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PREFACE 

At the request of  the Advisory Board to the Of f ice 
of Earth S c iences of the As sembly of Mathematical and 
Phys ical Sc iences of the Nat ional Research Council , a two
day meeting of an ad hoa Commit tee on Geology and C l imate , 
chaired by Preston Cloud , convened on 28-29 S ep tember 19 7 7 . 
The pr imary purpose o f  the meet ing was to determine whether 
an extended s tudy by the NRC of the bear ing of  the geolog
ical sc ience s on under stand ing cl imate is needed and t imely . 
Because of  the relation of this que st ion to s tudies under 
con siderat ion by the Geophy sic s  S tudy Committee of  the 
Geophy sics Re search Board , the meet ing wa s sponsored by 
the Board . The ad hoa Committee reviewed current re search 
in the f ield with a view toward appra is ing its current 
s tatus and ident ifying opportunit ie s  for the geologica l 
s c iences to contribute to a bet ter understand ing of cl imate 
and the forces that ma ke for climat ic change . The report 
of  the Commit tee was transmit ted to the relevant un it s  of 
the Nat ional Research Council in mid-November 197 7 .  

The repor t was received with great enthus iasm. It  
prov ides in a small pa ckage a summary of  the current state 
of unders tanding of  the his tory of the earth ' s  c l imate over 
the las t hundred mil l ion years , o f  the deta il in wh ich each 
ep isode is known , and of the experimental and observat ional 
techniques which ha ve made poss ible the synthesis provided . 
Further , the report offers a rela t ively deta iled agenda of 
future stud ies requ ired to add sub s tance to the rela t ively 
s ketchy framewor k presently ava ilable while also ma king a 
co mpel l ing case for the relevance o f  such unders tanding to 
future ab ility to mon itor a nd pred ic t  climat ic change . The 
ad hoa Committee offered one caveat , viz . , its membership 
did not include representat ives of all the spec ialt ies that 
might have contr ibuted to a d iscuss ion of paleocl imatology . 

v 
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This fact and the t ight s chedule of  the Commi t tee may some
what limit the breadth and the depth of  the d iscus s ion . 

Nevertheless , both the Advisory Board to the Off ice 
of Earth Sciences and the Assembly of Mathematical and 
Phys ical Sciences urged that this report , originally in 
tended as an int e rnal document , be made more generally 
availa ble , especially to the earth scien ces co mmunity . 
I am happy to concur with that judgment ,  while not ing that 
the present report complements , in part b r iefly summarizes , 
and extends , Appendix A ,  "A Survey of Pas t Climates , "  of 
the report Unders t anding Climatic Change , issued in 1975 
by the U . S . Co mmittee for the Global Atmospheric Research 
Pro gram (GARP) of the National Research Council . Another 
related report of the U . S . GARP Co mmi ttee , "Elements of 
the Research Strategy for the United S tates Climate Pro 
gr am, " was pub lished in 1978. 

vi 

Philip Handler , ChaiPrnan 
National Research Council 
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INTRODUCTION 

Ear th ' s  climate is a product of forcing factors and 
complex feedbacks within an interact ing system that in 
volves atmospheric , hydrospheric , cryospheric , l itho 
spheric , b iospheric , and solar-terres trial components . A 
s tudy of  climate mus t take into account a ir-sea int erac
t ions , oceanic and atmospheric circulat ion , heat fluxes , 
the effects of  atmospheric gases ( in part icular C 02 ), 
volcanism , varia t ions in the reflectance or albedo of land 
and sea surfaces , and variat ions in solar act ivity and 
terres trial orb i t . Major clima t ic changes in the dis tant 
geolo gical pas t can be related to sh ifts in the pos it ions 
and orientations of continents and s eaways relat ive to the 
poles and to one another as a func t ion of plate tec tonics 
and cont inental dr ift , with feedbac k to oceanic and atmo
spher ic circulat ion . Changes in earth ' s  orbit , its incli
nat ion to the sun , or other changes in its budget of solar 
radiat ion are super imposed on other forcing factors . And 
seemingly random elements may enter at any s tage . To all 
this mus t be added o ther act ivit ies of  man , who has himself , 
through force of  numbers and intens ity of activ ity , become 
a factor of geological magnitude . 

Indeed , the atmosphere and hydrosphere themselves are 
the products of geolog ical proces ses that can be recon
structed in par t from the s tudy of  a s edimentary record 
that reaches b il l ions of years int o the pas t . Earth evolves 
and climate changes . The record of these changes is pre
served in the sed imentary rocks of the earth . By s tudying 
the paleoclimatological components of the record , the pat 
tern , t iming , and some t imes the probab le causes of  climat ic 
change can be recons tructed , the degree of deta il improving 
as we near the present . 

1 
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The bes t data come from paleontological records that 
identify local ecological and climatic conditions in a 
lat itudinal context . They can be calibrated chronologi c
ally and related to paleotemperature es t imates by way of 
isotope geo chemistry or other means . Research by paleo 
climatologists , paleontologists , glaciologis ts , dendr a
chronologis ts , isotope geochemists , and volcanologis ts 
has already produced enough well documented and precisely 
dated records to suggest periodic ities in climatic varia 
tion s imilar to some recognized for changes in solar 
radiat ion , orb ital changes , geomagnetic variat ions , or 
other geophys ical phenomena . Some interest ing data sug 
ges t a relat ionship between cooling episodes and the 
s t ratospheric injection of volcanic par ticulates .  

Such records provide the poss ib ility both o f  formula t 
ing predi ctive models and o f  fore casting future climatic 
trends . They also present the opportunity to test predic 
tive models by looking bac kward in the geological record 
for sys tematic coincidences between paleoclimatological 
events and associated evidence of the work of  pos tulated 
forcing factors . 

I f  we know nothing else about climate we know that , 
like the res t of  earth ' s  sys tem ,  it changes . The changes 
may be gradual or abrup t , but they are inevitab le . Climates 
like those of  today have ac tually dominated during only a 
relatively small par t o f  the las t few million years . In
deed climat ic change has itself been a major forcing fac tor 
in the evolution and distribut ion of organisms . During the 
alternating glacial and interglacial episodes of the Quat 
ernary , mas s ive shif t s  occurred in the geographical dis tri
bution of plant s  and animals . Mankind also was affected . 
Some conclude , for example , that the climatically induced 
ext inc t ion of the large late-Pleistocene mammals in North 
America resulted in a shift in human cultures from hunting 
socie t ies that depended primarily on b ig game to peoples 
who exploited a wider variety of food resources , leading 
ult imately to domesticat ion of plants and animals in the 
New World . A case can also be made that the primary domes 
t icat ion of cereal grains in the Near Eas t was a direct 
consequence of terminal Pleis tocene climat ic change and 
the accompanying vegetational shifts . 

CUmatia ahange is� theroefore� to be e:cpeated� undera
stood if possibZe� proepa:t'ed for� and aoped blith. It is not 
a aause for pania. We mus t try to understand how , when , 
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and at what rates it will change , and with what potential 
effects on dif ferent parts of the earth ' s  sur face . One 
person ' s  fl ood is another ' s  water supply . Dr ought in one 
regi on may be compensated by rain elsewhere . The same 
f orces that lead to desertification here may improve grow
ing condit i ons there . Where the rains fail at one place 
they may fall a t  another .  Man . ( in the generic sense , o f  
c ourse) would have lit tle cause for conce rn  ab out the 
effects of climatic change if he were more flexible in 
the location of his settlements , and if he were less num
erous and were no t operating so close to the limit s  o f  
agricul tural and o ther natural resources dependent on 
climate . 

Indeed as we become more populous and push closer to 
the limit s  of our resources we become more dependent on 
climatic fact ors and more vulnerable to climatic change . 
Any f luctuat ion in climate can cause socie tal and economic 
disrup tions . Even bumper-crops can depre ss farm prices . 
A better' undePstanding of oUmatio va:I'iabiUty oan aZ'7,0bJ 
us to be better' pPepaNd foP oUmatio VaPiation. 

This report present s some thoughts of an ad hoo c om
mit tee convened to discuss the unique role that earth s c i 
ent ists can play in seeking to es tablish a more nearly 
complete and better-dated rec ord of pas t climates , to  
formulate a judgment as to the advisab ility o f  activat ing 
a detailed s tudy in the near future , and to suggest goals 
for and the organization of  such a s t udy , should it be 
decided on . 

In our understanding o f  the dynamics of mod e rn  climate , 
pale oclimatic data can provide inf orma t i on in at leas t 
four important areas : 

1 .  They oonstitute a basis foP pPOjeoting expeoted 
diPeotions and magnitudes of oUmatio ohange. For examp le , 
knowledge of the magnitude o f  the glacial-interglac ial tem
perature change provides a s tandard against which climatic 
changes in our times can be evaluated . A fundamental ques
tion is how large a temperature change is important . 
Paleoclimatic s tudies show that at the peak o f  the las t  
glaciat ion the average global ground temperature was about 
5° C less than now . A decrease of temperature by l ° C , there 
f ore , would be 20% of the full glacial-interglacial change , 
while an increase of a few degrees Cels ius would lead to 
accelerated melt ing of glacier ice , rise o f  sea level , and 
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shifts of earth ' s  climatic , vegetat i onal , and agricultural 
zones . 

2. PaZeoaZimatia data provide an an�r to the ques
tion of 1.r1here 1.r1e are on the aontinuwn of aZimatia ahange. 
We f i nd ,  f or ins tance ,  that intervals of relatively warm 
s t able climate such as today are short -term events rel ative 
to the more uns t ab le conditi ons th at h ave prevailed during 
mos t of the las t several million years . The paleoclimat i c  
re cord a l s o  gives some measure of  the range of climat i c  
variab ility . Sharp temperature declines oc cur during 
intergl acial t imes . 

3.  PaZeoaZimatia data provide important aZues to hob1 
the aUmate system 1.r1orks. They show how the climate o f  
the o ceans and of  the land ch anges and whether these ch anges 
are in phase . S ynopt i c  s tudies of selected time i ntervals 
provide info rmat i on on interregional climatic changes and 
identify l ags and leads in the climate sys tem .  

4. PaZeoaZimatia data provide a basis for testing 
modeZs of aZimate. One o f  the prac t i cal dif ficult ies i n  
climate modeling us ing only modern data i s  the length o f  
t ime required t o  valid ate the fore cas t of  the model , and 
to make ne cessary adjus tments . An alternat ive research 
s trategy is to rec ons truct and model pas t climates agains t 
which the predictive power o f  the model can be tested . 
Paleo climati c data also provide grounds for evaluating the 
p ossib le causes of climatic change , including the effects 
o f  vol canism , an episodic geological pro cess . 

In this brief report we s tress what needs to be  done 
r at her t han what has already b een achieved , alth ough the 
lat ter is i mportant. Thus 1.r1e aonaZude b1ith notes on some 
priorities in paZeoaZimatoZogiaaZ researah and a reao17111en
dation. Wit h  few except ions , the aspects dis cussed are 
general ra ther than specific . We are not a suff iciently 
representat ive group , nor w as it  our intentio n to be either 
comprehensive or de tailed . Indeed , there are major omis 
si ons i n  this report ,  such as any cons idera tion o f  solar 
terres trial effects or of  soil-forming processes , the humic 
acid cy cle , weathering , and the likely effects o f  these on 
the carbon dioxide b udge t  of the atmosphere . Nevertheless , 
we did ma ke an e f for t to deal broadly with the i mpor tant 
issues pert aining to geol ogy and cl imate during a two-d ay 
meeting in later September 197 7  and subsequent excha nges o f  
correspondecne a nd drafts o f  this report .  And we d o  feel 
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that the following interim report can serve as a useful 
guide to actions and studies needed as climatic change 
comes to be recognized as a pressing proble�-pending the 
recommended organization of a more probing study and the 
preparation of its report. In keeping with the provisional 
and interim nature of this report. we do not include de
tailed documentation or a list of primary references. 
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GOALSI QUESTIONSI OPPORTUNITIESI NEEDS 

The central goal of modern climatology is well s t ate d  
by K .  Hasselmann a s  being "An understanding of  t he origin 
of  climatic variability in t he ent ire spec tral r ange from 
extreme ice-age changes to s e as onal anomalies . "  P aleo 
climatology in the broad sense includes the go als o f  re
c ons tructing and inte rpreting climates and clima tic change 
throughout geological time , working toward a compos ite , 
coherent , quantitative , mult idisciplinary picture o f  h ow 
climate does change . Toward this end it asks : 

1 .  When , where , and how has climate changed in t he 
geological pas t--wha t  can we say a bout glo bal climate 
s tates at selected t imes in the pas t and what major gaps 
exist in the availa ble dat a? 

2 .  What can we lea rn from the geological record a bout 
t he causes of  climat ic change and the exis tence of period
icities of pos s i ble predict ive value ? 

3.  On what t ime s cales do various forcing factors 
operate and what is the response lag for dif ferent parts 
of the climate sys tem? 

4. How can we sort ou t effects of different processes 
and forcing factor s ?  

5 .  What are the geological consequences of  climat ic 
change--warming , cooling , variations in wind pat terns and 
mois ture content , etc . ? 

6. What are the kinds of ques tions and pro blems tha t 
s tudies at different t ime scales might formulate or con
tr ibute t o? 

6 
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7 .  How can we extend and refine the geological time 
scale? 

8. How can we extend and improve an objective paleo
temperature scale? 

9. How can empirical studies be linked with theoret
ical modeling to cast predictions in a useful q¥antitative 
framework? 

10. What are the sampling strategies and techniques 
by means of which paleoclimatological data might be used 
to test climatic theory evolved from other considerations? 

11. Where are the best opportunities in terms of 
completeness and length of sequence and strategic location 
for the employment of those techniques and strategies? 

In order to respond more rapidly and effectively to 
such questions and to design better research strategies 
there is need for: 

1 .  More active exploration for an optimally dispersed 
network of sampling sites having a favorable combination 
of marine and nonmarine fossils, covering a long and con
tinuous time range from the present backwards, and conducive 
to detailed and precise geochronological and paleotemper
ature controls. 

2. Better sampling equipment and analytical methods. 

3. More responsive and more quantitative modeling 
techniques. 

4. More and better-trained personnel and a program 
for training them. 

5 .  More general recognition by funding agencies and 
programs of the relevance of geological processes and paleo
climatological data for the understanding and prediction 
of climatic change. 

We emphasize here also that the origin, effects, and 
eventual fate of atmospheric C02, currently the subject of 
much discussion, still need further evaluation in terms of 
geochemical and biochemical buffering processes and possi
bly compensatory climatic trends. 
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Yet all cannot be done at once. Thought, therefore, 
must be given to priorities in terms of fundamentality, 
timeliness in terms of presently available knowledge and 
instrumentation, availability of qualified personnel, pro
spective interaction with other disciplines, and relevance 
to perceived societal needs. In the light of such consid
erations, some opportunities present themselves more insis
tently than others. 

W HAT DO W E  MOST WANT TO KNOW AND WHY? 

One goal that ranks high under all of the foregoing 
criteria--and which might be taken as a central (although 
by no means the exclusive) objective of climate-related 
geological research--is to achieve an understanding of 
the climate-determining processes and periodicities (if 
any) such as to permit forecasting of future climatic 
trends. Given such a goal, emphasis should be placed on 
identifying past temporal and geographical patterns of 
climatic change and on searching for causal factors, espe
cially any that may recur at regular intervals. If the 
goal is narrowed to forecasting trends of practical sig
nificance for the next few decades, then the most relevant 
portion of the past paleoclimatic record amounts to a few 
centuries or a few millennia. That is because our ability 
to construct an accurate chronology fades with distance in 
the past, especially for the time for which standard methods 
of routine radiocarbon dating are not useful (i . e . before 
�40,000 years ago) . 

Climatic periodicities of about 2400 to 2600, 1300, 
400, and 180 years have been suggested by a number of 
workers involved with assessment of paleoclimatic data. 
If such apparent periodicities are real and global in their 
influence, they should be reflected in a variety of paleo
climatic data such as the records of glacial variation, 
ice cores, lake sediments, tree rings, and cores from areas 
of continuous sedimentation. In order to assess the longer 
periodicities, it will be necessary to convert radiocarbon 
dates to verifiable calendar ages based on independent 
evidence. Although at present this is possible only for 
about the last 7000 years, a determined effort should permit 
extension of the calibration curve at least back to the 
latest Pleistocene (about 10,000 to 12,000 years ago) . 
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For very-near-term forecasting it would seem that 
research on geological events older than the Quaternary 
(i. e. , events of Tertiary or older age) would take a lower 
priority. That is because major variations in continental 
and oceanic geometry and orientation are such important 
elements in climate and climatic change in earlier geo
logical times, while the determination of the patterns and 
chronology of such variations are likely never to achieve 
a precision useful for short-period forecasting. 

Conversely, human activities such as the burning of 
fossil fuels and the overgrazing of semiarid regions may 
trigger climatic changes entirely different from fluctua
tions experienced over the past 100 to 1000 years. To 
anticipate such changes a deeper understanding of climate 
mechanisms is required. Theoretical studies alone will 
not provide all the answers. Climatologists will need 
all the information that can be wrung from the geological 
record as a base line against which to compare the recent 
past and the prospective future. Only by studying the more 
remote records of geological history can we see the full 
range of climatic variation that has existed. 

To understand the·timing and rates of climatic change 
requires precise and detailed geochronology. In particular 
we need reliable geochronometers behind the record of 
modern tree rings, especially for the interval between 
40,000 and 250,000 years before the present (preceding the 
time during which routine radiocarbon dating is applicable 
but younger than the time for which potassium-argon dating 
is widely useful) . 

HOW AND W H ER E  MIGHT W E  B EST S E E K  T H E  ANSW ERS? 

Given the objective of forecasting for the immediate 
future, the best materials for detailed investigation are 
those whose sequences combine continuous and undisturbed 
formation with refined chronological control. Tree-ring 
studies are particularly promising for the shorter term 
because of ( 1) the excellent chronological control, (2) 
the possibility of relating stable-isotope variations as 
well as ring-width variations to climatic variables, and 
(3) the wide geographical range over which the technique 
is applicable, at least for the last few hundred years. 
For the sedimentary record, the most promising materials 
are the later Pleistocene bog and varved lake sediments 
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or certain nearshore marine sediments that display uninter
rupted sedimentation, high contents of organic matter, and 
a mixture of marine and nonmarine microorganisms, particu
larly if they are also varved. Onshore research might well 
focus on sites of potentially high sensitivity as well as 
resolving power, such as the above-mentioned peat bogs or 
varved lake sediemnts in areas of shifting ecology (e. g. 
the transition from forest to prairie or tundra) . 

There is also an urgent need to correlate deep-sea 
and continental stratigraphy, paleoecology, and paleoclima
tology. Pollen and other biological sequences and dates 
on land need to be related to microfossil sequences and 
dates at sea; the best prospect for doing this is in con
tinental borderland basins. Correlation by means of dis
tinctive dated volcanic ash falls (tephrochronology) offers 
a potentially important means of establishing time equiva
lence in favorable areas. 

Finally the geographical sampling net needs to be 
spread more widely if paleoclimatology is to be seen on a 
global scale. The polar regions and much of the southern 
hemisphere cry for attention both on land and at sea. If 
we listen they might tell us what are the most critical 
oceanic and land areas in terms of climate forecasting. 

The inception of Quaternary and late Tertiary glacia
tions seems to have been in some sense a product of conti
nental drifting during earlier Tertiary time. To assess 
the mechanisms leading to these glaciations calls for the 
modeling of probable global atmospheric and ocean circula
tions during earlier geological epochs in order to try to 
identify the contribution of such changes to general 
Tertiary climatic trends. 

Major advances in paleoclimatology over the past 
decade have resulted from the development and application 
of quantitative methods for estimating past climatic varia
bles, in particular in connection with the CLIMAP program 
(Climate/Long Range Investigation Mapping and Predictions) .  
This multidisciplinary, multiinstitutional program of !DOE 
(International Decade of Ocean Exploration) , funded by the 
National Science Foundation, seeks to reconstruct the paleo
geography and paleoclimatology of the northern hemisphere at 
the peak of the last glaciation about 18,000 years ago. The 
CLIMAP project creates a bridge between geology and atmo
spheric science. But some geologists still tend to think 
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of temperature as the central component of climate. We 
must ask ourselves what it is we really need to know to 
understand climate and how we can best find out. At sea 
we must consider and attempt to estimate not only tempera
ture but also salinity, locations and intensity of upwelling 
or downwelling, nutrient concentrations, productivity, 
thermocline structure, the extent of sea and shelf ice, 
current direction and intensity, heat storage and transport 
capacity, and so on. On land we wish to know similar 
things--wind force and direction, humidity, amount and 
patterns of precipitation, extent and intensity of glacia
tion and volcanism, extent and boundaries of major vegeta
tion types, and the like at a variety of times. 

Reconstructions similar to CLIMAP, both at sea and on 
land, and with good correlations between, should be under
taken for other times of interest. Examples include; 
(a) the maximum of the "little ice age," about 1600 to 1650 
(or 1820 to 1850) A. D. ; (b) the interval of maximum warmth 
(hypsithermal) during the present interglacial, about 6000 
to 7000 years ago; (c) the culmination of the Eemian 
(Sangamonian) Interglacial, about 120,000 years ago, when 
climates were warmer than today, (d) the late Miocene, 
about 6 to 7 million years ago, when the East Antarctic 
Ice Sheet is believed to have reached a size larger than 
now and (e) the later Cretaceous when both geography and 
climate were substantially different from later times. 

W HAT IS NEEDED TO I MPROVE APPROACHES TO PREV IOUSLY 
I NT RACTABLE PROBLEMS? 

The objective of gaining a better basic understanding 
of how the climate system works will require a global net
work of samples and the integration of land and marine 
studies. It requires the reconstruction of an earth that 
is physically different from that of today. To do this we 
must not only determine past continental positions and 
boundaries, we must also find in the geological record 
indicators of the various components of the climate sys
tem. The criterion of having indicators of several parts 
of the system in a single section is met in the marine 
sedimentary record, but additional indicators of cryo
spheric and atmospheric conditions, as well as conditions 
on land, need to be incorporated. Such indicators should 
be developed to the point of providing quantitative esti
mates of past conditions. In this way an historical record 
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can be extended meaningfully into the geological past, 
and its interpreted parts used to reconstruct climatic 
change. 

Better support for development of new and improved 
sampling and analytical techniques could result in a new 
surge of advances in paleoclimatology. For example, the 
development and refinement of the piston corer and the 
radiocarbon method of dating virtually revolutionized the 
field, and the development of the oxygen-isotope paleo
thermometer has had a major impact. Ot her isotopic methods 
(e.g. carbon 12/13 ratios) need to be tested as strati
graphic tools, but their applicat ion must have a sound 
biological or geochemical basis. The availability of a 
device that would take a continuous undisturbed core 100 
meters long could provide complete sequences through marine 
Pleistocene successions, while a simple and inexpensive 
method to extend reliable radiocarbon dating routinely to 
records older than 40,000 years would permit the calibra• 
tion of paleoclimatic events over the most critical part 
of climatic history. 

Another serious operational shortcoming is the commu
nication gap between climatologists and geologists. On the 
paleoclimatological side, studies are commonly carried out 
by geologists, paleobotanists, or micropaleontologists who 
lack climatological backgrounds and generally work in iso
lation from climatologists. 

Such a lack of communication is found in conventional 
sediment-sampling methods, in which short-term (<1000 years) 
climatic changes are likely to be obscured and the conven
tional expectation of gradual climatic change tends to be 
reinforced by imprecise data. The use of the smaller s� 
pling intervals needed to define rates of change (1 em or 
less, instead of the usual 5 to 10 em interval) is limited 
only by cost and time. More detailed sampling could be 
encouraged by an informed interest in Pates of climatic 
change and the prospect that they may be more rapid than 
supposed. The convention of spending little money on 
radiocarbon dating of late Quaternary pollen diagrams 
(frequently with gaps of 2000 to 3000 years between dated 
samples) leads to guesswork and interpolation of the 
chronology of climatic events, and subsequent errors in 
correlating events between regions. Support is needed 
for more adequate radiocarbon control. Still further 
refinement can be obtained from studies of tree rings 
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or annually layered (varved) sediments where applicable, 
and from studying relatively undisturbed sediments such 
as prevail in areas of uninterrupted burial and in peat 
bogs. 

Above all, we need to organize cooperative studies 
where, without submerging individual initiatives, special
ists in the various relevant fields are brought together 
with generalists to define, articulate, and solve multi
component problems in paleoclimatology and climate fore
casting. 

As for identifying rates of secular change and cycles 
that may prevail over long intervals of time, and perhaps 
discovering universal processes, attention might profitably 
be paid to the study of well-preserved tree rings in fossil 
woods of Tertiary and older age. 

Possible new techniques for estimation of paleotem
perature include the use of amino acid racemization and 
of variations in deuterium and carbon-13 content in tree 
rings and fluid inclusions in cave evaporites. If internal 
inconsistencies and conflicts can be resolved, such meth
ods could generate a host of interesting new measurements. 
It has also been proposed that variations in solar activ
ity may be reflected by the concentrations of N02, N03, 
and NH4 in ice cores, and preliminary comparison of such 
variation in ice cores with sunspot activity is reported 
to be promising. 
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NATURE OF THE GEOLOGICAL RECORD OF 

CLIMATE 

The instrumental record of climatic change is useful 
only for the past hundred years or so, depending on the 
locality. For earlier historical time, legal documents, 
ships' logs, manor records, and other written sources have 
been used in ingenious ways to work out synoptic climatic 
conditions for northwestern Europe and other areas. But 
studies of paleoclimatic history before the keeping of 
written records must be based on geological evidence, with 
which, as a special case, we include the results of tree
ring studies. The paleoclimatological analysis of tree 
rings has provided an ever-increasing amount of detail 
about climates of the last 7000 years in some areas, and 
it holds out the prospect of extending the record back an 
additional few thousand years. Other special cases in
clude the oxygen-isotope records of cave evaporites. 
These may provide, by their regular increments of calcium 
carbonate, a history of past ground-water temperature, 
which presumably reflects average annual air temperature 
in some indirect way. 

But the longest and most substantial geological 
records of past climates are contained in ocean-basin 
and lacustrine sediments, particularly those sections 
that are free of unconformities and other indications of 
discontinuities in sedimentation. Excluding the uncommon 
examples of annually laminated sediments, however, it is 
not ordinarily possible to calibrate such records on a 
scale of divisions of a year or a few years each. Not 
only are the sediments commonly mixed by burrowing bottom 
organisms to a depth of several centimeters, but the 
sample size necessary for most analyses may involve 
several decades of sedimentation. As a result, strati
graphic profiles delineated may not reflect high-frequency 
fluctuations. 

14 
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Two requirements are necessary in reading paleoclima-. 
tology from the stratigraphic study of such materials: 
(a) the presence of biogenic, chemical, or physical com
ponents that have climatic significance, and (b) an ade
quate means of chronological calibration and control. 

Many possibilities, nevertheless, exist for paleo
climatic interpretations of the fossil record. Methods 
and results are most convincing for the Quaternary (the 
last two million years) , especially the late Quaternary. 
That is because during this range of time, fossil organ
isms may commonly be referred to modern species or at 
least to genera whose environmental requirements are 
known from modern ecological or taxonomic studies. For 
earlier epochs, much can be inferred about environmental 
conditions from the associations, �rphology, and taxo
nomic affinities of fossil species and even genera that 
are now extinct. 

The techniques of paleoecological stratigraphic 
analysis have been perfected in the study of deep-sea cores, 
where species of fossil planktonic animals and plants pro
vide a detailed record of past changes in ocean surface 
waters, which in turn reflect contemporaneous climates. 
Similar techniques apply to pollen analyses of lake sedi
ments, because the pollen content reflects the nature of 
the vegetation of the surrounding upland, and the vegeta
tion in turn is generally a manifestation primarily of 
regional climate. Other microfossils in lake sediments 
may record conditions of level and water chemistry of the 
lake and thus the paleohydrology and regional paleoclimate. 

On the chemical side, the stratigraphy of oxygen iso
topes in the carbonate shells of certain fossils reflects 
the isotopic composition of the water and thus the inte
grated volume of glacial ice tied up on the land or, in 
preglacial times, the temperature of the ocean water. 
This method has been used extensively in constructing 
paleoclimatic time series from ocean-sediment cores, pro
viding a detailed record primarily of continental glacia
tion during the late Cenozoic, or of ocean-water temperatures 
for earlier times. 

A special type of stratigraphic record is the oxygen
isotope profile in glaciers. The most notable study yet 
available is for a core from northern Greenland, in which 
large changes in oxygen isotope ratios are believed to 
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reflect mostly changes in volume of ice throughout the 
world and thus, indirectly, changes in world temperature 
during late Pleistocene and Holocene (Recent) time. Perhaps 
a third of this variation in oxygen isotopes, however, is 
related to ocean surface and adjacent air temperatures 
near Greenland. The time scale is estimated not by iso
topic dating, but rather by the assumption of a specific 
rate of accumulation of snow and a depth-dependent flow 
rate for ice. The unique paleoclimatic record in ice 
sheets may have counterparts in regions other than northern 
Greenland, and these might be found if geochemical tech
niques other than oxygen-isotope analysis could be employed. 

Besides stratigraphic studies, certain other geologi
cal approaches can occasionally be used in paleoclimatic 
investigations. Landforms of various types, such as coast
al and river terraces, slope features, glacial moraines, 
weathering features, and lake strandlines, can provide 
information about paleoclimate. The principal problem in 
their utilization is the lack of materials suitable for 
dating by isotopes or other direct means--unless the land
forms contain sediments, in which case they more properly 
fall under the category of stratigraphic materials. In 
some instances minimal ages for relatively young landforms 
(3000 to 1000 years or less) may be given by growth ring 
counts of trees, shrubs, or crustose lichens growing on 
them. 

A catalogue of other geological features that have 
been used as paleoclimatic indicators can be very exten
sive. For instance, if volcanism is a climatic factor, 
then ash layers in a stratigraphic sequence qualify. 
Buried soils, redbeds, dune sands, evaporites, and glacial 
sediments all have paleoclimatic implications, even when 
found in pre-Quaternary rocks without geomorphic expres
sion. Here, however, the chronology ordinarily must be 
based on traditional methods of biostratigraphic zonation. 
Only occasionally is material suitable for isotopic or 
paleomagnetic dating associated with such sediments. 

Paleoclimatic reconstruction has proved particularly 
fruitful in recent years in areas and stratigraphic se
quences having good potential for chronological control. 
The previously mentioned CLIMAP program for the investi
gation of deep-sea cores is an example of a comprehensive 
and intensive study of such sequences and areas. It has 
provided varied paleoclimatic data from the major ocean 
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basins--enough to furnish the basis for calculating a 
numerical model of global climate at the climax of the last 
glaciation 18,000 years ago. Reconstruction of older 
Cenozoic and Mesozoic oceans can also be based on inter
pretation of the fossils and chemical components of marine 
sediments, with appropriate attention to boundary conditions 
for these more remote times. 

Similar studies of very old lakes should be undertaken 
in order to obtain long uninterrupted records of terrestri
al climates, using pollen analysis, sedimentology, and 
paleolimnology, with dating by the paleomagnetic method 
for the earlier parts of the record. Sites might be se
lected where continental or mountain glaciation leaves a 
record in the sediments, or where ash layers furnish an 
additional means of dating. 

Not to be ignored in paleoclimatic research is concur
rent investigation of geological processes that control 
the formation of different types of sediments and land
forms, as well as of ecological processes that affect the 
geographical and habitat distribution of plants and animals 
of types that have been found in fossil form. It is only 
in this way that interpretation of prehistoric records can 
be properly disciplined. On the other hand, it must be 
appreciated that some ancient environments or assemblages 
of organisms lack good modern analogs because of the unique 
ecological conditions imposed by continental ice sheets in 
middle latitudes and the paleoclimatic or paleo-oceanographic 
side effects thereof. For example, major vegetational 
assemblages of the last glacial interval in North America 
may not be matched by any vegetation type existing today, 
and the associated larger mammal assemblage may also have 
been unique. Recognition of such limitations is important 
to ecological theory concerned with the stability of eco
systems and of vegetational associations. 

Accordingly, the most substantial and most credible 
paleoclimatic research involves related studies of geo
logical processes and ecological factors in the matrix of 
a knowledge of modern meteorological and climatic relations. 
Once these provisions are satisfied, the geological dictum 
that the present is the key to the past may be followed, 
and, by the use of transfer functions, the fossil data can 
be converted quantitatively to paleo-oceanographic or 
paleoclimatic data which, in an appropriate time frame
work, may in turn provide a key to the future. If a 
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sufficient number of well correlated points is available, 
then paleoclimatic maps can be prepared for a given time 
in the past. A synoptic map is the preferred end product 
of much climatic research. The success of the CLIMAP pro
gram rests in part on the strategy that led to the prep
aration of paleo-oceanographic maps, for these provide 
most of the basic data for the model experiments that lead 
to the production of global paleoclimatic maps. A similar 
program has been designed to gather terrestrial paleo
climatic data through pollen analysis and to prepare paleo
climatic maps, although the quantitative transfer functions 
are more difficult to develop because of the greater vari
ability of the terrestrial scene. 
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CLIMATIC CHANGE� FORCING FACTORS� AND 

THE RELEVANCE OF PALEOCLIMATOLOGY TO 

CLIMATE FORECASTING 

Climatic change is unending. It has occurred through
out geological time. The forcing factors that create pres
ent and future climates are, in an important sense, a 
product of preceding terrestrial and solar-terrestrial 
evolution, and paleoclimatology can tell us something about 
them at all time scales. 

Figure 1 suggests in a general way what some of the 
important forcing functions might be and the time scales 
at which they may operate. 

The subsections that follow deal with the results of 
these forcing factors as they may be read from the geologi
cal record at different time scales, beginning with the 
past 100 million years and moving through ever shorter 
intervals to the past thousand years. Actually, the 
geological record includes substantial evidence of climate 
extending for more than two billion years into the past 
and worthy of study in connection with a comprehensive 
analysis of paleoclimatology. Here we limit ourselves to 
the last 100 million years as the shortest interval over 
which the effects of a Z Z  the major forcing factors in 
climatic change can be observed. 

T H E  PAST 100 M ILL ION Y EARS 

The ultimate objective in studying paleoclimate over 
a long span of time is to improve our skill in climate fore
casting by developing a more adequate theory of climate. 
The record of the past 100 million years shows an irregu
larly varying change from the warm, apparently equable 
climate of Cretaceous time to the cooler, more variable 
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one of today. It was a time of drifting continents and 
opening oceans during which oxygen isotope records from 
ocean sediments suggest long-term fluctuations with sharper 
cooling intervals at 28, 11, and beginning about 4 million 
years ago. The time involved is long enough for all 
important factors in climatic change to record themselves. 

As suggested in Figure 1, .the response time of the 
ocean is on the order of 1000 years; for continental ice 
sheets it is about 10, 000 years, with changes in the solid 
boundaries to the fluid spheres taking 100, 000 to a million 
years. The most pronounced changes in earth' s climate have 
taken place on these time scales. If we are to learn 
exactly how the climate system behaves during such major 
changes, we must study the only record of them that is 
available to us--the geological record. 

The major scientific opportunity is to stimulate 
past global climates quantitatively, using boundary condi
tions for running coupled atmosphere-ocean models of the 
climate system. 

In order to make models of climatic change over such 
long intervals, however, one should ideally know the vari
ations in time and space of all of the geological and 
biological variables or features of the environment listed 
below. In practice we do the best we can with what we 
have. 

Important Variables of Oceans and Continental Shelves 

1. Changing positions and dimensions of continents 
and ocean basins through time. 

2. Areal extent of oceans and coastal plains as 
determined by the distribution of coastal and marine 
sediments. 

3. Variations in faunal diversity and changing geo
graphical distributions of marine organisms --distribution 
of tropical, temperatate, and coldwater assemblages; changes 
in benthonic fauna such as have been observed in benthonic 
ostracods and foraminifers. 

4. Eustatic changes of sea level and evidence for 
rates of change. 
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5. The irregular cooling of ocean bottom and surface 
waters based on oxygen isotope ratios in marine sediments. 

6. The changes in calcium carbonate and silica dis
solution in the oceans since the Cretaceous. 

7. Variations in ocean boundary currents evidenced 
by alternate periods of scouring and deposition on the 
continental slopes, changes in the distribution of plank
tonic microfossil assemblages, and areas of upwelling 
based on geological and paleontological evidence. 

8. Types of sediment and rates of deposition of sedi
ments along continental margins (to identify river systems) , 
carbonate shelves, areas of evaporitic sedimentation, and 
the like. 

9. Types and amounts of subsidence or uplift. 

10. Specific ages and rates of submarine canyon 
cutting and erosion. 

11. Distribution of organic matter for estimates of 
C02 fixation and distribution of oxidizing and reducing 
conditions. 

12. Distribution and composition of submarine 
igneous rocks. 

13. Quantitative geomorphological features signifi
cant for interpreting paleoclimate--direction of cross 
bedding, orientation of submerged sand dunes, indicators 
of tidal range, and so on. 

14. Indications of glaciation such as ice-rafted 
pebbles and glacial-marine conglomerates (diamictites or 
mixtites) . 

Important Terrestrial Variables 

1. Variations in floral and faunal assemblages as to 
geographical distribution, north-south temperature gradi
ents, and biotic provinces. 

2. Distribution, type, and timing of volcanic activ
ity, volcanic sediments, and crystalline rocks. 
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3. Key features of mountain building and topography 
a nd their variations with t ime based on fossil plants a nd 
thic kness and type of sediments . 

4. Geochemical v ariations , based on such evidence 
as rock weather in g or trapped samples of  ancient atmosphere . 

5. Location , orientat ion , and dimens ions o f  lands 
a nd seas . 

6. Paleoclimatologica l indicators comparab le to 
i tems 8 to 14 above . 

I n  order to model pas t c limates quantitatively we 
need to def i ne spec ific intervals of geolo gical t ime for 
which we can map on a gZobaZ basis geological and pale
o ntological indicators such as those lis ted above . Our 
recommended approach for interrelating such variables is 
to a nalyze key cross sections which span the maj or oceano
graphic boundaries and include a number o f  continental 
to ocean setti ngs around the globe and to prepare regio nal 
and e ventually global maps of selected intervals of t ime 
based on such cross sections . The cross sections would 
utilize seismic sequences that are t ied to shelf boreholes , 
deep sea cores , and regiona l geological data as well as 
paleontological and geochemical data . The maps should 
i nclude data on thickness of sediments deposited during 
the time interval under s tudy and be superimpsoed on a 
plate-tectonic recons truction for that t ime . The f i nal 
maps should show paleogeogrpahy and paleoecology and give 
quantitative estimates o f  environmental variab les such as 
temperature , runo f f , a nd intens ity of  circulat ion . From 
this i nfo rmation the boundary conditions for interpreting 
climate can be estimated , and paleoclimate can be inter
pre ted directly or used as a data base for mathemat ical 
modeling in order to provide a more comp lete and at leas t 
partially tes table picture o f  pas t climatic s tates . An 
appropriately prepared succes sion of maps such as des cribed 
abo ve would show cha nges in geological and paleontological 
factors related to climate and thus provide a synopsis of 
climat ic change through t ime . This could provide valuab le 
i ns ights for the development of an improved theory of  
climate .  

Models of this nature , whether quantitat ive or not ,  
ought to provide the basis for recons tructing such aspects 
of  paleoclimate as : 
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1. Atmospheric pCU'ticuZates and the evidence they 
provide about atmospheric attenuation and circulation. 
Variat ions in dus t veils and sulfate particulates may be 
inferred from distribution of  volcanoes and volcanic ash 
shown on paleogeographical maps .  Dust s torms could also 
be inferred from evidences of  aridity and loess depos its . 
The pos ition o f  the j et s tream might be indicated , as it 
is in Japan for the lifetime o f  Mt . Fuj i ,  by the elonga 
tion of ash fall deposits . 

2. Atmosp heric chemistry. Geological evidence o f  
pas t atmospheric condit ions includes geochemical informa
t ion such as rock weathering , and , more rarely , trapped 
samples of  ancient atmospheres themselves . 

3. Albedo .  Variations in vege tat ion and extent o f  
land , snow , ice , sea , and fresh water a s  inferred from 
paleogeographic reconstructions can provide clues to the 
refle ct ivity of the earth ' s  surface and i ts b earing on 
hea t  flux . 

4. Thermal, mobility in the sea . Maj or changes in 
the dist ribution of heat in the ocean and the nature o f  
ocean currents can be estimated from paleogeographical 
maps displaying evidence for sea level s tands , oceanic 
barriers and connections , and paleontological , sedimento
logical , and isotopic data derived from sea floor sedi
ments . 

5. Thermal, mobility in fresh water . The location of  
maj or river sys tems can be postulated from the paleogeo
graphical recons tructions and sediment types . 

6. The Pma Z  mobility in the atmosp here . The conf igu
rat ion of land and the distribution of mountain chains can 
also b e  estimated from paleogeographical reconst ructions 
and sediment types . 

In addit ion to providing data for the es t imat ion of  
boundary conditions in model making , paleogeographical and 
paleoecological maps provide a means of checking the 
validity of models . Can the ob served geological and 
paleontological features be explained by the model?  

We find an unders tanding o f  climatic change over the 
pas t 100 million years--how the land , ice , oceans , and 
atmosphere have responded to changing boundary conditions--
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to be an important s tep in the development o f  a theory 
of climate that is suf ficiently comprehensive for climate 
forecas ting . 

T H E  PAST 5 M IL L ION Y EARS 

The his tory of the cryosphere over the past 5 million 
years is central to the unders tanding of climat ic change . 
When we can show in detail what happened and understand 
why it happened , we will have taken a long step toward an 
adequate theory of climate and climatic variation . During 
this part of  geological his tory , the planetary climate 
experienced a fundamental change , with the onse t  of  a 
glacial regime characterized as it is today by extens ive 
bodies of permanent ice at both poles . Exactly why 
( approximately 4 million years ago) the Antarctic Ice 
Sheet grew to the dimensions it has today is not yet known, 
however . Nor is it known precisely when the Arct ic Ocean 
froze over or when the Greenland ice sheet developed , al
though those event s clearly occurred within the interval 
under discuss ion . They would certainly have increased 
global albedo , abetting cooling trends , and they may have 
coincided with the growth o f  the Antarctic Ice Sheet . 

Extens ive glaciation at high latitudes began in the 
northern hemisphere about 3 million years ago . Since then 
t he mos t  striking features of climat ic his tory have been 
the increase in the average volume of northern hemisphere 
ice sheets and the tendency , again not unders tood , for these 
ice sheets to  fluctuate . As t ime went on , the amplitude of 
these quasi-periodic fluctuations increased , and the ice 
sheets extended into lower and lower lat itudes during the 
glacial port ions of climat ic cycles .  The increase in a� 
plitude was accompanied by an increase in the dominant 
period . For about the last 700, 000 years , the dominant 
cyclical period ( also a maj or unsolved prob lem) has been 
about 100, 000 years . Although it proves convenient to 
label these climat ic cycles in terms of the extent of 
northern hemisphere ice sheet s , their impact is global . 
As a result of them , marked changes are known to have 
occurred in the dis tribut ion o f  animals and plant s ,  the 
circulation patterns o f  the atmosphere and ocean , the 
nature of the land surface , the extent of mountain gla
ciers , and , in the Antarctic , the extent of sea ice and 
the volume of the Wes t Antarctic Ice Sheet . 
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Studies o f  the p as t  500, 000 years sugges t th at a 
portion o f  the climatic v ariance over th at interv al is 
driven in some way by changes in the geometry of e arth ' s  
orbit , but the mech anisms by which this orb it al control 
operates are uncert ain . A cons iderable fr action of  the 
v ari ance over this interv al re mains unexpl ained , and 
there is as yet no good expl anation for the onset o f  the 
gl acial regime or of the million-ye ar -long trend of in
cre as ing variance . 

There is good re ason to believe th at the systemat ic 
inves tigation of  long geologic al t ime series inferred f rom 
soil and loess sequences , l ake sediments , and deep-se a 
cores , where correlated p aleomagnet ic ally , could provide 
the info rmation needed to attack these fund amental prob lems 
effectively . In p articular ,  we need to know what the fre 
quency , amplitude , and ph ase o f  oscillation of each maj or 
element in the climate sys tem h ave been . 

Knowledge of the synopt ic climate p at tern before and 
after the Arctic Oce an freeze �over and before and after 
the gl aciation of Greenland may cast light on the n atur al 
sens itivity o f  this system ,  including the quest ion as to 
wh at would happen t o  future climate if , as a result of 
atmospheric warming from C02 increases or other c auses , 
the arctic sea ice were to disappear . 

To ob tain the necessary data , new field programs are 
needed in the Arctic Oce an ,  in high l atitudes els ewhere , 
and in the southern hemisphere . To make such programs 
fully ef fective we also need new techniques for recovering 
undis turbed piston cores 100 meters ( or more) in length . 

T H E  PAST 150,000 Y EARS 

The challenge of the pas t  150, 000 years is to under
s t and how the climate sys tem--including the atmosphere , the 
continent al surfaces , the sea ice , and the surface and 
deep-waters of the oce an--responded during the l as t  maj or 
glacial to intergl acial cycle . Deep-se a cores record ele
ments of this response with indic ators of the nature of  
ocean surface waters , the deep ocean , global ice volume , 
and wind-bl own  detritus from l and areas . Such records 
are sufficiently det ailed to be sampled at intervals as 
short as 1000 ye ars . A his tory o f  the las t 150, 000 ye ars 
is also represented in sever al long terres trial records 
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recovered from lakes and bogs . The land records can b e  
tied directly to the marine record by means o f  water-borne 
pollen found in near -shore marine sediment cores . Together 
these two his tories can provide a comprehensive pic ture o f  
global climat ic change o n  a t ime s cale comparab le to the 
response times o f  the more slowly react ing components o f  
the climate sys tem such a s  ice sheets and the deep oceans . 

The climate of this interval encompasses a complete 
glacial to interglacial cycle . It spans the las t full 
interglacial episode , apparently one of  the few times 
during the las t million years when the climate was at 
leas t as mild as in modern t imes . The onset o f  such warm 
conditions , their fluctuat ions and disappearance , and the 
growth and decay of the continental glac iers are all reg
is tered in the sedimentary records . 

The delineation of how the various component s o f  the 
climate sys tem behaved during this cycle is of prime inter
est . Preliminary s tudies suggest that a warming o f  sea
surface temperatures in high southern lati tudes preceded 
the sudden collapse of the northern hemisphere ice sheets , 
which , in turn , came before warming in the low latitudes 
and changes in the chemistry of the deep ocean waters . 
This general picture does not hold for all areas o f  the 
oceans , however . In the subarctic Pacific , for examp le ,  
changes in sea-surface temperature , global ice volume , 
and the corros iveness o f  bottom waters with respect to 
CaC0 3 all appear to have occurred s imultaneous ly . 

Such data are sparse at present , but they are funda
mental to two important ideas that might guide us in 
attemp t s  to learn more about how the climate system works . 
Firs t , because the marine record includes indicators  o f  
several different components o f  the sys tem,  a l l  physically 
contained in the same samples , it provides us with an op
portunity to delineate the sequencing of maj or changes in 
these component s within the sys tem,  and therfore the likely 
hierarchy of  interact ions . Second , the data suggest a 
strong geographical dependence on how the various compo
nents of  the sys tem respond to forcing . Thus , in order to 
ob tain detailed knowledge of  how the system operates , the 
surface waters , deep waters , ice volumes , etc . , should be 
treated as interrelated entit ies in a global climate model ,  
not as separate variables . The global coverage o f  both 
the marine and land records needs to be great ly expanded 
and used to provide a clear picture of the regional 
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dif ferences in phasing and amplitude of each component ' s  
response to climate change . Aspects of such an expansion 
should respond to the need to fill gaps in exist ing coverage , 
guided by cons ideration of  where the climatically sens itive 
areas are likely to be . Such global s tudies , moreover , 
should interact with others involving the use of  general 
circulat ion models of the oceans and atmosphere in experi
ments des igned to illuminate the mechanics of how such 
interactions might occur . A comb inat ion of approaches in
volving s tudies of time series , spatial recons truct ions , 
modeling , and model testing of fers much promise for a more 
basic unders tanding of the interact ions within the climate 
sys tem and mechanisms of  long- term climatic change . 

T H E  PAST 1 5,000 Y EARS 

The las t 15 , 000 years encompass the interval during 
which the earth recovered from the las t glacial age and 
entered a climat ic mode similar to that of the present . 
Climatic extremes during this t ime ranged from glacial 
to full interglac ial , apparent ly represent ing a change in 
mean global temperature of  about 5 to 6°C . About 18 , 000 
years ago cont inental ice sheets and mountain glaciers 
were close to their maximum s ize . But maj or changes in 
earth ' s  climatic regime close to 14 , 000 years ago led to 
a fluctuat ing retreat of  glaciers worldwide , a correspond
ing rise of sea level , and revegetat ion of deglaciated 
terrains . 

Maj or oceanographic changes also occurred during 
this interval , among the most marked being the northward 
ret reat of the North At lantic polar water mas s . Following 
an interval of maximum warmth and dryness in temperate 
latitudes between about 9000 and 5500 years ago , a series 
of  small-amplitude climatic reversal s led to a succes s ion 
of "lit tle ice ages" marked by minor advances of alpine 
glaciers , sh ifts in the boundaries of vegetat ion zones , 
and fluctuat ing lake levels . Radiocarbon dat ing of  glacial 
deposits and analyses of  tree-ring and ice-core records 
suggest  that three widespread culminations of this type 
occurred at inte rvals o f  ab out 2500 years , implying a 
possib le periodicity of  climat ic variat ion in that range . 

The kind s of geological inves tigat ion that provide 
the basic data for interpret ing paleoclimatic variations 
and cons truct ing t ime ser ies for the last 15 , 000 years 
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include s tratigraphic and isotopic s tud ies of glacier , 
lake . and marine cores , pollen analyses , tree-ring analy
ses , and glacial-geological s tudies . Although a general 
out line of paleo climatic events can be inferred from exis t
ing data , a global synthesis of Holocene climatic varia
tions and evaluation of poss ib le periodicities of climatic 
variation is hampered by : ( a) a paucity of data from cer
tain key areas of the world , especially the trop ics , the 
high Arctic , central Asia , and the southern hemisphere ; 
(b)  by our present inab ility to ob tain independent calib ra
t ion for rad iocarbon ages older than 7000 years before the 
present ; and (c)  by an insuf ficient number of local and 
regional quantitative estimates of past temperature and 
precipitation to permit broad regional syntheses . 

Maj or opportunities for paleoclimatic research in 
this time frame result from the possib ility of samp ling 
geological and b iological records of pas t climate at short 
t ime intervals with sufficient temporal resolut ion to per
mit evaluat ion of recurring climatic events of  short 
period ( <3000 years ) . Although f luctuations of  alpine 
glaciers ,  ice cores , tree rings , and pollen-spectra have 
provided mos t  of the relevant t ime series thus far , other 
useful records with comparab le t ime resolut ion may exist-
the racemization ( or epimerizat ion) of amino acids , for 
ins tance . Because the range of climatic conditions during 
the Holocene includes climat ic s tates that might be ex
pected to recur within the next few centuries , recons truc
t ion of Holocene climates can provide reasonab le analogs 
of expected future climatic condit ions . 

Indeed Holocene paleoclimatic data are already suffi
ciently numerous and reliab le ,  both for some maj or ocean 
regions and for some large land masses , that synopt ic 
recons tructions at t ime intervals of 1000 or 2000 years 
are now being attempted . Such reconst ruct ions can indi
cate the direction , character , and magnitude of climatic 
changes and point out where important paleoclimat ic proxy 
data are mis sing . 

THE PAST THOUSAND Y EARS 

Although brief by geological s tandards , the record 
of  the las t  thousand years is important for the develop
ment of criteria for climat ic forecasting . It records 
conditions of  the atmosphere , oceans , and cryosphere 
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s imilar to those now prevailing , but encompass ing s ignifi
cant climatic variation on t ime scales of years to centuries . 
Because such var iat ions represent the mos t  probab le natural 
climatic s tates to be expected in the immediate future , 
better understanding of  their causes should be sought . 
The las t thousand years was also a t ime during which in
creas ingly detailed records of pas t climat ic variations 
and their impact on man ' s  environment become widely avail
able from a variety of sources , including t ree-rings , 
s trat i fied ice sheets , historical records , and from pollen 
stratigraphy , geochemical evidence , and sedimentological 
and other properties of annually layered sediments in 
lakes and certain near-shore oceanic bas ins . Because o f  
their high resolut ion i n  t ime , down to individual years or 
even seasons , such records permit s tudy of variability of 
the order of 1 to 100 years , and the accurate es t imation 
of rates of climat ic change . The end of this interval is 
also the crit ical interface between records of contemporary 
geological event s ,  ob servations of climat ic , other geo
phys ical , geochemical , and as tronomical variab les , and 
the data sets that record such variations . This is impor
tant for purposes of calibration and for tes t ing hypotheses 
that require ins trumental data unavailab le for earlier 
t imes . 

This wealth of known and potent ial data calls for 
ass imilation and integrat ion in the form of interpretive 
climatic models that ,  on the one hand , can be used for pre
diction of future climatic trends and , conversely , can be 
tes ted agains t older records of climatic variation . 
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ROLE OF MODELS I N  PALEOCL IMATOLOGY 

Scientif ic models include a very broad range of 
idealizat ions of the natural world , both qualitat ive and 
quant itat ive . In this report we use the term climatic 
model in a more res tricted sense to refer to mathemat ical 
formulations of the phys ical and chemical processes which 
determine earth ' s  climate . Models now being developed 
range from one-dimens ional radiation-convection models 
that neglect all variat ions with lat itude and longitude 
to very general th ree-dimens ional models that take account 
of the redis tribut ion of heat by the mot ions of the ent ire 
fluid envelope of the planet . 

A crit ical evaluat ion of  the results  produced by 
climatic models to date indicates that , although this 
f ield is highly promising , it is s till in its infancy . 
Current models tend to be highly b iased to the present 
s tate of the atmosphere . For examp le , rainfall distribu
t ion predicted by some models is remarkably accurate . A 
more detailed examination , however , shows that the rain
fall is closely t ied to sea surface temperature , which is 
specified as an external condit ion in the model . In spite 
of problems o f  this kind in the interpretation of the 
results , climate models are widely recognized as one of 
the best tools available to us to probe the mechanisms 
that control climate and to predict what changes can occur 
in response to external conditions . 

Examples o f  the type of practical prob lems that have 
been s tudied by climate models include the effect of changes 
in aridity of  the sub- Sahara caused by changes in sur face 
albedo , the effect of  sea-surface anomalies in the Arabian 
Sea on monsoon rainfall over India , and the expected ef fect 
of C02 buildup on global temperature and rainfal l. 
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Generally the amplitude of climatic variations in
creases with the length o f  t ime considered . For this rea
son the geological record of climate offers a unique means 
of tes ting climate models . The CLIMAP program is an 
example of the effect ivenes s  of collaborat ion between 
climate modelers , geologis ts , and paleontologists . More 
recent and more remote periods of geological t ime offer 
s imilar opportunities . In particular the Late Mesozoic 
and the Early Cenozoic offer unique prob lems for scien
tists interes ted in ocean circulation because of the very 
different goemetry of the contemporaneous ocean bas ins . 
We ant icipate that this field of  research will receive a 
cons iderab le impetus as more s tudents are trained in both 
geophysical modeling and the interpretation o f  geological 
records . 

BOUNDARY COND I T I ONS 

The climate sys tem is driven by energy from the sun 
that is s tored primarily in air , water , and ice . The 
principal boundary condit ions of the climate sys tem are 
the incident energy ( sunlight) , the albedo , and the topog
raphy of lands and bathymetry of oceans . Geological 
events (volcanism , cont inental drift , mountain building) 
can change some boundary condit ions . And evidence for 
changes in most or all of the boundary condit ions can be 
sought in the geological record . Geology therefore has 
a role in suggesting geological-geophys ical-geochemical 
forcing functions that can be  tes ted by models and in pro
viding evidence for large past changes in boundary con
ditions that can , in turn , be used to test the validity 
of models . 

A climate model may be thought of as a complex 
input-output device . In a model of earth ' s  heat balance 
the energy received from the sun is the input . Predicted 
temperatures are the output . For a fluid dynamical model 
of the atmosphere or the ocean the inputs are the speci
fied boundary conditions , but the exact boundary conditions 
required depend very much on the details of the part icular 
climate model being cons idered . The more general the 
climate model , the fewer the boundary condit ions required 
and the greater the number of fields that can be cons idered 
as output . Generality in a climate model , however ,  in
volves a concomitant complexity , and there is a need for 
a wide range of  approaches . As a speci fic examp le ,  if 
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the atmosphere alone is included in a climate model , sea
surface temperature mus t be specified as a boundary condi
tion . If the climate model includes both the ocean and 
the atmosphere , sea-surface temperature can be an output 
of the model to be verif ied agains t independent data from 
the geological record . 

Joint efforts are needed by specialis ts in many dis
ciplines to build up the data sets needed and to test the 
models agains t the geological record . The data needed for 
boundary condit ions mus t be on a global scale . Reliab le 
results will require a coordinated international and multi
disciplinary ef fort . 

Variab les that the model builder might incorporate 
include the following : 

1. Ea:t'th 's Bu:t'faoe topography and its effeot on 
atmosphe:l'io oirou�ation and bJind fiu:r:. A primary input 
to even the mos t  general climat ic model is the configura
tion of the ocean bas ins , the location and orientation of 
the lands , and the locat ion and approximate elevation of 
maj or mountain chains that affect atmospheric circulation 
through frictional drag and pressure differences . Methods 
have been worked out to recons truct the paleobathymetry of 
the oceans . The outlines of epicontinental seas and the 
elevations of highlands are often more uncertain , but fair 
approximat ions are pos sib le . Wind directions and force 
may be approximated for some inte rvals of  t ime based on 
sedimentary criteria , given suitab le plate- tectonic re
cons tructions . Assuming that the volume of ocean water 
has remained the same , detailed records of sea-level 
changes determined from continental-margin sediments 
will provide useful cross checks on recons tructions of  
global bathymetry . 

2 .  Genera� ooeanio oirou �ation and its effeot on 
heat fiu:r:. Large quantit ies of heat are s tored and trans
ported in oceanic currents .  Evidence for maj or pas t 
changes in the dis tribution of the heat and the nature 
of current s comes from geological evidence of  pas t extent 
and depth of seas ; from paleontological evidence for pas t 
oceanic water masses , barriers , and connect ions (e . g . ,  a 
Tert iary Atlant ic-Pacific connect ion through Panama) ; and 
from paleontological , sedimentological , and isotopic evi
dence of pas t ocean temperatures in sea-floor sediments .  
Anc ient marine sediments also contain evidence of  sediments 
rafted by ice . 
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3 .  Runoff of fresh water as a faator in oaean airau
tation . Maj or river sys tems can in some ins tances a f fect 
ocean circulat ion and the distribut ion of global heat , par
t icularly those that dis charge into arctic seas . It has 
been pos tulated that during reces sion of the Laurent ide 
Ice Sheet , the Mississippi River dis charged much more fresh 
water into the Gul f of  Mexico than is now carried by the 
Amazon . This could have had a maj or effect on the dens �ty 
distribution of waters in the Gulf of Mexico and the Gulf 
St ream . 

4 .  Pa �eotempemture . Global maps of surface temper
ature are needed as input and also for verifying climate 
models . Boundary condit ions require quantitative data 
sets , but more qualitative information based on land plants 
and animals can be very use ful . Foraminifera , Radiolaria , 
and Coccolithophor idae , for ins tance , have been used by 
the CLIMAP group to ob tain estimates of sea-sur face temper
ature . The relation between sea-surface temperatures and 
microb iological assemb lages is used to recons truct global 
temperatures at 18 , 000 years before the present . Because 
organisms evolve , this method mus t be applied with great 
caution to remote geo logical times . Oxygen-isotope ratios 
in calcareous fos sils , however , provide a paleotemperature 
record that should become increas ingly more precise with 
improvements in methods , ins trumentat ion , and base line . 

5 .  A tb edo of �and and water surfaaes . Leaving out 
the e f fects of clouds , the albedo of land sur faces depends 
on vegetat ion , extent of snow and ice , and soil mois ture . 
The alb edo of  water depends on impurities , temperature , 
and extent of  sea ice . Some of  the mos t  general climate 
models may attemp t to  predict sur face albedo , but mos t 
models require albedo estimat es as a lower boundary condi
tion for the model atmosphere . For the las t 20 , 000 years , 
estimates of  albedo can be  made with some confidence , but 
in more remote times albedo mus t be inferred from more 
indirect evidence and is thus increas ingly uncertain . 

6 .  Partiau �ate matter in the atmosp here . Sunlight 
is ordinarily attenuated by part iculat es in the a tmosphere . 
Dus t veils f rom maj or volcanic erupt ions that discharge 
ash into the s tratosphere reduce sunlight at earth ' s  sur
face , and some evidence suggests that atmospheric cooling 
accompanies or follows such erupt ions . Volcanic sulfate 
part iculates may cause a s ignificant ef fect . The geolog
ical record can provide a perspect ive on the relative 
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effects of natural versus man-caused particulates in the 
atmosphere . 

7 .  Atmosphei'ia gaseous absor>ption . Changes in minor 
components of the atmosphere which can alter its transmis
sivity ( includ ing water , ozone , and carbon dioxide) are 
affected by geochemical processes such as rock weathering 
and the combus tion of fos sil fuels . Geological evidence 
of pas t  atmospheric chemis try mus t  be sought . 

GEOLOGI CAL RESPONSES TO C L I MAT I C  CHANGE 

The Probl em of La g 

Because many geological and biological processes 
are controlled to some extent by climat e ,  a s ignif�cant 
change in climate can set in motion a hos t  of changes 
that can occur at different rates . Thus , while dif ferent 
climatic ind icators in the result ing geological record may 
indicate corresponding changes in climate , these changes 
may not all date back to the same moment in t ime .  This 
is the phenomenon of retardation , or lag in response . 
Recognit ion o f  this factor is important in the correlation 
of s t rat igraphic s equences of different types , or in the 
definit ion of subdivis ions of the Quaternary based on the 
geological record of climatic change ( e . g .  the Pleis tocene/ 
Holocene boundary) . 

Perhaps the mos t  " ins tantaneous" record of climatic 
change is the oxygen-isotope stratigraphy o f  the Greenland 
ice core . Here the only lag presumab ly involved is the 
time of travel of air masses from the place of ocean-water 
evaporation to the location of snowfall in northern Green
land . The spreading of a glacier from its source region 
to its terminus , however ,  may take thousands of years , in 
addit ion to the preceding t ime required for the snow to 
build up to such a thickness that it will flow as glacial 
ice. The reverse process-- the retreat of the ice front 
in response to climatic change--may be much more rapid , 
provided the climatic change involves an increase in su� 
mer was tage rather than a decrease in winter snow- fall . 
If the reverse is the case , then the lag factor involved 
in the flow of ice from distant sources to terminus mus t  
be cons idered. But even in ice was tage an important lag 
is represented s imply by the extra atmospheric heat re
quired to trans form ice to water . 
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In any event , some glacial features may actually dat e 
from times cons iderab ly later than the t ime of  climatic 
change , The lag effect is well illus trated by the fact 
that s tagnant glacial ice buried in a moraine or beneath 
glacial outwash may persist for thousands of years after 
the retreat of active ice from the region . Thus a lake 
that might eventually form on the moraine or outwash plain 
when the buried ice melts out and the surface collapses 
may contain basal organic sediments much more recent than 
the climatic change that caused the retreat of  the ice and 
cons truct ion of the moraine . Because such sediments o f t en 
provide the only material suitable for radiocarbon dating , 
the problem of lag is acute in es tablishing a glacial 
chronology . 

Eustatic changes in sea level match the growth and 
retreat of cont inental ice sheets and are subj ect to s imi
lar elements of lag . Isostatic changes in sea-level and 
the level o f  pos tglacial lakes reflect an addit ional lag 
result ing from the slow rate of subcrustal flow that grad
ually brings about the isostatic adj us tment . 

B iological factors set in mot ion by climatic change 
include the geographical distribut ion of plants and animals . 
Numerous studies of  the pollen stratigraphy o f  lake and 
bog sediments in northwes tern Europe have shown that the 
late-glacial fluctuat ions in the retreat of the Scandin
avian ice sheet were matched by contemporaneous changes in 
some components of the vegetat ion . A subs tantial history 
has been developed about environmental changes during this 
important time . But it has been found that a lag is in
volved in the migration of trees in part icular , as the 
lands cape became reopened to vegetat ion , compared to 
aquatic plants , which have mechanisms for more rapid dis
persal ( e . g . , by shore birds ) . Recent work in this area 
implies that foss ils of some of the ground beet les found 
in these early depos its also record temperate climat ic con
dit ions s ignificantly before the upland vegetat ion shifted 
to a temperate mode . 

Anothe r illus trat ion o f  the lag e f fect is seen in the 
pollen sequence of the Holocene vegetational succession 
in eastern North Ame rica . Here the climat ic change at 
the end of the Pleistocene set off  a series of plant migra
tions from refuges in the Appalachian Mountains . But the 
trees migrated at different rates , so that southern New 
England , for example , received success ive invas ions or 
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populat ion expansions of oak , hemlock , hickory , and chest
nut . As far as can be determined from regional s tudies , 
these migrations were not controlled by contemporaneous 
climat ic change but rather depended on such nonclimatic 
variab les as seed dispersal , soil condit ions , fores t dis
turbance , competition , and o ther factors . Thus the pollen 
zones that are recognized in southern New England and adj a
cent areas are not neces sarily a reflection of contemporan
eous climatic change . 

Recognit ion of  the prob lem of lags in the s t rat igraphic 
record is important in paleoclimatic s tudies . Quant ifica
tion of the process depends on two basic approaches .  The 
first requires precise chronological control on numerous 
s ites with well dated and carefully s tudied sequences . In 
pollen s tudies , any at tempts to trans form pollen
s trat igraphic records to a climat ic sequence and then to 
prepare maps of past climates must await full unders tanding 
of the regional relations and the poss ib ilities of migra
tional lag . The second approach calls for a geological 
record that contains indicators of several elements of the 
climate sys tem .  In this case the requirement for a de� 
tailed chronology is less strict . The phas ing of changes 
implied by different indicators can be detected and mea
sured by detailed sampling and s tudy of a single s equence . 
Spatial variat ion in this phas ing can be delineated by 
studying s imilar sections from many different localities . 

The Case of Carbon Dioxide 

The concentration of C02 in the atmosphere is increas
ing today by about one part per million per year . Various 
estimates have been made of C02 level b efore the current 
increase began . Mos t  of these es timates assume that the 
level was essent ially cons tant before the burning of fossil 
fuels in large quantities beginning about 150 years ago . 
Estimates of  atmospheric C02 concentrations for the time 
before the era of fossil-fuel-burning range between 2 75 
and 290 ppm . 

There is no reason to assume that this earlier concen
tration was cons tant except the general faith that at this 
time the natural cycling machine , like a balanced ecosys
tem , was in a steady s tate . The question is thus raised : 
"Was there indeed a steady s tate , and , if so , what con
trolled the level of C02 ? "  
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The chie f per turbers of atmospheric C02 before man 
were probably variat ions in the terres trial biomas s and 
the rates of burial and eros ion of sedimentary carbon . 
Increase in b iomass or burial rates of carbon would remove 
C02 . Decrease of biomas s or oxidation of sedimentary car
bon would add C02 . The s ize of  the terrestrial plant bio
mass and the rates of burial and oxidat ion of fos sil carbon 
are func tions of many variables . At the height of a 
glacial advance the b iomass will be much less than that 
in the middle of  an interglacial , a var iat ion that could 
cause substantial variat ions in atmospheric C02 . The 
situat ion is complicated because a change in C0 2 could 
well have feedback wi th respect to the size of the biomass . 
According to exis ting mathematical models of  the atmosphere 
increases of atmospheric C02 are expec ted to cause an in
crease in average global temperatures , other variab les 
being cons tant . 

So wha t are the maj or long-term controls of atmospheric 
C0 2?  Fluctuations of C0 2 s torage through time among ter
res trial b iomas s ,  oceans , so ils , sediments , and atmosphere 
could well take place , but the sys tem is cons trained by 
negative feedbacks . Too much b iomas s-stored C02 would slow 
photosynthesis and remove C02 from the oceans , in conse
quence of which C02 would become a limiting nutrient . 
S torage presumab ly has never lowered atmospheric C0 2 below 
the photosynthetic cut-off of about 100 ppm for mos t  plants , 
or one-third the present level . On the other hand , limita
tion of b iomass by other nutrients , such as phosphates and 
nitrogen , would increase C0 2 in atmosphere and oceans . 
Estimates of the range o f  fluctuat ion are not well grounded . 
For the higher atmosphere they range from perhaps 100 to 
2000 ppm , depending on the s ize of  the terres trial b iomass 
( the oceanic biomass is small relat ive to the terrestrial 
biomass) . 

The controls of  b iomas s fluctuation , as indicated 
above , are many . What are possible inorganic controls of 
C02 ? Mos t  obvious is the react ion between calcium
s ilicates ( during weathering) and C02 to form calcium 
carbonate and s ilica . Cont inued react ion between atmo
spheric C02 and a calc ium-silicate crus t would lower a tmo
spheric C02 to about 10 ppm , far below the level required 
for s ignificant plant growth . Thus an earth wi th an ini
tial charge of C02 in atmosphere and ocean might react 
wi th the crus t to lower C02 below the level necessary for 
life . Obviously the atmospheric C02 level has no t dropped 
so low . The only ways ·out of the dilemma currently 
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sugges ted are to add C02 cont inuous ly from earth ' s  in
terior by metamorphism of limes tones to calc-silicates 
by class ical tectonic processes , or perhaps by cont inuous 
addition of j uvenile CO or C02 through volcanism . 

A maj or ef fort is needed to model the sinks and 
sources of atmospheric C02 . Long- term trends of tempera
ture could be related chiefly to balances and shifts  
of  C02  consumption in the surface system versus C02 addi
tions to the surface from hot zones at depth . Levels of 
C02 before the coming of man are not known , however , nor 
are the controlling var iables unders tood . 

The rate of change in C02 concentration caused by 
the influence of inorganic s inks , such as reac tions with 
calc-silicates in crys talline rocks , is too slow to cause 
more than a percent or two change in atmospheric C0 2 in 
a hundred years . On the other hand , under extreme condi
tions it could influence climate measurab ly within his toric 
t ime ( a  few thousand years) . 

MODEL EXPERI MENTS 

In this sec tion we cons ider a few prob lems that are 
being at tacked j ointly by mathemat ical modeling and field 
s tudies . These prob lems are given by way of example only 
and are not meant to indicate priorit ies . We also do no t 
wish to make any prej udgements about the best s ize of 
effort s ,  which may be large or small depending on the 
proj ect . 

As an example of a productive effort we have the 
CLIMAP proj ect . Global data are being comb ined from sev
eral sources to provide surface boundary condit ions for 
climatic models for 18 , 000 years before the present . 
These data include estimates of  sea-surface temperature 
based on the fossil record in deep-sea cores , as well as 
es t imates of albedo over land based on evidence of glaci
ation and the fossil record for land vegetation . Prelimi
nary results of the model ing calculat ions have now been 
published . They show that different climate models may 
give rathe r dif ferent results on the data for 18 , 000 
years ago . This is an important albeit somewhat nega
tive conclus ion . Beyond th is the models indicate the 
probab ly very great influence of sea sur face temperature 
during the ice ages on the precip itat ion patterns of  the 
trop ics and sub t ropics . 
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One of  the mos t  important prob lems i n  climate involves 
the trans it ion from the relatively mild climates of 80 to 
100 million years ago to the cold climate of the las t few 
million years , in which s ignificant portions of the globe 
are covered with ice even during interglacial times . One 
of the mos t  s igni ficant lines of evidence is a new and grow
ing body of oxygen isotope data from the deep sea . Al
though these data are subject  to prob lems of interpretation , 
which are only gradually being cleared up , cross checks 
with previous qual itat ive estimates of temperature from 
the fossil record are encouraging . The oxygen isotope and 
o ther data point to the s tartling conclus ion that the deep 
ocean was much warmer than now during mos t  of the las t 100 
million years . This sugges ts that the deep ocean circula
t ion and the role of the ocean in the heat balance of this 
older earth was dramat ically different from what it is 
today . 

If , as some evidence sugges ts , the general chemis try 
of the earth ' s  atmosphere var ied little over the las t 400 
million years , the very dif ferent ocean of 80 to 100 mil
lion years ago would probably be attributable to the dif
ferent configuration o f  continents and oceans o f  that time , 
and particularly the relatively small amount of  then emerged 
land relative to water . This hypothesis can be tes ted 
using climate models , and a small-scale ef fort has already 
begun . I f  repeat ed numerical exper iments with climate 
models do produce the warm ocean noted in the fossil record , 
then the hypo thesis that continental drift alone can ex
plain the maj or shifts in climate observed is probab ly 
correct . If , on the other hand , the models are not ab le 
to produce a warm ocean for this 80 to 100 million year 
interval , we may be forced to look for other forcing fac
tors such as a changing composition of earth ' s  atmosphere 
or variations in solar radiat ion . 

As a third example , we can cite the prob lem of ocean 
geomet ry and the climate of the southern hemisphere . Deep
sea drilling is producing evidence for the gradual evolut ion 
of the Antarct ic Circumpolar Current as b locking continents 
gTadually moved out of the way and the Drake Passage opened . 
The Circumpolar Current is the closes t analog in the ocean 
to the atmospheric j et s treams . The s trong thermal gra
dient that forms along the Circumpolar Current sugges ts 
that it ac ts as a barrier that climat ically isolates the 
Antarctic Continent from lower latitudes . S tudies of the 
geological record which define the pos ition of pas t water 
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masses , the development o f  oceanic fronts , and the nature 
of circulation can be coordinated with model s tudies to 
provide a possible means o f  asses s ing the causal factors . 
Such a s tudy , aimed at recons tructing pas t oceans based 
on geological data (Cenozoic Paleo-oceanography or CENOP) 
has recently been funded by NSF . Should it turn out that 
the resolving power of the geological record is inadequate , 
however , climat ic models that include oceanic as well as 
the atmospheric variab les may suggest where new drilling 
sites should be located to provide the crit ical tes ts . 
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SOME PR I OR I T I ES I N  PALEOCLIMATOLOG I CAL 
RESEARCH 

The nine priorities proposed below are intentionally 
general rather than specific and selected rather than com
prehens ive . Although some specific suggestions are also 
made our intent is only to provide some broad guidelines 
for interim action and s tudy pending completion of a more 
comprehens ive and more deeply prob ing analysis of . needs 
and opportunities by a more representative group than 
ours . The demand for climate forecas ting , nevertheless , 
has become urgent under the pressures o f  increas ing popu
lat ions and the ever-growing industrialism , expans ion o f  
mechanized agriculture , and burning o f  fossil fuels . At 
the same t ime the po tent iality of geology for unders tanding 
climate is limited by deficiencies in methods and support 
to which attent ion should be drawn now . Being aware of 
a develop ing interest in paleoclimatological research and 
support wi thin the National Science Foundation and some 
other federal agencies , we commend the sugges tions below 
to their at tention . 

1 .  A gPeater degPee of muZtidisaip Zinarity and 
internationa Z cooperation is essentiaZ in reaZizing the 
maximum saientifia and praatiaaZ benefit from paZeo
a Zimato ZogiaaZ studies .  The subj ect is global in its 
data base and applica tions and extremely broad in scope . 
Paleoclimatologis t& and climate dynamicis ts need to meet 
and work together and with associates in the many other 
relevant dis ciplines . Nations and regions need to inte
grate their efforts . Climate dynamicis ts and oceanog
raphers should be involved in the s tudy proposed in the 
recommendat ion below and paleoclimatologis t& and geo
chemists should be represented on the Climate Research 
Board . Internat ional efforts in paleoclimatology should 
be fos tered through the International Council of Scientific 
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Unions and the National Research Council ' s  Commiss ion on 
International Relations . 

Workshops or other means should be cons idered to pro
mote an ef fective interchange between theoretical modeling 
groups on the one hand , and inves tigators gathering and 
interpret ing paleoclimatic data on the other . We are im
pressed with the opportunities that appear to be ripe for 
evaluating various response mechanisms ( e . g .  the role of 
sea ice) and for tes ting possib le forcing functions ( in
cluding volcanic , orb i tal , and resonance effects) . 

2 .  Improvement of the time ca Zibpation of paZeo
cZimato Zogica Z events is urgentZy needed. Convenient and 
inexpens ive routine methods of  higher precision and resolv
ing power are needed , par ticularly for events older than 
40 , 000 years and younger than 250 , 000 years ago . Resolution 
down to the individual year or shorter is availab le over 
the last few thousand years from varved sediments and tree 
rings , but additional methods for giving s imilar resolu
tion to a larger and longer range of climat ic events would 
vas t ly improve rate determinat ion and the prospect of  
valid climate forecas t ing . 

3 .  A concerted effort is required to re Zate marine 
and terres tria Z records of cZimate and its variation� par
ticuZarZy by means of Zong� continuous� datab Ze sequences . 
This is needed generally , but an immediate and specific 
need and opportunity exis ts for comparison of the data 
ob tained .by the CLIMAP p roj ect (Climate/Long Range Inves
tigat ion Mapping and Prediction) wi th data from detailed 
sequences of the las t 18 , 000 years elsewhere , above all 
in the interior of  Nor th America and in coas tal bas in se
quences where a mixture of marine and terres trial micro
organisms might be found . But even existing cores , from 
the Arctic Basin , for ins tance , are short , few , and rather 
random . A program is needed for ob taining longer cores , 
more o f  them, and in paleoclimatologically critical loca
tions--both at sea and on land . An effort is also needed 
to develop criteria for dis criminat ing between areas 
formerly covered with sea ice and those covered with ice 
shelves . 

4 .  An active program of search for and study of Zong� 
continuous data-rich sequences in high Zatitudes� the 
tropics� the southern hemisphere� the Asiatic USSR� China� 
and centraZ Asia generaZ Zy is essentia Z to fi Z Z  gaps in 
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the g tobat data base . Long paleoclimatic time series are 
needed that can be correlated and dated by radiocarbon , 
paleomagnetic , or other me thods . 

5 .  Samp ting teahniques, instPUmentation, and faai t
ities need improvement. A means for taking numerous con
tinuous , undisturbed , 100 meter cores would be a maj or 
s tep forward , and longer cores would be even better . Finer 
scale sampling of sediments datab le to the neares t year or 
fraction of  a year at the point of sampling should be a 
goal of high priority . The more the sampling and analyt
ical systems can be automated , the more refined the models 
can be made and the mo r� time there is to think about 
their meanings .  B e t ter facilities would as sis t the work 
o f  many current wo rkers and will be needed for an ex
panded paleoclima tological effort . With every extension 
of  the data base and in particular the datab le range o f  
time , and wi th every improvement in precis ion of dating 
methods , the resolving power of  the models is correspond
ingly improved . 

6 .  UpgPading the tmining and e:x:panding the manpOtJeP 
base avai tab te for pateoatimato togiaa t reseapah and prob
Zem so Zving is needed. In addition to a thorough back
ground in the tradit ional sc iences , the paleoclimat ologis t 
of the future should have a good operat ional knowledge of  
(or work in close associat ion with persons skilled in) 
climate dynamics , mathematical model ing , solar terrest rial 
phys ics , and mi cropaleontology . If the prob lem of  c l imate 
forecas ting is to be resolved be fore the next maj or cli
matic change , a much more adequately s taffed effort will 
be needed . 

7 .  The need jar and uses of data banks aa t t  for 
review. We have an amb ivalent feel ing about data banks . 
We are aware that they tend to become data dumps and to  
remove the pressure for evaluation and synthesis from the 
eager researcher who fears that funds for field work and 
laboratory analysis  may be cut off  at any moment . Never
the less data banks can serve an important function if 
intell igently planned , ope rated , and used . We think it 
likely that one or mo re data banks would be a useful 
resource for climat ic forecas ting models . But we are not 
inclined to urge the es tablishment o f  such facilities on 
the basis of our l imited collective knowledge . We sug
ges t , therefore , a special study to evaluate the po tent ial 
uses of  and need for a special data bank or banks in 

Copyright © National Academy of Sciences. All rights reserved.

Geological Perspectives on Climatic Change
http://www.nap.edu/catalog.php?record_id=19991

http://www.nap.edu/catalog.php?record_id=19991


45 

paleoclimatology and to recommend wha t if any ac tion should 
be taken . 

8 .  Time saaZes of opePation shouZd be speaified and 
the Zimi tations� app Ziaations� and mePits of eaah aZearZy 
reaogniaed. Desp ite some emphas is on the special relevance 
o f  the record o f  the las t 1 to 15 thousand years in fore
cas ting near-term climatic changes , we s trongly endorse 
ac tive research programs at all time s cales here discussed . 
Each has some thing unique to say about climate genes is , a 
process that lies deeply roo ted in the pas t and whos e  
unders tanding at a l l  levels i s  relevant t o  foreseeing the 
poss ible courses , rates , and intens ities of future climatic 
changes .  Unders tanding , for ins tance , how the world warmed 
up agai& beginning about 25 mill ion years ago , af ter the 
relatively cool Oligocene climates , may well be very ger
mane to unders tanding how climate responds to processes 
that take place on time scales of  1000 to 1 , 000 , 000 years . 
The full po tential effect o f  continental drift wi th acco� 
panying separa tion , convergence ,  and flooding of lands and 
parallel changes in areas and connections of oceans and 
draining o f  shallow epicontinental seas is no t adequately 
disp layed on a time s cale o f  less than about 100 mill ion 
years .  
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RECOMMENDAT I ON 

We recommend that a Committee on Geoscience and 
CZimate (COGAC) be organised within the Nationa Z Research 
Counci Z .  The task of COGAC should be : ( 1) to assess the 
state of the art , and to monitor and to stimulate progress 
in geological aspects of climatic research ; {2) to evaluate 
comprehens ively and in detail the research opportunities 
in , the operat ional needs of , and the scient ific and 
societal relevance of geological and geophys ical processes 
affecting the unders tand ing of climate and climatic fore
cas ting ; and ( 3) to recommend the appropriate geological 
content of a nat ional and global climate program .  

The membership of COGAC should be appropr iately repre
sentat ive within manageab le proport ions . It  should include 
persons competent in paleoclimatology at a range of time 
scales . Specialties represented in some way , not neces
sarily on a one to one basis , should include micropaleon
tology , dendrochronology , isotopic and other aspects of 
geochemis t ry ,  soils science , hydrology , the geomorphology 
of terres trial surface processes , glaciology , volcanology , 
solar- terrest rial phys ics , quantitat ive modeling , meteor
ology , climate dynamic s ,  and oceanography . I t  ought also 
to be reasonab ly well balanced in the sense of includ ing 
or in some cons cious way providing for discuss ion with 
competent representat ives of oppos ing views as well as 
qualified representat ives not only from academia but also 
from the relevant federal , private , and industrial research 
ins titutions . 
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