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Preface ' . B :

1

Initial plans for research of the ea;bon dioxide (CO2) and climate
issue we?e prepared in~1978 and were revieﬁed extensively at that time by.'
federal agencies and members of the scilentific community. ASince then the
plans havé been used to guide early éhases 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 re;ent ideas and strategies for:
carbon cycle research, and (b). expand the scope of research on climatic
responses to increasing atmospheric concentrations of CO3. The :evised
plan takes into account a number of'investigations élready being supported
by various agencies, and it attempts to build on or add fo éxisting research
where there is a crucial need for information directiy related to the COp
issue. It should be recogpized that this docuﬁent is the first section f
(Part 1) of a comprehensive pién on the overall consequeﬁces of increasing
concentrations of CO7, and includes guidelines for research on the Global
Carbon Cycle and Climatic Effects of;Increaéiﬁg COz2. A éecond section of
the comprehensive plan (Part II), related to the Environmental and Socie?al‘
Consequences of a Possible COs Induced Climate Change, is in preparatiqn.
Also in preparation is a élan for a National Program on Carbon Dioxide;
Environment and Society which Butiines-institutional management and infe;—
agency coordination fequired for a national CO» program. The théee docu%
ments collectively wili providé valuable guidance to both national and
internatidnal program sponsors;and to the s¢ientific community f;r invés?i-

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

+

global energy use.

]



The revised Part I Plan is based on (a) the results from a number of
topical workshops, (b) in—-depth review and discussion of issues at a
" research progress meeting (April 23, 24, 1980), (c) ad hoc contributions
‘fme_integg;péd.scientists, and (d) a reexamination of the issueé;by Drs.
Lester Machta, William Elliott and Michael MacCracken. Drs. Murray Mitchell
and Fred MacKensie summarized the main scientific concerns wﬂicﬁ emerged
from the April Research Progress Meeting, and Dr. Roger Dahlﬁan of this

Uffice tostered completion and review of the revised plan. The efforts of

all who contributed are deeply appreciated.

David H. Slade, Director

Carbon Dioxide and Climate Division

Office of Health and Environmental Research
Office of Environment :
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THE CARBON DIOXIDE ISSUE

-

The perception tha; accumulations of atmospheric CO2 may result in

~serlous pfoblems stems from the following:

-~  There has been a well-documented worldwide increase in atmospheric
CO7 concentrations since 1957; this growth has probably been
occurring since the middle of the'past century.

- During the past few decades, the CO2 increase in the atmosphere
ﬁés equaled about 50 percent of the total fossil fuel COp
released to the atmosphere.

- 602 transmits solar radiation but-absorbs some of the outgoing
long wave radiation from the earth and reradiates part of it back
to warm the surface of the earth, creating the so-called "green-
house” effect. Thus, qualitatively, CO2 should warm the lower
étmosphere. The redisgribution of radiative flukes also tends to
cool the stratosphere.

- bifferent calculations of the greenhouse warming indicate that a
doubling of the CO2 content of the air could result in a
3 +1.5°C warming of the lower atmosphere. This global warming
would be a significant alteration of the present climate, to a
degreé unprecedented in historical times.

- While suﬁh climatic effec;s would be worldwide, they would likely
not be geographically uniform: some regions of the globe would
éxperience greater changes than others.

- Tﬁe doubling of atmospﬁeric CO2 1is likely to occur during the
middle of the next century if use of fossil fuel continues to grow.
There are sufficient fossil-fuel reserves to raise the atmospheric

COy severalfold, if they are used.
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The natural removal mechanisms are such that it will likely take
many centuries before anthropogenically induced high CO3 .concen-

trations in the atmosphere return to "normal” levels after the add-~

itions cease.

Present—-day concepts of environmental control techmology of CO2
do not appear feasible from economic and energy requirement stand-

points.

At this time, scienpists are not absolutely certain that significant

climate changes will occur if the burning of fossil fuel continues or that

the predicted climate change would, on the whole, be adverse. On the other

hand, all climate changes will impose stress and we cannot ignore the possi-

bility of long-lasting undesirable climate changes. It 1s imperative that

soclety be able'to anticipate the consequences of fossil fuel consumption .

and CO2 releasc.

Answers to the following questions should be obtained in order to evalu-

ate possible courses of actions.

1.

3.

4.

What will be the future atmospheric concentrations of CO2 for

~various scenarios of carbon dioxide releases to the atmosphere?

What will be the climatic response to these elevated COy concen-

trations?

Y

How will these climate changes, along with the increased CO3 con-
centratlons, affect the geological and physical environments?
What, if any,'will be the effects of these changes on human

societies?
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5. In the event thése~changes are undesirable, what actions can be
takeq to prevén§‘or counteract them? Or fo'improve'adaptation to
them? If the changes a?e locélly beneficiél, how can fhese
regions bé‘idgntified?

This document willllay out research plans to seek agswers.to the first
two of thésé'ﬁuestioné. The plaﬁ, originaily developed in 1978 for limited
distribution, drew héaviiy on the results of a Department of Enérgy-
spgnsored workshop hgld in Miami Beach in March 1977 (Elliott and Machta,

1979), the National Academy of Sciences publication Energy and Climate

issued in late 19?7'(Geophysics Study Comm.,-1977), and a number of national
and international workshops held during the past feﬁ years. This revision
was reviewed in April 1980_by a group of scientists and many of fheir com-
ments are reflected herein. | -

The Unitéd Stafészcarbon cyclé and climate research program must'be'cdn;
‘sidered in the context of an international research program. Two examples
may suffice to demonstrate ;he importance of the international aspects of
the carbon éycle isgge.: Firs;,carb;n'sforage and release in tropical areas
can be greatly affected by the deforestation now taking place. The coun-.
tries in which such biospheric changes are likely will be enéouraged td
supply informatién and to cooperate with developed countries in providing
ground truth for satéllitérobservations, etc. Secoﬁd, the oceans are the
ultimate sink for~foésil fuel carbon. The vast area dictates that shipé
from many countries are neede&‘to make measureméntg jbintlf; the task is
likely too large for the U.S.A. alone.

At present intérhational ieédership is shared betweeﬁ the International
Council of Scientific Unions (ICSU), représenting the academic world, and

the World Meteorological Qrganization (WMO) for the govérnﬁents. ICSU has




=4-

delegated the responsibility to its Scientific'Committee on Problems of the
Environment (SCOPE) which, in turn has set up a special working group on
carbon dioxide. Carbon dioxide related research is also carried out by
national gerrnments such as the Federal Republic of Germany, Australia and
Sweden. As internatioﬁal interest in resolving the uncertainties in the
COo issue'grows, countries beyond those in the developed world will likely

participate.
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I. THE GLOBAL CARBON CYCLE

The atmosphere, the oceén and the biosﬁhere are the three major compo-
nents of tﬁe'exchangeable carbon cycle (Figure I;l.). Note that except for
" the atmosphere the amount of carbon in each reservoir is somewhat uncertain;
the individual fques between and within ;eservoirs'are even moré uncertain.
The mathe@aticgl description of‘the carbonhéycle permits'prediction of thev
fate of new CO2 added to the atmosphere but such forecasts are currently
flawed because of the uncertainties i1llustrated in the figu;e. An extensive
treatmént of the carbon cycle can be found in Bolin et al. t1979).
Pre@ictions'of future levels of CO7 in the air will ultimately be made
by improved numerical models of the carbon cycle. To suécessfully model the
carbon cycle will require better information on (a) net fluxes of CO2 be-
tween various feservoirs--with particular attention to emissions from
" anthropogenic sources; (b) observation of atmospheric CO2 aﬁd its changes
with time and space; (c) studies of past atmospheric CO2 concentratiéns;
and (d) integrated models of the carbon cycle which can predict changes due
to man-made COZ sources. The principal research issues of the carbon
cycle category are summarized in Figure I.2. Priority and summary budget

recommendations are presented in Table I.l.

A. Fluxes of Carbon Dioxide

A major source of the observed increase in CO2 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). Botﬁ
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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TABLE I.l. Summary Budget and Priority Recommendations for Carbon Cycle 2esearch

Recommended Budget*

Fisca. Year

Research Research Issue Priority 80 81 82 83 84
Subcategory

CO2 Fluxes Industria1.50urces Medium to High 200 209 250 250 250

‘Organic Tarrestrial Sources High 700 15CD 2500A 3600 3000

inorganic Terrestrial Sources Medium 0 160 100 200 200

Air-Sea Exchang; of co, Low 200 259 300 300 300

COE Exchange-Upper/Deep Ocean| Medium to High 2000 2200 1500 1500 3000

Ocean Sediments Low to High 15 200 200 200 200

Atmospheric CO2 Storage High 100 352 350 350 350

Records of CO2 Low to High 280 352 350 350, 350

Models of Carbon Cycle High 300 402 400 750 750

TOTAL 3795 555€ 5950 6900 8400

* Budget amounts are in $1000s.

Amounts for FY 1980 are approximate expenditures;

amounts for outyears are projections required for a balanced sustained program.
This interpretation applies to all budget data shown in all successive tables of

this document.
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intérior of the earth, while important over the long history of the earth,
are not a significant factor in the recent rise (Baes e£ al, 1976).
Scattered observations in thé late 19th and 20th centuries suggest a CO2
coﬁcentration only 10—20% lower than today's value. Further back in time,
there is little information‘on the céncéntration or fluctuations that would
shed 1light on natural sources of ,CO7.

It 1is importapt'to determine the relative importance of fossil fuel and
biospheric emissions. If the expected impacts of increasing CO; ever
point to the need for control of the sources of atmospheric COg, -
curtailment of fossil fuel usage might not be the only action required.

In addition to determining the magnitude of net sources, the processes
removing CO7 from the air must also be understood. Obviously, a
prediction of the future atmospheric concentration of COy depends on all
fluxes into and out of the earth's atmosphere.

1; Industrial Sources

Projections of future releases of COy from fossil fuel combustion are
" the most important first step in assessing the future impacts of increasing
CO2 on man and his enQironment. Continued increases in emissions could
set the stage for an 1lmminent problem while reduced emissions could delay
the need for further studies of the carbon cycle, climate, and impacts of
the CO9 issue. Knowledge of past releases of COy is also needed for the
validation of carbon cycle models.

There are three aspects of industrial sources of COz that should be
considered: estimation of the carbon content of fossil fuel reserves in the
ground; determination of the annual ?ate at which these reserves are now

converted to fuel and used (also other industrial sources‘such as cement
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Table IA.l. Priority, milestones and estimated budget requirements for

research on industrial sources.
8]

Priorities: :

Maintaining a record of past and current emissions of Medium
industrial fossil fuel sources of C03. Improving the
accuracy of the estimates. The maintenance of the emission
record is relatively easy to perform and will be done virtually
irrespective of its priority.

Preparation of future world energy scenarios and projected High
releases of COp. This function will be performed mainly
for other reasons and, by organizations funded by non-CO2
related programs. Special scenarios for the CO issue will
be needed for sensitivity studies, etc.

Milestones and Budget:

Fiscal Year ™ Milestones Budget
1980 Review published energy scenarin predic- 200
tions, updale past and curreant CO re-

leases. :
1981 Initiate energy scenarios focused on © 200

updating past and current CO2 releases.

1982 Issue report on future energy scenarios 250
related to CO» issue, update past and
current C02 releases.

1983 " Analyze and improve knowledge of sources 250
of 'past and cutrtrent CU» releases. Pre-
pare draft summary report.

4

1984 Issue a revised future scenario report, 250
assist in preparing a CO; status report,

update past and current CO2 releases.
hd
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production); and perhaps most impo;tant, projection of future depand for
these fuels (Geophysics Study Comm., 1977).

The avaiiable reserves are well enough known today to argue Lhat, if
burned, atmospheric COg will likely increase to_several times its present
concentration. Beﬁter assessment on a country-by-country basis will be
needed to keep track of current use and estimate future lévels of combus-
tion. The cérbon content varies among and eveﬁ within each type of fuel.
The carbon content and energy equivalent of each fuel soﬁfce, including the
synthetic fuel cycle, must be examined before their COy potential can be
accurately assessed. | |

The actual rate of fuel consumption must be monitored (and converted to
C032) to detérmine the cu;rent annual emissions. It is not always'easy to
estimate this on'a global basis becausé of the Qaryiﬂg quality of the intér;
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 ﬁhe United Nations,
the conversion to CO2 releases requires knowledge of the carbon content of
each fuel, a parameter that is not always avallable.

- Future emissions of CO3 into the gtmosphere are diffiéﬁlt to estimate,
depending as they do on a variety of. socio—-economic factoré and political
considerations. Various extrapol;tions can be made based;on historical con-
sumption rates and population growth rates broken down byﬁéountry or region,
but these need constant checking and updating. Such fact&rs as limitations
on capital, environmental considerations,‘ghd availability.of foreign
exchange can influence 5 country's use of fuel. The energy contribution

from fossil fuels will also depend on the avéilabiiity and cost of alterna-



-12~

tive energy sources. More detailed and realistic estimates of future use of
fossil fuels,_cpnsideripg all the possible constraints on their use, should

be undertaken.

2. Organic Terfestrial Fluxes

A éontroversy existsFaS'to whether net changes in biomass* from defor-
estation and qther landfése practices are now a net source of atmospheric
CO2 or whether the bidsgﬁere has recently been acting as a neﬁvsink of
atmospherie CO2. Current models of oceanic uptake of CO are in better
agreement with the atmoééheric increase of CO7 if, at most, only a small
net amount of COo 1is com%ng from the biosphere. Yet some evaluations of
biomass data indicate thét net biomass changeslcontribute amounts of CO3
equal to or greater than the fossil fuel contribution itself. If the .latter
has been the case over the past 20-100 years, then the sinke for atmospheric
CO2 must be seriously underestimated by the current models.

Regardless of. current and past trendé in the biomass carbon reservoir,
future emissibns‘of CO2 could be substantially increased by large-scalc
forest clearing followed by the oxidation of the material aﬁd soil humué.
.There i1s little known about current or past rates at which land vegetation
lius been altered or removed, with donsequent changes in stored carbon. The
conversions ¢an be deliberate, e.g., conversion of the forest areas to agri-
Eulture; incidental to other activities; or they may be naturallas a result

of local climatic shifts. Other deliberate or natural conversions can also

*  As used in this docdﬁent, the term "biomass” refers to both living and
dead organic matter'of recent origin; i.e., it excludes fossil fuels.

E]
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Table JA.2. Priority, milestones and estimated budget reqhirements_for
research on organic terrestrial fluxes.

Priorities:

Determination of net flux of CO; 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
of these feasibility studies. It is planned to pursue more than one line of
research.

l. Carbon isotope studies to remove some f§ tYs uncer- High
tainties in the interpretation of the C/*“C ratios
in tree rings, coral rings, and present atmosphere.

2. Precise measurements of changes in atmospheric 0j. High

3. Detection of changes in CO2 (inorganic carbon) in High
the oceans.

4. Measurement of carbon changes in terrestrial bio- High
mass and soils by satellite sensing and/or
in~situ observations.
,
5. Responses of biota to increased atmospheric CO2. 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. 1500
Begin measurement phase. ‘

1982 Continue measurements. : ‘ 2500
1983 Continue measurements. Assess 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.
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increésé vegetative CO2 upfaké.* One must estimate the changes in biomass
both fo formulate'and“éélibrate models of the carbon cycle as well as to
predict the effect on‘atmosbheric COs of future lénd—use changes. ”

A .change of less tﬁan 0.5% 1hltota1 biomass, if converted to CO2,’
wouldvbe equivalent to the current annual fossil fuel additions. The
required pfecision fof:detecting sﬁéhla small bidﬁéss change will tax the
ingenuity of the scieniific commuhiﬁy;

A number of metho&s have been suggegted for déterﬁining the net.amounf'
ofACOZ added to (or suBtracted from) the atmosphefe by the biosphere.
These inélude some indirect methods suchyas measurements of the ratio 6f
carbon iéotppes in tree rings and the air, measuring the changes in O in
the air, measuring ghaﬁges in COzyin the atmosphere and oceans, and direct
measurements of changes in biomass. A diséussion of these approaches
follows. | .

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

Organic matter in ?eéetation and humus 1s depleted in 13¢ hecanse
photosynthesis fractionates ébsorbed atmosphefic COZ.' When the carbon is
oxidized after the veéétation dies, the CO) that is returned to the atmos-—
phere is therefore enfichéd in 12¢ relative to.that in air. Fossil fuel

13 13C

carbon is similarly depleted in ~~C. By measuring the decrease of /12C

in air with time, Oneyéan detect deforestation and other axidization of bio-
mass‘by subtracting the expected decrease due to fossil fuel combustion from
' ' 13,12 .

the decrease observed in the air. Programs for the measurement of c/°7¢C

have begun and should ‘be expanded.

* For example, a large area of interior Australia has been transforﬁed, at
least temporarily, from desert to savannah because of increased rainfall
during the past 5-6 years. '
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However, the scientific community has exhibited conéiderablevinterest in
using tree rings (and, to a lesser extent, coral rings):as proxy indicators
of atmosphgric 13C/12C ratios of the past. Studies of tree rings have
ralsed a number of unexpected uncertainties. To date trees in different
geographical are;s have providgd different time trends in the 13C/IZC ratio.

A group of scientists believe that the 13C/lZC trends reflect environmental

conditions (e.g., climatic changes and local pollution) rather than or in

addition to changes in atmospheric 13C/IZC ratio. There is also uncertainty

concerning the magnitude of the fractionation effect qu}3C/12C

during photosynthesis. The expected 13C/12C ratio in trees is therefore

uncertain. The reported 13C/IZC trends in coral fail to parallel those of

tree rings. 4

Finally, measuring trends in the 13C/l?'C ratios from past records repre-

sents only the first step in the estimation of biomass changes. The history

of the change in 13C/IZC from biomass releases and fossil fuel combustion

must be understood in terms of a model of the carbon qu}e in such a way as to
provide agreement with the observed trend in I?C/IZC. These steps have

proven to be more than trivial. It has been shown, for example, that
. . - i

between 1958 and 1978, the 13C/12C ratio measured in air agrees equally well

with carbon histories either including or excluding deforestation.

A number of investigators are continuing their study of the measurement

P
25

and interpretation of 13C/12C ratios in tree rings. It is expected that

factors such as pollution and climate effects and fractipnation uncertain-

7

ties can be resolved within a few years. The trees selected for analysis

~e,
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should have‘experiencediminimal or known environmental changes and insofar

as possible reflect conditions in the non-forest atmosphere. A number of |
organizations are alreaéy sampling ambient clean air for 1':‘)C/IZC analysis.

Furﬁhér, sources of oi;mair in ice cores may prove to be valuéble and might
extend thé CO2 record g;ckward beyond histoficél epochs either by direct

13C/12C

measufemenﬁlof CO» concentration or through the measurement of
ratios. A review of tﬂe status of stable isotope research will be available
soon (Jécoby, 1980). |

The 13C/12C method %or measuring biomass change still éhows promise.
There is reason to éxpéct the problems can be solyed in ;he‘next few years.
The méthod deserves suﬁ%ort but alternativé techhigpes must also be actively
pursuéd. .

~ 2;2 " The oxygen metﬁod

Whep carbon is oxidized to CO2, the two oxygen atoms come from
the atmosphere. If th;‘decrease of atmospherié 09 cgn be measured and the
portion attributed to the combustion of fossil fuel is subtracted, the
remaining decrease couid be assumed to be due to the formation of CO2 from
all other sources. Théée latter sources would include oxidation of biohass
carbon as well as the oxidation of reduced sulfur and ferrous iron. Evi-
dence points to ca;bon oxidation as, by far, the dominant way in which oxy-
gen would be lost from.the atmosphere. Thus, one potential means of measur-
ing the CO2 emissions from biomass loss is by measuring changes in atmos-
pheric oxygen. '

The advantage of tgé technique lies in the ability to pfovide global

average values of non-fossil fuel CO2 sources. This advantage becomes a
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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
. JI
is now possible. If one wishes to detect amounts of CO; 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

e

figure. Today; one can achieve the fifth or possibly tﬁe 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

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

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

air will be available when the analysis techniques are available.

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

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

butors to changes in atmospheric O0p. Because of the very small changes

[y

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

W5

‘lack thereof, are properly interpreted. Of particular'cohcern are changes

hAY]

in the éxchange rate of 02 across the air-sea interface. Thus the feasi-
J

bility of this technique must be confirmed by examining more carefully other
oxidizing processes and the air-sea chemistry.
2.3 Change in‘atmosphere—ocean carbon inventory

The increase in concentration of atmospheric CO2 must appear as the
A AL
sum of the changes in the several exchangeable carbon reservoirs. Existing
33

and planned national and international atmospheric monitoring'programs can

~



-18-

accurately document the increase in the CO concentrations in the air. By

carefully measuring the increase in the total inorganic carbon of the

s

oceans, one has the sum of the two non-biospheric reservoirs. When the

fossil fuel COp is subtracted from the sum of the changes in the two

s

reservoirs, the residual represents the increase or decrease of the

biosphere. ’

The percentage ch;nge in atmospheric and oceanic CO2 will be very
small. For examﬁle; ;he current increase ip the air is of the order of 0.52
per year. Because.df“its much largér ca?bon conkent, tﬁe percentage changes
in the oceans will be ;uch smgller. The increase in the air is measurable
since the atmosphere is relatively homogeneous an& measurement techniques
are precise to about 0.17%.

There are obviéusfdifficulties in ﬁeasuring thé inorganiec cérbon
inventory of oceans. 'for example, the numbér of oceanic samples'needed to
obtain a reliable inventory of gbtal inorganic carbon 1is unknown and is
expected to be 1arge., It is possible that reiating total inorganic carbon
measurements té other, more numerous, measurements of chemical and physical
propefties of the océ;ﬁ, the sampling requirements for total inorganic

‘. , .

carbon measurements can be'greatly reduced. The small expected change

demands high precisién. As of this writing, accuracy of the order of 1 part
in 4000 is only in tﬁe developmental stage in oﬁe laboratory. While there

is reason to expect the techniques could become routine, this acéuracy
pushes the state-of-the-art.
EAFE .
The atmosphere-ocean carbon inventory method is being pursued and, until

-

shown to be unsatisfactory, will be supported.
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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,

i

require determination of changes in both the carbon content of living matter
and the carbon stored as dead organic matter. This is”;ery‘difficult and
will require careful evaluation to determine if estimates can be obtained
with the required accuracy in a cost effective mariner. This method‘was the
subject of a major DOE—sponsored SCOPE Wbrkshop May 7-11; 1979 in Woodsl
Hole, MA. The proceedings (Woodwell 1980),wi11 elaborate the virtues and
limitations of this direct method. d |

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-
loged, and eynthesized 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 hnt this technique will have to be verified by
substantial “ground-truth” measurements. The first sten must be a study -of
its feaaibility. Thorough consideration must be given'to a sampling strate?‘
gy with proper statistical considerations: Global mohitoring of the bio-
sphere will be costly, time-consuming, and difficult with no assurance of
success.

The concept, in principle;'is straightforward. Imagery from the Landsat
satellite (including Landsat C and D) could be used as the basis for the -
construction of a global vegetation map. Difficulties &ill arise because

substantial changes in vegetation type occur over short distances. There
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will also be difficulties in definition of soil characteristics and in
choosing the appropriate spatial resolution. In some tropical areas,
prevailing cloudiness pfe;;nts.suitable ground viewing. Higﬂ resolution
;

rédar, aerial photography, and ground surveillance may be required to
supplemént satellite data.

Such a global map could, however, provide measurements of the areal dis-
tribution of vegetation;l Converting these measurements to 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 éohvert visible forest changes to changes in carbon content.

It is suggested.that any technique to measure biospheric sources of
CO02 should be accurate to better fhan 262 of tﬁe current fossil fuel emis-
sions (i.e., better than about 1 x 10152c). Tt was argued in Woads Hole
in May 1979 that th;a amount of carbon represents an upper bound of non-
fossil fuel COg whicﬁ could be accommodated by exisﬁing, albeit imperfect,
carbon éycle models. Tﬁe living biosphere contains about 600 x 1015gC.
Thus, the desired accuracy must be of ﬁhe order of 0.1%, an almost impossi-
ble accuracy to achieve by estimating vegetative carbon at two successive
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 intq'the global scale. New ideas are needed to

avoid these difficulties.

-
b ]
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2.4.2 Changes in soll carbon pool sizes

The size of the carbon reservoir represented by dééﬁ organic matter,
including surfagg litter and soil carbon, is less’weli?knbwh than forgli;ing
matter. This pool may contain.over 3 times the amounfwéf carbon in the
standing vegetation. Further, it is uncertain how,mucﬁ:of this carbon read-
11y exchanges with the atmosphere or how much could bémfeleased to the air
when the soil or the vegetation is disturbed. Such féieases could bé’péf;

ticularly important in large-scale deforestation and in the draining of wet-

lands. _

“

It cannot be assumed that loss of carbon from the'§611 immediately cén—
tributes to increases in atmospheric CO2. Some of théuiost carbon.cduld
be transported via rivers to the oceans without enteriéé the atmosphere.

The problem of estimating changes in soil carbon 6é‘a world-wide basis
is extremely diffiéult, even more so than for the livfné biomass. It may
not be possible to estimate, with sufficient éccuracyfgﬁet contributions to
atmospheric CO2 in the past. It will still bé importént to understand the
effects of future alterations of land-use practices on“%oil carbon and
" whether these practices could lead to substantial changés in atmospheric
CO2. It is also possible that much of the soil carbon ‘exists as relatiQé—
ly refractory carbon compounds (e.g., charc;al) unlikef&Ito-bé disturbed by
man's activities or unable to enter the atmosphere. TH% amoqnt of liQing
material converted to refractory carbon by burning neédg to ;e determinéd.

One approach is to assess age and turnover time ofiéhe organic fractions
that contribute to the carbon content qf soils. The gggl of this research

would be an estimation of the extent to which man's acEQVities have affected

L :
releases of carbon from soil organic matter of various ecosystems. Another
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research aspect is' the transfer of carbon between soil layerg and into
solution. Some help in these matters can be.gxpected from 14C ages but
roots of living material may transfer carbon to deep soil horizons; thereby
complicating the probleﬁ. | -

Special attention should be paid to peat regions, bogs, and othér wet=
lands. Although not grcat in total area (about 1% of the area ol Lhe
earth), the primary productivity of these regions is large (vver 7% of the
world carbon production), and they are under inteﬁse human pressure in many
parts of the world. Peat is used for fuel énd many wetlands are being
drained to provide dry land'%or various pufposes. This practice can release
carbon diokide'to the air as well as reduce the annual carbon fixation of
these regions.

2,5 Response of’bioté to increased atmospheric COj

Some models éf the carbon cycle assume that the excess COp enhgnce;'
photosynthesis. Some commercial crops have shown increased yields when
grown in greenhouses at elevated COj céﬁcentrations (up to 1000 ppm). It

is not yet clear, however, that similar results would occur under natural

conditions where water, sunlight, temperature and nutrients might be limit-

"ing factors to increased growth. Despite this uncertainty, many if not most

of the current carbop cycle models incorporate a fertilization factor‘for
higher concentrations of COs. Typically it is'argued that a given frac-
tional increase in CO2 concentrafion 1nereas¢s COy uptake by the biota,
mainly the world forests; but that only a fraction of the forgsts are cap-
able of responding to'COZ fertili?ation.

While the main question is the amount of enhanced biosphefic storage‘of

carbon, increased CO2 could also alter ecosystem compositions if different .
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species of plants respond differently to increased. CO2 in the natural
environment. If some pafticular species should acquire'a competitive advan-
tage 1t does not now enjoy, the composition of some ecos&stems could change,
with unidentified consequences for he;bivéres and higher trophic level ani-
mals. It is worth noting that th;se hypothetical resulﬁs of'COZ.fértili—
zation could take place even if the climate does not change. Much of the
recommended.envifonmental effects research program will besr on these prob-
ylems as well as the ques;ionlof increased carbon accumulation in the
biosphere.

To acquire information on the plants' responses to higher CO2 levels;
it will be necesSary to consider the éffects of increased CO2 on photosyn-
thesis, nitrogen)fixation, water-use efficiency and, of sourse, actual
growth. Photosynthesis is fhe central process 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 Cbz will increase
No fixation. Wéter use by plants 1is controlled iargely Sy the behavior of
the .stomata, which in turn may be influenced by elevated.ambient Cdz con-
centration. It is possible that increased atmospheric CO2 could result in
improved water—use efficiency by allowing the photosynthésis rate to rsmain
unchanged whilelreducing'the demand fof water. On the ofher hand, plants
may simply increase photosynthesis for the same water usage at elevated
CO2 concentrations. - Increased primary productivity by iéself is not
sufficient to slow down the atmospheric COy growth. Only if this
increased_pfoductivity results in a continuous increase in stored carbon in
biomass or detritus will it increase the strength of the sink for excess

COZO
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Even if plants sequester more carbon in response to increased ambient
CO2, it must be determined if heterotrophic respiration will return the
COy 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 COp
should include:

1) Quantitaéive determination of the responses of stomatal and non—-
stomatal components of photosynthesis to CO7 enrichment under a range of
combinatlons of light and temperature regimes. Experimental plante must
include ecologically diverse representatives from.the world's major biomes
and they must be grown at present and elevated COp concentrations (probab-
lyAup to 5 times present CO2 levels).

2) The determination of the influence of nutrient status, especially
nitrogen and phOSphorus,'on the response of stomatal and non—-stomatal compo-
nents of photosynthesis to C07 enrichment.

3) The determination of the influence of warwer—than-optimal rempera-—
tures and water stress on the response to COy enrichment of stomatal and
non-stomatal components of photosynthesis;

4) The determination of the effect of CO2 enrichment on Ny fixa-
tion in several ditferent 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 chrunlcally increased COy 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
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of response among different species, particularly between different life
forms (e.g., annual plants and trees) and species of contrasting ecological
origins. Any effects of increased CQZ on morphogenesis and phenology,
especially floral induction and other reproductive events, can be expected
to be strongly dependent on the seasonal variation of several environmental
factors, in particular day length and light quality. A major part of this
research should be conducted at natural field sites, %ocated in différeqt
biomes and, latitudes. Controlled growth experiments with enhanced CO02 in
simulated natural environmenfs, possibly using naturally/illuminated green-
houses, should also be studied for feasibility. An alternative to growth
chamber,étqdies is the bathing of selected, possibly forested, plots with
locally, generated CO3. The problem of knowing the magnitude of the
greater COp concentration around the trees, etc., may be overcome by samp-—
ling the air for CO) concentrations at a number of placés on the sites.
It'has been. suggested that. the released COj be.given a-different 1'3C/12C
ratio than the air. This anomalous ratio could then be measured in the
material which has been grown and the uptake of locally introduced COj
inferred. The feasibility of this idea is being examined. N

6) Conceptual and mathematical models relating the wvarious responses
of photosynthésis, growth, and ecosystem respiration, to increased COj.
These models should be continually developed and updated as the data base

increases.  The final goal is the construction of reliable grédictive models

of the overall effect on global productivity and storage of excess COj.
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3. Changes in Inorganic‘Terrestrial Carbonb

The size of the inorganic terrestrial carbon pdol and its dynamics are
iess well known than organic carbon pools. The possible role of this pool
in exchanging carbon with the other reservoirs on the fimerscale of a few
years to decades 1is also ﬁot wéll undersfood. Of the carbonate minerals
eqused on the land surface, calcitic and dolomitic type minerals contain
over 1600 x 109 rons of cérbon in the Firct meter of coils A large frac-
tion §f this pool ig not readily available for solution. But changes in
carbongtes do occur with irrigation and with modifications of climate and
vegetation. Calcareous soils in humid regions have less cérbonate but the
turnover is faster. It is not clear whether the inorganic carbon consti-
tutes a source or sink of atmospheric CO2. A preliminary study‘of the
magnitude of the carbonate pool and ité chemical dynamics, including its
role 1in controllfﬂg atmospheric 13C/IZC ratios would define whether more
detailed research should proceed. Other aspects likely to need study are
deep leaching of bicarbonate, recycling-of fossil groun& water saturated
with carbonates, the influences of acid precipitatioﬁ, agricultural iiming
(fossil carbon) of acid -soil, and the'significance of apparent imbalances in

global cycling of calcium.

4.  Air-Sea Exchange of COp

It would appear that the exchange of COp between ailr.and ocean water
should be crucial to the prediction of the amognt of fossil fuel COj that
remains in the air. However, empirical evidence indicateé that this
exchange 1is sufficiently rapid, on a time scale of years, so that 1its exact

value, while valuable, does not significantly alter predictions of atmos-
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Table IA.3. Priority, milestones and estimated budget requirements for
research on inorganic terrestrial fluxes.

v

Prioritiés:

A 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. :

Milesﬁoneé and»Budget:

hd .

Fiscal Yeér' ’ ﬁileétones ' ﬁhdget
1980 None. | |
1981 ' - Initiaté preliminary stﬁdies. | 106
1982 Determine the need for further efforts. 100
1983 Cbntindeé effort if requi;éd. Prepare 200

draft summary report.

1984 ; Evaluate current studies. * , ' l - 200




Table IA.4. Priority, milestones and estimated budget requirements for
research on air-sea exchange of C0j. :

Priorities: :

Some continuation of the present investigations of transfer Low
across the air—sea boundary is planned. Much of the work

would be incidental to other oceanic observations. Direct
measurements of fluxes should be investigated briefly for its
feasibility. The investigations have a low priority except

where they can be carried out easily and with relatively

little expanse in connection with higher priority items.

Milestones and Budget:

Fiscal Year Milestones . Budget

1980 Assess the need for special flux measure- 200
ments over the sea. Obtain COp gradient :
measurements across the air—-sea interface on

. .ships of opportunity.

1981 Measure fluxes with either special equipment =~ 250
and/or by air-sea gradients on ships of
opportunity. Initiate study of all informa-
tion bearing on the rate, the diurnal and
seasonal, and the geographical variations of
CO2 exchange across the air-sea interface.

1982 Continue flux measurements and study exist-— 3NN
ing information. '

1983 Continue flux measurements. Prepare a com- 300
prehensive treport on knowledge about the '
air-sea exchange. .~ . :

1984 Reassess the needs for.further measurements 300
and analyses.
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pheric CO2 concentrations for periods of decades to ceﬁturies in then
future. The value of'further research in air—sea exchange derives more from
-an understanding of its geographicél distribution and physical procésses
rather than for future COp ﬁredic;ions in air. As such, the urgency of
research is reduced at this time.

Thé fechniques can be categorized'in £hree ways; methods that measufe
quantities at or near the air-sea boundary, those deﬁ;ndent on oceanic meas-
urements, and those dependent on atmospheric measﬁrements.

The near—-sea-surface meaéuremen; methods inélude: the use of modern
éddy-correlatioh techniques at selected points, the only‘direct metﬁod of
measurément of the vertical flux of COp; the profile method, which assumes
that the flux can be derived from the gradient of a measured COp concen;
tration by multiplication by an ed&y diffusion coefficient that is often
known very imperfectly; the air-sea profile ﬁethod, which calculates the
flux by multiplying the air-sea Cbz concentrétion gradieﬁt and an'impgr—
fectly known transfer coefficient; and controlled laboratory simulation of
the traﬁsfer of " CO9 between air and ocean water (e.g., relating uptake via
wind speed‘and alr-sea gradient). Ail of these methods have been repérteq
upon, although not necessarily quantitatively.

The measurement methods in air include: the Suess effect, which refers
to the dilution of 14002 by fossil fuel COz; the decrease with time of

CO2 generated in nuclear'weépons'tests as it enters the biosphere and
oceans; and global meridiohal gradienté of CO2 that are fitted to sources
and sinks of CO2 into and 6ut of the air. These methods héve'also Eeen
tried and reported upon.

The oceanic measurement methods include: 1inferences about air-sea

transfer based on transport of radon; the measurement of increases of total
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inorganic carbon}in the ocean with time and the increase of CO9 in air;
and vertical flux measurements in the upper 1a§ers of the ocean. The radon
methéd has been often repérted in the literatu;e; work 1is inprogress to
/develop the total inorganic carbon method, but there is little or no effort
"in the measurement of downward flux through the ocean.

The.buffer factor represeﬁts the ratio of the fractional change in
pCO2 (the partial pressure of C02) in the air to.che fraatinnal change
of pCO2 in the water ét.chemical equilibrium. Its value 1is currently
estiméted to be between about 7 and 11, depending on the temperature. The
values calculated from thermodynamic principles seem to be generally
acceptéd but a small program to measure the values in situ is being under-

taken to- insure that no discrepancies between theory and measurement exist.

5. COy Exchange Between the Upper and ﬁeep Ocean

5.1 Transfer of inorganic carbon in the ocean

For at least the next sever#l hundred ycaro; transfer of COy; [rum the
surface waters to deeper‘waters will constitute the raté—limiting sfep for
oceanic uptake of COz.l'This transfer takes place by turbulent mixing into
the main thermocline, by orgénized circulations (where water préviouely in-
contact with the air sinks, mainly at high latitudes), and by the sinking of
carbon-containing partiéles of biological origin (detritus).

Planping for research in calculating the transport of COp within the
oceans has been assigned to a coﬁmittee of scientists from oceaﬁ re;earch
institutions. The initial steps in this planning call for improving under-
standing by analysis and interpfetation of the behaviof of a number of tran-
gient tracers added by man (e.g., radionuclides) or fortuitous natural
tracers ‘transferred from air to sea and then transported within the ocean.

This approach involves extensive planning for ship time, collection appara-
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Table IA.5. Priority, milestones and estimated budget requirements for
research on CO2 exchange between upper and deep ocean.

Priorities:

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

N

2. Organic carbon in oceans. Medium

‘Milestones 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 - 2200
North Atlantic.

11982 Sample analysis and data interpretation. 1500
’ . : Initiation 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.

1
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tus, separation of the tracers from the seawater, and meﬁsurement of carbon
and other constituents. Thus far, the planning has included the sélection
of cruise tracks in the North Atlantic Ocean for 19éO-and 1981.. The‘firéta
of the cruises will collect data and test the instrumentation. Dufing the
second year, a major sampling effort will be undertaken in the North Atlan-
tic Ocean. In subsequent years, cruise;'in the Southern Hemisphere and
Pacific Oceans woﬁld follow.

14C, 3He (the daughter

The tracers to be anaiyzed include; 3H and
product of tritium), fluorocarbons -11 and -12, and 39Ar, a cosmic-ray-
produced gaseous radionuclide which has a 270-year half life. The latter
isotope possess an ideal‘half life for studying intefmédiate waters of the
oceans. In addition to the transient tracers, measurements of pCOé in air
and water and alkalinity will be made as well as the usual hydrographic .

: observationé and nutrient sampling. .

For selected regions éf the oceans of special i@portance in sforing or
transporting carbon, such as the anticyclonic gyres, considerutlon 18 béing
given to the deliberate injection of a suitable traéer whiéh 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 syntheéis wili provide an ocean
module fdr use in the carbon cycle model. The data interpretation will
yield better box-type models as well as help guide development and valida-
tion of éomplex three~dimensional ocean t?ansport simulations.

5.2 Organic carbon in the ocean

Carbon-containing particies 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
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a small amount of carbon into the sediments. The decomposed carbon goes
into the iarger pool of dissolved organic carbon (DOC). Some particulate
organic carbon (POC) and the DOC is oxidized back to COz'in the water
column or sedimeﬁts, 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 1s 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 éediments, a mecha-
nism of transferring and storing carbon in the ocean ;svtaking place that
man is influencing. Some nutrient tran;port from land to sea is undoubtedly
occurring but the quantities involved may be insignificant on a giobal
scale. This question should be investigated on a moderate scale to deter-
-mine the order-of-magnitude of the transfer of nutrients, phosphorﬁs, 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 uptéke of CO2 from the air only con-
sider incféases in dissolved COj7 species and ignore reactions with the
solids in the sediments. The fossil-fuel-produced CO7 has not yet reached
the deep ocean sediments-inﬂsignificént 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 CO2 to make HCO3 ions could be enhancing oceanic
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Table IA.6. Priority, milestones and estimated budget requirements for
. research on C02 reactions with shallow and deep—water

sediments.

Priorities:

Assess the role of shallow and deep water carhanate
dissolution.

1. Deep water

2. ’Shallow water

Milestones and Budget:

Fiscal Year . Milestones

1980 Hold a workshop on carbonate dissolution.

Initiate a study of role of ocean biology
in carbon transport. ‘
1981 ‘ Literature review and initial ficld study
~ : of. shallow water carhonate disselution.

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

1983 - . Continue study of shallow and deep water
carbonate dissolution. Prepare draft
summary report.

1984 Continue study of shallow and desp water
carbonate dissolution. Complete status
report on carbonate dissolution and asso-
ciated processes.

Low

High
Budget
15

200

200
200

200
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CO2 uptake frdmAthe atmosphere; this could be an additioﬁal.sinK}fof
atmospheric CO7. Dissolution of carbonates can be enhanced by chéhé?ng
water chemistry; CO2 and other pollutants may be contributing to écidifi-
‘cation of waters whiéh increases dissolution.

6.1 Shallow water sediments

Although there is recent evidence that some high-magnesium calcites are
dissolving in the oceén, a recentrworkshop concluded that this is not now a
large sink for atmospheric COj. Dissolutioﬁ of shallow water sediments
could be a sink for only a few percent of the net carbon emitted io the air
since the areal extent of those sediments now under attack does not apéear
to be large enough to bé a major sink. Continued study of these sediﬁents
could be useful, however, in éiving an early indication that increased dis-
solution is beginning to oécur. |

6.2 Deep water sediments

Calcite is the critical deep-sea carbonate in ocean sediment which
determines the ultimate absorptioh of CO2 by the oéean on time scales of
more than a few hundred yearé. The bulk of the available calcite lies below
depths of 2.5 km, but above the abyssél planes. Roughly half.of tﬁe world's -
total calcite lies at depthé betweep 3 and 4 km in the Atlantic Ocean.

It is necessary to have more detailed maps of the diétribution of the
calcite in marine sediments than now exists. An areal distribution of cal-
cite content of the upper few tens of centimeters éf éediment 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

sufficiently well known.
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In hdditibn to the distriﬁukion of the carbonates on the ocean floor,
/ghe kinetics of their dissolution requires laboratory studies of dissolution
aﬁd detefmination of the thermodynamic solubility of the cgrbonaté species
over a rahée of témperatures encompassing natural conditions. Also, studies
will be needed 6f the fluid dynamics of the benghic boundary layer, includ-
ing the polaf waters, This would include Au;ntifying the effects of biolog-
_ical mixiné of Ehé‘sediments; .

It 1is t;-be st;essed that mﬁch of the'héédéd research applies to both
shallow-water seéime@ts,‘which may be dissoi&ing now or in ‘the near future,
and thé deeper Sediménts,Athe dissoluéion offwhicﬂ will ultimétely control
‘the absorﬁéign of'exceés CO2.. This 1attér précésg is a slow one, having a
time gcale of perhaps a thousand yearé. 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 éxcess
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:ofia number of Small contrihntinns ronld add up
to a significant quantity and some éossible sinks could be larger than now
usllmated. We have alreédy referred to the possibility of eutrophication of
ocean margins as a possible éinkl Agricultural praétices, including rice
paddyvcultivatibn could contribute to stofage of carbon. The additipng of
nitrogen‘and sulfur to the environment by man may be fertilizing areas other
than the speéific‘tgrgets. Soil carbonates, particularly in arid climates,

should be invesfigated as a possible sink of as yet undetermined magnitude.
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B. Atmospheric Storage of CO2p

1. Monitoring ﬁetwork

In response to recent recoﬁﬁéndations, thé world-wide CO9 bageiiﬂe
monitoring network has been egpanded to 19 stations at remoté sites to
determine the global backg?éund concéntrations. Another 8 will be added
very shortly. Mos£ of these stations collect samples of air in flasks which
are sént to a central laboratorykfor meashreﬁent. International~cooperatioﬁ
among the participating nations is.being organized through the World Meteor-
qlogical'Organization. The station locations have been selected for opera-
tional feasibility and avoidance of local sources‘of measured gaéses.u‘The
world-wide network will provide global CO7 growth rates. The obser?ed
horizontal gradients of CO7 may (and havej suggest the places and times.bf
sources and sinks of atmospheric CO3. The seasonal CO2 variatién; at
these sfations may yield clues to changes in regional.photosynthésis, and
the interannual changes might indicate variations in the global gtmospheric
circulation or sea surface temperatures. Occasional a;rgfaft:fligﬁts fo
give both horizontal and vertical distributions would be a ﬁSefui adjunct to
these single-point measurements at the surface. | |

For reasons discussed in other sections, the monitoring of atmospheric
CO02 should include the determination of the isotopic composition of-atmos-
pheric carbon; determination of the ratiés of 13C/IZC and possibly 140/12C
should augment the CO2 concentration measurements.

Samples of clean air should be archived for fufure analysis under the
supposition that future techndlogy may pérmif a more refined analysis.

Before storihg samples, however, it should‘be determined that storage tech-

niques would preserve the éaﬁﬁie's integrity.



Table IB. Priority, milestones and estimated budget requirements for

research on atmospheric storage of COp

Priorities:

1.

2.

3.

- The world-wide network for measuring atmospheric CO32

han heen cxpanded. NOAA 18 waln U.3. aguney involved.

Maintenance of standard gases available for Gse in
mcacurcments must continuve. Sowe fundling will dbe
required to assure continuation of standards.

‘The evaluation of gas‘éhromatography techniques will be

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

undertaken.

Milestones and Budget:

Fiscal Year

~

1980

1981

1982

1983

1984

Milestones -

Expand global measuring network
conpleted. Test of gas chromatography .

. techniques.

Determine feasibility of gas chroma-
tography completed. Begin procurement and
installation of instruments if practicable

Continue measurements and apalyses.

Install chromatographic instruments; over-
lap with IR instrumentation.

Continue measurements and analyses. Continue
comparison between chromatographic and IR
sensors in field locations. Prepare draft
summary report. '

Continue measurements. Assess atmospheric
network and its results. Complete summary
of findings of atmospheric - storage problem.

High

High

Medium

Budget

100

350

350

350

350
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2. Standard Gases

The need for continuing, long-term measurement of atmospheric CO2 has
been amply demonstrated. The avéilability of CO7 standard gases(éali£ra;
ted to an absolute standard is essential to- this objective.

Current COz-in—nitrogen standards at the Scripps Institution of Ocean-
ography, the WMO International Calibration Center, are based on manometric
(pressure) methods. Scripps can also prepare similar COz;in-aif”st;n—
dards. The NOAA GMCC laboratory has developed a dilution techniqueAcapable,
in principie, of the desired accuracy and has also prepared its owﬁ‘COZQ'
in-air standards. Finally, the National Bureaulbf Standards (NBS) has
developed gravimetric methods that may ultimately become the world standard
COo-in-air gases. From the absolute stgndards, one calibrates wofking gas
used in tﬁe actual CO7 concentration determinations. An orderly integra-
tion of any new standards must be accomplished by intensive intercomparison
between new CO2-in-air standards and existing COp-in-N2 Scripps ;;and-'
ards. | '

A period of several years will be required for deterﬁining the long—térm ’
stability of any new primary and working sfandards gas. During this period;
it is vital that the current gas standards and measurement equipment be
maintained. Because the COy~in-N; standards present problems for the
non-dispersive infra-red analyzer (NDIR), fﬁéhre C02 standard gases will

be COs-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 CO2 in the gas phase have been

made with a technique employing the NDIR CO7 analyzer. While this method
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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 COy gas standards and the use of relatively large
amounts of standard gases-.

.Gas chromatography is being evaluated to dctcrmine if it wouuld provide
precision as good as that now achieved by NDIR analyzers but with much
reduced demands. for thévquantity of working gases. Laser absorption spec-
troscopy also is a promising measurement technique for the isotopic composi-

tion of carbon and oxygen in CO7. Another possibility is to use coinci-

dences of emission lines of a CO» laser with absorption lines of CO2.

C. Past Records of Atmospheric COp

Adequate observations of the atmospheric CO2 concentration exist only
since 1958, Most of tbe older data, while suégesting lower values, are not
precise enough to establish benchmark valﬁes. Validation of carhnn, cycle
models would be greatly assisted by knowing atmospheric concentration=-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 geologié
past, knowledge of such.changes, together with information on concurrent
global climate, could lend support to, or suggest discrepancies in, current
climate models.

Attempts are 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.'
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. Table IC: Priority, milestones and estimated budget requirements for
' reséarch on determining past atmospheric CO2 concentration.

. Priorities:.

Determination.of past (pre-1957).C0 concentrations = *:'w{VHigh
on historic (past 5,000 years) time scale. ‘

Geologic (> 3,000 years BP) time scale. ' . Low

; Milestones and Budget:

Fiscal Year _ Milestones - . i, Budget
1980 . ,, Examine Smithsonian and other solar spectra ' @E"“ 280

- for CO, concentration information. Examine L
€O, of“ice cores. Hold workshop on . R
geological CO, concentrations. Further ?
work on ocean%c techniques to reconstruct
past CO, levels.

2
1981 Continue examination of épectra and geological <+ i 350
records for CO, changes. ' '
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 002 levels. '
Prepare draft summary report.

. 1984. gcomplete report on past CO2 levels. ' Complete 350
‘ ) .studies needed for final report.
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Ice cores from the permanent continental ice sheets may contain "old

air” from which CO2 concentrations can be estimated for tens of thousands
of years'in the past. Possibly isotopic récords in tree rings'may be useful

for a few thousand years.

\

D. Models of the Carbon Cycle

Each of. tle abuve research areas include development ot model components
as part of Fheir efforts butiiﬂtegratiﬁg~£he resﬁiés af tﬂese studies intb a
comprehensive global carbon cycle model is a final step. Its gpal, of~
course, is_the prediction of futurg atmospheric COp concentratiéns from
scenarios of fossil fuel use and land-use changes. To be valid, these
models‘must be able to reproduce ﬁof only the'currently‘available data on
atmoépheric CO2 growth, bug be compatible with the distribution of the
isotopes of carbon found in the atmosphere; oceans and . biosphere. A further
discussion of these problems can be found in' Bacastow and‘Bjorkstrom;
(1980).

Progress in carbon cycle modeling wiledepend upon progress in deter-
mining the components Qf the carbon cycle, reactions to‘increased atmos-—
pheric CO3, and feedback from climate changes. The models will also be
useful for studies éf the'sensitivity ofvthe carﬁon.cycle (or at ieast its
model simulation) to changes in the various components. ‘Sensitivity studies
can reveal critical parameters, areas needing more research and equally‘
imgort;nt, areas where resolving an uncertainty adds litgle to the ability
to predict future levels of Cdz. Tﬁis effort must proceed, as with all

modeling efforts, in clese association with data gathering and analysis.
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Priority, milestones and estimated budget requirements for
research on carbon cycle modeling.

Priorities:

Development, testing and use of carbon cycle»mpdels
based on new findings arising from.research programs’

Milestones and Budget:

Fiscal Year

1980

. 1981

1982

1983

1984

Milestones’

Contract several model development efforts-
with scientists or organizations that have

" diverse interests (e.g., oceanography,

biology).

Continue to develop models. Test their
output against validation data. ‘Evaluate

‘priorities in carbon cycle research.

Continue model development. Engage in a
national-and international model comparison.

Contract new sciehtists and/or organizations
to develop second generation carbon models.
Prepare draft summary report.

Complete a summary position on carbon- cycle
models. Exercise newest models with latest
energy use scenarios. o

-High" -

Budget
300

400

400

750

750
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II. CLIMATE EFFECTS OF INCREASING CO

Present concentrations of COs in the atmosphere, acting in combination
with other absorbing gases (e.g., H20 and 03), play an important role in
maintaining the cnrrent climate. Without CO 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 prohahly
be several degrees cooler, particularly in polar regions.* The atmospheric
circuiation of moisture would probably also be substantially less active,
and polar icecaps larger. At the‘séme time, the stratosphere would probably
be tene of degrees warmer, thereby leading to possibly altered atmospheric
dynamics and probably somewhat reduced ozone concentrations.

This strong coupling between CO, concentrations and the prevailing
climate has led to growing interest about the future climatic changes that-
may be induced by the projected increasing levels of CO3. The best avail-
able, but still significantly simplified, climate-modeliné studies, indicate
‘that doubling of present COp concentratio%s“wonld lead to an increase in
mean annual Northern Hemisphere surface temperatures of 1.5 to 4.5°C (see
Fig. I1.1.). Studies of past interactions of CO 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 capdible of comprehensively simulating the cli-
mate assuming the complete absence of CO2. 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 CO; concentrations within a factor of
two of present- concentrations.
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Figure 11.1. Estimates of the change in surface temperature due to various changes in
CO, concentration. Investigator: 0 Manabe and Wetherald (1967); 4 Manabe
and Wetherald (1975); 0 Manabe (1971);.v Ramanathan (1975);— Augustsson
and Ramanathan (1977); x Manabe and Stouffer (1979); + Manabe and »
Wetherald (1980); * Wetherald and Manabe {1980); a Hansen (1980); ¥ GISS
(1978); ®m Gates (1980; % Potter (1978), NH value; ¢ Hunt and Wells (1979); ¢
Ramanthan et al. (1979). Manabe and Wetherald (1980) also refer to an eight
times CO,'increase that led to even further heating. Shading shows present .
range of natural fluctuations in climate {Mitchell, 1979) during which 002 concentrations
have increased from about 300 to 335 ppmv. The results of Gates et al. assume no oceanic
response and are therefore not included in developing the estimate of possible climatic
change.
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concern that the potential effects may be important. The atmosphere of
Venus, with its very high tempe;atures,'clearly indicqtes that high COj
concentfations can cause dramatic effects., i

CO9 concentrations are, h;weve;,’onl§'oné éactor among many that ”
determine the overéll behavior_@f the climate system (see Fig. I1I.2.). The
climate sfstem includes‘nof Qniy thefatﬁ;sﬁhére (and its many coﬁstituents)
Sut the ‘oceans and the land surface, including the ice and sno& ;6§eréd
regions, é;d thé biota. The uneven distfibution of these feat;rés'around
the globe coupled with differénces in land eélevation, interact with various
driving férces'ih ways notinow fu{ly COmﬁrehended»to comprise the climate
system. The most dbvious fércing fggct%onsNare astronomical in drigin. of
greéigstliﬁportaﬁce are thé changésﬂip'th; distribution of solér;energy |
cauéed Ey the daily‘cycle of tﬁelea?th'swfbtagion apd the seasonél cycle
resdlting from orbit. of the earth éébhn&lthe sun. Seemingly smail varia--

tions in tﬁis orbit appear to affeé%nclimgte on scales of tens of thousands
of years. Variations in the suﬁ'é énerg} otput may aleao affect the cli-
mate. Suéh variations over the last few billion years are believed to flavgS
been large, even though solar odtput.ig ofteﬂ reférre@ to as "constanf."
Ma jor variations in‘sunspot cycleé over hundréds of y;Ars may also be: |
related to fluctﬁations.in solar~en§rgy output of a few percent, but ovérb'y
the last fgw‘decadés, variations‘iﬁ'sbiaf eﬁergy apﬁear to he below détec}iz
able limits.

The atmosphere—oéean—ctyqspherefland system maintains the ear;h's-éli—
mate by transporting heat apd Qa;erivapor between equatorial and polar‘iatf;
tudes in order to achieve an energy balance. If the temperature gradient

between the tropics and pbles decreases, as current models suggest would

happen if atmospheric CO; increases substantially, then the,enefgy and
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-water vapor exchange would also be expected to change and some new circula-
tion patterns and precipitation regimes could evolve. Theée new circulation
patterns'cpuld.well lead to substantially different regional climates (i.e.,

‘ temperature, precipitation, winds, étc.). bue to the complexity of the
climate system, these regional chénges could be greater than: and in some
cases possibly opposite in sign to, changes in the glubal average.

Uhservations and anplyaes of pausl condicions show that ¢limate is vari-

able on a wide range of time and space scales. The causes of this natural
variability are little understood, although they have affected man's activ-
ities sigﬁificantly thrdughout history. Even without man's intervention,
these nagural variations will continue. Whep man's impact will bé notice-

-able aﬁongst the nafﬁral fluctuatiops and cycles, and whether the climatic
effects of increasing COj concentrations will add to or counteract the as .
yet unforeseeable natural changes (or even the effects from other man-made
factors) are complex questions, but hopefully not unanswerable.

To determine the climate response to increased CO2, the climate

research elements of the plan will be focused on answering the following

ma jor questions: ‘

= - What will be the seasonally-dependent regional and global climatie
changes induced by projected changes in atmospheric (02 concen=
tration?

- How rapidly will the climat;c changes be taking place and to what
extent will the projected changes depend on Fhe time—-dependent
cﬁéracteristics of the climate and the rate of increase of C02?

- To what extent are the projected changes dependent on othef climat-

ically-related events and activities of man and nature?
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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 CO2 concentration. Because.the temporal response
characteristics of- the atmosphere,.oceans, ice, and land surfaces are quite
differgpt, howeyer, the actual climgtic chapggs that occur will probably be
delayed and might even be different than ;he quasi-equilibrium projections.
Ihe second question is intended to address these issues»sp that‘assessmept
studies and the search for evidence of climat;c change can consider the
time—~varying ngture of the response, including the dependence on varying
rates of increase of COj. The projected change in COy concentration 1s?
of course,ﬁonly one of many possible influences on climate. In developing
estimates 6f'the limits of possible climatic ghanggs, the DOE COp program
must cons;der, at lgagt indirectly,vthe possible climate effects of such
other influgncég a; volcanoes, chlorofluorocarbpns, other éombustion
emissions, and‘surfage glbedq change, 80 thatnq proper contgx;_fo; of(thg__
COp-induced climatic changes can be provided. |

+ To address the three keywquestigns, a fqur part resea:ch program
(Fig. II.3.> is bheing developed that draws on efforts to‘understand both the
present climate and pést climate cpanges. The program stresses those incre-
ments of a total climate research progyam'tﬁat a{g mqst di;ected towgrd
resolving the uncertainties iﬁ estimatiﬁg’the effects of increasing CO2 on
climate. Init;al efforts to develop improved understanding and analytical
techniques are followed by application and the seekiqg ofvconfirmation 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
COy concentration will be constantly changing, an estimate of the
quasi-equilibrium change may be most appropriate for purposes of
comparison and evaluation. .
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- Developing improved, verified models for use in estimating limits
on the climatic effects of increasing COp concentrations;

= Searching historic and paleoclimatic records for evidence of
different climates (particularly those warmer than the present)
that can be used to study the mechanisms of climate change, to
determine the ranges of past climate variations, and to develop
analogs of possible COz-indqced warﬁer/(ana warming) climates;

- Using model-derived expectations of climate change, evidence of
past climate change, and our experiéncg Qith the present climate to
develop scenarios that enéompaSs plausible ‘upper aﬁd lower limits
of the possible COz-induced future climate conditions. So that

“adequate ecological, social, and economic analyses can be made, the

~ scenarios must estimate changes in such pafameters as regional and
seasonal variations of temberature énd moisture in agricultural and
watershed areas; extent of sea-ice, ice shelves, and mountain snow;
and ocean éurrents and temperatures in areés of substantial oceanic
productivity.

- Evaluating and-analyzing present data in searsh of evidence that
expected4C02-induced.climate ch;nges have in fact occurred.

Table I1.l. summarizes the priorities,‘and providés budget estimates for
scientific planning. The priorities and recommended budget levels implicit-—
ly include estimateg of the value and timeliness of the approach, the poten-
tiai for progress, the level of aétivity in these areas outéide of DOE, and
the overali'importance of the particular activity in the COj program as a
whole. It is because of the relatively large uncertainties in climatic

response that this last factor causes climate efforts to be almost uniformly



TABLE II.}. Summary Budget and Priority Recommendations for COz'Climate'Researéh

Recommended Budget
‘| Research ‘ : B
Subcategory -Research Issue . | Priority | FY-80 FY¥Y-81 F7-82 FY-83 FY-84
Climate Modeling Development & Modificztion 750 1500 700 1700 1900
) Verification Studies Very - ' '
Sensitivity Studies High
Perturbation Studies o
Past Climate Paleo-climate High 200 300 400 500 500
_ Historic Climate . { High 100 150 200 300 350
Scenario Development. Medium | 0 200 300 400 400
' : to High
Evidence of Change - . ‘Medium 0 50 120 - 100 150
: ' : to High .
Total | - | 1050 2200 2700 3200 3300
. 4 . . - i .

-76-
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so highly rated. The budget will support pursuit of the principal research

IS

thrusts for estiméting the effects of increasing COy concentrations on

climate,

Coupled

inélu&ing:,

Improve ‘model treatment and understanding of the feedbacks present
in;thg;coupled ocean-atmospﬁere-cryosphere—land surface-biota
system.

Conduct seasonaily-varying simulations of the effectiof‘enhanced

CO2 on the climate with a variety of modéls, particularly general

circulation models including realistic oceané and geography, so as
to place limits on expected perturbations.

Coﬁpare.model results, identifying the processes cont}ibuting to
discrepancies both among models and between models énh the climate

system.

Search-and &ocumént historic and paleoclimatic ;ecorés for periods
of climate change, particularly for wa;m climate conditions and
warming events, to use as analogs fo; predicting likely changes in

climate for various regions and to_determine the range of past cli-

mate variations.

with the principal thrusts,iadditional support will be needed to:

Improve model parameterizafions of such processes as clouds,
oceans, land surface and the hydrologic cycle and understand better
the role of these procésses in determining model sensitivities and
the climatic response to increasing concentrations of COj.

Extend and expand model verification studies and sensitivity anal-
yses to include Eomparison of global circulation model calcula-

¢
tions of warm climate analogs with the historic records.

-
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- Develop téchniques and approaches to speedAearly identification of
a COz—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 cliﬁate system and its variations (e.g., refer to the
National Climate Prégram Plan). Stu&y"of the CO2-climate problem must be
(and is Seing) integrated infn rhese amergingvintexuuLlunal programs. The
advancés of these ﬁrograms that_lead to better understanding of the cli- |
mate's "unperturbed” state will help build confidence in predictions of the
COg-perturbed climate.

.Although this research program attempts to place the projected climatic
changes in perspective of past climate changes, this research program does
not attempt to evaluate the en;ironmental 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 COy Increases

There has never Seen a climatic situation exactly like that envisioned
from increasing CO) céncentrations. Therefore, we cannot simply look back
Lo past conditions to predict climate conditions for the future. Numerical
models will have to be the primary tools used to make climatic projections,
although our experiences of climates past must temper our evaluation. of
model projections.

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-
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standipg of theAmany processes that -are involved——particularly of the numer-
ous éomplex and subtle feédback mechanisms~-there is great need for fun&a—
‘ meqtal improvements in our perception of how the climate system functions.
Especially because the projected climate changeé are unprecedented in man-
kind's;documentedvclimatic experience (i.e., in at least the last IO0,00Q
years),hghere,is the possibility that we are overlooking important mecha-
>nisms Qr»improperly representing processes as climate conditions evolve
beyond the range of validity of various parameterizations.

fAIn addition to projections of the actual climatic changes, the crucial
questions‘that must be addressed as part of the climate modeling element of
this research plan include:

AT'~ What COgp-related processes are not now adequately treated in‘

nuﬁeriqal models?

~  Can improved models adequately represent the présent climaté?

- Are imprerd models consistgnt with available information on past

climatic changes and conditions?

- Can available and planned ciiﬁate models pro;ide the information

needed to estimate the climatic effects of increasing CO03?

Each of these questions will be the focus of research within the cli-
mate modeling subcategory. The use 0f the word adequately is intended to
‘convey the need to develop a sense of reasonable confidence rather than of
certainty, in recognition of the many causes of uncertainty, some inherent.,
As indicated by the first question, perhaps of most immediate concern with
present projections are the many simplifications made in most of the numer-

ical models being used to project future climate. Present models, for
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example, are only beginning to treat ;ealistic topography, land-sea distri-
butions and seasonal variations, and still treat only poorly'land surface
and cryospheric processes, ocean hegt‘ggpacity and transport, and clouds.'
Many of tﬂese problems can be correqted.pr, at least, their climatic effects
can be much better represented. Although,@q is not likely that we will have
completely satisfac;opy,climatg'sysgem parameterizations during the next
five years,due tp‘abcombinationnpf liqipgg;opsiincluding computer capacity, .
diagnOSticycapabiiities,,apd.lgck“of a fquamental undgrstanding of many of
the cbmpouenps of the climate system, thereAshould,be a sufficiently ade=
quate représehtation of the system to_allpw reasonable limits to be placed .
on the effects‘of increasing carbon diogide.

Becauée pf.the lapge number of processes that make up ;he’climate sys-_

tem, a wide range of analytic and numerical models have been developed to

represent it. This breadth of approéch, ranging from relatively siﬁple one- ..

dimensional modéls to comprehepsive three-dimqnsional ocean-atmosphere
models, offers some assurance that the full range of important response
mechanisms are at least being ;onsidered since in each model efforts are .
made toAincorporate many of the processes hgving the tgmporal agd spatigl“
response characteristics appropriate to thglissue‘ag hand. The temporal and
spatial aspects.of the CO» problem, howeve#, do require treatment of more
mechanisms than are normally rcquired In Jjust representing the present
climate.

Much of the work‘thatineeds to be done involves improvements in the
General Circulation Models (GCM), bécause these comprehensive, time depend-
ent, three-dimensional simulations offer the best hopes for predicting

regional climate changes. There is an important, complementary role,
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however, to be played by less elaboréte,land hence iess ekpéﬂsive and less
time consuming, Statistical Dynamic Models (SDM), especially if model para-
meterizations are coordinated between the various ;ypes of models. Such
models are usually of only one or two dimensions, aﬁd.treat oﬁl&,in an
empirical fashion at least some.important elemenfs of the étmospheric
physics. Some of these simpler models can be used for ihvéstigations of
specific physical processes (e.g., cryospheric proceéses), others will be
~useful for studies of the sensitivity of climate sysﬁems to variation of
certain variables. In addition, there may be more appropriate simplifica-~
tions than are now in use, approa¢hes that may be even bétter suited to the
COy-climate problem (e.g., a three-dimensional atmosphere-ocean model with
statistical dynamics to allow longer time s;eps). sgch models should be
uséd in concert with the GCMs by, for example, examining questions of long
term variations that are very difficult to péfform'with CCMS and by develop-
ing boundary conditions (e.g., evolution of giaéial.ice) for usé'in GCM cal-
culations. Simplified models can also be used to determine effects of othe;
radiatively active gases and particles that manfréleases to thé air and that
may obscure or enhance the COp-induced climate change.

It is important that several groups cohdUét the.modeling efforts. Much
of the necessary work is already béing carrigé out now or .béing planned by a
number of groups with the necésSary compétence aﬁd computer facilities, and
there is doubt that entirely new groups can be formed, trained and become
pfoductive in the near future. Neverthéleés some exisginé groups could
devote themselves: more intensively: to éOz—relaté& prgblems if funding were
available. - Parallel work by differeht gfoups‘is foibe encoufaged since each
model includes different characteristics and approaghes.. Contact between

the groups should be further encouraged. Coincidenée of results among the



groupé will lend some additional credence to the forecasts, although all
model results may also suffer from similar shprtcémings.' Anyidivergencé of
results must be examined very carefully to determine whether the differences.
represent modei deficiencies or a lack of knowledge of the climate system.

Finally, it should be emphasized that current understanding of today's

natu?al}élimate system is inadeduate. It is £ot ev;n known whether élimaée
is a\deterministic response to a varlety of.naturallforcing functions of
many time and space scales (that 1s, whether a unique»set.of boundary‘con&i-
tions and forcing functions produces a unique climate) br whether 1t is
determined by random interaction of the‘various in£ernal processes, fuﬁda—
mental insights into the dynamics of the natural élimate system are a pfé-
requisite to more accurate determination of the response of the climate to
increased carbon dioxide.

The five-year program described in the foiiowiﬁg suﬁse&rinns'wiil foéus

on the following research tasks: o

(1) Develop, modify, improve, and tes£‘model parameterizations of'
iﬁportant processes, so that ﬁlausibie maximum and minimum feed-
backs from these processes can be provided.

(2) Exﬁend model verificaéion studies to include evaluallon of the
capabllity of models to represent seasonal variations and pasf
times when climate was different than the present.

(3) Perform systematic model éensitivity gtudies to evaluate the
effects of uncertainties in our understanding of the cli;ate system
and to estimate the size of the feedbacks of-various>processes aﬂd
mechanisms. |

(4) Conduct more sophisticated CO9p pérturbation studies to déterpine

limits of regional effects, time lags, and environmental interac-

tions (e.g., changes in the cryosphere, hydrosphere and biosphere).
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Based on cénsideration-of the factofs contributing to uncertainty,
h;ghést priority should.be given to the develépment and. intercomparison of
coupled'ocean—atﬁosphere models (both GCMs and SDMs), their verification
againsflgbserved seasonal variations and major climatic changes of the past,
and finail& thelr use in’establishing regional effects of COp perturba—.
tions."Sééond‘priority should be given to éoupling these modelsvto the cry-
osphere so that effects in polar regisns'can be studied. Also of high
priorify are consideration of tﬁe treg;ment of ciouds; verification against
past regional climatic conditions, agd ﬁodel sensivitivy studies as a means
of establishiné estiﬁates of uncerfainty. Details are discussed in the |
follo&ing éubsections. |

1. Model Improvement ang‘Modification

ﬁodel devélobméht,‘iﬁpro#ément, modification, and testing is a con&in—
uing‘and on-going process among thé many groups developing numerical models.
To accelerate an improved treatmeﬁt of the potentialiclimatic effects of
increasing COchoncentrations, however, requires improvement and festing
of particular aspeﬁts of these models that may not now‘be of critical impor-
tance in studying non-COp 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
reglonal effects and on improving partipular parameterizations in SDMs so
that results from the two types of models can be.better intercomparéd. In
addifion, some new moéels may berneeded that focus on particularly important
proces;es (e.g., vertical exchange processes in the oceans, polar clim§te).

Although the direct radiative effects of COj induce a relatively raéid
atmospheric résponse (e.g., days), the indirectly induced climate effects on

the oceans, 1ce, and land surfaces have a much longer time constant (up to
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Table IIA.l. Priority, milestones and estimated budget requirements for
research on climate model improvement and modification.

Priotrities:
Improve treatment of theloceans, cryosphere, and clouds.

Improve treatment of radiation, composition, boundary
‘layer physics, and the land ‘surface.

Milestones and Budget:

Fiscal .
Year o Milestones
1980 Initial construction of coupled .ocean—atmosphere
circulation models and seasonally varying simplified
models. c
1981 Improve treatment of cryosphere in climate
models; intercompare cloud paramctcrications;
continue work on treatment of nceans:
1982 Continue impfoVement in treatment of radiation,
~composition, boundary layer, land surface ard ocean
prescriptions.
1983 Continue improvements. Prepare draft summary report.

1984 Continue improvements.

Very High

High

Budget

(Refer to
Table II.1l.:
for budget
data.)
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hundreds of years). Since changes in‘these conditions in turn can further
affect the climate, climate models for COZ studies must properly.treat a
very wide range of processes. The major improvements needed in models are
now generally recognized to involve treatment of -the oceans, cryosphere,
clouds, fadiation, coﬁﬁosifion, Bodn&éf& 1a§ef pﬁysics;”and the land surface
and biota. One of the priorities of this program Willlbe to determine which
of these areas are most important to placing limits on the climafic'effeété
of;;nhaﬁéed C02,«and'theh encouraéiﬁgwimpfoveﬁents in the hédél tfégﬁﬁént
of thoée areas. } |

1.1 Oceans

Oceans strongly affect the atmospheric climate by tfénsésfting héaéypéih
eward,rstoring heat as the seasons~ghange, and acting as local sourceé qf',
~sinks of water vaporA;nd heat.- Many of the present models, however, treat
oceans very simply; for éxample, as béinggat éonétant temperature or as hav-
ﬁiné zero heat capacity. The critical,impqrtance of proper representation of
the SceanS'is clearly evident in‘Fié. iIsl., which sﬁows-that modél simula-
tions in which ocean temperatures are not allowed to change from.present
values (Gates et al. 1980) give subétantially léwef atmbspherié témperature
increases than model simulations that permit instantaneous local ocean tem-
perature adjustment. ' |

Since land—ocean'ﬁemperature différgnces play ‘an important role in
determining actual weather patterns, which in turn generate the wind
stresses that help drive the .ocean currents, improved treatment of the
oceans 1s of very high priority, both for climate and effects studies.
While it may well be several years before a sophisticated ocean model

including ocean currents and heat transport can be properly coupled to an

atmospheric model, it is possible that simpler approaches will yield signif-

icantly improved climate predictions. For éxqmple, an ocean model whose



-62-

mixed-layer depth and temperature are brought into thermal equilibrium with
warmer atmosphere would be such a useful early candidate.  Consideration can
also be taken of the fact that the response time for adjustment. of the
entire oceaﬁ to an atmospheric change is on the order of centuries, so;thét
ocean models without all of the details of the deep”oqean circulation may be:
satisfactory.,

Highest priority mﬁst be given to ektending the domains of climate
models to include treatment of, at the least, the ocean's mixed-layer. More
extensive freatment of uﬁwelling and deep mixing,.changes in mixed layer
de%th, and processes involving intermediate ocean layers must also be
pursued. |

1.2 Cryosphere : | | L

Global snow. and icé play many important:roles in influencing the cli-
mate. Their high albedo reflects solar radiation that otherwise would warm
the earth, thereby allowing further growth in ice extent (the so-called ice-
albedo feedback). Sea ice iimits evaporation and release of heat from ocean
areas and,»by‘its presence protects large areas of ice shelves and glacial
ice grounded below sea level. Land ice stores water that would otherwise
inundate coastal lands.  Of the five regimes involving ice and snow (perma-
frost, glacier, ice sheefs, sea ice and seasonal snow), most attention
should be paid to improving the treatments of sea ice and the seasonal snow
cover so that existing models can be better verified and future.effects
better estimated.

1.3 Clouds

Clouds reflgét back to space about 15-25% of the incoming solar’radia-~
tion (thereby tending to cool the surface), but they also tend.to restrict
the earth's emission of infrared radiation (thereby tending to warm the sur-

face by a similar amount). In addition, of course, clouds are involved in -
. \
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the hydrologic cycle in the atmosphere, although changes in cloudiness are
not easily related to changes in precipitation. If global cloudiness shauld
change (either cloud amount, height or latitudinal distribution) in response
to CO2-induced: warming and circulation changes, an important radiative
feedback mechanism could exist that is now handled in models only crudely,
in large part because of a lack of fundamental understanding. Although some
recent work suggests that the radiative effects of clouds may not Be as im-
portant as previously thought on a globéi basis (because solar and longwave
influences tend to compensate),.more thorough analysis of surface and
satellite data on cloud type, amount, and heigﬁt and more satisf;ctory
treatment of clouds in models are needed to assess 1atiﬁudina1, seasonal,
and regional effects, pgrticularly in polar areas. Model studies using
various apﬁroaches to fepresentation of clouds may also be useful in placing-
limits on the role of this feedback mechanism.

1.4 'Rédiation

Radiative processes are tﬁe primary influences controlling global tem-
peratures. Although the radiative properties of carbon dioxide are reasoﬁ-
ably well known, there remain some possible problems with the radiative
properties of a mixture of gases Qith ovgrlapping absorption bands. Water
vapor is the prime example of a gas'with such overlapping absorption spec-~
tra. Absorption by the hot bands of water vapor, in particular, will become
of increasing importance as temperature and water vapor concentrations rise.
Measurements of‘afmospheric infrared fluxes show enhanced emission that has
beeﬁ attributed to a wéter dimer. Other éases, particularly man;introduced
gases such as the florocarbons, also absorb‘strongly in the infrared and
contribute to "greenhouse” warming. A second aspect is the possible satura-
tion of COs lines and bands when the CO2 reaches high enough concentra-

tions.



1.5 Atmospheric Composition -

As energy use increases and the climate warms, other gases may also
become of moreximportance in the radiation calculations than at present.
Carbon monoxide, nitric oxide, and methane-—some of which are emitted along:
with the COy emissions as’carbon fqels are combqsted——can alter atmospher-
ic chemistry and thereby influence the radiative balance. Atmospheric aero-
sols, both liquid and solid, are also influenced by man's activities, and
projections of future conditions may indicate increased importance of such
materials in determining atmospheric temperatures. The altered temperatures
could further alter the atmosphere's compqsition (e.g., stratospheric ozone
will increase as étratospheric temperatures céol). The different radiative
spectral pattern.could in turn affect other parameters (e.g., albedo).

No specificlrecomméndations for reseagch on.thése questions are sugges-
ted now, but the need for studies of atmospheric chemistry and the radiative
properties of aerosols and gas mixtures will be further considered.

l.6 Boundary 1gyer phyoico

The parameterizations of clouds and of the boundary layer form a coupled
problem. Stratus clouds are formed in the boundary layer. Cumulus_cloqdo
are forced by heat and wéter vapor transport through the boundary layer.
More realistic parameterizations of this coupled system have taken 5 to 10
years to develop and are just now being tested in GCMs. The success of
these parameterizations could greatly improve our ability to simulate cli-
mate change.

1.7 Land surface and biovLa

Although the ocean largely controls the global atmospheric response, it
is on the land and through the biota where the influences of climate ;hange

will be primarily felt. The accuracy of model simulations of regional
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climate changes will be determined largely by the fideli£y 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 haQe to better
represent evaporation processes, runoff, albedo, roughness; soil temperature
and moisture, frost, and the Siota's role in influencing these factors. Not
only do these factors control the regional climatic response, but they are
also the ‘crucial interface with the many effects studies that are being
undertaken as part of.the'ComprehenSive COo Program. Improvement of model
representations of surface processes will be encouraged as part of this pro-
gram, with priorities.for efforts,wifhin this area established in conjunc-—

tion .with the needs of the researchers conducting effects studies.

2. Model Verification Studies

Once modéls are constructed, it is essential that théir 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-
conéuming.‘ 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-
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Table IIA.2. Pridrity, milestones and estimafed budget requifements for
research on climate model verification .

Priorities:
Verification against seasonal cycle. ) Very High
Verification against past climate variétioﬁs, changes, High .

‘and conditions.

Milestones and Budget:

Fiscal , v
Year Milestones Budget
1980 Continue verification studies against equilibrium
climatic conditions (e.g., fixed sea surface R
Lemperatiiré , etc,) (Refer to
' . Table .Llolo
1981-82 Verification of model representations of seasonal for budget
cycle, including verification of coupled ocean- . . data.)
atmosphere models.
© 1983 Prepare draft summary report.

1984 * Continue verification studies.
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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 §omewhat more hopeful, however,‘due‘to increased:
computef Eapacity, imﬁroved analysis techniques, expanded model domains; the
increasedAavailabilitf of‘past climatic data, and the vast increase in-
present data made possible with hew satellite capabilities.

Past verification studies have often considered only annualvaverage or
equiiibrium 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 médel simulations of:

- the annual cycle of the seasons;

- the relative freqeuncy and seasonal variation of different weather

patterns, | | .

- the diurnal cycle,

- . interannual flucguations,

- climétic variations during the last hundred years; and

- a variety of glacial and interglacial climates and climatic

changes on scales from hundfeds to hundreds of thousands of years.
0f great importance will be analysis of how well models are representing
those processes that 'tend to amplify the direct radiative effects of
increasing CO2 concentrations, particularly the relative humidity, water
vapor, snow and ice cover, sea surface temperature, storm tracks, frequeﬁcy
of weather types, internal variability, and geographical pattern of seasdnal
variations, The,pas; hundred years, with its variation in volcanic aerosol

loading, umbra/penumbra ratios, and sunspots, among other changes, offers
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wide possibilities for evaluating the validity of model responsiveness on
time scales from years to decades. Modeling of the glaclal 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 expectéed on comparing
model results for particular continental regions with extendéd histories for
those areas. |

' Impfovements in treatment of processes such as air-sea interéétion and
annual snow cover will .allow more realistic model responses for the:v;rious
verification periods, so that the focus can move from verifi?ation of mean
quantities to éomparison of moments and variations. Diagnostic techniques
being developed for simple models will be exfendéd to the more gomplex
models (and vice-versa).

Withinlthe nextinve years, we should have available much.improved

models that have been better tested against a wider variety of climatic

reglues=-models in which we can have greatly impfoved confidence,

3. Model Sensitivity Studies

Sensitivity studies are a second important aspect of the testiﬁg process
required to detérmine>the validity of numerical models. It is such studies
that help us to'understand what mechanisms control and influence the climat-
ie response to pertubations. -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 éensitivity
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 |

can be used to study the many different problems in a coordinated way.
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Table IIA.3.. Priority, milestones and estimated budget requirements for
research on climate model sensitivity studies.

Priority:

Determintion of the sensitivity of numericél 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 II.l.
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.
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A wide range of such studies is possibie. Each.can play a role in.
helping understand how particular aspects of the models are norking. The
most common and most important studies will involve:

- variation of the solar constant;

- variations in cloud amount, height, albedo, and létiﬁudinal

distribution; |

- . 1ce-albedo feedbank (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 account tha rolec of
possible biospnerié feedback mechanisms (e.g., changesbin vegetation
patterns), changes in,solgr‘fnput related to sunsnuts or volcanic eruptioné,
climatic effects of ocean current changes that we may not be able to nredict
directly, and so forth.

These studies will also allow partial modelhvgrification against a
number of specific, often short-term phenomena; as for example,vespecially
cold years believed to have followed major nolcanic erubtions. For éome'of
these studies there is evidence from past climate studieé indicating the
possible range of the‘expected responsé. Our studies wilivprovide an
indication of the‘time constants or spatlal extent of the pdséible changés.
Still others will provide information on where evidence of changé will first
occur. And all will help in understanding how the differences in results

from different models can be reconciled.
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While advances in climate modeling will require that a wide variety of
sensitivity studies be done, DOE will be working with other agencies
suppotting!climate'research to coordinate these efforts so that those most

important to the CO2 studies are accomplished;

4.  COp Perturbations Studies

Only within the last’year have COy perturbation studies (e.g. Manabe
aﬁd Wetherald, 1980) begun to move beyond relatively crude simulations of
annual averagé changes with ideaiized 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, 6r perhaps more, for a doubling of COy, they are only beginning to

- offer additional insight into séasonal variations, changes in precipitation
patterns, and the‘probablility of mel;ing of polar sea ice.

There remaiﬁs mucﬁ to be doné, howéver, and the nekt several years offer
thg prospect fof signifiéant progress. Assuming that a projection of futu?e
Cdz coﬁcentr;tions ;s independent;y specified, studies are needed that
consider how fhe increased CO2 concentrations will perturb the~climate
with particular attention being paid to the following questions:

- What is the projected, quasi-equilibrium climaﬁic change for some
specifi;d &uture CO2 concentration (e.g., a doubling)? The
prgjected changes should be specified in terms of seasonally and
lafitudinaily dependent changes in temperature and precipitation.

- H?w will oceans act to modulate or alter the projected quasi- |
equilb?ium climatic cﬁange? Will delay of the projected equilib-

rium response change the equilibrium responseF

N
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Table 1IA.4. Priority, milestones and estimated budget requirements for

research on CO2 perturbation studies

Priority:

Perturbation of the atmospheric condition of COy in - Very High

time dependent scenarios.

Milestones and Budget:

Fiscal
Year - Milestones
1980 Preliminary estimates of regional effects from

" three-dimensional model(s).

1981- 82 Preliminary Yésults from coupled ocean-atmosphere
models.

1983 Results from comprehensive climate models, including
: further estimates of regional effects. Prepare
draft summary report.

1984 Systematic estimates of the limits of climatic effects
on a regional and seasonal basis.

L 3

Budget

(Refer to
Table LLl.l.
for budget
data.)
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- 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
pétterns, 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 iﬁyland and sea ice and snow cover? 4

- 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 tﬁe 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 jusf the changes when a new equilibrium
climate is established, but also what changes occur as COg concentrations
are increasing. Because the natural climate 1is not constant, the effect of
fluctuations such as those that have occurred in the bast 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.'
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B. Reconstruction of Past Climates

If our understandipg of the atmosphere—hydrosphere—cryqsphgre—biosphere
system were complete and if model results compared well_yith data on past
climates so tha; very high confidence could now be plgced in_model predic~
tions, then we could rely solely on numerical modgls to simulate.the
climatic effects of increasing COj, Unfortunately, we do not understand
any of the climate system snfficiently accurately to Le uble to assute that
our models will yield Fhe proper magnitude,_éerhaps even the sign, of all of
the individual climatic responses. Thus, although a model may in@icate a
3°K average annual warming for the Northern Hemispherg, regional effects may
be larger, smaller, or of opposite sign; precipitation at a particular loca-
tion may increase, decrease; or change its seasonal distributionQ and ocean
fisﬁing conditions may improve or deteriorate. B

Therefore to supplement model results to gain basic informaﬁion about
the physics of climate (e.g., interactions, oceanic time lags, ice sheets,
biota, etc.), and to provide additional climatic regimes 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 climatgs apd_qlimatic
changes and trends and patterns in historic data. These‘effgrt§ should be
particularly helpful for projecting regionul tcmperature changes and changes
in related climatic parameters such as precipitation. Because recent model
studies have indicated that the simulated climate responds similarly to var-
ious warming influences (e.g., increased COz,'increased solaf r;diation),
it may be appropriate tolassumeltha; understanding gained from studies_qf

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
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bOz 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 numérital models is great, so that it would be premature to
restrict the scope of p#leoclimatic research to particular "analogs"” or time
intervals. |

It is interesting that in attemﬁting to reconstruct past climates, we
are actually doing so by looking at‘the environmental and ecological effects
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
analysis of model results in terms of ecological impacts.

Just as with model results, it will be important that great care be
taken in paleo-climate ahalysis. Comﬁlicating factors include limitétionsl
on temporal and spatiai coverage and resolution, effects of potential com-
peting influences (e.g.; different solar orbital effects, sﬁnspéts, volcanic
conditions, etc.), and identification of changes in variability as opposed
to changes in the meaﬁ climate. Moreover, we do»not yet know the causes of
past changés ahd(so may-not appreciéte fully the differences that may be
induced when COj 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 &ata as polleﬁ and glaciologic records and ocean sed-
iment cores have'shown that the warmest part of the'ﬁypsithermal-—a period

from about 5000 to 7000 years ago——was considerably warmer (1° to 2°K) than

present in the North Atlantic basin and neighboring continents. Observa-
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tional ;ecords Have also shown that the early to middle decades of this cen-
tury were comparatively warm in the Northern Hemisphere. These twoAperiods
appear to offer the best opportunity for the expanded analyses that are
necessary to better document the global effect and regional variations to be .
expec;ed from a warming. The variety of -other major climate changes over;
the last 20-30,000 years, including the most recent glacial maximum (18000
YBP) transitions to.maximum interglacial (577000 YBP*) and subsequent

changes to the present, can also be expected to offer insight.

1. Reconstruction of Paleo-Ciimates

The global climate is believed to have been warmer than present for most
of the earth;s existence, but colder than present during most of the past 2
million years. The most recent warm périods were during the last intergla-
cial (ghe Eemiah-Sangamon some 120,000 years ago) and during the maximum of
the current interglacial, sometimes referred to as the hypsithermal (5000 to
7000 years ago). There is substantial interest in the former period as a
meansifur investigating the onset of a major glacial period, particularly
because sea level was 5-6m higher than present, indicating thgp one or more
of the polar ice sheeté must have beén smaller. Data onAthe period,
however, may be too sparse fo provide estimates of regional paleo-climate
patterns,

Data are even more difficult to reconstruct for the much warmer Tertiary
period, the time more than 20 million YBP, before the Antarctic continent
acquired its ice sheets. The period between about 20 million YBP and 5
million YBP may be of particular interest, however, because there was a
marked asymmetry in the hemispheric climates due to the fact that the south-

ern polar regions were glaclated and the northern polar regions were. not

*  YBP means Years Before Present, where the present 1is set as 1950.
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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 ‘ Milestones 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 develop composite estimates
. concerning characteristics of future warm climates.
Prepare draft summary report.
1984 Continue studies and participate in development of inte- 500

grated COy scenario.
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(Flohn, 1979). Such a siFuation could recur with a COy warming, and its
global circulation patterns might be quite aifferent than the present.

The maximum in the recent interglacial, or hypsithermal period, maf
offer substantial information. Analysis of sediment cores should provide
. extensive information on ocean surface temperatures, patterns of mgjor
currents, sea ice extent, -and glaéial volume."Gléciologic investigations
can provide information on annual variations, if enéugh information is
available on present hydrologic conditioﬁs. Kellogg (1977) has summarized’
much of the available data on surface conditions. Efforts to fill gaps in
the records, particulariy in the Pacific basin and the Asian mainland; and
to provide better temporal resolution using land and marine dafa shduld be
. able to improve understanding substantially'during the next decade.
The program will work with other government'agencieg to encourage
‘research into those aspects of the climate of these periods that may bear on
the COy issue. 'Particular effort will focus on assembly and analysis of
existing data, Investigation of the mechanisma governing warm and‘warmingA
periods, evaluation of the time constants controlling climatic response, and

preparation of data bases for model verification.

2, Reconeruction of Historic Climates

Historic data,_much of it indifect, indicate that a several hundred yéar
period about a thousand yeafs ago was slightly warmér.than the present,
again particularly in the Atlantic basin. Since that time there #ave been
several periods lasting a few decades that ﬁave 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 pfesent ‘

and the warmest times of the hypsithermal, there is the opportunity to

[}
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Table IIB.2. Pfibrity; milestoneé and estimated budget requirements for

research on reconstruction of historic climates

Priorities:.

Analysis of climates of the last thousand years, particularly

the last hundred years, to improve understanding of the global

High

and regional nature of climate and its fluctuations and variability

Histqrical climate changes related to water and agricultural
resources.

Historical climate changes of polar regions.

Milestones and Budget:

Fiscal . .

Year ' Milestones:

1980 . Expand ‘aréal studies of the hypsithermal and other

: 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
where early indications of warming conditions appeared.

1982 "Conéinue study, lboking.at regional changes that occur
in major climatic transitions, with increased emphasis
on the Pacific basin and Asian mainland.

1983 Integraterknowiedge about climatic behavior gained from
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~

grated COj scenario.

High

High

Budget
100

150

200

300

350
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estimate’the'potential climatic effects of increasing CO2 by contrasting
warmer and cooler periods using considerably more accuraté data and over a
time scale better matched to the COp issue.

A second historic'ﬁarm period occurred in the first few decades of this
- century, when temperatures were perhaps a few ten£hs of a degree warmer than
at present. Analysis of the regional nature of the changes, which resulted .
in drier (and in\some'cases, dust-bowl) conditiong in the U:3. plulns, tay
provide important insight into possible patterns 6f4climatic resbonse4and
changes in frequency of occurrence of various weather patterns. Efforts can
also be made to develop climatic composites that feflect the behavior of the
warmest years of this period. Although such composites will not reflect the
ultimate changes in the equilibrium climate that might be expected as COj
increases, the nature and location of regional changes may at least indicate
the sign and magnitude of possible responses.

By using the experience gained by analysis and observation of the atmoéj
phefe, the rather generalized model results can ba evaluated and used to
develop more detailed estimates. For examﬁle, relationships between the
climates of large and small régions should be useful in providing.indica-
tions of changes in critical regions. The variability of recent climates
also offers a means of testing the quality of the numericél models that are
being used. In particular, testing the models against possible explanations
of the climatic warming earlier this century may be a means of verif&ing

whether atmospheric feedback processes are being broﬁerly modeled.

C. Climate Scenario Development

To allow an encompassing evaluation of the environmental and societal

consequences resulting from increasing CO2 and consequent climate changes,
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Table IIC. Priority milestones and estimated budget requirements for

research on climate scenarios

Priorities: - ' .

Intercomparison and evaluation of climate model results
as a means of identifying model inadequacies, estimating
uncertainties and placing limits on expected climate change.

Development of criteria and methods for interfacing data
on past climates with model results in development of
climatic scenarios.

Evaluation of other natural and societal factors that may

enhance or modulate the expected CO-induced climate
changes. :

Milestones and Budget:

Fiscal
Year Milestones

1981 Workshop on methods for estimating regional climatic
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 regionalized
climate changes in limited number of key agricultural
areas from modeling studies.

1983 Integrate preliminary estimates of regionalized
COg-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
in key agricultural and watershed areas.

Very High
High

Medium

Budget

200

300

400

400
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it is essential to develop a comprehensive estimate of changes in many cli-~
mate parameters. As a minimum, such a scenario (or perhaps several scenar-
i0os 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- stress,.ocean currents, and tem—
peratures in areas.of substantial oceanir Dfédmlctiviﬁyg Additlunul factors
that must be estimated will ‘be identified in cnnrdination with those carry=
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 past
climates -and extrapolation of current trends. . 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 vwn particular assumptions
and parameterizations, will need to be considefed so that possible changes
are not prevented and predicted changes are :not merely artifacts. It is
essential that scenarios for both maximal and minimal CO; effects he
developed so that limits can be placed:on possible societal -impacts.
Because most approaches will initially be considering climate equilibrium '
situations (e.g., a past warm period or a moaei simulation of doubled COj)
and not the conditions occurring as the .climate evolves from the present té
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 addition to developing a consensus scenario on the climatic effects
of increasing COj, it will be important to determine how dependent this
projection is on other factors that may potentially affect the atmosphere.
There are indications, for example, that increading concentrations of fluo-
rocarbons will decrease stratospheric ozone. The cooling of the stratos-
phere that can be expected from increasing CO2 will, however, tend to
increase. stratospheric ozone, thereby helping counter the effect at high
altitudes.- On the other hand, fluorocarbons and éome'othgr emitted gases
(sometimes acting through secondary species the gases interact with chemi-
cally) tend to reinforce the CO climatic modifications -in the lower
atmosphere since these gases also tend to absorb and re-radiate infrared
radiation; - Aerosols, including those emitﬁed at the surface, formedlfrom
gases in the atmosphere, or injected to high altitude by volcanoes, can also
affect the atmosphere'S»raéiative balance, and thereby the climate. Just
as projecting COs concentrations and climate changes is subject to uncer-
tainty, these further evaluations will also involve uncertainties; it will
still be important, however, to address these questions.

As the interest and ‘activity in the CO2 issue continue to mount, the
need for assessing and integrating the many types and sources of information
will rise dramatically. A sometimes troubling aspect of this effort will
involve studies ‘that look at only parts of the problem (e.g., the radiation
balance, the biospheric effect on surface aibedo), rather than at the total
problem. It is not unheard of for such studies to suggest that the COp~
ipducéd climatic effect may be a coolihg rather than a warming. Research
and evaluation within this sub—elemenf of'the climﬁte program will strivé to

understand and place these many studies and results into a comprehensive




-84~

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 using paleocl;matic_and historical data, trend extrapolation (e.g.,
extension of changes from 1880 to 19405, ;electioﬁ of warmest decade and/or
warmest yearé, etc. Climatic changes found to be common to these different
approaches and to model results will be used to constfuct a set of likely
scenarios. Particular attention will be paid to regions where impacts may
be economically of'eéoibgically significant (e.g., agricultﬁral regions,
watersheds, mountain snow, gtc.),_to the seasonal effects, and to_cofrela—

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 ébility to use models and past climatic data to pro;
vide accurate projections of the ciimaté 1nt6 the future. It is therefore
essential to seek confirmatory evidence in the current observational record.
Early identificatidn 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 tehths of a degree warming.oincé thevlate 1800s due to the increase of
COy concentrations from about 290 to the current 335 ppm. While the vari-
ation in‘decadal-average Northern Hemisphere 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
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Table IID. ?riority and milestones and estimated budget requirements for
research on evidence of climate change.

Priorities:

Identify parameters believed to be most sensitive to COg~- High
induced climatic change and estimate the likelihood that the
change can be identified with confidence; ensure the adequacy
of the data base.

Expand statisfical analyses of present and past climatic Medium
data in order to identify COg-induced climatic changes.

Milestones and Budget:

Fiscal

Year Milestones Budget

1981 Workshop on possible research approaches to develop- 50
ing evidence for CO7-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
varlables. Prepare draft summary report.

1984 Preliminary evaluation of extent of change of key 150

variables, if any.
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the 1930s and 1940s, it 1is not straightforwérd to identify the supposed
CO0-induced change, which should be a monotonic increase. Thus, it

appears that natural variations, perhaps related to sucﬁ factors as inten -
A sity of volcanic activity or sunspots,.cﬁrréntly are large enough to mask
the expected COj variation and that the thermal inertia of the oceans may
be delaying manifestation of the rising CO2-induced eqﬁilibrium tempéra—
tufe”change. While a few researchers suggest that we should be able to
etart identifyluyg CO)-climate signals in the near future (e.g., Madden and
Ramanathan, 1980), most experts believe that an unambiguous climatic signal
of‘COZ-inducedAeffects might not be evident Qntil the year 2000, assuming
that CO7 emission trends continue ana'thg comﬁuter simulations are

. correct. V

A critical quesfion 1s whether more refined analysis of-observations may
" find a statistically significant.signal sanéf than the year 2000 so that
increased confidence can be ‘placed in model results. There are several
approaches that may provide an indication of. the prnjected climhté changes
way be acliievable within the next twenty years. Very large témperature
resﬁonses (approximately 10°K) aré projected in polar regions and the equa-
torial stratosphere for afﬂoubling of CO2. Although natural fluctuations
are quite large in polar reginnk, we may bc able tu fdeutify and isolate
some of the causative factors. In the equatorial stratosphere, the daté
baoe is rather llmited, butfnaturai fluctuations are apparently rather
small. - (Fluorocarbon induced effects, thever, may act in an opposite-
sense, thereby making signél identification more difficult:).~ FiudIng a
COp-induced signal in this region,‘howeve;) will mainly yerify the radia-
tive prescriptions used in numeri;al models, and may add little confidence

to projections of regional and global changes ‘at the surface. Another
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possible precursor may be the minimum temperature of polar air masses, a
quantity that m;y change moFe‘than the global average if present model
projections showing an amplification of temperature change in polar regions
are indicative of wipgertime effects.

Certainly, projected_changes in thesg and other parametefs.thap_are
developed as part of the construction of scenarios (e.g., intensity of the
hydrolpgic cycle, snow-line, sea-ice and,permafo;sq,extent, properties of
polar ice masses, etc.) need;po be compared withjghe_obseryational data base
in order to identify particqlarly sensitive indicatopgi It may also be
useful to look at sets of parameters from.the scenarios to .determine whether
their coupled response is in agreement with observations.

Results of‘Fhese studiesnmay poin; to, improvements needed in current
observational networks (e.g.! morgvfrequgnt sampling in the stratosphere, of
clouds, or in polar regions). Such monitoring should be directed at provid-
ing early warning of ;pe anticipatgd changes or, if absent, might reassure
us that the changes have been overestima;ed.

Although achievement of success in early identification of CO-induced
climate changes is not expected, it is importantito-lay the framework for
such identification. At the least, it is important to be able to explain
why such a large change as is projected for 50 years from now may not be
apparent until we a;e,ha¥fway there. The priority would be high if success
could be expected, but is.somewhat less than that due to the low expectation
of success. As a minimum, ﬁowever, work,shouldvbe initiated at high prior-
ity to throroughly reviéw parameters that may provide an early indication of

climate change.
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