one f a c t o r  among many t h a t  + 

determine the  o v e r a l l  behavior of t h e  c l imate  system (see  Fig. 11.2.). The . . 
, ' . . 

,. . 
c l ima te  system inc ludes  not  only the  .atmosphere (and i ts  many cons t i t uen t* )  

bu t  t h e  'oceans and the  land su r f ace ,  inc luding  the  i c e  and snow covered 
. - 

r eg ions ,  and t h e  b io ta .  The uneveti d i s t r i b u t i o n  of t hese  f e a t u r = s  around 

t h e  globe coupled wi th  d i f f e r e n c e s  i n  land e l eva t ion ,  i n t e r a c t  with va r ious  

dr iv i r ig  fo rces  i n  ways no t :  now f u l l y  comprehended. t o  comprise t he  c l imate  
i.. 

system. The most obvious f o r c i n g  f u n c t i o n s ' a r e  astronomical  i n  or ig in .  Of 
? ,  

4 

.importaxice a r e  t he  change's i n  the  d i g t r i b u t i o n  of so l a r :  energy 
' . . , .  

caused by the  d a i l y  cyc le  df t h e a e a i . t h l s  r 'b tat ion and the  seasonal  cyc l e  

r e s u l t i n g  from o r b i t  of t h e  e a r t h  & o ~ n d  the  sun. Seemingly s m a l l  var ia -  

t i o n s  i n  t h i s  o r b i t  appear t o  a f f e c t  c l imate  on s c a l e s  of tens o f ,  thousands 

of years .  Var i a t ions  i n  t h e  sun ' s  energ; nutput may alnn a f f e c t  the  c l l -  - ,  

mate. Such v a r i a t i o n s  over t he  i a s t  few b i l l i o n  years  a r e  bel ieved t o  havei 

been l a r g e ,  even though s o l a r  output  is o f t e n  r e f e r r e d  t o  a s  "constant." ' . . . , 

Major v a r i a t i o n s  i n  sunspot cyc l e s  over hundreds bf years  may a l s o  be' 

! 
r e l a t e d  t o  f l u c t u a t i o n s  . i n  s o l a r  energy output  of a  few percent ,  but over 

t h e  last  few decades, v a r i a t i o n s  i n '  s o l a r  e n e r m  appear t o  he. below derec.t$ 
* 

a b l e  l i m i t s .  

The atmosphere-ocean-cryosphere-land system maintains  the  e a r t h ' s  c l i -  

mate by t r anspor t ing  hea t  and water 'vapor  between e q u a t o r i a l  and po la r  ' l a t f -  

tudes  i n  order  t o  achieve  an energy balance. I f  t h e  temperature g rad ien t -  I 

between t h e  t r o p i c s  and poles  decreases ,  a s  cu r r en t  models suggest would 

happen i f  atmospheric C02 i n c r e a s e s  s u b s t a n t i a l l y ,  then the  energy and 



Clouds 
N2, 02, C02. 03. Etc. 

~ u s t  Particles A 
Air-Ice Coupling Precipitation, 

Wind Stress Evaporation 

Heat Exchange 

Changes of Land Earth 
Features, Orography, 

Vegatation, Albedo, Etc. Changes of Ocean Basin 
Shape, Salinity, Etc. , 

. . 
i * 

FIGURE 11.2. Schematic illustration of major components of the coupled atmospheric-ocean-ice-surface 
climatic system. Calculation of the climatic response to  increasing C02 concentrations requires 
consideration of nearly all of these factors (Ref. NAS, 1975). The thin arrows refer t o  
"extermal" processes, the broad arrows referto processes "internal" t o  the climate system. 
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, w a t e r  vapor exchange would a l s o  bB expected t o  change and some new c i r c u l a -  

t i o n  p a t t e r n s  and p r e c i p i t a t i o n  reglmes could evolve. These new c i r c u l a t i o n  

p a t t e r n s  could .wel1  l e a d  t o  s u b s t a n t i a l l y  d i f f e r e n t  r eg iona l  c l ima te s  (i.e.; 

temperature,  p r e c i p i t a t i o n ,  winds, e t c . ) .  Due t o  the  complexity of the  ' 

4 

c l ima te  system, t hese  r eg iona l  changes could be g r e a t e r  than,  and i n  some 

cases  poss ib ly  oppos i te  tn s ign  t o ,  changes i n  the  g loba l  average. 
b 

\ ) h s ~ r v a t i , o n ~  and nnnlyaes of pci t i~  condielaas sllow t h a t  c l imate  is v a r i -  

a b l e  on a wide range of t ime and space sca l e s .  The causes of t h i s  n a t u r a l  

v a r i a b i l i t y  a r e  l i t t l e  understood, a l though they have a f f e c t e d  man's a c t i v -  

i t i e s  s i g n i f i c a n t l y  throughout h i s t o r y .  Even without man's i n t e r v e n t i o n ,  

t l iese n a t u r a l  v a r i a t i o n s  w i l l  c,ontinue. When man's impact w i l l  be not ice-  
. , 

a b l e  amongst t h e  n a t u r a l  f l u c t u a t i o n s  and cyc le s ,  and whether t he  c l i m a t i c  

e f f e c t s  of i nc reas ing  C02 concen t r a t ions  w i l l  add t o  o r  counterac t  the  a s  

y e t  unforeseeable  n a t u r a l  changes (o r  even the  e f f e c t s  from o t h e r  man-made 

f a c t o r s )  a r e  complex ques t ions ,  ,but hopef113.l.y not unanowcrable. 

TO determine the  c l ima te  respon6e t o  increased  CO2, the  c l imate  

r e sea rch  elements of t h e  p lan  w i l l  be focused on answering t h e  fo l lowing  
I 

major ques t ions :  

- What w i l l  be t he  seasonally-dependent regional. 8n.d g loba l  a l i m a t i e  

changes induced by pro jec ted  changes i n  atmospheric C02 coneen- 

- How r a p i d l y  w i l l  t h e  c l i m a t i c  changes be t ak ing  p lace  and t o  what 

ex t en t  w i l l  t h e  pro jec ted  changes depend on the  time-dependent 
, 

. . 

c h a r a c t e r i s t i c s  of the c l ima te  and the  r a t e  of i nc rease  of C02? 

- To what e x t e n t  a r e  t he  p ro j ec t ed  changes dependent on o t h e r  c l imat -  

i c a l l y - r e l a t e d  events  and a c t i v i t i e s  of man and na ture?  
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The first question is intended to focus on determining the quasi- 

equilibrium* climatic change to which society becomes .committed by increas- 

ing the atmospheric C02 concentration. Because the temporal response 

characteristics of. the atmosphere, oceans, ice, and land surfaces are quite 

different , however, the actual climatic changes that occur will, probably be . , ,. . . . . ,. . 
. . .  

delayed and might even be different than the quasi-equilibrium projections. 

The second question . . is intended to address these issues so that assessment 
. . 

studies and the search for evidence of climatic change can consider,the 

time-varying nature of the response, including the dependence on varying 

rates of increase of CO2. The projected change in C02 concentration is, 

of course, only one of many possible influences on climate. In developing 

estimates of the limits of possible climatic changes, the DOE C02 program 

must consider, at least ind,irectly, the possible climate effects of such . . .. . .  . . 

other influences as volcanoes, chlorofluorocarbons, other combustion 

emissions, and surface albedo change, so that a proper context for of the . . . . . .. . . . .  . . .  . - .  . . 

C02-induced climatic changes can be provided. 

To address the three key questions, a four part research program 

(Fig. 11.3. ) is being developed that draws on efforts to understand both the 

present climate and past climate changes. The program stresses those incre- 

ments of a total climate research program' that are most directed toward 

resolving the uncertainties in estimating the effects of increasing C02 on 

climate. Initial efforts to develop improved understanding and analytical 

techniques are followed by application and the seeking of confirmation of 

estimates in the real world. The basic components the research program will 

include : 

* Because the real climate is never truly in equilibrium, and because the 
C02 concentration will be-constantly changing, an estimate of the 
quasi-equiIibrium change may be most appropriate for purposes of 
comparison and evaluation. 
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increase 3. Model Sensitivity Sbudies 
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-[=2. Reconstruction of Historical Climates * 

t C. Climate Scenario Development 1. Same ' 

D. Evidence of Climate Change 1. Same 

FIGURE 11.3. Principal Research Issues for  Estimating the Climate Response t o  C02  . . . 
. . 



- Developing imp'roved, v e r i f i e d  models f o r  use i n  e s t ima t ing  l i m i t s  

on t h e  e l i m a t l c  e f f e c t s  of i n c r e a s i n g  602 concen t r a t i ons ;  

- , Searching h i s t o r i c  and pa l eoc l ima t i c  records  f o r  evidence of 

d i f f e r e n t  c l ima te s  ( p a r t i c u l a r l y  those  warmer than the  p r e s e n t )  

t h a t  can be used t o  s tudy  t h e  mechanisms of c l ima te  change, t o  

determine t h e  ranges of pas t  c l i q t e  v a r i a t i o n s ,  and t o  develop 

ana logs  of pos s ib l e  C02-induced warmer (and warming) c l ima te s ;  

- Using model-derived expec t a t i ons  o f  c l ima te  change, evidence of 

p a s t  c l imate  change, and our experience with t he  presen t  c l imate  t o  

develop scena r io s  t h a t  encompags p l a u s i b l e  'upper and lower l i m i t s  

of t h e  p o s s i b l e  C02-induced f u t u r e  c l imate  condi t ions .  So t h a t  

adequate  e c o l o g i c a l ,  s o c i a  1, and economic ana lyses  can be made, t h e  

- scena r io s  must e s t ima te  changes i n  such parameters a s  r eg iona l  and 

seasona l  v a r i a t i o n s  of temperature  and mois ture  i n .  a g r i c u l t u r a l  and . 

watershed a r e a s ;  e x t e n t  o f , s e a - i c e ,  i c e  she lves ,  and mountain snow; 

and ocean c u r r e n t s  and . tempera tures  i n  a r e a s  of s u b s t a n t i a l  oceanic  

p roduc t iv i t y .  

- Evaluat ing and . ana lyz ing  p re sen t  da ta  i n  s ea rch  of evidence t h a t  
/ 

expected C02-induced c l ima te  changes have i n  f a c t  occurred. 

Table  11.1. summarizes t h e  p r i o r i t i e s ,  and provides  budget e s t ima te s  f o r  

s c i e n t i f i c  planning. The p r i o r i t i e s  and recommended budget l e v e l s  i m p l i c i t -  

l y  i nc lude  e s t ima te s  of t h e  va lue  and t ime l ines s  of the  approach, t h e  poten- 

t i a l  f o r  p rogress ,  t h e  l e v e l  of a c t i v i t y  i n  t he se  a r ea s  o u t s i d e  of DOE, and 

t h e  o v e r a l l  importance of t h e  p a r t i c u l a r  a c t i v i t y  i n  t he  C02 program a s  a 

whole. It i s  because of t h e  r e l a t i v e l y  l a r g e  u n c e r t a i n t i e s  i n  c l i m a t i c  

response t h a t  t h i s  l a s t  f a c t o r  causes  c l ima te  e f f o r t s  t o  be almost uniformly 
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so highly rated. The budget will support pursuit of the principal research 

thrusts for estimating the effects of increasing C02 concentrations on 

climate, including: - 

- 1mprove.model treatment and understanding of the feedbacks present 
. . .  . ,.. 

in the-: cdupled ocean-atmosphere-cryosphere-land surface-biota 

Conduct seasonally-varying simulations of the effect 'of' .enhanced 

C02 on the climate with a 'variety of models, particularly general 

circulation models including realistic oceans and geography, so as 

to ,place limits on expected perturbations. 
I 

Compare.mode1 results, identifying the processes contributing to 

discrepancies both ainong models and bet*ween models and the climat'e . . 
- .  .. . 

system. 
. - . . 

Search and document historic and paleoclimatic records for periods 

of climate change, particularly for warm climate conditions and 

warming events, to use as analogs for predicting likely changes in 

climate for various regions and to determine the range of past cli- 

mate variations. 

Coupled with the principal thrusts, additional support will be needed to: 

- Improve model parameterizations of such processes as clouds, 

oceans, land surface and the hydrologic cycle and understand better 

the role of these processes in determining model sensitivities and 

the climatic response to increasing concentrations of C02. 

- ~xtend and expand model verification studies and sensitivity anal- 

yses to include comparison of global circulation model calcula- 
f 

tions _of warm climate analogs with the historic records. 
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- Develop techniques and approaches to speed early identification of 

a C02-induced climatic response. 

At present, plans are being formulated for intensified programs' and 

activities, both nationally and internationally, to improve the understand- 

ing of the whole climate system and its variations (e.g., refer to the 

National Climate Program Plan). Study 'of the C02-climate problem must be 

(and is being) integrated i n t n  thewe emcrgilclg i i ~ t e ~ ~ l u ~ l o n a l  pi'rjgrams. The 

advances of these programs that lead to better understanding of the cli- 

mate 's "unperturbed" state will help build confidence in predictions of the 

C02-perturbed climate. 

. \  
Although this research. program attempts to place the projected climatic 

changes in perspective of past climate changes, this research program does 
I 

not attempt to evaluate the environmental impacts or the economic signifi- 

cance of these climatic changes; that part of the research plan appears in a 

later part of this Comprehensive Plan. 

A. Modeling the Effects of C02 Increases 

There has never been a climatic situation exactly like that envisioned 

from increasiag C02 concentrations. Therefore, we cannot simply look back 

Lo pasf conditions to predict climate conditions for the future. Numerical 

models will have to be the primary tobls used to m k e  climatic prn jections, 

although our experiences of climates past must temper our. evaluation of 

model pro jectious. 

To generate confidence, models must represent all of the relevant 

aspects of the chemistry and physics of the atmosphere, hydrosphere, cryo- 

sphere and biosphere, and be verified against a wide variety of past climate 

change scenarios. Because the models depend on the extent of our under- 
\ 



s t and ing  of t he  many processes  t h a t  .are involved--part icular ly of the  numer- 

ous complex and s u b t l e  feedback mechanisms--there is g r e a t  need f o r  funda- 

mental improvements . . i n  our percept ion  of how the  c l imate  system f u n ~ t i o n s .  

Espec ia l ly  because the  pro jec ted  c l imate  changes a r e  unprecedented i n  man- 

kindfs:documented . .. c l i m a t i c  experience ( i . . e . ,  i n  a t  l e a s t  t he  l a s t  100,000 

years),.,,  t h e r e , i s  the  p o s s i b i l i t y  t h a t  we a r e  overlooking important mecha- 

nisms o r  improperly r ep re sen t ing  processes  a s  c l imate  condi t ions  evolve 

beyond the  range of v a l i d i t y  of var ious  parameter iza t ions .  

, I n  a d d i t i o n  t o  p r o j e c t i o n s  of the  a c t u a l  c l i m a t i c  changes, the c r u c i a l  

ques t ions  t h a t  must be addressed a s  p a r t  of the  c l imate  modeling element of 

t h i s  r e sea rch  plan include:  

- What C02-related processes  a r e  not now adequately t r e a t e d  i n  

numeri,cal models? 

- Can imp roved models adequately , r ep re sen t  t he  present  c l imate?  

- Are improved models c o n s i s t e n t  with a v a i l a b l e  information on p a s t  

c l i m a t i c  changes and condi t ions?  

- Can a v a i l a b l e  and planned c l imate  models provide the  information 

needed t o  e s t ima te  the c l i m a t i c  e f f e c t s  of i nc reas ing  C02? 

Each of t hese  ques'tions w i l l  be t he  focus of r e sea rch  wi th in  the  c l i -  

mate modeling subcategory. The use of the word adequately is intended t o  

convey the  need t o  develop a sense of.  reasonable confidence r a t h e r  than of 

c e r t a i n t y ,  i n  r ecogn i t i on  of the  many causes of unce r t a in ty ,  some inherenf.  

As i nd ica t ed  by the  f i r s t  ques t ion ,  perhaps of most immediate concern wi th  

present  p ro j ec t ions  a r e  the  many s i m p l i f i c a t i o n s  made i n  most of the  numer- 

i c a l  models being used t o  p r o j e c t  f u t u r e  c l imate .  Present  models, f o r  
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example, a r e  only  beginning t o  t r e a t  r e a l i s t i c  topography, land-sea d i s t r i . -  

bu t ions  and seasonal  v a r i a t i o n s ,  and s t i l l  t r e a t  only poorly land sur face  

and cryospher ic  processes ,  ocean hea t  capac i ty  and t r a n s p o r t ,  and clouds. 

Many of these  problems can be co r r ec t ed  o r ,  a t  l e a s t ,  t h e i r  c l i m a t i c  e f f e c t s  

can be much b e t t e r  represented .  Although. -it is not l i k e l y  t h a t  we w i l l  have . . 

completely s a t i s f a c t o r y  c l ima te  system parameter iza t ions  during the next' . ..:. 
. . " . .  

f i v e  yea r s .due  t o  a combination of l i m i t a t i o n s  inc luding  computer capac i ty ,  . ,  
. . . . . .. . , , .  . . 

d i a g n o s t i c  c a p a b i l i t i e s ,  and , l ack ,  of a fundamental understanding of .many, of 

t h e  components of t he  c l ima te  system, t h e r e  should,  be a s u f f i c i , e n t l y  a,de- 

qua te  r e p r e s e n t a t i o n  of t h e  system t o  a l low reasonable l i m i t s  t o  be placed . . 

on t h e  e f f e c t s  of i nc reas ing  carbon dioxide.  . ,  . I .  
r . : . 

Because of t he  l a r g e  . . number ,of processes  t h a t  make up the  c l imate  .sys-, , ; 

. . _  . .  I . . 

tem, a wide range of a n a l y t i c  and numerical models have been developed t o  . 
. . .  

r ep re sen t  it. This  breadth. of approach, ranging from r e l a t i v e l y  simple one- . . - . ,  

dimensional  models t o  comprehensive three-dimensional ocean-atmosphere . 
. A . . . , 

models, o f f e r s  some assurance  tha't the f u l l  range of important response ., . 

mechanisms a r e  a t  l e a s t  being considered s i n c e  i n  each model e f f o r t s  a r e  , , . i . . 

made t o  i nco rpora t e  many of the  processes  having the  temporal and s p a t i a l  

response c h a r a c t e r i s t i c s  app ropr i a t e  t o  t h e  I ssue  a t  hand. T'ht? remporal and 

s p a t i a l  a spec t s  of the C02 problem, however, do r e q u i r e  t reatment  of more 

mechanisms than a r e  n&smalay rcqui red  111 j u s t  r ep re sen t ing  the p re sen t  . , . ,  , 

climate. 

Much of the  work t h a t  needs t o  be done involves improvements i n  the  

General  C i r cu la t ion  Models (GCM), because these  comprehensive, time depend- 

e n t ,  three-dimensional s imu la t ions  o f f e r  t h e  bes t  hopes f o r  p red ic t ing  

r e g i o n a l  c l ima te  changes. There is  an important ,  complementary r o l e ,  



however, to be played by iess elaborate, and hence less expensive and less 

time consuming, Statistical Dynamic llodels (SDM), especially if model para- 

meterization~ are coordinated between the various types of models. Such 

models are usually of only one or two dimensions, and treat only, in an ,, 
\ 

empirical fashion at least some important elements of the atmospheric 

physics. Some of these simpler models' can bk used for inveStigations of ,, 

specific phy'sical processes (e.g., cryospheric processes), others will be 
\, '. 

useful for studies of the sensitivity of climate systems to variation of . 

certain 'variables. In addition, there yay be more appropriate simplifica- 

tions than are now in use, approaches that may be even better suited to the 

C02-climate problem (e.g., a three-dimensional atmosphere-ocean model with 

statistical dynamics to allow longer time steps). Such models should be 

used in concert with the GCMs by, for example, examining questions of long 

term variations that are very difficult to perform with GCMs and by develop- 

ing boundary conditions (e.g., .evolution of gla=ial .ice) for use' in GCM cal- 

culations. Simplified models can also be used to determine' effects of other 

radiatively active gases and particles that man: releases to the air and that 

may obscure or enhance the C02-induced climate change. 

It is important that several groups conduct the modeling efforts. Much 

of the necessary work is already being carried out now or .being planned by a 

number of groups wi<th the necessary competence and computer facilities, and 

there is doubt that entirely new groups can be formed, trained and become 

productive in the near future. Nevertheless some existing groups could 

devote themse1ve.s. more intensively to ~0~-related problems if funding were 

available. . Parallel work by differe'nt groups is to. be encouraged since each 
. . 

model includes different characteristics and approaches. Contact between 

the groups should be further encouraged. Coincidence of results among the 



groups will lend some additional credence to the forecasts, although all 

model results may also suffer from similar shortcomings. Any divergence of 

results must be examined very carefully to determine whether the differences 

represent model deficiencies or a lack of knowledge of the climate system. 

Finally, it should be emphasized that current understanding of today's 
I .  

. "  

natural, climate system is inadequate. It is not even known whether climate 

is a deterministic response to a variety of natural forcing functions of 

mafly time and space scales (that is, whether a unique set. of boundary condi- 

tions and forcing functions pr~duces a unique climate) or whethef It is 

determined by random interaction of the various internal processes. Funda- 

mental insights into the dynamics of the natural climate system are a pre- 

requisite to more accurate determination of the response of the climate to 

increased carbon dioxide. 
. . 

The five-year program described in the followiig suhaentions r d l  foPu~ 

on the following research tasks: 

(1) Develop, modify, improve, and test model parameterizations of 

important processes, so that plausible maximum and minimum feed- 

backs from these processes can be provided. 

(2)  Extend model verification stvdies to include evalua~lon of the 

capaLlllLy of mddels to represent seasonal variations and past 

times.when climate <was different than the present. 

( 3 )  Perform systematic model sensitivity studies to evaluate the 
I ' 

effects of uncertainties in our understanding of the climate system 

and tn estimate the oize of the feedbacks of various processes and 

mechanisms. 

(4) Conduct'more sophisticated C02 perturbation studies to determine 

limits of regional effects , time lags, and environmental interac- 

tions (e.g., changes in the cryosphere, hydrosphere and biosphere). 



Based on consideration of the factors contributing to uncertainty, 

highest priority should be given to the development and intercomparison of 

coupled ocean-atmosphere models (both GCMs and SDMs), their verification 

against observed seasonal variations and major climatic changes of the past, 

and finally their use in establishing regional effects of C02 perturba- 
. . 

tions. Second priority should be given to coupling these models to the cry- 

osphere so that effects in polar regions 'can be studied. Also of high 

priority are consideration of the treatment of clouds, verification against 

past regional climatic conditions, and model sensivitivy studies as a means 

of establishing estimates of uncertainty. Details are discussed in the 

following subsections. 

1. Model Improvement and Modification 
. . 

Model development, improvement, modification, and testing is a contin- 

uing and on-going process among the many groups developing numerical models. 

To accelerate an improved treatment of'the potential climatic effects of 

increasing C02 concentrations, however, requires improvement and testing 

of particular aspects of. these models that may not now be of critical impor- 

tance in studying non-C02 issues. A hierarchy of models will continue to 

be needed to gain overall insight because of the great range of processes 

involved. Increased emphasis will be placed on use of GCMs to investigate 

regional effects and on improving particular parameterizations in SDMs so 

that results from the two types of models can be better intercompared. In 

addition, some new models may be needed that focus on particularly important 

processes (e.g., vertical exchange processes in the oceans, polar climate). 

Although the direct radiative effects of C O ~  induce a relatively rapid 

atmospheric response (e.g., days), the indirectly induced climate effects on 

the oceans, ice, and land surfaces have a much longer time constant (up to 



Table 1IAil. Priority, milestones and estimated budget requirements for 
research on climate model improvement and modification. 

Priorities: 

Improve treatment of the .oceans, cryosphere, and clouds. , Very I-iigh 
. . . . 

Improve treatment of radiation, composition, boundary High 
layer physics, and the land 'surface. 

' . 

Milestones,and Budeet: 

Fiscal 
Year Milestones Budget 

1980 Initial construction of coupled ,ocean-atmosphere 
circulation models and seasonally varying simplified 
models. (Refer to 

Table 11.1. 
1981 Improve treatment of cryosphere in climate for budget 

models: intercnmpar~ cloud paramctcricatisns; dara. ) 
continue work on treatment of nceans. 

1982 Continue improvement in treatment of radiation, 
composition, boundary layer, land surface ahd ocean 
prescriptions. 

1983 Continue improvements. Prepare draft summary report. 

1'984 Continue improvements. 



hundreds of years ) .  Since changes i n  t hese  condi t ions  i n  t u r n  can ' f u r t h e r  

a f f e c t  t he  c l imate ,  c l ima te  models f o r  C02 s t u d i e s  must proper ly  t r e a t  a 

very wide range of processes .  The major improvements needed i n  models a r e  

now gene ra l ly  , recognized t o  involve t reatment  of :.the oceans, cryosphere , 
. . .. . 

clouds,  r a d i a t i o n ,  composition, boundary l a y e r  phys ics ,  and the  land s u r f a c e  

aria biot'a. One of the  p r i o r i t i e s  of .  t h i s  'program w i l l ' b e  t o  determine which 

0.f t hese  a r e a s  a r e  most important t o  p lac ing  l i m i t s  on the  c l i m a t i c  ' e f f e d t s  
. . . . . . .. . . , ,, . ' . , 

of enhanced CO2, and t h e n  encouraging improvements i n  the  model t reatment  
, "  . . " .- '2 

of those  a reas .  . . 

1.1 Oceans - , - 
Oceans s t rong ly  a f f e c t  the  atmospheric c l ima te  by transpor ' t1ng hea t  pol- 

eward.,.. s t o r i n g  hea t  a s  t h e  seasons change, and a c t i n g  a s  l o c a l  sources o r  
. . 

s i n k s  of water vapor .and h e a t .  F n y '  ,of the  present  models, however, t r e a t  

oceans very  simply; f o r  example, a s  being a t  cons tan t  temperature o r  a s  hav- 

i n g  ze ro  hea t  capac i ty .  The c r i t i c a l  importance of proper r ep re sen ta t ion  of 
. . 

t he  dceans is  c l e a r l y  ev ident  i n .  ~ i g .  '11.. l., which shows . t h a t  node1 simula- 

t i o n s  i n  which ocean temperatures a r e  , not  allowed t o  change from. present  . 

va lues  (Gates e t  a l .  1980) g ive  s u b s t a n t i a l l y  lower atmospheric temperature 

i n c r e a s e s  than model s imula t ions  t h a t  permit ins:t.antaneous l o c a l  .ocean tem- 

p e r a t u r e  adjustment.  :,. . 

.. .. 
Since land-ocean ' temperature dif'f e.rences play 'an important  r o l e  ili 

determining a c t u a l  weather p a t t e r n s ,  which i n  t u r n  gene ra t e  t he  wind 

s t r e s s e s  t h a t  he lp  d r i v e  the  .ocean c u r r e n t s ,  improved t reatment  of the 

oceans is  of very high p r i o r i t y , .  both f o r  c l imate  and e f f e c t s  s t u d i e s .  

While i t  may wel l  be s e v e r a l  years  before  a s o p h i s t i c a t e d  ocean model 

inc luding  ocean c u r r e n t s  and hea t  t r a n s p o r t  can be proper ly  coupled t o  an  

atmospheric model, it is poss ib l e  t h a t  s impler  approaches w i l l  y i e l d  s i g n i f -  

i c a n t l y  improved c l ima te  p red ic t ions .  For example, an ocean model whose 



mixed-layer depth and temperature a r e  brought i n t o  thermal equ i l i b r ium wi th  

warmer atmosphere would be such a u s e f u l  e a r l y  candidate .  Considerat ion can 

a l s o  be taken of t he  f a c t  t h a t  the  response time f o r  adjustment of t he  

e n t i r e  ocean t o  an atmospheric change is on the order  of c e n t u r i e s ,  so t h a t  

ocean models without  a l l  of t h e  d e t a i l s  of the  deep ocean c i r c u l a t i o n  may bee 

sa t i s f ac to ry . ,  

Highest  p r i o r i t y  must be given t o  extending the  domains of c l imate  

models t o  inc lude  t rea tment  o f ,  a t  . the  l e a s t ,  the ocean's mixed l a y e r .  More 

ex tens ive  t reatment  of upwelling and deep mixing,. changes i n  mixed l a y e r  

depth ,  and processes  involv ing  in te rmedia te  ocean l a y e r s  must a l s o  be 

pursued. 

1 .2  Cryosphere a. . 

Global  snow. and i c e  p lay  many important :  r o l e s  i n  i n f luenc ing  the c l i -  . .. 

mate. Their h igh  albedo r e f l e c t s  s o l a r  r a d i a t i o n  t h a t  otherwise would warm 

t h e  e a r t h ,  therehy al lowing f u r t h e r  growth i n  i c e  ex t en t  ( t h e  so-cal led fce- 

a lbedo feedback).  Sea i c e  l i m i t s  evapora t ion  and r e l e a s e  of hea t  from ocean 

a r e a s  and, by i t s  presence p ro t ec f s  l a r g e  a reas  of i c e  ~ h e l v e a  and g l a c i a l  

i c e  grounded below sea  l e v e l .  Land i c e  s t o r e s  water t h a t  would otherwise 

inundate  c o a s t a l  lands. - O f  t he  fi-ve regimes involv ing  i c e  and snow (perma- 

f r o s t ,  g l a c i e r ,  i c e  s h e e t s ,  sea  i c e  and seasonal  snow), most a t t e n t i o n  

should be paid t o  improving the t rea tments  of sea i c e  and the  seasonal  snow 

cover  s o  t h a t  e x i s t i n g  models can be b e t t e r  v e r i f i e d  and f u t u r e , e f f e c t s  

b e t t e r  es t imated.  . . 

1 . 3  Clouds 

Clouds r e f l e c t  back t o  space about 15-25% of the incoming s o l a r  radia-  

t i o n  ( thereby  tending t o  cool  t he  s u r f a c e ) ,  but they a l s o  t end .  t o  r e s t r i c t  

t h e  e a r t h ' s  emission of i n f r a r e d  r a d i a t i o n  ( thereby  tending t o  warm the  sur-  

f a c e  by a s i m i l a r  amount). In a d d i t i o n ,  of course,  c louds a r e  involved i n  .. 
\ 

- 

t 8 



r.63- 

t h e  hydrologic  cyc l e  i n  t h e  atmosphere, a l though changes i n  c loudiness  a r e  

n o t  e a s i l y  r e l a t e d  t o  changes i n  p r e c i p i t a t i o n .  I f  g l o b a l  c loudiness  should 

change ( e i t h e r  c loud amount, he igh t  o r  l a t i t u d i n a l  d i s t r i b u t i o n )  i n  response 

t o  C02-induced. warming and . c i r c u l a t i o n  changes, an important  r a d i a t i v e  

feedback mechanism could e x i s t  t h a t  i s  now handled i n  models only c rude ly ,  

i n  l a r g e  p a r t  because of a  l a ck  of fundamental understanding. Although some 

r ecen t  work sugges ts  t h a t  t h e  r a d i a t i v e  e f f e c t s  of c louds may not  be a s  i m -  

po r t an t  a s  prev tous ly  thought on a  g loba l  b a s i s  (because s o l a r  and longwave 

in f luences  tend t o  compensate), more thorough a n a l y s i s  of su r f ace  and 

s a t e l l i t e  d a t a  on cloud type ,  amount, and he ight  and more s a t i s f a c t o r y  

t reatment  of c louds i n  models a r e  needed t o  a s s e s s  l a t i t u d i n a l ,  s ea sona l ,  

and r e g i o n a l  e f f e c t s ,  p a r t i c u l a r l y  i n  po l a r  a r ea s .  Model s t u d i e s  using 

va r ious  approaches t o  r e p r e s e n t a t i o n  of c louds may a l s o  be u s e f u l  i n  p l ac ing  

l i m i t s  on t h e  r o l e '  of t h i s  feedback mechanism. 

1.4 R a d i a t i o n  

Rad ia t i ve  processes  a r e  t he  primary in f luences  c o n t r o l l i n g , g l o b a l  tem- 

pera tures .  Although the  r a d i a t i v e  p r o p e r t i e s  of carbon d ioxide  a r e  reason- 

ab ly  wel l  known, there remain some p o s s i b l e  problems with the  r a d i a t i v e  

p r o p e r t i e s  of a  mixture  of gases  wi th  over lapping  abso rp t ion  bands. Water 

vapor is t h e  prime example of a  gas wi th  such overlapping abso rp t ion  spec- 

t r a .  Absorption by the  h o t  Bands of water  vapor,  ' i n  p a r t i c u l a r ,  w i l l  become 

of i nc reas ing  importance a s  temperature and water  vapor concen t r a t i ons  r i s e .  

Measurements of atmospheric i n f r a r e d  f l u x e s  show enhanced emission t h a t  has  

been a t t r i b u t e d  t o  a  water dimer. Other gases ,  p a r t i c u l a r l y  man-introduced 

gases  such a s  t h e  f lo rocarbons ,  a l s o  abso rb '  s t r o n g l y  i n  t he  i n f r a r e d  and 

c o n t r i b u t e  t o  "greenhouse" warming. A second a spec t  is the  p o s s i b l e  s a tu ra -  

t i o n  of C02 l i n e s  and bands when the  C02 reaches high enough.concentra- 

t ions.  



1.5 Atmospheric Composition 

A s  energy use inc reases  and the  c l ima te  w a r m s ,  o the r  gases  may a l s o  

become of more importance i n  t he  r a d i a t i o n  c a l c u l a t i o n s  than at present .  

Carbon monoxide, n i t r i c  oxide, and methane--some of which a r e  emi t ted  along 

w i t h  t h e  C02 emissions a s  carbon f u e l s  a r e  combusted--can a l t e r  atmosphe,r- 

i c  chemistry and thereby inf luence  the  r a d i a t i v e  balance. Atmospheric aero-  

s o l s ,  both l i q u i d  and s o l i d ,  a r e  a l s o  inf luenced  by man's a c t i v i t i e s ,  and 

p r o j e c t i o n s  of f u t u r e  condi t ions  may i n d i c a t e  increased  importance of such 

m a t e r i a l s  i n  determining atmospheric temperatures.  The a l t e r e d  temperatures 

could f u r t h e r  a l t e r  the  atmosphere's composition (e.g., s t r a t o s p h e r i c  ozone 

w i l l  i nc rease  a s  s t r a t o s p h e r i c  temperatures  cool ) .  The d i f f e r e n t  r a d i a t i v e  

s p e c t r a l  p a t t e r n  could i n  t u r n  a f f e c t  o the r  parameters  (e.g., a lbedo) .  

No s p e c i f i c  recommendations f o r  r e sea rch  on these  ques t ions  a r e  sugges- 

t ed  now, but the  need f o r  s t u d i e s  of atmospheric chemistry and the  r a d i a t i v e  

p r o p e r t i e s  of a e r o s o l s  and gas mixtures ,  w i l l  be f u r t h e r  consi,dered. 

1.6 Bnundary l a y e r  p'hyoico 

The parameter iza t ions  of. c louds and of the  boundary l a y e r  form a coupled 

problem. S t r a t u s  clouds a r e  formed i n  the  boundary layer. Cl.~rn~~lus cloudo 

are forced  by hea t  and water  vapor t r a n s p o r t  through the  boundary layer .  * .  

More r e a l i s t i c  parameter iza t ions  of t h i s  coupled system have taken 5 t o  10 

yea r s  t o  develop and a r e  just now being t e s t e d  i n  GCMs. The success  of 

t hese  parameter iza t ions  could g r e a t l y  improve our a b i l i t y  t o  s imula te  c l i -  

mate change. 

1.7 band ~ u r f  ace  and b i o ~ a  

Although the  ocean l a r g e l y  c o n t r o l s  the  g loba l  atmospheric response,  i t  

is  on the  land and through the  b i o t a  where the  in f luences  of c l ima te  change 

w i l l  be p r imar i ly  f e l t .  The accuracy of model s imula t ions  of r eg iona l  



climate changes will be determined largely by the fidelity with which the 

models translate the atmospheric changes into changes in surface conditions, 

a translation process involving important, but poorly understood, feedback 

mechanisms. To improve the climate simulations, models will have to better 

represent evaporation processes, runoff, albedo, roughness; soil temperature 

and moisture, frost, and the biota's role in influencing these factors. Not 

only do these factors control the regional climatic respohse, but they are 

also the ,crucial interface with the many effects studies that are being 

undertake'n as part of the Comprehensive C02 Program. Improvement of model 

representations of surface processes will be encouraged as part of this pro- 

gram, with priorities.for efforts.within this area established in conjunc- 

tion .with the needs of the researchers conducting effects studies. 

2. Model verification Studies 

Once models are constructed, it is essential that their results be com- 

pared to the observed climate. While this may seem an obvious and straight- 

forward step in evaluating the uncertainty of models, it is actually a very 

complex process. Comprehensive ocean-atmosphere general circulation models 

attempt to represent all of the important complexities of the real system. 

Comparison with data then becomes extremely difficult and isolation of the 

causes of differences between model results and the real world is very time- 

consuming. . Verification of the behavior of individual processes provides 

some simplification, but theoretical limitations and limited model resolu- 

tion seriously complicate intercomparison of models with the real world. 

Increasing the coordination of GCM verification, however, with that for 

simpler models may offer opportunities for fuller testing of parameteriza- 



Table IIA.2. Priority, milestones and estimated budget requirements for 
research on climate model verification 

Priorities: 
. . 

Verification against seasonal cycle. Very High 

Verification against past climate variations, changes, High 
and conditions. 

Milestones and Budget: 

Fiscal 
Year Milestones -- Budget - 

1980 Continue verification studies against equilibrium 
climatic conditions (e.g., fixed sea surface 
~empernriire , e t  c. j (Refer to 

Table  11.1. 
1981-82 Verification of model representations of seasonal for budget 

cycle, iucluding verification of coupled ocean- data. ) 
atmosphere models. 

1983 Prepare draft summary report. 

1984 Continue verification studies. 
- --- 



tions and the role of particular processes in determining the model 

climate. 

Progress over the last twenty years has been slow but steady. Prospects 

for the next decade appear somewhat more hopeful, however, due to increased. 

computer capacity, improved analysis techniques,. expanded model domains, the 

increased. availability of' past climatic data, and the vast increase in 

present data made possible with new satellite capabilities. 

Past verification studies have often considered only annual average or 

equilibrium seasonal conditions that do not test the model's responsiveness 

to changing conditions. Major improvement in our confidence in models and 

in our understanding of their deficiencies can be expected to follow from a 

rigorous verification of model simulations of: 

- the annual cycle of the seasons, 

- the relative freqeuncy and seasonal variation of different weather 

patterns, 

- the diurnal cycle, 

- . interannual fluctuations, 

- climatic variations during the last hundred years; and . . 

- a variety of glacial and interglacial climates and climatic 

changes on scales from hundreds to hundreds of thousands of years. 

Of great importance will be analysis of how well models are representing 

those processes that 'tend to amplify the direct radiative effects of 

increasing C02 concentrations, particularly the relative humidity, water 

vapor, snow and ice cover, sea surface temperature, storm tracks, frequency 

of weather types, internal variability, and geographical pattern of seasonal 

variations. The-past hundred years, with its variation in volcanic aerosol 

loading, umbra/penumbra ratios, and. sunspots, among other changes, offers 



wide possibilities for evaluating the validity of model responsiveness on 

time scales from years to decades. Modeling of the glacial and interglacial 

climate, regime may also offer the opportunity to identify key sorts of 
, 

paleoclimatic information that may help in identification of mechanisms that 

cause climatic changes. Increased effort.can also be expected. on comparing 

model results for particular continental regions with extended histories for 

those areas. 

Improvements in treatment of processes such as air-sea interaction and 

annual snow. cover will .allow more realistic model responses for the :various 

verification periods, so that the focus can move from verification of mean 

quantities to comparison of moments and variations. Diagnostic techniques 

being developed for simple models will be extended to the more complex 

models (and vice-versa). 
J 

Within the next five years, we should have available much improved 

models that have been better tested against a wider variety of climatic 

rcgiiues--~uodels in which we can have greatly improved confidence. 

3. ~odel Sensitivity Studies 

Sensitivity studies are a second important aspect of the testing process 

required to determine- the validity of numerical models. It is such studies 

that help us to ' understand what mechanisms control and in£ luence the climat - 

ic response to pec~ubations. .Because no model can include all of the rele- 

vant mechanisms, sensitivity studies can be used to determine which feed- 

backs are important and which can be largely ignored. Common sensitivity 

studies (e.g., variation of the solar constant) using different numerical 

models and different types of models can help clarify differences in results 

between models. Once such comparisons are understood, the various models 
e 

can be used to study the many different problems in a coordinated way. 



Table IIA.3. Priority, milestones and estimated budget requirements for 
research on,climate model sensitivity studies. 

Priority: 

Determintion of the sensitivity'of nunierical models to High 
changes in various parameters influencing the climate 
will help understand the factors controlling the climate. 

Milestones and Budget: 

Fiscal 
Year - Milestones Budget 

1980 Initiation of studies to understand the role of the (Refer to 
.parameterization of the ocean in influencing climatic Table 11.1. 
sensitivity. for budget 

data, ) 
1981-83 Further investigations of model sensitivity to 

variations in solar input, land surface processes, 
snow and ice cover, and ocean circulation. Prepare 
draft summary report. 



A wide range of such studies is po~sibie. Each can play a role in. , 

helping understand how particular aspects of the models are working. The 

most common and most important studies will involve: 

- variation of the solar constant; 

- variations in cloud amount, height, albedo, and latitudinal 

distribution; 

- ice-albedo feedback (including both sea ice and land snow and ice 

variations); 

- sea surface temperature change; 

- land albedo and soil moisture changes; 

- ocean circulation characteristics; and 

- stratospheric aerosol loading. 

Such testing should permit analyses that will take into accnllnt the rolc of 

possible biospheric feedback mechanisms (e.g . , changes in vegetation 
patterns), changes in, solar, input  relstcd to suaspoL8 or volcanic eruptions, 

climatic effects of ocean current changes that we may not be able to predict 

directly, and so forth. 

These studies will also allow partial model' verification against a 

number of specific, often short-term phenomena; as for example, especially 

cold years believed to have followed major volcanic eruptions. For some of 

theae studies there is evidence from past climate studies indicating the 

possible range of the expected response. Our studies will provide an 

indication of the time constants or spatial extent of rhe possible changes. 

Still others will provide information on where evidence of change will first 

occur. And all will help in understanding how the differences in results 

from different models can be reconciled. 



While advances in climate modeling will require that a wide variety of 

sensitivity studies be done, DOE will be working with other agencies 

supporting.climate.research to coordinate these efforts so that those most 

important to the C02 studies' are accomplished. 

4. C02 Perturbations Studies 

Only within the last year have C02 perturbation studies (e.8. Manabe 

and Wetherald, 1980) begun to move beyond relatiyely crude simulations . . of 

annual average changes with idealized topographic and surface conditions. 

While these simulations tend to reinforce earlier work that Northern Hemis- 

phere annual-average surface temperatures are'likely to increase 1.5 to 

3.0°C, or perhaps more, for a doubling of C02, they are only beginning to 

offer additional insight into seasonal variations, changes in precipitation 

patterns, and the probablility of melting of polar sea ice. 

There remains much to be done, however, and the next several years offer 

the prospect for significant progress. Assuming that a projection of future . . 
e .  . . 

C02 concentrations is independently specified, studies are needed that 
. : 

. consider how the increased C02 concentrations will perturb the climate 

with particular attention being paid to the following questions: 

- What is the projected, quasi-equilibrium climatic change for some . . . .. 

specified future C02 concentration (e.g., a doubling)? ,The 

projected changes should be specified in terms of seasonally and 

latitudinally dependent changes in temperature and precipitation. 

- How will oceans act to modulate or alter the projected quasi- 
. ' ,  _ .  

equilbrium climatic change? Will delay of the projected equilib- 

rium response change the equilibrium response [ 



Table IIA.4. Priority, milestones and estimated budget requirements for 
research,on C02 perturbation studies 

Very* High Perturbation o f  the atmospheric condition of C02 in 
time dependent scenarios. 

Milestones and Budget: 

Fiscal 
Year Miles tones Budget 

C 

1980 Preliminary estimates of regional effects from 
three-dimensional model(s). (Refer to 

Table 11.1. 
1981. 02 Prelimiaary results from coupled ocean-atmosphere for budget 

models. data. 

1983 Results from comp;ehcnsive climare models, including 
further estimate6 of regional effects. Prepare 
draft summary report. 

1984 Systematic estimates of the limits of climatic effects 
on a regional and seasonal basis. 



- What regional changes in climate and climatic variability will be 

induced by the projected global changes? Particular attention 

should be paid to such aspects as changes in frequency of weather 

patterns, frost, diurnal pattern of the variation, land-ocean 

differences , and influences on agricultural and water resource 

regions. 

- What climatic changes will be induced in polar regions and how do 

these relate to changes in land and sea ice and snow cover? 

- What changes ,in oceanic circulation and air-sea exchange result 

from the perturbed climatic conditions, and how do these changes in 

turn affect the climate and sea ice? 

- To what extent are these answers dependent on the rate of change of 

carbon dioxide concentration? 

- What is the degree of uncertainty in these answers, and to what 

extent are they dependent on the type of model and the treatment of 

particular processes? 

Studies are needed that consider not just the changes when a new equilibrium 

climate is established, but also what changes occur as C02 concentrations 

are increasing. Because the natural climate is not constant, the effect of 

fluctuations such as those that have occurred in the past must be considered 

to determine whether amplification or cancellation of effects is possible . 

when fluctuations occur in the future. 

Together with analysis of data and characteristics of the present cli- 

mate, a modeling approach including both GCMs and SDMs offer the potential 

for addressing all of these questions, at least in a preliminary way, during 

the next five years. 



B. Reconstruction of Past Climates 

If our understanding of the atmosphere-hydrosphere-cryosphere-biosphere 

system were complete and if model results compared wellwith data on past 

climates so that very high confidence could now be placed in model predic- 

tions, then we could rely solely on numerical models to simulate the 

climatic effects of increasing COa. Unfortunately, we do not understa~ld 

, any of the climate system silffici~ntly nccllrataly to be uble ra assure that 

our models will yield the proper magnitude,, perhaps even the sign, of all of . , 

the individual climatic responses. Thus, although a model may indicate a 

3°K average annual warming for the Northern Hemisphere, regional effects may 

be larger, smaller, or of opposite sign; precipitation at a particular loca- 

tion may increase, decrease, or change its seasonal distribution,; and oc.ean 

fishing conditions may improve or deteriorate. I . . *  

Therefote to supplement model results to gain basic information about 

the physics of climate (e.g., interactions, oceanic time 1,ags, i,.co sheets, 

biota, etc.), and to provide additional climatic reglues against which model 

results can be evaluated, DOE'S Carbon Dioxide Program will support research , 

on reconstruction and diagnosis of past climates. The research will seek to 

gain information from studies of a variety of past climates and r.limatic -.. 

changes and trends and patterns in historic data. These efforts should be 
1 ' 

particularly helpful for projerttng regional temperature cllauges and changes 

in related climatic parameters such as precipitation. Because recent mod,el 

studies have indicated that the simulated climate responds similarly to var- . . .  
. . 

ious warming influences (e.g., increased C02, increased solar radiation), 
- 

it may be appropriate to assume that understanding gained from studies of 

past warm climates and warming events (for which we do not know the cause) 

may be useful in projecting ahead to the future warm climate conditions that 



.C02 is expected to induce. We may also gain insight. on the responsiveness 

of the climate to changes in boundary conditions, experience that may be 

useful in testing numerical models. However, current knowledge of the 

paleoclimatic record remains very limited and the need for information to 

use in testing numerical models is great, so that it would be premature to 

restrict the scope of paleoclimatic research to particular "analogs" or time 

intervals. 

It is interesting that in attempting to reconstruct past climates, we 

are actually doing so by looking at the environmental and ecological effects 
I 

of past climates. Thus, this aspect of the climate reserch effort is tied 

very closely to effects studies, and may offer very useful insights on the 

analyais of ;ode1 results in terms of ecological impacts. 

Just as with model results, it will be important that great care be 

taken in paleo-climate analysis. Complicating factors include limitations 

on temporal and spatiai coverage and resolution, effects of potential com- 

peting influences (e.g., different solar orbital effects, sunspots, volcanic 

conditions, etc.), and'jidentification of changes in variability as opposed 

to changes in the mean climate. Moreover, we do not yet know the causes of 

past changes and so may -not appreciate fully the differences that may be 

induced when C02 is the perturbing factor. If at all possible, therefore, 

we should seek to gain understanding of the 'causes of past changes--not just 

of the changes themselves. Study of cooler periods than present will also 

be helpful in this quest. 

Such paleoclimatic data as pollen and glaciologic records and'ocean sed- 

iment cores have shown that the warmest part of the hypsithermal--a period 

from about 5000 to 7000 years ago--was considerably warmer (lo to 2°K) than 

present in the North Atlantic basin and neighboring continents. Observa- 



t i o n a l  records have a l s o  shown t h a t  the e a r l y  t o  middle decades of t h i s  cen- 

tu ry  were comparatively .warm i n  t h e  Northern Hemisphere. These two per iods  

appear t o  o f f e r  the best  opportunity f o r  the expanded analyses tha t  a r e  

necessary t o  b e t t e r  document the  g lobal  e f f e c t  and regional  v a r i a t i o n s  t o  be 

expected from a warming. The v a r i e t y  of -other major cl imate changes over 

the  l a s t  20-30,000 years ,  including the  most recent  g l a c i a l  maximum (18000 

YBP) t r a n s i t i o n s  to.maximum i n t e r g l a c i a l  (5-7000 YBP*) and subsequent 

changes t o  the present ,  can a l s o  be expected t o  o f f e r  ins igh t .  

1. Reconstruction of Paleo-Climates 

The global  cl imate is  believed t o  have been warmer than present f o r  most 

of the  e a r t h ' s  ex i s t ence ,  but colder  than present during most of the past 2 

mi l l ion  years. The most recent  warm periods were during the l a s t  in t e rg la -  

c i a l  ( t h e  Eemian-Sangamon some 120,000 years ago) and during the maxim@ of 

t h e  cu r ren t  i n t e r g l a c i a l ,  sometimes re fe r red  t o  a s  the hypsithermal (5000 t o  

7000 years ago). There is s u b s t a n t i a l  i n t e r e s t  i n  the former period as a 

means for inves t iga t ing  the  onset of a  major g l a c i a l  period, p a r t i c u l a r l y  

because sea l e v e l  was 5-6m higher than present ,  i nd ica t ing  t h a t  one or  more 

O E  the  polar  i c e  sheets  must have been smaller.  Data on the period, 

however, may be too sparse  t o  provide es t imates  of regional  paleo-climate 

pa t t e rns .  

Uata are even more d i f f i c u l t  t o  reconst ruct  fo r  the much warmer T e r t i a r y  

per iod ,  the  time more than 20 mi l l ion  YBP, before the  Antarc t ic  cont inent  

acquired i t s  i ce  sheets .  The peri.od between about 20 n i l l i o n  YBP and 5 

m i l l i o n  YBP may be of p a r t i c u l a r  i n t e r e s t ,  however, because there  was a 

marked asymmetry i n  the  hemispheric c l imates  due t o  the  f a c t  t h a t  the  south- 

e r n  polar  regions were g lac ia ted  and the  northern polar  regions were not 

* YBP means Years Before Present ,  where the  present  is s e t  a s  1950. 



Table IIB.l. Priority, milestones and estimated budget 
requirements for research on reconstruction 
of paleo-climates 

Priorities: 

Reconstruction of paleoclimates of the last 30,000 years High 
with particular emphasis on aspects that will.provide insight . '  

into the climatic. changes that may be induced by increasing 
C02. 

Milestones and. Budget: 

Fiscal 
Year Miles tones Budget 

1980 Expand area studies of the hypsithermal and other 200 
climates and climate changes of the past 20-30,000 
years, using pollen, sediment, and glaciological 
features as indicators of past environmental condi- 
tions. 

1981 Survey data from hypsithermal period to find regions 300 . 

where early indications of warming conditions appeared. 

1982 Continue studies, looking at regional changes that 400 
occur in major climatic transitions, with increased 
emphasis on the Pacific basin and Asian mainland. 

1983 Integrate knowledge about climatic behavior gained from 500 
studies of past climates and develo'p composite estimates 

: concerning characteristics of future warm climates. 
Prepare draft summary report. 

1984 Continue studies and participate in development of inte- 500 
grated C02 scenario. 



(Flohn, 1979). Such a situation could recur with a C02 warming, and its 

global circulation patterns might be quite different than the present. 

The maximum in the recent interglacial, or hypsithermal period, may 

offer substantial information. Analysis of sediment cores should provide 

extensive information on ocean surface temperatures, patterns of major 
. , 

currents, sea ice extent, -and glacial volume. .' Glaciologic investigations 

can provide information on annual variations, if enough information is 

available on present hydrologic conditions. Kellogg (1977) has summarized 

much of the available data on surface conditions. Efforts to fill gaps in 

the records, particularly in the Pacific basin and the Asian mainland; and 

to provide better temporal resolution using land and marine data should be 

able to improve understanding substantially during the next decade. 

The program will work with other government'agencies to encourage 

research into those aspects of the climate of these periods' that may bear on 

the C02 issue. Particular effort will focus on assembly and analysis of 

existing data, investigation .of the mechanism governing warm and warming 
, 

periods, evaluation of the time constants controlling climatic response, and 

preparation of data bases for model verification. 

?. Recons~ructiofl of Historic Climates 

Historic data, much of it indirect, indicate that a several hundred year , 

period about a thousand years ago was sl1,ghtly warmer than the present, 

again particularly in the Atlantic basin. since that time there have been 

several periods lasting a few decades that have been warm, but in general 

the climate has been somewhat cooler (up to perhaps 1°K) than present. 

While the changes are therefore somewhat smaller than between the present 

and the warmest 'times of the hypsithermal, there .is the opportunity to 



. . . 
Table IIB.2. Priority, milestones and estimated budget requirements for 

research on reconstruction of historic climates 

Priorities : . 
Analysis of climates of the last thousand years, particularly High 

the last hundred years, to improve understanding of the global 
and regional nature of climate and its fluctuations and variability 

~istorical climate changes related to water and agricultural High 
resources. 

. . 

Historical ciimate changes of polar regions. High 

Milestones and Budget: 

Fiscal 
Year Milestones. Budget 

1980 Expand areal studies of the hypsithermal and other , 100 
climates and climate changes of the past 20-30,000 
years, using pollen, sediment, and glaciological 
features as indicators of past environmental 
conditions. 

1981 Survey data from hypsithermal .period to find regions 150 
where early indications of warming conditions appeared. 

1982 Continue study, looking at regional changes that occur 200 
in major climatic transitions, with increased emphasis 
on the Pacific basin and Asian mainland. 

1983 ~nte~raterknowledse about climatic behavior gained from 300 
studies of past climates and develop composite estimates 
concerning characteristics of future ,warm climates. 
Prepare draft summary report. 

1984 Continue studies and participate in development of inte- 350 
grated C02 scenario. 



e s t i m a t e  ' the p o t e n t i a l  c l i m a t i c  e f f e c t s  of i nc reas ing  C02 by c o n t r a s t i n g  

warmer and coo le r  per iods  using cons iderably  more accu ra t e  da t a  and over a 

t ime s c a l e  b e t t e r  matched t o  the C02 i s sue .  

A second his tcir ic 'warm period occurred i n  the  f i r s t  few decades of t h i s  

cen tu ry ,  when temperatures  were perhaps a  few t en ths  of a  degree warmer than 

a t  p resent .  Analysis  of t he  r eg iona l  na tu re  of the changes, which r e s u l t e d  

i n  d r i e r  (and i n  some cases ,  dust-bowl) cnnrliti.ons i n  the U.3.  plu lns ,  m y  

provide  important i n s i g h t  i n t o  poss ib l e  p a t t e r n s  of c l i m a t i c  response- and 

changes i n  frequency of occurrence of var ious  weather pa t t e rns .  E f f o r t s  can 

a l s o  be made t o  develop c l i m a t i c  composites t h a t  r e f l e c t  the  behavior of t h e  - 

warmest years  of t h i s  period. Although such composites w i l l  nnt r e f l e c t  the 

u l t i m a t e  changes i n  t h e  equi l ibr ium c l ima te  t h a t  might be expected a s  C02 

i n c r e a s e s ,  t he  na tu re  and i o c a t i o n  of r eg iona l  changes may at l e a s t  i n d i c a t e  

t h e  s i g n  and magnitude of poss ib l e  responses.  

By us ing  the  experience gained by a n a l y s i s  ~ n d  observa t ion  of the atmos- 

phere,  t he  r a t h e r  genera l ized  model resultfi can be eva lua ted  and used t o  

develop more d e t a i l e d  e s t ima te s .  For example, r e l a t i o n s h i p s  between the  

c l i m a t e s  of l a r g e  and small  reg ions  should be use fu l  i n  providing ind ica-  

t i o n s  of changes i n  c r i t i c a l  regions.  The v a r i a b i l i t y  of r ecen t  c l ima te s  

a l s o  o f f e r s  a means of t e s t i n g  the q u a l i t y  of the numerical models t h a t  a r e  

being used. In  p a r t i c u l a r ,  t e s t i n g  the modeln ngsinst. poooible explana t ions  

of t h e  c l i m a t i c  warming e a r l i e r  t h i s  century  may be a  means of v e r i f y i n g  

whether atmospheric feedback processes  a r e  being properly modeled. 

C. Climate Scenario Development 

To a l low an encompassing eva lua t ion  of the  environmental and s o c i e t a l  

consequences r e s u l t i n g  from inc reas ing  C02 and consequent c l imate  changes, 



Table IIC. Priority milestones and estimated budget requirements for 
research on climate scenarios 

Priorities: . .. 

Intercomparison and evaluation of climate model results Very High 
as a means of identifying model inadequacies, estimating 
uncertainties and placing limits on expected climate change. 

Development of criteria and methods for interfacing data High 
on past climates with model results in development of 
climatic scenarios. 

Evaluation of other natural and societal factors that may Medium 
enhance or modulate the expected C02-induced climate 
changes. 

Milestones and Budget: 

Fiscal 
Year Milestones Budget 

1981 Workshop on methods for estimating regional climatic 200 
effects; specification of "key" agricultural and 
watershed regions and initiation of historical 
studies of detailed climatic conditions in these 
regions. 

1982 Evaluate preliminary estimates of regionaliied 300 
climate changes in limited number of key agricultural 
areas from modeling studies. 

1983 Integrate preliminary estimates of regionalized 400 
C02-induced climatic effects from a variety of 
approaches (models, paleoclimate, historic, trends) 
in key agricultural areas. Prepare draft summary 
report. 

1984 Composite estimates of regionalized climatic changes 400 
in key agricultural and watershed areas. 



it is essential to. develop a comprehensive estimate of changes in maily cli- 

mate parameters. As a minimum, such a scenario (or perhaps several scenar- 

ios of maximum, average, and .minimum change) must,include estimates of 

changes of such parameters as regional and seasonal variations of tempera- 

ture and soil moisture in agricultural and watershed areas; extent of sea- 

ice, shelf-ice, and mountain snow; and wind; stregs, .ocean currents, and tern- . 

peratures in areas of substantial oceanjr. productivity.  Additlul~ul fact6rs 

that must be estimated will be identified in cnnrdlnation with those carryn 

ing out the assessment studies. 

This scenario should be based on an integrated intercomparison of the 

climatic changes projected by use of verified models, analysis of paat 

climates and extrapolation of current trend& Such an effort will be an 

important step in looking for internal-consistency of results, for confirma- 

tion of projected changes from various modeling and historical approaches, 

and agreement of recent trend data with anticipated changes. The effects of 

using various types of models,  each with their own parricular assunptions 

and parameterizations, will need to be considered so that possible changes 

are not prevented and predicted changes are .not merely artifacts. It is 

essential that scenarios for both maximal and minimal C02 effects he 

developed so that limits can be placed on possible societal impacts. 

Because most approaches will hitially bc ronsidwring climate equilibrium 

situations (e.g., a past warm period or a model simulation of doubled C02)  

and not the conditions occurring as the climate evolves from the present to 

that state, it will be difficult, but essential to estimate rates of change 

and the likelihood that climate change is not continuous (i.e., that the . 

climate is transitive). 
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In  addi t ion  t o  developing a consensus scenario on the  c l ima t i c  e f f e c t s  

of increasing C02, it w i l l  be important to.determine how. dependent t h i s  

projec t ion  is  on .other  f a c t o r s  t h a t  may p o t e n t i a l l y  a f f e c t  the  atmosphere. 

There a r e  indications;for example, tha t  i n c r e a a n g  concentrat ions of f luo- 

rocarbons w i l l  decrease s t r a tospher ic  ozone. The cooling of the s t r a t o s -  

phere,  t h a t  can be expected from increas ing C02 w i l l ,  however, tend t o  

increase . . s t ra tospher ic  ozone, thereby helping counter the e f f e c t  a t  high 

a l t i t u d e s .  On the  o ther  hand, fluorocarbons and iome'other emitted gases 

(sometimes ac t ing  through secondary species  the  gases i n t e r a c t  with chemi- 

c a l l y )  tend t o  r e in fo rce  the  C02 c l ima t i c  modificat ions - in  the  lower 

atmosphere s ince  these gases a l s o  t e n d ' t o  absorb and re- radia te  in f ra red  
I 

radia t ion .  Aerosols, including those emitted a t  the surface ,  formed from 

gases i n  the  atmosphere, o r  in jec ted  t o  high a l t i t u d e  by volcanoes, can a l s o  

a f f e c t  the . . atmosphere 's. radia t i -ve  b l a n c e ,  and thereby the climate. J u s t  

a s  p r o j e c t h g  C02 concentrat ions and cl imate changes is subjec t  t o  uncer- 

t a i n t y ,  these  f u r t h e r  evaluat ions  w i l l  a l s o  involve u n c e r t a i n t i e s ;  it w i l l  

s t i l l  be important,  however, t o  address these .ques t ions .  

A s  the i n t e r e s t  and a c t i v i t y  i n  the  C02 i s s u e  continue t o  mount, the 

need f o r  assess ing  and ' i n t eg ra t ing  the many types and sources of information 

w i l l  r i s e  dramatical ly.  A sometimes t roubl ing  aspect  of t h i s  e f f o r t  will 

involve s t u d i e s  . t h a t  look a t  only p a r t s  of the problem (e.g., the r a d i a t i o n  

balance, the biospheric e f f e c t  on surface  albedo), r a t h e r  than a t  the  t o t a l  

problem. It is not unheard' of f o r  such s tud ies  t o  suggest tha t  the  C02- 

induced c l ima t i c  e f f e c t  may be a cooling ra the r  than a warming. Research 

and evaluat ion within t h i s  sub-element of the cl imate program w i l l  s t r i v e  t o  

understand and place these many s tud ies  and r e s u l t s  i n t o  a comprehensive 



scenario in which uncertainties are evaluated and limits are placed on 

possible changes. 

A variety of approaches will be used, including evaluation of past warm 

periods u,sing paleoclimatic and historical data, trend extrapolation (e.g.., 
. .. . . . . 

. . 

extension of changes from 1880 to 1940), selectioa of wariest decade and/or 

warmest years, etc. Climatic changes found to be common to these different 

approaches and to model results will be used to construct a set of likely 

scenarios. particular atte-ntion will be paid to regions where impacts may 

be 'economically or 'ecologically significant (e.g. ,' agricultural regions, 

watersheds,.mountain snow, etc.), to the seasonal effects, and to correla- 

, . 

tions of changes between regions. 

D. Evidence of Climate Change 

The complexity of the surface-atmosphere system, the constraints of 

curreuL understanding, and the recognition that even the unperturbed climate 

will vary all limit our ability to use models and past climatic data to prol 

vide accurate projections of the climate In to  the future. It is therefore 

essential to seek confirmatory evidence in the current observational record. 

Early identification of the predicted changes would provide significantly 

increased confidence in the projections of later, larger changes. 

Current model estimates suggest that the earth should have expericnced a 

few tenths of a degree warming oince the late 1800s due to the increase of 

C02 concentrations from about 290 to the current 335 ppm. While the vari- 

ation in decadal-average Northern ~emisphere temperatures during this period 

has been about half a degree, the overall change over this period has been 

very small. Further, since the warmest decades during the last century were 



Table IID. Priority and milestones and estimated budget requirements for 
research on evidence of climate change. 

Priorities: 

Identify parameters believed to be most sensitive to C02- High 
induced climatic change and estimate the likelihood that the 
change can be identified with'confidence; ensure the adequacy 
of the data base. 

Expand statistical analyses of present and past climatic Medium 
data in order to identify C02-induced climatic changes. 

7 

Milestones and Budget: 

Fiscal 
Year Milestones Budget 

1981 Workshop on possible research approaches to develop- 5 0 
ing evidence for C02-induced climate change. Iden- 
tification of key variables of interest. 

1982 Expand the present limited studies. 100 

1983 Preliminary statistical studies and evaluation of key 100 
variables. Prepare draft summary report. 

1984 Preliminary evaluation of extent of change of key 
variables, if any. 



t h e  1930s and 1940s, it is  not  s t r a igh t fo rward  t o  i d e n t i f y  t h e  supposed 

C02-induced change, which should be a '  monotonic increase .  Thus, it 

. . 
appears  t h a t  n a t u r a l  v a r i a t i o n s ,  p e r h a p s ' r e l a t e d  t o  such f a c t o r s  a s  i n t e n  - 
s i t y  of vo lcanic  a c t i v i t y  or  sunspots ,  . cu r r en t ly  a r e  l a r g e  enough t o  mask 

t h e  expected C02 v a r i a t i o n  and t h a t  t h e  thermal i n e r t i a  of the  oceans may 

be de lay ing  man i f e s t a t ion  of t h e  r i s i n g  C02-induced equi l ibr ium tempera- 

t u r e  change. While a few re sea rche r s  suggest  t h a t  we should be a b l e  t o  

o t a r t  i den t i fp l l l g  0 2 - c l i m a t e  s i g n a l s  i n  t he  near  f u t u r e  ( e . g . ,  Madden and 

Ramanathan, 1980),  mpst expe r t s  be l ieve  t h a t  an unambiguous c l i m a t i c  s i g n a l  

of CO2-induced e f f e c t s  might not  be ev ident  u n t i l  t he  year 2000, assuming 

t h a t  C02 emission t r ends  cont inue and t h e  computer s imula t ions  a r e  

c o r r e c t .  

A c r i t i c a l  ques t ion  is  whether more r e f ined  a n a l y s i s  of observa t ions  may 

f i n d  a s t a t i s t i c a l l y  s i g n i f i c a n t .  s i g n a l  sooner than the  year  2000 so  t h a t  
'. 

increased  confidence can be ,placed i n  model r e s u l t s .  There a r e  s e v e r a l  

approaches t h a t  may provide an i n d i c a t i o n  of.  the p m j e = t e d  cl imhtc changes 
I 

~utly be acllfevable wi th in  the  next  twenty years.  Very l a r g e  t impera ture  

responses (approximately ' 1 0 O ~ )  a r e  p ro j ec t ed  i n  po la r  reg ions  and the equa- 

t o r i a l  s t r a t o s p h e r e  fo2 a "doubling of C02. Although n a t u r a l  f l u c t u a t i o n s  

a r e  q u i t e  l a r g e  i n  polax r e g l n n ~ ,  may bc a b l e  t o  1'3eutlfy and i s o l a t e  

some of the  causa t ive  f a c t o r s .  I n  the  e q u a t o r i a l  s t ra tosp l le re ,  rhe da ta  

baoc is rathex l l m i t e d ,  bu t  n a t u r a l  f l u c t u a t i o n s  a r e  apparent ly  r a t h e r  

small .  . (Fluorocarbon induced e f f e c t s ,  however, may a c t  i n  an oppos i te  

s ense ,  thereby making s i g n a l  i d e n t i f i c a t 1 . m  more d i f f i c u l t ) .  F i d l n g  a 

C02-induced s i g n a l  i n  t h i s  region,  however, w i l l  mainly v e r i f y  the  rad ia-  

t i v e  p r e s c r i p t i o n s  used i n  numerical models, and may add l i t t l e  confidence 

t o  p ro j ec t ions  of r eg iona l  and g loba l  changes 'at the  surface.  Another 



poss ib l e  precursor  may be t he  minimum temperature of po l a r  a i r  masses, a  

q u a n t i t y  t h a t  may change more than the, g loba l  average. i f  p resen t  model 
, " .  

p r o j e c t i o n s  showing an a m p l i f i c a t i o n  of temperature change i n  po l a r  reg ions  . 

a r e  i n d i c a t i v e  of winter t ime e f f e c t s .  ,, , . , . .  . 

C e r t a i n l y ,  p ro j ec t ed  changes i n  t he se  and o t h e r  parameters t h a t  a r e  . . 

developed a s  p a r t  of t h e  cons t ruc t ion  of s c e n a r i o s  (e.g., i n t e n s i t y  o f . t h e  

hydro logic  cyc l e ,  snow-line, sea- ice  and permaforst ,  e x t e n t ,  p r o p e r t i e s  of 

po l a r  i c e  massis, e t c . )  need t o  be compa~ed wi th  the  obse rva t iona l  d a t a  base  
. . . . 

i n  order  t o  i d e n t i f y  p a r t i c u l a r l y  s e n s i t i v e  i nd i ca to r s ,  . . It may a l s o  be . 

u s e f u l  t o  look a t  s e t s  of parameters  f rom. the  s cena r io s  to .de te rmine  whetheq . 

t h e i r  coupled response is  i n  agreement wi th  observa t ions .  

Resu l t s  of , . t h e s e  s t u d i e s  ,may point. to. improvements needed i n  c u r r e n t  
, . 

obse rva t iona l  networks (e.g. ,  more f requent  sampling . i n  t he  s t r a t o s p h e r e ,  of 

c louds,  o r  i n  po l a r  reg ions) .  ,Such monito.ring should be d i r e c t e d  a t  provid- 

i n g  e a r l y  warning of t he  a n t i d p a t e d  changes o r ,  i f  absen t ,  might r ea s su re  

us t h a t  t he  changes have been overest imated.  . . . . 

Although achievement of success  i n  . ea r ly  , i d e n t i f i c a t i o n  of C02-induced 

c l imate  changes i s  not  expected,  it is  important,, t o  . l a y  t he  framework f o r  

such i d e n t i f i c a t i o n .  A t  t he  l e a s f ,  . i t  is important t o  be a b l e  t o  exp la in  

why such a  l a r g e  change a s  i s  p ro j ec t ed  f o r  50 years  from now may not  be 

apparen t  u n t i l  w e  are ,  halfway there .  The p r i o r i t y  would be high i f  success  

could be expected,  but i s  somewhat l e s s  than t h a t  due t o  t h e  low expec t a t i on  

of success .  As  a  minimum, however, work should be i n i t i a t e d  a t  high. p r io r -  

i t y  t o  throroughly review parameters t h a t  may provide an e a r l y  i n d i c a t i o n  of 

- c l ima te  change. 
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