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FOREWORD

In response to a request by the Seventh World Meteorological Congress,
the WMO Executive Committee at its twenty-eighth session (1976) approved the
text of an official WMO statement on climatic change which is reproduced in the
following pages, and at the same time allocated responsibilities for promoting
and co-ordinating work in three broad components of an integrated international
offort related to studies of climatic change. The Commission for Atmospheric
Sciences was given the main responsibility in respect of one of these namely,
the work on assessing and predicting the effects of geoastrophysical processes
and human activities on climate.

Dr. William W. Kellogg of the U.S. National Center for Atmospheric Research,
a well-known expert in this field, was accordingly requested to prepare o document
on the influence of human activities on climate.

Dr. Kellogg's draft was presented to the Executive Committee Panel of
Experts on Climatic Change at its third session (February, 1977). The panel agreed
that it was a very useful statement of the current state of knowledge of anthro-
pogenic influences on climate, and recommended its publication as a WMO Technical
Note after being revised by Dr. Kellogg in the light of comments by panel members
and others. The panel pointed out, however, that the views expressed in the report
would remain those of the author. The present publication constitutes the Technical
Note as recommended by the panel.

I wish to convey the sincere thanks of WMO to Dr. Kellogg for his comprehen-
sive and valuable report and also to the members of the panel and other scientists
for their contributions to the final text which it is hoped will stimulaote much-
needed further research in this field of great interest and concern.

D.A. Davies
Secretary-General






SUMMARY

With the current state of knowledge about how the Earth's climate system
operates and about possible external influences, it is difficult to make any
predictions for the natural course of the climate in the next several decades.
However, climate system models have now developed to the point where it is believed
that a second kind of prediction can be made, viz., assuming that no unusually large
naturally-induced fluctuation occurs in the interval, the climate will probably 7~
respond in a given way for a given change of one or more of the external or boundary
conditions of the model. This makes possible a prediction of the course of the
climate as o result of anthropogenic influences, other external factors remaining
the same.

Experiments with a number of different models with widely vorying degrees of
complexity have now converged on approximately the same conclusions, nomely:

- The largest single effect of human activities on the climate is due
to the increase in atmospheric carbon dioxide concentration resulting
from burning fossil fuels (coal, petroleum, natural gas), since the
additional carbon dioxide gas absorbs infra-red radiation from the
surface that would otherwise escape into space, producing an increase
in lower atmosphere temperature.

- Virtually all of the other major activities of mankind also contribute
to a warming of the lower atmosphere, for example, through injection
into the atmosphere of airborne particles ("aerosols") and of other
infra-red-absorbing trace gases (such as chlorofluoromethanes, nitrous
oxide, etc.), and through the direct addition of heat ("thermal
pollution™).

- A best estimate of the resultant warming of the mean surface
temperature of the Earth due to human activities is about 1°C by 2000
AD (25 per cent increase in atmospheric carbon dioxide) and about
3°C by 2050 AD (doubling of atmospheric carbon dioxide), with an
uncertainty of roughly a factor of two. Warming of the polar regions
is expected to be three to five times greater than the global average.

These conclusions are based on the assumption that there will be no worldwide effort
to curb the use of fossil fuels and that the rate of carbon dioxide release to the
atmosphere will continue to increase at a quasi-exponential rate, with only a
slightly reduced raote of increase toward the end of the time frome. Since the
exchange between the surface ond deep waters of the oceans is slow, the decay time
of the added carbon dioxide is expected to be between 1000 and 1500 years. Thus,

if mankind proceeded to burn all the economically recoverable fossil fuel in the
next few centuries, the corresponding increase in atmospheric carbon dioxide
concentration would be five to eight times, and this increment would probably remain
airborne for many more centuries.
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The estimated climate change due to human activities for the year 2000 AD is
probably larger than any natural climate change that has been experienced in the
past 1000 years or more, and one would have to go back to the period 4000 to 8000 .
years ago to find o period approaching the degree of warming which is expected by
the middle of the next century. A first survey of that past warm period indicates
that there was generally more rainfall, especially in the areas of the present sub-
tropical deserts, but that there were some regions ot middle and high latitudes
where it was drier than now. The warming would almost certainly have a major
influnece on the extent of Arctic and Antarctic sea ice, and eventually would cause
a change in the total volume of the major ice sheets of Greenland and the Antarctic,
but the corresponding change in sea level cannot yet be predicted with any confidence.

The question is raised of how the decision-makers of the world can moke use
of this information, dealing as it does with o probable change that will only become
readily apparent after o decade or two. The time scole of the scenario is longer
than the planning cycle of most governments and most industires (but not all), and
the implications of these future changes in terms of human well-being and national
interests are still not clear, necessarily involving value judgements that are
beyond the purvue of science.

In view of the importance of these probable climatic changes ond their
societal implications, it is imperative that more effort be devoted to narrowing
the areas of uncertainty so that o clearer picture can be drawn of the options still
open. It is specifically recommended that research be directed along the following
lines:

~ Improvement of climate models.,

- Quantitotive assessment of sources and sinks for carbon dioxide.

~ Response of the floating Arctic pack ice to a warming.

- Response of the polar ice sheets to q warming.,

- Regional changes of patterns of temperature and precipitation.

~ Effects of anthropogenic agerosols on climate.

- Other human influences on climate such gs patterns of land use, changes
of stratospheric composition, and so forth.



RESUME

En 1'état actuel de nos connaissances sur la maniére dont fonctionne le sys-
téme climotique de la Terre et sur les influences extérieures qui peuvent s'exercer
sur ce systéme, il est difficile d'établir quelque prévision que ce soit quont o
1'évolution naturelle du climat au cours des prochaines décennies. Toutefois, de
telles améliorations ont été apportées aux modéles du systéme climatique qu'on estime
maintenant possible d'établir des prévisions d'une autre noture, c'est-d-dire, dans
1'hypothése ol aucune fluctuation d'origine naturelle d'ompleur inhabituelle ne se
produira entre-temps, comment le climot réagira-t-il & une modification donnée d'une
ou de plusieurs conditions externes ou limites du modéle 7 Il est, dés lors, possi-
ble de prévoir 1'évolution du climot sous 1'influence des activités humaines, dans

le cas o les outres focteurs externes restent les mémes.

Les expériences effectudes ovec un certain nombre de modéles différents et
dont le degré de complexité était fort variable ont mointenant abouti ¢ des conclu-
sions convergentes, O savoir

~ L'effet singulier le plus prononcé qu'ont des activités humoines sur le
climat est d0 & 1'augmentotion de la concentration du goz carbonigque dans
1'atmosphére, qui résulte de lu combustion de combustibles fossiles (char-
bon, gaz naturel). En effet, en absorbont le rayonnement infrarouge émis
par lo surface de la Terre et qui, sons cela, se propagerait dans l'espaoce,
les quantités croissantes de gaz corbonique présentes dans 1'atmosphére
provoquent une housse de lo tempéroture de la basse atmosphdre.

~  Protiquement toutes les autres octivités importantes de 1'humanité contri-
buent aussi & réchouffer lo basse atmosphére, notamment par 1'injection
dans 1'atmosphére de particules en suspension (aérosols) et d'autres goz
qui absorbent le rayonnement infrarouge (par exemple chlorofluorométhanes,
protoxyde d'azote, etc.), ainsi que par le rejet direct de chaleur (pollu~
tion thermique).

~ La meilleure estimotion que 1l'on puisse donner du réchauffement de 1'atmo-
sphére sous l'effet des activités humaines est que lo température moyenne o
la surface de la Terre s'élédvera de 1°C d'ici 1'an 2000 (augmentation de
25 pour cent de la quantité de gaz carbonique dans 1'atmosphére) et d'en-
viron 39C d'ici l'an 2050 (doublement de la quantité de goz carbonique dans
1'atmosphére), 1l'incertitude étant en gros du facteur 2. On s'attend d ce
que le réchauffement des régions poluoires soit de trois & cing fols plus
prononcé qu'en moyenne sur le globe.

Ces conclusions reposent sur l'hypothése qu'aucun effort ne sera déployé & 1'échelle
mondiale pour limiter la consommation des combustibles fossiles et que luo quantité
de goz corbonique libérée dans 1'atmosphére continuera & augmenter & un rythme quosi
exponentiel qui ne fléchira légérementque vers la fin de lo période considérée. Du
fait que, dans les océans, les échanges entre les eaux de surface et les eaux profon-
des s'effectuent lentement, on estime qu'il faudro de 1000 & 1500 ans pour que le



guz coarbonique supplémentaire apporté & 1'atmosphére soit éliminé. Dans ces condi-
tions, si, au cours des tout prochains siécles, 1'homme brlle tous les combustibles
fossiles économiquement récupérables, lu concentration du gaz carbonique dans 1'at-
mosphére augmentera de cing & huit fois et cet apport de goz persistera probablement
dans 1'atmosphére pendant un nombre de sidcles bien plus considéraoble encore,

Le changement climatique attendu en 1'an 2000 du fuit des activités humaines
sera probablement plus grand que n'importe lequel des changements climatiques natu-
rels qui se sont produits au cours du millénaire écoulé ou méme au-deld. I1 fauw
drait remonter de quatre & huit mille ans en arriére pour trouver une période carac-
térisée par un degré de réchauffement voisin de celui escompté pour le milieu du pro-
chain siécle. Une premiére anolyse de cetlte période de réchauffement antérieure mon-
tre qu'elle s'est généralement accompagnée d'une augmentotion de la pluviosité, parti-
culierement dans les zones ol se situent actuellement les déserts subtropicoux, mais
que, por contre, dans certaines régions des lotitudes moyennes et élevées, le climat
était plus sec quiactuellement. Ce réchouffement curait certoinement une influence
profonde sur 1'étendue des champs de glaces de mer de 1'Arctique et de 1'Antaorctique
et modifierait finalement le volume des immenses calottes glacicires du Groenland
et de 1'Antorctique, mais il n'est pas encore possible de prévoir de combien le niveau
de la mer s'en trouverait modifié.

La question se pose de savoir comment ceux qui, dans le monde, ont pouvoir de
décider peuvent utiliser une telle informotion concernant une évolution probable
qui ne deviendra réellement perceptible que d'ici une ou deux décennies. Le scénario
se développe sur une période plus longue que le cycle de planificotion de la pluport
des gouvernements et de la plupart des industries (encore qu'il y ait des exceptions)
et les répercussions de cette évolution future du climot sur le bien-8tre des popula-
tions et les intéréts nationaux demeurent encore trés imprécises, d'autant plus qu'd
ce niveau interviennent forcément des jugements de valeur qui sortent du cadre de la
science.

Etant donné 1'importance des changements climatiques probables et les impli-
cations qu'ils comportent pour les sociétés, il faut s'efforcer toujours davantage
de restreindre les domaines d'incertitude, ofin de dresser un tableau plus précis des
options qui restent ouvertes. Il est recommandé, en particulier, d'orienter les
recherches doans les directions suivantes :

~ Amélioration des modéles climatiques

- Evaluation quantitative des sources et des puits de goz carbonigue

- Conséquences d'un réchauffement sur la banquise flottante de 1'Arctique

- Conséquences d'un réchauffement sur les colottes glacicires polaires

- Changements de la distribution des températures et des précipitations &
1'échelle régionale

- Influence des aérosols d'origine humaine sur le climat

~ Autres influences exercées par 1'homme sur le climat en raison, par exem-
ple, de 1'aménagement du territoire, des changements apportés & la compo=
sition de la straotosphére, etc.




PESIME

Cocrodnue CylmeCTBYyOMUX 3HaHu# 0 KJIUMATUUYECKOH cucreme 3eMIHM U O
BOSMOXHBX BHEWHHNX BIUAHUAX Ha DTY CHCTEMYy nejlaer prﬂHOﬁ 3anavy COCTAaBUTRE
KakKoe-aubo npercrazaHue eCTECTBEHHOI'O DasBHTHUA KJIUMETE B TEUYEHUE CHCHYOIUX

HeCKOJBKHX gexal. OIHAKO MOZeJM RKIUMATHYECKHX CHCTeM pazpaborTau B
HacTOoAmee BpeMsA B Takofl Mepe, UTO HPeICTaBIAETCHA BO3MOXHHM COCTABUTHL HNper-—
CKazaH¥We IPYyroro poja, a MMEHHO: JOIyCKAaf, UYTO B HPOMEXyTKe He mpousofigzer

HUKAKUX HeOOHYHO BONBLUX HBM@HGHMﬁ, BH3BaAHHBX IPUPOITHEIMA HCTOUHHUKaAMH,
KaumaT, OYEeBHIHO, GyﬂeT peal'upoBaTh OIpeneJeHHEM OépaSOM Ha ITaHHOEe H3MeHe-
H¥E OJNHOrOo Wiu 6oJee BHENHUX UIHU IIOTrPaHUYHBEIX yCﬂOBHﬁ MO IIeJiH . 39T0 mejaer
BOBMOXHEM IIpelCKas3aTh XOI KIMMaTa B pe3yabraTe aHTPOIIOTCHHOI'O BJIWAHWUA.,

HpH STOM IIpernroJsaraercd, UYTO IPyIHe BHEUHHE @aKTOpH ocrawTcAa 6e3 U3MEeHeHUd.

SKCHepHMeHTH ¢ OOJBNUM KOJHUECTBOM Pas3InYHEX Mogmeselt paSHHWHOﬁ
CTeIleHM CJUOXHOCTH IIPUBOLAT HpH@ﬂHBHTGﬂbHO K TeM Xe CaMbM 3aKJKWYeHUAM, a
NMEHHO 2

~ HavboJpmuM emUHUUHHM BO3ILeHCTBHEM UYeJIOBEUCCKOHY IedTeJBHOCTH Ha
KIVUMET ABIACTCA HNOBHNEHWEe KOHIeHTPaIu¥d aTMOoCHepPHON IBYOKHUCH
yraepona, BOsHHKawme# B pesyabTaTe CRUIMAHUA HCKOMAEMOI0 TOIINBA
(yrone, Hedrn, NpuporHLH Tras), Tak KAk LOMNOIHWTEJLHOE KOJAUE—
CTBO JIBYOKHCH yraepona HorJgomaeT KHHGPaKpacHOe N3JyUeHHe ¢ Ho-
BEePXHOCTY B3€MJHd, KOTOpoe, B IPOTHBHOM ciydae, yXOZuJo OH
B KOCMHUYECKOE IPOCTPaHCTBO, BHBHBAA TeM CaMHM IIOBHUEHUE TeMIe-—
paTypH B HuxHe# aTmocphepe.

- QakTHUECKH, BCe JIPYyTHe OCHOBHHE BHIH IeATENBHOCTH YeJOBEKa TaKke
BHOCAT CBO¥ BKJaz B HOTeNJNcHHe HUXHell aTMocheph, HaIpUMep, B

pesynpTaTe HOCTYIJEHUS B arMochepy BaBemeHHnx uvactun ("asposogef')

¥ LpYyTHX T'a30B, HAXOIAMUXCA B BULE CHENOB U NOTJOMAWIUX HHGDa-
KPacHy®w papranun (TaXuxX Kak XJOPPTOPMETaHH, OKKCHL aszoTa 4 ID.),a
TaKke IyTeM HENOCDPENCTBEHHOIO W3JAyuYeHua Tenna ("Temnmoboe sarpas-
HeHue" ).

- PesyrprHpyolee NOBHINEHWE CpenHed NpUseMHOR TeMIeDaTyphH 3eMiId

B cgﬂan C UENOBEUECKOH JeATEeNBhHOCTBK OIEHKBAETCA NPACIAIUTEIALHO
B 1 C x 2000 rozy #.5. (umoBwmenue aTrmMochepHOR ABYOKHCH yriepola
Ea 25%)u oxoxo 3 kK 2050 rony #.o. (HoBHIeHEE COLEPRaHNA OKHUCH
yTaepona B aTMocpepe B nBa pasa) ¢ $aKTOpPOM HeoNpeIeleHHOCTH
OpUOAUBUTENBHO DABHHM IByM. llpexnlolaraercs, 4YTo NOTeNheHUeE
nonApHux pafionos Oymer B 3-5 pas GoXbmuM, YeM B CpejHeM B I'JIO~
SanabHOM MacmTabe.
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JTH BaKIWYEHUA OCHOBAHL HA BOUYMEHNH, YTO B MHUPOBOM MacmTabe He OymeT MOpH~
HATO KAKUX-NHCO yCHIUN N0 OTDPAHUYEHUD HCHONB30BaHUA HCKONAEMOT(Q TONJWBA H
UYTO KONIXYECTBO IOCTYNJIEHUSA IBYOKUCH yrJiepona B arMmocgepy Cymer yEeIWIH-
BATBCA IO KBABU~DKCIOHEHIUANBHOMY SAKOHY J¥WEL C HeOOJNBNKM COKpalleHHEeM B
ROHLE YyKasaHHOTO Tepuoma BpeMeHH. Tax Kak obMeq MEXLY IIOBEDPXHOCTHLHMUA U
royGOKUMHE BOZaM¥d OKeaHs UPOMCXOIUT MENIeHHO, NpenloNaraeTcs, UrTo BpeMA
bacllaga IONOJNHUTENBHOI'O KOJUUCCTBA ABYCKACH yTHEpoN& HaXOoNUTCA B Ipenenax
1000 m 1500 smer. Taxrum 06pazoM, ecau YeJoBeuecTBO yneT NponoaxaTb CKUTaTH
BCE HCKONaeMoe TOMIMBO, JOGHUA KOTODPOTO OKOHOMHYECKH ONpaBraHa, KOHIEHTDALUA
ABYyOKHACH yriepona B aTMOCHepe yBeIHUYUTCH coorperTcTByoNUM ofpaszoM B 5-8 pas,
H 9TO IONOJHUTENBHOE KOMUYECTBO IBYOKHUCU yrilepona,oueBNIHO, OyHET OCTABATHCH
B arMocfepe B TeuUeHHEe MHOI'MX BEKOEB.

OmenvBaeMoe UBMEHeHWE KIuMaTAa B CBA3BH C YEJOBEUECKOF NEeATENBHOCTLIO
K 2000 rony mawe# opu Syner, BepoATHO, SonpmuM, YeM J060E eCTecTBEHHOe
KINMaTHYeCKOe H3MEHEeHHEe, UMeBHee MecTo s3& npowegnmre 1000 xmer uau Goaee, u
LA TOTO, YrolH HalTH Nepuon ¢ HoTemyeHMen NpUCNUBUTENBHO CXOLHLHM C TeM,
KROTOpOE OXHMIaeTCsA X CepeldHe CIeIyolero BeKa, HeoOXOIUMO U3VUYUTH KAUMAT 34
nocaenue 4000 mau 8000 jer. [lepBas omenxa OPOWNHX HNEepPUOLOB MNOTeTJIeHNuS
HoKasHBaeT, UTO, B LENOM, UMENO MECTO 6oubmee KOIUYEeCTBO OCaIKOEB, OCOGEHHO
B pafioHax cymecTByomux CYOTPOTIUYECKUK NYCTHHB, HO OHJIW TakKXe paroHu B
CPEIHAX ¥ BBHCOKMX WHDOTAX, B KOTODHX KIUMAT 6ii Gonee cyxum, dem cefivac.
C Goxbmwoli cremensn YBEPEHHOCTH MOXHO CKa3aTb, YTO NOTENNEHWE OKAZAMO0 651
BIMAHNE Ha COCTOAHHE aPKTUYECKOTO U AHTAPETUYECKOT O MOPCKOIC JAbra H,
OUEBUIHO, NOCHYXUIO Ob NPHYKHOP W3MeHeHUsS 00Wero o6beMa OCHOBHOIO JEIfHO e
nokpoBa ['pemjaniwu u AHTapPKTUKU, OXHAKO COOTBETCTBYWNHNE WGMEHEHHA yDOBHA
MOpA He MOTyT OHTH NPENCKa3aHH C [OCTATOYHOH ANCCTOBEPHOCTHIO.

BosHEKaeT BONpPOC O TOM, KaKuM 06pasoM Jula, HPHHEMALIHE DEreHHA B
MHDPOBOM Macmrale, MOI'YT HCIOJB3OBATH LaHHyl UHQOpMalUWb, WUMes B BUIy DX
9TOM, YTO OHH HMENT LEJNO JULEL C BEepOATHHM HEMeHeHHeM, KOTOpCe cTaHmeT abco-
AOTHO OUEBMIHBIM Wepes ONHO MU IBa JeCATUICTHUS. Bpemenno# wmacurat npexnc-
Tal'aeMHX HsMeHeHMH GonbUe, YeM HUKIH II8HVPOBAHUA, NPUMEHAEMHE GOJALIUHCTEON
NPaBUTeNBCTE U IPOMBWJIEHEHX KDPYToB (HO He BCeX), ¥ 3HaUEHHE 5ITHX Oy nymux
U3MEHEHUH INA 61ar0COCTORHLUA uYeloBeks u D18 HaUMOHAaNbHLHX HHTEPECOB BCe eme
HE HocraTtoyno fAcHO. Tpebyorca Godee Toumpe OLEHKN, KOTOPHEe HayKa NOKa eme
HE B COCTOAHHY IIPOBECTH.

YYUTHBAA BaXHEOCTE BTUX BEPOATHHX KIMMATHYECKUX HUBMEHEHHP U UX sHa-
YeHUA XNA 00WEeCTBa, NDPEeNCTaBALETCH HeOCXONUMBM NPUAOKHUTE BOJbIe YCHIUT mas
TOr'0, YTOOH CY3HTE OGIaCTH HEOUPENENeHHOCTH W OUPEIENUTL Godee YETKYIO
[EePCUeKTURY BHOODA CYLECTBYONAX nyrel. HKomxpersc DEKOMEHIYETICA, 4HT06pH
HCCIeNOBAHUA TPOBONUIUCE B CAELYOUAX O6ACTAX:

e




XIII

YCOBEDPWEHCTBOBaHUE KIXUMaTHUYeCKHX MOﬂeﬂeﬁ;

KONMHMUYeCTBEHHAA OIEHKa UCTOUYHHUKOB KU CTOKOB IBYOKHCH yriepona;

PeaKuud apKTHUYEeCKOI'0 INiIaBawmero IakKoBOI'0 JIbIa HE NOTEIIJNeHUE;

beakKOuA IIOJNAPHHX JeIAHHX IIOKPOBOB Ha IOTEeIJeHUE;

DeTrvoHalbHEE H3MEHEHUA B DacClpeneleHuN TeMIepPaType W 0CagKOoB;

BAKWAHUEC aSpOSOﬂeﬁ AHTPOIIOTI'€eHHOI'O IIPOMCXOXITEHMA Ha KidAMaT,

Bunsanue IPYyTHUX BHIOB yeroBeUYeCKoR TeATeJbHOCTY Ha KIUMaT, TaxUX

KaK HEeKOTOpHe BUIH
U T.X.

3EMJIENONb30BaHUA,

V3MEHEHUEe CoCcTaBa CTPaTocheps



RESUMEN

Con los conocimientos que actualmente poseemos sobre el funcionamiento del
sistema climético de la tierrg y sobre las posibles influencias externas es dificil
hacer cualquier prediccién del curso notural del clima en los préximos decenios. Sin
embargo, los modelos del sistema climético se han desarrollado hasta tal punto que se
estima posible hacer un segundo tipo de prediccidn, es decir, suponiendo que en el
intervalo no se produzcan grandes fluctuaciones anormales de origen natural, el c¢lima
probablemente responderd en un sentido dado a un cambio determinado de uno o més de
las condiciones externas o limites del modelo, lo que hace posible una prediccién del
curso del clima como resultado de influencias antropogénicas, siempre que no se modi-
fiquen otros factores externos.

Los experimentos realizados con varios modelos diferentes de complejidad
muy diversa han permitido llegar en la actualidad « aproximadamente las mismas con-
clusiones, es decir:

- El efecto individual més importante de las actividades humanas en el cli-
ma se debe al aumento de lg concentracién de anhidrido carbénico en lg
atmésfera como consecuencia de la combustién de combustibles fésiles
(ccrbén, petréleo, gas natural), ya que el anhidrido carbénico adicional
absorbe la radiacién infrarroja de la superficie que de otro modo se hy-
biera liberado en el espacio, produciendo un aumento de la temperaturg
de la atmésfera inferior.

- Précticamente todas las demds actividades importantes del hombre también
contribuyen a un calentamiento de la atmésfera inferior, por ejemplo me-
diante la inyeccidn en la atmésfera de partficulas en suspensién en el
aire ("aerosoles") y de otros gases raros que absorben la radiacién in-
frarroja (tales como los clorofluorometanos, éxido nitroso, etc.), y @
través de la adicién directa de calor ("contaminacién térmica"),

- La mejor estimacién del calentamiento resultante de lg temperatura medig
de la superficie de lg tierra debido a actividades humanas es de aproxi-
madamente 1°C para el afioc 2000 (un aumento del 25 por ciento del anhidri-
do carbénico en la atmésfera) y de unos 3°C para el afioc 2050 (el doble
de anhidrido carbénico en la atmésfera), con una incertidumbre de apro-
ximadamente un factor de dos. Se espera que el calentomiento de las re-
giones polares seré de tres g cinco veces mayor que la medig mundial.
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sitde entre 1.000 y 1.500 afios. Por lo tanto, si la humanidad quemase todos los com-
bustibles fésiles econdémicamente recuperables en los préximos siglos, el correspon-
diente aumento de la concentracién de anhidrido carbénico en la atmésfera serio de
cinco a ocho veces, y este incremento probablemente permaneceria en el aire durante
muchos mds siglos.

Los cambios climdticos estimados para el afic 2000 debidos o actividades hu-
" manas son probablemente mayores que cualquier cambio climético natural que se haya
producido en los Gltimos 1.000 afios o mds, y habria que volver al periodo de 4.000 a
8.000 afos atrds para hallar un perfodo que se aproxime al grado de calentamiento que
se prevé para medidados del préximo siglo. Un primer estudio de dicho periodo pasado
de calentamiento indica que generalmente se produjo mds precipitacidn, especialmente
en las zonas de los actuales desiertos subtropicoles, pero que existieron algunas re-
giones situadas en latitudes medias y oltas donde el clima fue mds seco que actual-
mente. El calentamiento tendrd casi con toda seguridod una gran influencia en la ex-
tensién de los hielos marinos del Artico y el Antértico, y eventualmente producird un
cambio en el volumen total de los principales casquetes glaciares de Groenlandia y
del Antértico, pero todavia no puede predecirse con ninguna seguridad cudl serd el
cambio correspondiente del nivel del mar.

Se plantea, por lo tanto, la cuestidn de cbémo los responsables en el mundo
de la adopcién de decisiones pueden utilizar esta informacidn, troatdndose como en es-
te caso de un proboble cambio que dnicamente comenzord o percibirse claramente des-
pués de uno o dos decenios. La escala cronolégica de esta situacién es superior al
ciclo de planificacién de lo mayorfa de los gobiernos e industrias (pero no de todos
ellos), y todavia no estdn en cloro cuéles serdn las consecuencias de estos futuros
cambios en términos de bienestar humano e intereses nacionales, lo que necesariamente
lleva consigo juicios de valor que no son de la incumbencio de la ciencia.

Dada lo importancic de estos probables cambios climdticos y sus consecuen-
cias sociales, es imperativo desplegar moyores esfuerzos para reducir los sectores de
incertidumbre a fin de poder obtener una imagen més clara de los opciones que todavia
se presentan. En especial, se recomienda que la investigocidn se oriente de acuerdo
con las siguientes lineas:

- Perfeccionamiento de los modelos climéticos.

- Evaluacién cuantitativa de las fuentes y de las pérdidas de anhidrido
carbénico.

- Respuesta de los hielos a lao deriva flotantes del Artico o un calenta-
miento.

- Respuesta de los cosquetes glaciares polares a un colentamiento.

~ Combios regionoles de la distribucién de la temperatura y la precipita-
cién.

- Efectos de cerosoles antropogénicos en el clima.

- Otras influencias humanas en el clima, tales como planes de aprovecha-
miento de tierras, coambios de la composicién estrotosférica, etc.




WMO STATEMENT ON CLIMATIC CHANGE

1. In spite of man's remarkable advances in technology, his
economic and social welfare are still highly dependent on climate.
Food production especially is significantly affected by variations

in climote as evidenced by the decrease in world grain reserves

over recent years. This dependence is becoming of even greater im-
portance in the face of the demands of an increasing world population.
But it is not only the demand for food which illustrates man's depend-
ence on climate; floods, droughts and extremes of temperature seriously
disrupt urban communities, interfere with agriculture, industry and
commerce, and hamper economic and social development,

2. Evidence of conditions of the Earth's climate in past
decades, centuries, millennia and geological epochs has been deduced
from a wide variety of direct and indirect sources. This evidence
clearly reveals that climate exhibits variations on all scales of
time. Since the climate has been so continuously variable due to
natural causes in the past, it must be assumed that it will continue
to vary in the future. However, long-term trends in global climate
are masked by shorter-term fluctuations and by regional changes;
exceptionally wet or warm conditions in one region are often accom-
panied by unusually dry or cool conditions in another,

3. The recent occurrences in certain regions of climatic
extremes persisting for a few weeks, months or even years, such as
excessive rain, droughts and high or low temperatures, have led to
speculation that o major climatic change is occurring on a gleobal
scale, wiich could involve o transition to one or another of the
vastly different climates of past ages. While such a global change
could occur from naturgl causes, the trend towards such a change is
likely to be gradual, and would be almost imperceptible, This is
because the fluctuotions over shorter periods of time are likely 4o
be so much larger as to obscure these long-term trends., It is these
shorter-iecrm climate changes, which may be due to notural or men-mode
causes, thet now require vrgent attention ond further studies.
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4., The natural shorter-term variability of climate is becoming
of increasing importance as the result of growing pressures on
limited natural resources. It is this variability which has been
highlighted by the disastrous droughts and weather extremes in many
parts of the world which have caused so much human suffering and
have adversely affected economic development. It is the changes
associated with this variability to which governments could respond
if sufficient advance warning could be given,

5. The possible change of climate resulting from man's activ-
ities is at least of equal concern. Burning of oil and coal increases
the amount of carbon dioxide in the atmosphere and this could produce
o long-term warming and, as o consequence, large-scale changes in
rainfall distribution. The release of chemicals (for example,
chlorofluoromethanes) and the increase in the dust content in the
atmosphere as a result of man's activities, if not checked, might
also alter the climate. Direct thermol emissions from urban and
industrial areas have already affected climate on a local scale and
could have wider effects if these emissions were to increase.
However, with the present stote of knowledge of the atmosphere it

is not possible to give an accurate assessment of the magnitude of
such changes.

6. Being aware of the importance and urgency of these problems,
meteorologists and other scientists have taken steps to improve the
quality and accessibility of data relating to post behaviour of the
atmosphere, the oceans and other relevant environmental factors;

they are seeking to improve the monitoring of current climatic
developments and of environmental changes to assess the impact of
natural processes and of man's activities; they are endeavouring to
intensify research aimed at a better understanding of climatic pro-
cesses and the impact of climatic variobility on the naturcl environ-
ment and on human activities.

7. In view of the increasing importance of the inherent
shorter-term variability of climate to many human activities greater
use should be made of existing knowledge of this variability in
planning for economic end social development; for exomple, an assess-
ment of the probability of occurrence of rainfall within given ranges
can provide an assessment of the viability of proposed agricultural
or hydrological projects. If the results of further research by
metcorologists end other scientists reveal that man's activities
could produce changes in climate having serious consequences for
mankind, political and econcmic decision mckers would be faced with
additional problems, as described in paragraph 5. Further reseorch in
climatic change is therefore of the greatest importonce.
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8. In summary, the present views of WMO on climatic change and
its study are as follows:

(a) Although in the long~term, o major notural change to
o different climatic régime must be expected, it is
. unlikely that any trend towards such a change would
be perceptible in the short term os it would be
obscured by the lorge shorter-term climatic viriobility;

(b) The shorter-term notural or possible mon-made changes
in climate are of immediate concern because of their
important impact on human welfare and economic develop-
ment;

(¢) An improved ability is needed to predict short-term
natural changes in climate to enable governments to
consider appropriocte action;

(d) Improved understanding of and improved ability to
predict the impact of man's activities on the global
climate is needed in view of their possible conse-
quences;

(e) Existing knowledge of natural short-term climatic

variobility, although limited, should be used more -
effectively in planning economic and sociol development.

June 1976
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1. INTRODUCTION

1.1 Purpose of this report

There has been an understandable reluctance on the part of the scientific community
to openly engage in debate on the controversial and sometimes agonizing question of the
extent to which we, mankind, may influence the world's climate. Nevertheless, it s
already clear that the issue is unavoidable, and that we must lock horns with it.

Recognizing this, the World Meteorological Organization (WMO) has taken a number of
steps to obtain advice on matters of climatic change generally, and anthropogenic influ-
ences on climate in particular. This report is one of those steps. (See Foreword to this
document by the Secretary-General.) It was prepared to help the WMO's Executive Committee
Panel of Experts on Climatic Change in its continuing consideration of these important
matters, and is being distributed as a WMO Technical Note (on the recommendation of the
panel) in order to enlarge the arena of the discussion.

It should be emphasized that the assumptions and conclusions contained in this
document will probably not meet with universal agreement, and that responsibility for them
must rest with the author. However, the case has been carefully studied and documented,
as will be seen, and therefore does represent an attempt to express a kind of consensus of

those who have thought the most about climatic change and possible future human influences
on it.

The author has felt free in this effort to draw material from a forthcoming book
("Climate Change," edited by John Gribbin, Cambridge University Press), in which he has a
chapter covering many of these same subjects.

We cannct leave such a review of the physical factors involved in future climatic
change without at least touching on some of the social and political implications.
Physical science is still not able to provide answers for most of these societal implica-
tions, involving as they do "value judgments,” but nevertheless we can attempt to present
a probable scenario of the future so that the decision makers of the world can begin to
formulate their various value judgments. That is, we believe, the ultimate purpose of
this report.
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1.2 Climate change and its predictability

A great deal has been said about the predictability of weather and climate. For
example, roughly half of the appendices in GARP-16 (1975) refer in one way or another to
the matter. [The reference here is to the WMO/International Council of Scientific Unions
(1CSU) report on "The Physical Basis of Climate and Climate Modelling," the result of a
major international conference sponsored by the Joint Organizing Committee for the Global
Atmospheric Research Program (GARP).] Two discussions there that are particularly i1 lumi-
nating and incisive are Appendix 2.1 (by E. M. Lorenz) and 2.2 (by C. E. Leith); and it
appears that the rather pessimistic view of Lorenz prevailed when the Summary was being
written, which says: "...we are at present not able to tell what kind of future climate
changes are 1ikely to occur nor can we assess the extent to which man himself may inad-
vertently cause such changes.’

If we believed that statement to be literally true, we would not pursue the subject
of this report any further. However, Lorenz himself makes an important distinction
between two kinds of predictions. First, he considers the prediction of changes in the
statistics of the ensemble of different states of the atmosphere due to the many inter-
actions within the climate system itself. A second kind of problem is the prediction of
how these climate statistics will change as a result of an alteration in the external or
boundary conditions of the system, as illustrated schematically in Figure 1.

It is generally conceded that prediction of the first kind is going to be extremely
difficult; it may even prove to be theoretically impossible. It seems clear that we will
never be able to forecast day-to-day weather for more than a few weeks in advance. If no
significant periodicities exist in the behavior of the climate (other than the 24-hour and
12-month periods), we will not be able to predict its course either for periods longer
than the longest decay time of an important component of the system. For example, the
upper levels of the oceans may turn out to be the internal component in our models with
the longest "memory." Depending on the depth of ocean considered, this "memory" is on the
order of a few months to a few years, compared to the atmosphere's relaxation time or
"memory" of about three days (Namias, 1974). Similarly, ice and snow cover may prove to
have some year-to-year "memory" which could be taken into account. But even granting that
these components have some sort of "memory," their prediction and incorporation into
climate models will be no simple matter. Thus, the outlook for developing a useful long-
term capability to predict the natural variation of climate on a time scale of years to
decades seems rather dim.

Prediction of the second kind (to use Lorenz's term) is a different matter. Our
present climate models can simulate the long-term equilibrium climate with some realism
when current boundary conditions are used. If changes in boundary conditions take place
sTowly over time periods much longer than the response time of the system, then the
climate should be always quite close to equilibrium. Ve can therefore use our climate
models to take successive "snapshots" of the system as it slowly responds to changing
boundary conditions. (We would not need to assume such a near-equilibrium state if we
could specify the relaxation time of the system after impulsive forcing. However, the
changes which we will be considering will generally be relatively small and slow, so that
the equilibrium approximation will usually suffice--two exceptions being the uptake of
carbon dioxide by the world's oceans and the response of the great ice sheets of Greenland
and Antarctica, as will be pointed out.)

Two elements are needed if such predictions of the second kind are to be useful and
credible. We must be able to specify a response function of matrix which relates changes
in climate parameters to given changes in boundary conditions. And we must have faith
that these changes will be unique, that is, that only one stable equilibrium climate
corresponds to one set of boundary conditions. To borrow Lorenz's terminology again
(Lorenz, 1970), we must believe that the system is "transitive."
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The concept of intransitivity or "almost intransitivity" that Lorenz has so deftly
injected into recent discussions of climate predictability (Lorenz, 1970) hangs like a
black cloud over those who are seeking to throw some Tight on the study of human influ-
ences. There is the theoretical possibility that a system as complex and interactive as
the climate system may have several "solutions" corresponding to a single set of boundary
conditions. Which of these the real atmosphere will choose would then be a matter of
chance. Indeed, it might be possible for the c¢climate to remain in one state for some
time, and then spontaneously jump to an alternate state with no change in the forcing
functions or boundary conditions. Some of our climate models have these characteristics,
but we are not really sure to what extent this rather disquieting theoretical possibility
plays a real role in the prediction of climate.

However, most of our current models do possess stable steady-state solutions. They
may, in fact, be unrealistically stable. Lorenz has noted (GARP-16, 1975, p. 136): “A
final shortcoming of all models so far considered...is that they are too deterministic.”
Even the most physically complex three-dimensional time-dependent ones settle down after a
suitable period (depending upon the amount of upper ocean included) to a condition where
the ensemble mean statistics no longer change with time as Tong as boundary conditions are
fixed.

Leith is apparently not depressed by Lorenz's "black cloud," and takes a more prag-
matic view of predictions of the second kind. He says (GARP-16, 1975, p. 140), "For
sufficiently small changes about the present climate we would expect a linear analysis to
be appropriate, and in mathematical terms the problem becomes one of determining a response
matrix whose elements are sensitivity coefficients. For larger changes, of course, second-
order effects become important and a linear analysis is inadequate, but many questions of
climate stability could be answered from a knowledge of the linear response matrix....

The slowly changing ensemble mean we may call a signal which we may hope to be able to
predict through the use of climate models. The practical value of such predictions will
depend in the usual way, of course, on the ratio of signal to noise," where the noise in
this case may (for time dependent models). be the unpredictable daily or seasonal-mean
fluctuations.

Many of these arguments will be familiar to the readers of this report, and we would
not review them here were it not for the fact that there are those who prefer to be
extremely conservative in their views on predictability--even predictability of the
second kind.

There is still another reason for being conservative, and that is the fact that there
are at least two (and possibly more) interactions or feedback Toops in the real climate
system that we do not know how to include properly in our climate models. They are the
cloudiness-temperature-albedo loop, and the atmosphere-ocean circulation-sea surface
temperature loop (SMIC, 1971; GARP-16, 1975).

For the time scales involved in our predictions of the second kind (a decade to a
century) it is very probable that the upper Tlevels of the oceans and not the deep oceans
will be involved, and the response time of these upper levels to a warming will be shorter
than for a cooling, and probably not more than a few years. The most probable effect of
the oceans, therefore, will be to slow any change of mean surface temperature because of
their large heat capacity--a small damping of that change. (Their role in taking up

excess carbon dioxide is a separate matter that will be taken up in Section 2.2.2.)

As for amount of cloudiness and its reponse, we cannot be sure that it will not exert
an important influence on a climate change, and we do not even know the direction of the
feedback-whether positive (amplifying) or negative (damping). Changes in the middle or
high clouds would have relatively small effects in any case, since their influence on the
heat budget due to the albedo change is roughly cancelled by their influence on the
outgoing infrared radiation; but, on the other hand, changes in low cloudiness can have an

|
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appreciable effect on albedo without a compensatory infrared effect (Manabe, 1971; 1975;
SMIC, 1971; Schneider, 1972). Experiments with general circulation models, such as that
of the U.S. National Center for Atmospheric Research (NCAR), in which clouds are a vari-
able internal parameter (Schneider and Gal-Chen, 1973) and empirical studies of the
response of satellite-determined cloudiness to changes in temperature (Budyko, 1975; Cess,
19765 White and Chylek, 1977) all indicate that the amount of cloudiness responds rather
weakly, and the feedback effect must therefore also be weak. There is some evidence from
modeling experiments suggesting that cloudiness may provide a mild positive feedback in
the tropics when a major part of the tropical oceans are warmed or cooled, but a negative
feedback when the sea surface temperature of a limited area is changed--in the latter case
clouds form preferably over a warm area, raising the albedo and reducing the solar radia-
tion available at the surface (Chervin, private communication).

In view of the above we can argue with some conviction that ignoring cloudiness as a
feedback mechanism will not greatly invalidate the results of climate modeling experiments
and prediction of the second kind. MNevertheless, we are gratified to see that the GARP
Joint Organizing Committee (JOC) has repeatedly stressed the need for research in this
area and has called for an integrated study of Cloudiness and Radiation Budget, part of
which is called STRATEX, in cooperation with the IAMAP Radiation Commission and Commission
on Cloud Physics (JOC-XII, 1976, p. 8).

1.3 The growing magnitude of human interventions

Regional climate change in large cities and industrialized areas is an accepted fact.
There are now sizeable areas, of 10° to 10* km? or greater, where the heat released by
human activities is more than 10 percent of the amount of solar radiation absorbed at the
surface (SMIC, 1971) and urban "heat islands" can have temperatures at night and in winter
that are many degrees warmer than the surrounding countryside.

Furthermore, either as a result of the extra heating or the addition of cloud conden-
sation and freezing nuclei, convective precipitation downwind from such cities as Chicago,
St. Louis, and Paris has been significantly increased (Dettwiller and Changnon, 1976).

There is much talk of building "power parks," where a very large electric generation
capacity would be concentrated in one limited area of a few square kilometers--partly for
efficiency, partly for security. In the U.S. and Europe up to 10 Gw installations are
being planned, and we understand that even 100 Gw power parks are starting to be seriously
considered. Assuming that at least half of this power will be released in the form of
heat rather than electricity, the 100 Gw power parks begin to be comparable in thermal
energy release to the Surtsey volcano, a savannah brushfire, or a large thunderstorm
(Hanna and Gifford, 1975). (See also discussion by Flohn in App.1.2, GARP-16, 1975).

It is therefore evident that those concerned with environmental changes must already
take note of the effects of human activities on regional scales, but the subject of this
report is still larger scales of change. Here we have no very persuasive evidence that a
global climate change has already come about as a result of human activities, but when we
consider the rate of growth of these activities it seems only a matter of time--how long?
that is the question.

To emphasize this point we will repeat a few well known statistics: World population
is increasing at about 2 percent per year (it is Tess in the more industrialized countries),
energy and other resources going intc food production are increasing at 3 to 4 percent per
year {though famine seems to persist in many places), and world energy use is increasing
at roughly 6 percent per year, possibly more (eg. SMIC, 1971; Hdfele, 1974). Current
total world energy production is about 10 x 10° Gw (10 Tw), and we can compare this with
the 8 x 107 Gw rate of absorption of solar energy at the surface, a factor of almost 10"
more. The reason that the total energy use is rising faster than the population fis
obviously due to a growing per capita energy use, which is currently about 2.5 kw (it is
highest in the U.S.A.,~ 10 kw). A recent study indicates that this per capita energy use
may now be rising at more than 5 percent per year (Kahn et al., 1976).




D 0o
008
Ll

D
O

|

(Billions of people)
N
o

1,000

{

GROSS WORLD PRODUCT PER CAPITA
(1976 Dollars)

<

o

<

D 4 -

o

O L. e

0

O 2 .

—

(3

(®)

= I ] ] ] | | L1 100
1970 ‘90 2010 '30 '50 '70 '90 2100 '

YEAR

Figure 2. A set of possible projections of world population and gross
world product (GWP) per capita. The GWP per capita follows approximately
the scenario described by Kahn et al. (1976, Figure 5, p. 56). It will
be noted that these curves tend toward a Teveling-off or steady state,
which is obviously more realistic than any continued exponential growth.
Nevertheless, they should not be taken as "predictions," but rather as a
rough indication of the time scale involved in any such evoluticnary
process.
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What can we say about the future trends? One obvious remark is that exponential
increases cannot continue indefinitely, so the pertinent questions relate to the limits to
growth and the time scales involved. Figure 2 illustrates what we mean. This is pre-
sented to show the sort of time scale involved if there is to be an orderly leveling out
to a "post-industrial society," as some call it. It shows that the transition from the
present period of maximum growth to some sort of steady state must be completed by the
end of the next century, unless there are catastrophes such as a major nuclear war or very
widespread famines. There seems to be a growing optimism on this matter among "futurists,"
and even the relatively conservative Club of Rome at its meeting in Philadelphia in April
1976 concluded that a successful growth transition of this sort could take place in a
major part of the world (though some countries would probably not succeed).

We will not belabor this point further, but it is the basis for an important assump-
tion that we will have to make in our scenario of the future: Societal growth will
continue for the next few decades at only slightly diminished rates, but it will level off

in a little more than TO0 years. This assumption will have other ramifications that we
wilT bring up in the appropriate places, such as the future availability of fossil fuels.

1.4 Societal attitudes toward climate change

As we have mentioned, the thought that mankind could influence the entire climate of
the planet on which it lives is a disturbing one. Those who subscribe to the "environ-
mental ethic" fight to preserve what remains of wilderness areas, tidelands, and other
unspoiled spots on the earth, and there is a growing sense of tribal guilt over the
inroads of human technology on nature. Many, especially in the younger generation,
express real alarm over the advances of technology and seek a limit to material growth and
a return to some sort of simpler society; and there are well informed and responsible
scientists who share in this concern, believing that the ecological system of the world
(which includes mankind as just one component) cannot stand much further imbalance (eg.,
Holdren and Ehrlich, 1974; Heilbronner, 1974).

In such an atmosphere of apprehension it is especially important, we believe, for
those who are wrestling with the question of our impact on climate to do our homework as
carefully as possible and to report our conclusions clearly and objectively, along with
our assumptions and the uncertainties involved. If we conclude that the evidence favors a
prediction of inadvertent climate change, its implications must also be spelled out.

Climate change cannot be said te be either "good" or "bad" until we understand better
what we mean by those words, and, even then, there will be a value judgment. Furthermore,
we can expect that some people will be better off and others worse off, so such broad
generalizations could very well be meaningless anyway.

This, too, will be a point to which we will return in Section 4.

2. A SCENARIO OF MANKIND'S INFLUENCE ON CLIMATE

2.1 Predictions of the second kind

In Section 1.2 we discussed the distinction between the problem of trying to predict
natural climate change or fluctuations and the problem of trying to predict what would
happen to the climate with a given change of a boundary condition. It is the second kind
of prediction that we are dealing with here, and it is necessary to say something at the
outset about how the task has been approached.
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A11 the influences on climate that we will be dealing with, with one or two. minor
exceptions, operate through a change in the heat balance of the system (See Figure 1).
The simplest question that can be posed about the climatic effect of such an influence is:
What will be the change in mean surface temperature for a given change in the external or
boundary conditions? ("External" is used here in the special sense of being excluded from
the internal and interacting processes in the climate model being used. What may be
external in one model, such as sea surface temperature or snowcover, may be internal in a
more physically comprehensive model.)

To answer this question it is not unreasonable to start by employing a globally-
averaged model of the earth and atmosphere, one in which the mean surface temperature and
corresponding vertical temperature (and humidity) profiles are related by globally-averaged .
vertical transfers of sensible and Tatent heat and radiation, and constrained by a set of
assumptions about how these must take place. Radiative-convective models of the sort used
by Manabe and Wetherald (1967), Rasool and Schneider (1971), and Ramanathan (1975) are all
examples of the globally-averaged approach, in which great attention is usually paid to
the calculation of radiative transfer by trace gases in the atmosphere (CO,, H.0, O,
CFMs, etc.), and vertical transfers of heat and water vapor (latent heat) are taken care
of by the assumption of a constant Tapse rate and relative humidity up to the tropopause.
This assumption is justified by the observation that the real atmosphere does seem to
adjust itself this way over most of the range of latitudes and seasonal changes—as indeed
do the more complex three-dimensional models.

The obvious deficiency of such an approach lies in the fact that it neglects some
feedback loops that are almost certainly important, notably the polar ice-albedo-temperature
and cloudiness-albedo-temperature loops--plus whatever might change in the ocean circula-
tions. The magnitude of the first of these loops has been estimated by several people,
and when included seems to add 25 to 50 percent to the surface temperature response of a
globally-averaged (or zonally-averaged) model that does not include it (Schneider, 1975;
Cess, 1976; Manabe, App. 2.4, GARP-16, 1975; Lian and Cess, 1977).

Zonally-averaged energy-balanced models that include the latitude dependence of
surface temperature, albedo, incoming and outgoing radiation, and so forth, are the next
most complex models that have been used for predictions of the second kind. Meridional
transport of energy is generally parameterized (empirically) in terms of the meridional
temperature gradient. A rather wide range of assumptions concerning vertical transports
have been used, and some have even attempted to include cloudiness as an internal parameter.
In such models, the polar ice-albedo~temperature feedback Toop can be included. Examples
of this approach are the pioneering models of Budyko (1969), Sellers (1969), Saltzman
(1967}, and Adem (1970), and the more recent models of Sellers (1973), Stone (1973), North
(1975), Weare and Snell (1974), and Temkin and Snell (1976).

Attempts have been made to introduce the longitudinal dimension into highly parameter-
ized energy-balanced models, but it is not yet clear whether these can tell us much more
than the zonally-averaged ones. The next real step upward seems to require that atmo-
spheric dynamics and eddy transports of heat and momentum be considered more explicitly,
since then one can begin to study the interplay between continents and oceans and their
effects on meridional transport by meridional circulations and planetary scale waves.
Farly examples of such attempts are those of Eliassen (1952) and Smagorinsky (1964), and
others have been made by Dickinson (1971), Saltzman and Vernekar (1972), Kurihara (1970)
and Wiin-Nielsen (1970). For a detailed discussion of these various models the reader is
referred to Schneider and Dickinson (1974), or a shorter version by the same authors in
GARP-16 (App. 2.3, 1975). For reasons that are not apparent, few if any of these highly
parameterized dynamic models have been used for climate experiments to determine sensitiv-
ities to effects of human activities.

Three-dimensional time-dependent general circulation models (GCMs) of the atmosphere
have now been developed at a number of institutions, and these have been so extensively
discussed in the literature that we will not attempt a review of them here. [See, for
example, NAS (1975) App. B by Gates; Manabe, App. 2.4 in GARP-16 (1975); or Smagorinsky
(1974).1 The main points that need to be made when these GCM-type models are used for
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experiments of the second kind are these: The models need to be run each time long enough
so that their ensemble statistics no longer change with time, and the variances of these
statistics must be well established so that the experimental "noise" is known (Chervin et
al., 1974); it is necessary to make a number of control runs to establish the stability
Ttransitivity) of the model, and preferably a number of perturbation runs must be made
also; and, finally, a large amount of computer time must be used.

Some early climate experiments with GCMs have been criticized because not enough
attention was paid to the statistical design of the experiment, but considerable advance
has now been made in understanding how to use GCMs appropriately (Chervin et al., 1976;
Chervin and Schneider, 1976). 1In most GCM experiments to date, however, the solar radia-
tion is held constant (a perpetual July or January) due to the exorbitant computer costs
involved in running them for several years, and this means that many questions relating
to the march of seasons cannot yet be properly studied with them, such as the annual cycle
of Arctic sea ice and the transitional periods of the Asian monsoon. An even more serious
deficiency of most current GCMs is that they do not include a coupled ocean, but sea
surface temperature is proscribed--it is an external parameter. This means that there is
no overall energy balance, and so they cannot respond properly to a change in heat input
to the climate system.

Only one group has done climate experiments with a GCM coupled to an ocean, and in
this case the ocean was simulated by a non-circulating "swamp" with no heat capacity (but
an infinite supply of water). These experiments by the U.S. Geophysical Fluid Dynamics
Laboratory have been reported by Smagorinsky (1974), Manabe and Wetherald (1975), Wetherald
and Manabe (1975), and Manabe (App. 2.4, GARP-16, 1975), and we will have occasion to

refer to them again.

It can be seen, then, that there is an entire hierarchy of models of the climate
system, and many of them have been used in experiments "of the second kind" to show how
the system would respond to a given change in an external condition. It is reassuring to
see that, when we compare the results of experiments with the same perturbations (for
example, one percent more solar radiation, or double the €O, content) but using different
models, the response is generally found to be either about the same or differs by an
amount that can be rationalized in terms of recognized model differences or assumptions.
Of course, it is possible that all our models could be utterly wrong in the same way,
giving a false sense of confidence, but it seems highly unlikely that we would still be so
completely ignorant about any dominant set of processes (see Section 1.2). We must simply
recognize and admit where our models are deficient, and then factor that into our state-
ment about the uncertainty in their responses.

Models are, indeed, the only tools we have available now to predict the response
characteristics of the real atmosphere-ocean-earth system. In a hundred years or so we
may finally know the outcome of our inadvertent “experiment" with the original prototype,
but by that time the climate changes, whatever they turn out to be, will have been a fajt

accompli.

2.2 Specific processes

In this section we will take up the various individual processes in the climate
system that may be influenced by mankind. In each case we will attempt to make an esti-
mate of the response of the climate system {with emphasis on surface temperature and
secondarily precipitation), an indication of the time scale involved in the change, and
some measure of uncertainty in our estimate. To be "significant" an artificially induced
change of global climate must be larger and more persistent than the natural quasi-random
fluctuations that are to be expected in the same time frame, and we will make such a
significance test in Section 2.3.




2.2.1 Release of heat

The climate is governed by the heat balance of the climate system, so it is clear
that the direct addition of an appreciable quantity of heat in any form will cause a
change in climate, notably the mean temperature and probably the atmospheric circulation
patterns as well. In some of the large cities of the world, especially those at high
latitudes where there is relatively less sunlight, the amount of heat released per square
meter is equal to or even greater than the average flux of sun]ight absorbed at the sur-
face during the year. However, on a regional scale (order of 10° km?) this ratio is
rarely more than a few percent, and on a global basis the total amount of heat released by
all of mankind's activities is only slightly more than 10-* of the solar energy absorbed
at the surface (SMIC, 1971; Kellogg, 1974; 1975a; 1975b). Such a small fraction as we
will see, would have a negligible effect on the total heat balance of the earth.

The future course of human activities and the rate at which this release of heat will
increase depends on factors that are hard to assess. 1In Section 1.3 we discussed the
basis for what appears to be a not unreasonable assumption, namely, that societal growth
will continue for the next few decades at only slightly diminished rates, but that it will
tend to level off in a little more than 100 years. Again, we refer to Figure 2 as a way
of visualizing such a scenario and its time scale, keeping in mind the empirical fact that
per capita energy consumption and per capita gross national (or world) product are linearly
proportional to a good approximation (Singer, 1975).

Let us see what the "leveling off point" suggests in terms of total heat release. If
we take a 20 billion population (5 times the present) and an average per capita energy
demand of 20 kw (roughly 10 times the present world average, and twice that of the United
States), the total is 4 x 10° Gw, or 0.5 percent of the solar energy absorbed at the
surface. Such a Tevel, it appears, could hardly be attained prior to 2100 AD (if at
all)--and we will not attempt a projection beyond that.

This large amount of heat would presumably be released over the continents where the
people will be, and that woyuld give an uneven distribution of heating as seen on a global
scale and produce marked regional effects and changes in the large-scale circulation
patterns (Washington, 1972; LTewellyn and Washington, 1977). We can, however, assume that
this heat will end up being more or less evenly distributed in a given hemisphere and then
use our climate models to estimate the effects that this would have on mean surface tempera-
ture. Since most of the heat will be released at or near the surface, the additional heat
can be considered (in these model experiments) as if it were an increase in the tota]l
amount of solar radiation reaching the surface. There is not precise agreement among the
various climate models (Schneider and Dennett, 1975; Gal-Chen and Schneider, 1976), but
the current set of models seem to converge quite well on the answer that a ] percent
increase in the heat available to the system would result in about 2°C increase in the
mean surface temperature, probably within better than a factor of two (Wetherald and
Manabe, 1975; Budyko, 1969; 19725 Sellers, 1969; 1973; Saltzman and Vernekar, 1972).

Thus, the average surface temperature increase might be about 1°C by the end of the next
century due to the direct release of heat. T

A1T of the climate models that we have cited relating heat input to the system to
surface temperature take into account the polar ice-albedo-temperature feedback mechanism,
and they show a marked increase in the sensitivity of the polar regions. The change at
latitudes above about 50°, therefore, will be larger than the 1°C, and in the polar
regions can be expected to be 3 to § times Targer. This increased sensitivity of the
polar regions to climate change has been well recognized from studies of the real atmo-
sphere as well as from mode] experiments (eg., SMIC, 1971; Lamb, 1972; van Loon and
Williams, 1976a; 1976b; Budyko, 1971; Borzenkova, 1976). That is a point that will have
to be stressed again.




2.2.2 Carbon dioxide

Since the beginning of the Industrial Revolution more than a century ago we have been
taking carbon out of the earth in the form of coal, petroleum, and natural gas and burning
it, in the process making carbon dioxide and water vapor--plus heat, which is of course
our main reason for doing it. Of the carbon djoxide that has emerged from countless
chimneys and exhaust pipes, about half is still in the atmosphere and the other half has
been dissolved in the oceans or has gone into the earth's biomass--the biomass being
mostly the forests.

The carbon dioxide in the atmosphere has risen from an estimated 280 or 290 parts per
million by volume (ppmv) to the present 325-plus ppmv, and it is estimated, based on the
early studies of Revelle and Suess (1957) and Bolin and Ericksson (1959), that it will
reach some 380 to 390 ppmv by 2000 AD (Machta, 1973; Machta and Telegades, 1974; Ekdahl
and Keeling, 1973; Bacastow and Keeling, 1973; Broecker, 1975), and may double by the next
mid-century, even assuming a slackening in the rate of increase of fossil fuel consumption
(Bacastow and Keeling, 1973; Baes et al., 1976).

Figure 3 depicts the past history of the carbon dioxide concentration and how it is
expected to increase in the future. It will be noted from the records at Point Barrow,
Mauna Loa, and the South Pole that there is a couple of years' lag between the northern
hemisphere (where most of the carbon dioxide is released) and the southern hemisphere, as
would be expected because of the slow exchange of air between hemispheres. Also, the
slope of the curves are not exactly constant, there being a stackening in the mid-1960s
followed by an acceleration in the 1968 to 1971 period. Since worldwide release of carbon
dioxide cannot have changed much from its steady rise of about 4 percent per year (SCEP,
1970; Baes et al., 1976), the explanation for these fluctuations in carbon dioxide rate of
incr?ase probably 1ies in fluctuations of the rate of uptake by the oceans (Bacastow,
1976). ‘

The chief concern that we have with this changing component of the atmosphere is its
effect on the heat balance, since carbon dioxide is virtually transparent to solar radia-
tion but absorbs outgoing terrestrial infrared radiation in several infrared bands,
radiation that would otherwise pass through the atmosphere and escape to space. The addi-
tional carbon dioxide enhances the absorption of this radiation, thereby warming the lower
atmosphere, and reradiates part of it back downward, thereby warming the surface. The
result, therefore, of an increase in carbon dioxide is an increase in surface temperature,
accompanied by a corresponding decrease in stratospheric temperature that keeps the total
outgging infrared radiation at the top of the atmosphere constant (Schneider and Kellogg,
1973).

There have been a number of model calculations to show the influence of carbon
dioxide on the surface temperature, some globally averaged one-dimensional models such as
that of Manabe and Wetherald (1967), and some latitude-dependent and with the oceans taken
into account crudely (Sellers, 1974; Manabe and Wetherald, 1975; Manabe, App. 2.4, GARP-
16, 1975). These various results have been reviewed most recently by Schneider (1975) and
Budyko and Vinnikov (1976). A representative set of estimates follows in Table 1 (and we
have more or less arbitrarily set the degree of uncertainty at plus or minus a factor of
two, even though the model results are now converging better than that).

These surface changes, it should be emphasized, refer to the weighted average (by
surface area) for the globe. Both observed changes of climate and climate models indicate
that at high latitudes, above about 50° Tatitude, any climate change would be expected to
be larger, and in the polar regions from 3 to 5 times larger than an average change such
as those shown in the table (perhaps even more in winter) (SMIC, 1971; Sellers, 1974;
Mana?e and Wetherald, 1975; van Loon and Williams, 1976a; 1976b; Borzenkova et al.,

1976).
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Figure 3. The record of carbon dioxide concentration from 1860 to 1975,

measured at several locations, and some estimates of future trends.

The

early data were critically reviewed by Callendar (1958) and subsequently
reevaluated by Barrett (1975). The current series of observations for
Mauna Loa are those reported by Keeling et al. (1976a) and C. D. Keeling
(private communication), for South Pole by Keeling et al. (1976b) and
Keeling (private communication), for American Samoa and Point Barrow by
NOAA (1975) and T. Harris (private communication), and for the Swedish
aircraft observations by Bolin and Bischof (1970). Note that the carbon
dioxide concentrations are given in terms of the "adjusted index values"
(for the sake of continuity with the earlier data); it may be necessary
to adjust these values upward by about 3 to 4 ppmv, according to Keeling
et al. (1976a), to obtain the correct mole-fraction, but this would not
affect the slopes of the curves. The model calculations predicting
future carbon dioxide increases by Machta (1973), Broecker (1975), and
Bacastow and Keeling (1973) all take account of the takeup of anthro-
pogenic carbon dioxide by oceans and the biomass (but in somewhat differ-
ent ways), and assume a quasi-exponential increase in the rate of burning
ot fossil fuels {(notably coal) in the next half-century or more. It is
expected that in this time period about half of the new carbon dioxide
released will remain in the atmosphere; and due to the slow mixing of
deep ocean waters with the upper layers the decay time of the added
carbon dioxide, were we to stop producing it, is estimated to be 1000 to
1500 years.




- 1% -

Table 1
Effects of Adding Carbon Dioxide to the Atmosphere
Factor of Change Expected Time for Mean Surface

of Carbon Dioxide Change to Occur Temperature Increase
from Present

+25% 2000 AD 0.5 to 2°C
+100% 2050 AD 1.5 to 6°C

One question is frequently raised about the continued escalating use of fossil fuels,
as envisioned in this scenario, and that is their availability. While natural gas is
expected to become much less easily available by the turn of the century, and some sources
of petroleum will have also been nearly exhausted, the world's coal reserves are SO large
that, even at an increased rate of consumption, they will probably last for several
centuries--though it may be harder and therefore more expensive to dig it out as time goes
on (see, for example, Hubbert, 1971; Singer, 1975; Kahn et al., 1976; Hifele, 1974;
Weinberg and Hammond, 1970; SCEP, 1970). It is estimated that if all the economically
recoverable fossil fuel were eventually burned in the next few centuries the atmospheric
€0, content would rise to 5 to 8 times its pre-Industrial Revolution value (Keeling, 1977;
Singer, 1975; Baes et al., 1976; Siegenthaler and Oeschger, 1977).

While the model calculations of the mean surface temperature increase corresponding
to a given increase in CO, concentration have only been carried to the point of a doubling
of C0,, the relationship appears to be approximately logarithmic. Thus, for every doubling
one would expect another 2.5 to 3°C warming. Some scenarios have extended the calculation
beyond our time frame, and if the rate of burning of fossil fuel continues to escalate (as
at present) the second doubling of CO, will occur before 2100 AD (Keeling, 1977; Siegenthaler
and Oeschger, 1977), and that would produce a 5 or 6°C warming. Recall, again, that polar
temperature rises would be several times the global average.

The main sink for CO, in the longer run will be the oceans (Keeling, 19735 1977;
Bolin, App. 8, GARP-16, 1975; Oeschger et al., 1975), since the forests of the world
cannot go on increasing indefinitely--on the contrary, they are quite possibly being cut
down faster than they can grow. The oceans contain about 60 times more CO, than the
atmosphere, but in order for them to come into a new equilibrium with a larger atmospheric
content there has to be an exchange between the upper levels of the ocean (variously taken
to be 100 to 1000 m deep on the average) and the deep ocean water. This process, it has
been estimated, takes at least 1000 years, and Keeling (1973; 1977) estimates a decay time
for atmospheric CO0, of 1500 years. {1t would not matter for our purposes if he were wrong
by a good many hundred years.) Thus, even if, by some determined and unlikely measure, we
could stop releasing CO, from fossil fuel in the next century, we would still find the
incremental €0, lingering in the atmosphere at a very slowly diminishing concentration for
many centuries.

In the brief discussion above we have not attempted to give the complete picture of
the carbon cycle, and especially the processes that account for takeup of CO, by the upper
ocean layers and the subsequent exchange of this water with the deep ocean reservoir. The
interested reader is referred to, for example, Bolin, App. 8 in GARP-16 (1975) or Qeschger
et al. (1975) for a critical discussion of the subject.

2.2.3 Chlorofluoromethanes

A contaminant added to the atmosphere in the past few decades by mankind in large
quantities, one that has been most notorious for its possible effect on the ozone layer in
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Figure 3. The record of carbon dioxide concentration from 1860 to 1975,

measured at several locations, and some estimates of future trends. The
early data were critically reviewed by Callendar (1958) and subsequently
reevaluated by Barrett (1975). The current series of observations for
Mauna Loa are those reported by Keeling et al. (1976a) and C. D. Keeling
(private communication), for South Pole by Keeling et al. (1976b) and
Keeling (private communication), for American Samoa and Point Barrow by
NOAA (1975) and T. Harris (private communication), and for the Swedish
aircraft observations by Bolin and Bischof (1970). Note that the carbon
dioxide concentrations are given in terms of the "adjusted index values"
(for the sake of continuity with the earlier data); it may be necessary
to adjust these values upward by about 3 to 4 ppmv, according to Keeling
et al. (1976a), to obtain the correct mole-fraction, but this would not
affect the slopes of the curves. The model calculations predicting
future carbon dioxide increases by Machta (1973), Broecker (1975), and
Bacastow and Keeling (1973) all take account of the takeup of anthro-
pogenic carbon dioxide by oceans and the biomass (but in somewhat differ-
ent ways), and assume a quasi-exponential increase in the rate of burning
of fossil fuels (notably coal) in the next half-century or more. It is
expected that in this time period about half of the new carbon dioxide
released will remain in the atmosphere; and due to the slow mixing of
deep ocean waters with the upper layers the decay time of the added
carbon dioxide, were we to stop producing it, is estimated to be 1000 to
1500 years,
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Table 1
Effects of Adding Carbon Dioxide to the Atmosphere
Factor of Change Expected Time for Mean Surface

of Carbon Dioxide Change to Occur Temperature Increase
from Present

+25% 2000 AD 0.5 to 2°C
+100% 2050 AD 1.5 to 6°C

One question is frequently raised about the continued escalating use of fossil fuels,
as envisioned in this scenario, and that is their availability. While natural gas is
expected to become much less easily available by the turn of the century, and some sources
of petroleum will have also been nearly exhausted, the world's coal reserves are so large
that, even at an increased rate of consumption, they will probably last for several
centuries--though it may be harder and therefore more expensive to dig it out as time goes
on (see, for example, Hubbert, 1971; Singer, 1975; Kahn et al., 1976; Hafele, 1974;
Weinberg and Hammond, 1970; SCEP, 1970). It is estimated that if all the economically
recoverable fossil fuel were eventually burned in the next few centuries the atmospheric
€0, content would rise to 5 to 8 times its pre-Industrial Revolution value (Keeling, 1977;
Singer, 1975; Baes et al., 1976; Siegenthaler and Oeschger, 1977).

While the model calculations of the mean surface temperature increase corresponding
to a given increase in C0, concentration have only been carried to the point of a doubling
of C0,, the relationship appears to be approximately logarithmic. Thus, for every doubling
one would expect another 2.5 to 3°C warming. Some scenarios have extended the calculation
beyond our time frame, and if the rate of burning of fossil fuel continues to escalate (as
at present) the second doubling of CO, will occur before 2100 AD (Keeling, 1977; Siegenthaler
and Oeschger, 1977), and that would produce a 5 or 6°C warming. Recall, again, that polar
temperature rises would be several times the global average.

The main sink for CO, in the longer run will be the oceans (Keeling, 19735 1977;
Bolin, App. 8, GARP-16, 1975; Oeschger et al., 1975), since the forests of the worid
cannot go on increasing indefinitely--on the contrary, they are quite possibly being cut
down faster than they can grow. The oceans contain about 60 times more CO, than the
atmosphere, but in order for them to come into a new equilibrium with a larger atmospheric
content there has to be an exchange between the upper levels of the ocean (variously taken
to be 100 to 1000 m deep on the average) and the deep ocean water. This process, it has
been estimated, takes at least 1000 years, and Keeling (1973; 1977) estimates a decay time
for atmospheric €O, of 1500 years. (It would not matter for our purposes if he were wrong
by a good many hundred years.) Thus, even if, by some determined and unlikely measure, we
could stop releasing CO, from fossil fuel in the next century, we would still find the
incremental C0» lingering in the atmosphere at a very slowly diminishing concentration for
many centuries.

In the brief discussion above we have not attempted to give the complete picture of
the carbon cycle, and especially the processes that account for takeup of CO, by the upper
ocean layers and the subsequent exchange of this water with the deep ocean reservoir. The
interested reader is referred to, for example, Bolin, App. 8 in GARP-16 (1975) or Oeschger
et al. (1975) for a critical discussion of the subject.

2.2.3 Chlorofluoromethanes

A contaminant added to the atmosphere in the past few decades by mankind in large
quantities, one that has been most notorious for its possible effect on the ozone Tayer in
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the stratosphere, are the chlorofluoromethanes, referved to as FC-11 (CFC1,) and FC-12
(CF,Cly). (They are sometimes also referred to as "freons," but that is a trade name.)
These gases, used both for refrigerants and as aerosol propellants, are extremely stable,
nontoxic, and persist in the troposphere for very long periods of time (about 40 yr mean
residence time for FC-11, 70 yr for FC-12), and the observed buildup of the FCs in the
lower atmosphere suggests that virtually all of the gas released to date can still be
found resident in the troposphere. There are probably small sinks at the surface and in
the troposphere, and there is a long-term sink in the stratosphere, since those molecules
that diffuse upward into the stratosphere are broken down by the ultraviolet radiation
there (Crutzen, 1974; Rowland and Molina, 1975; Wofsy et al., 1975; NAS, 1976).

While we will not comment here on the effect of these compounds on the ozone layer
(though this is, in a broad sense, a change of the environment), it turns out that they
have a direct effect on the temperature balance of the atmosphere that has only recently
been identified (Ramanathan, 1975). Like carbon dioxide, the FCs have absorption bands in
the part of the infrared "window" between about 8 and 15 um where there is relatively
1ittle water vapor absorption. Thus, the FCs prevent some of the infrared terrestrial
radiation from the surface that would otherwise escape to space from passing through the
Tower atmosphere. The result is an increase in the surface temperature and a corres-
ponding decrease in the stratospheric temperature.

The present mean tropospheric concentration of total FCs is about 0.2 parts per
billion by volume (ppbv), and calculations by Crutzen and others indicate that, if FCs
continued to be produced at the 1973 production rates, FC-11 would reach about 0.32 ppbyv
and FC-12 about 0.58 ppbv by 2000 AD, and would level off in the middle of the next
century at about 0.7 and 1.9 ppbv respectively (NAS, 1976, Table 5). This gquasi-steady
state would result in a decrease of outgoing infrared radiation from the troposphere of
some 0.3 percent and an associated mean surface temperature increase of 0.5°C, based on
Ramanathan's model calculations (which we will take to be correct to better than a factor
of two). If, on the other hand, the worldwide production rate of FCs continues to increase
at about 10 percent per year, as it has in the past (Howard and Hanchett, 1975), and the
total concentration of FCs were to increase to 3.5 ppbv, then the temperature rise would
be about 1°C. We cannot say exactly when this would be (since it would depend on the
actual production rate), but it is not inconceivable that it could occur as early as 2000
AD.

Projections of the future use of FCs will depend very much on the passage of Tegisla-
tion (or spontaneous reaction by industry or consumer resistance) in various countries
limiting the use of FCs as propellants in spray cans. At present roughly one half of the
production is in the United States, where such legisiation is being seriously considered.
In any case, it is likely that the FCs will continue to be used extensively as refrigerants,
for which they are probably ideally suited, and it would be difficult (if not unnecessary)
to prevent the continued escape of some FCs into the atmosphere. The issue of whether or
not there will be a worldwide ban on their use will probably rest with their effect on
stratospheric ozone rather than with their effect on climate, since there are identifiable
biomedical effects of decreasing ozone (and increasing solar ultraviolet radiation) that
are probably cause for real concern (NAS, 1976).

2.2.4 Nitrous oxide and other infrared absorbing gases

We have noted the marked increases in surface temperature that can be produced by
large-scale releases of carbon dioxide and the chlorofluorocarbons, the effect being due
to their ability to absorb infrared radiation in the atmospheric "window" and their long
persistence in the troposphere. This suggests that we should be alert to the buildup of
any other trace gases that have similar properties, and there are a great many of them.
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One such trace gas is nitrous oxide (N,0), which is mainly maintained at its present
tropospheric concentration of about 0.28 ppmv by biological decay and conversion processes
taking place in soil and in the oceans--processes referred to as "denitrification." It
has been suggested that the increasing use of nitrate fertilizers by mankind may acceler-
ate the biological production of N,0 and raise its atmospheric concentration (Crutzen,
1976; McElroy et al., 1976), with implications for both surface temperature increase and
stratospheric ozone concentration decrease. The amount of this increase in N,0 concentra-
tion is still uncertain, since estimates vary from a trivial increase to as much as a
factor of 2 in the early part of the next century. The Tlatter would produce a warming on
the order of 0.5°C (Yung et al., 1976), but this may be considered as an estimate on the
high side until we understand the global nitrogen cycle better, and specifically the
relative productions by ocean and land (soil) biota.

As an example of the complex interrelationships that one uncovers when one looks
under one of these climatic stones, we will mention the fact that in the denitrification
process by soil organisms the ratio of N, to N,0 produced depends on soil acidity. In
slightly alkaline soil only about 5 percent of the gaseous nitrogen compounds released is
N,0, but in acid soil it can increase to over 20 percent. Thus another human activity
that we will deal with in the next section, the production of S0, and sulphates from
burning fossil fuels, will add still further to the production of N.0 as "acid rain"
increases the soil acidity downwind from the industrialized areas of the world. However,
so far as we know no one has pursued this point to determine how important it could be.

2.2.5 Aerosols

Another product of human activity is the particles that are produced by industry,
power generation, automobiles, space heating, slash-and-burn agricultural practices, and
so forth. These particles, commonly known as aerosols, are obvious additions to the
atmosphere of the large cities of the world, where they are largely produced by a combina-
tion of coal burning (which results in both soot and sulphur dioxide, the latter becoming
sulphate particles after a short time) and the creation of particles from unburned hydro-
carbons in the atmosphere by photochemical reactions in the presence of solar ultraviolet
radiation. Such secondary particles {sulphates and hydrocarbons} tend to be somewhat
smaller in size than the directiy produced smoke or soot particles, though after they have
existed for a while in the air they attach themselves to each other and to the larger
particles, forming particles that are a combination of both--and it has been demonstrated
that the nuclei around which secondary particles form are often soot particles (NSF, 1976).

There is Tittle doubt that since the turn of the Century there has been an increase
in the rate at which aerosols have been produced by mankind, particularly in the more
industrialized countries (see, for example, SMIC, 1971; Pivovarova, 1970; Machta and
Telegadas, 1974; Ellsaesser, 1975; Bryson, 1974, Cobb and Wells, 1970; Budyko and Vinnikov,
1973; Mitchell, 1974; 1975; Dyer, 1974), and many non-urban stations (but definitely not
all) have recorded some long-term upward trends in the total aerosol content. If this is
so, then one must ask how extensive the anthropogenic aerosols really are, and what their
effect will be on the regional or global radiation balance if the upward trend were to
continue. (The possible influence of agriculture on wind-blown soil (and sand) aerosols
will be touched on at the end of this section.)

Aerosol particies can both scatter and absorb sunlight, and they also absorb and
reemit infrared radiation to a more limited extent. When a non-absorbing particle scatters
solar radiation some of the scattered radiation will be directed upward as well as down-
ward, and the upward component will be Tost to space. This results in Tess sunlight
reaching the earth and an increase in the net albedo of the atmosphere-earth system, which
would cause a net cooling. However, when a particle absorbs some of the solar radiation
it heats the particle and the air around it, and the effect of this is to reduce the net
albedo. Theory tells us that in order to decide whether Tower atmosphere aerosols cause
an increase in the net albedo (cooling) or a decrease (warming) we must take into account




G O 1 I T T I ] ]
6:\ ]
4 X9 .

o —
@ O
[
///j>

H
b @)
o gl

I~w/w B
o
D
T

0.
0.08
0.06

T T
pogt et

0.04

0.02

Farmland and
Oceans Urban Areas Deserts Clouds Snow and lce

0.01 | { J i ] | L I |
o 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1.0

@

Figure 4. Critical ratio of solar radiation absorption to
average upward-scattering cross sections [(1-w)/Bw or a/bl as a
function of surface albedo (o). The curve with circles repre-
sents results of the radiation model of Chylek and Coakley
(1974), which takes account of solar radiation only; for con-
ditions represented in the domain above this curve there will be
a decrease in the net earth-atmosphere albedo as a result of the
aerosols, and consequently a warming. The "x" symbols represent
a typical case, calculated by Coakley (private communication), in
which both solar and infrared effects are combined, showing that

the infrared effects tend to enhance the warming influence of
aerosols.
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the ratio of the particle absorption to its backscatter, which we will call a/b, and also
the albedo of the underlying surface (Mitchell, 1971a, 1971b; Schneider and Kellogg 1973;
Chylek and Coakley, 1974; Coakley and Chylek, 1975; Weare et al., 1974). UWhen aerosols of
a given a/b are over a dark surface, such as the ocean, they are more Tikely to increase
the net albedo than when they are over a light surface, such as a snowfield or a low cloud
deck--or over land generally. This relationship is summarized in Figure 4, calculated by
Chylek and Coakley (1974).

There has been a widely shared belief that anthropogenic aerosols generally cause a
cooling, the argument being that when spread evenly around the earth their effect over the
dark oceans is to increase the albedo and thereby prevent some of the sunlight from being
absorbed by the earth-atmosphere system (Rasool and Schneider, 1971; Yamamoto and Tanaka,
1972; Bryson, 1974; Bryson and Wendland, 1975; Bolin and Charlson, 19765 Budyko and
Vinnikov, 1973; Mitchell, 1975). Recently, however, it has been pointed out that most of
these anthropogenic aerosols exist over the land, near where they are formed, and that
they are sufficiently absorbing to reduce the albedo rather than increase it (Kellogg et
al., 1975; Eiden and Eschelbach, 1973; NSF, 1976; Meiss et al., 1976; Brosset, 1976) .

In Figure 5 (adapted from Kellogg et al., 1975) a theoretical global distribution of
mankind's industrial aerosols is shown, assuming that the production in each country is
proportional to gross national product, and that the aerosols drift with the surface winds
and remain in the atmosphere with a mean residence time of 5 days before they are rained
out or washed out or directly deposited at the surface (Moore et al., 1973; Martell and
Moore, 1974). It will be noted that their distribution is very uneven, being mostly
confined to the industrialized regions of the northern hemisphere, though a certain portion
does drift out over the Atlantic and Pacific Oceans, and a considerable part of Europe's
"gross national pollution" drifts over North Africa, particularly in the wintertime.
(Details of this analysis are given in the referenced report.) These industrially related
aerosols absorb more solar radiation than natural aerosols, and their a/b values are
generally large enough so they will probably Tower the albedo of the atmosphere-earth
system over the land, and thereby cause a warming (See Figure 4). However, largely due to
our lack of quantitative knowledge of the optical characteristics of these aerosols and
their distribution, we cannot yet assign any number to this warming effect. (This problem
is discussed by Junge in App. 9 of GARP-16 (1975).)

There are other effects that aerosols may have on the climate of a region, especially
its rainfall. 1In a later section we will discuss their role as condensation and freezing
nuclei, which may be significant; and another effect that may be significant is their
influence on the stability of the lower layers of the atmosphere. Since, as has been
pointed out, they absorb a certain amount of solar radiation, the upper part of a Tow-
lying aerosol layer will be warmed, and the absorption and scattering processes will cause
a decrease in the solar radiation reaching the ground. The result is a warming of the
upper part of the aerosol layer (in the daytime) and a decrease in the rate of warming at
the ground, and this causes the stability of the atmosphere near the ground to be larger
than it would be in the absence of the aerosol particles. Bryson and Baerreis {1967) have
suggested that the radiational effect of aerosols may decrease convective-type precipita-
tion, especially in sub-tropical places such as Northwest India; and Wang and Domoto
(1974) and Atwater (1975) have investigated the effect theoretically. Unfortunately, again
we do not yet have enough information about the optical properties of aerosols to make a
quantitative evaluation of this influence on rainfall.

Before leaving the effects of anthropogenic aerosols on the radiation balance, there
is one more point that may be important but has often been overlooked. Clouds have a
fairly high albedo or reflectivity, as is obvious, but theoretical calculations involving
the scattering and absorption of plain water droplets indicate that they ought to be more
reflective than they are in fact (Twomey, 1972; Liou, 1976). The difference is thought to
be due to the presence of absorbing aerosol particles, and the decrease in reflectivity
will occur whether the particles are included within the cloud droplets or are floating
between them (Ackerman and Baker, 1977). Since the apparent reduction of reflectivity is
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quite marked (10 to 20%), it is clear that any increase in absorbing aerosols will cause
additional absorption of solar radiation by the clouds, and this represents still another
source of heating if anthropogenic aerosols are added to the lower atmosphere.

Industrial aerosols, probably because they are so very obvious to the eyes of the
population in large cities, have been the target of vigorous attempts to control them.
The result is that in many cities of the world the aerosol content, particularly of larger
particles, has shown a definite decrease (E11saesser, 1975; NOAA, 1975). The same cannot
in general be said for the total aerosol content of the atmosphere observed in Europe and
the eastern United States, where secondary aerosol production of smaller sub-micron parti-
cles, especially sulphates from the sulphur dioxide produced by burning high sulphur
fuels, have become a dominant factor in regional air poliution (Weiss et al., 1977). It
should be noted that the practical problems posed in these regions by the ecological and
health effects of increasing quantities of sulphate particles probably far outweigh their
influence on the regional climate (e.g., Bolin et al., 1971), but that is beyond the scope
of this report.

When we consider "anthropogenic aerosols" the fact cannot be ignored that mankind's
agricultural practices and the grazing of domesticated animals has an effect on the amount
of wind-blown mineral dust or soil. Exposing previously vegetated ground allows the wind
to raise fine particles (notably Loess, which consists of material already carried by the
wind in earlier times), and Flohn (GARP-16, App. 1.2, 1975; private communication) esti-
mates that human activities may now account for a major source of mineral dust in the air
due to the large areas under cultivation (about 35 x 108 km?) or subject to overgrazing
(about 5 x 10° km?) (See also SMIC, 1971; Bryson and Baerreis, 1967). Wind-blown particles
are generally less absorbing of solar radiation than industrial or slash-and-burn particles
(Grams et al., 1974), so the above arguments about the probable warming influence of
industrial aerosols may not apply to such mineral dust particles. We know of no quantita-
tive estimate of their overall influence on global climate.

2.2.6 Changes affecting the precipitation process
a) Condensation and freezing nuclei

Many of the aerosols produced by industry have the property of acting as condensation
nuclei or freezing nuclei--that is, they can initiate the formation of cloud droplets or
hasten the freezing of cloud droplets at temperatures below 0°C. Notable among freezing
nuclei sources are steel mills and lead compounds from automotive exhausts. Also, the
most common kind of aerosol produced by burning coal and fuel oil, sulphates, are very
good condensation nuclei.

While the effect of these condensation and freezing nuclei on the precipitation
process are bound to be significant regionally, and while it has been clearly demonstrated
that precipitation has indeed increased down-wind from certain cities such as Saint
Louis, Chicago, and Paris (Dettwiller and Changnon, 1976), it is difficult to assess
quantitatively the effect of these activities even on a regional scale. We must merely,
for the time being, recognize this potential effect as a very real one (Hobbs et al.,
1974; Schaeffer, 1975).

b)  Krypton-85 from nuclear power generation

There are a number of radioactive gases that are released into the atmosphere from
nuclear power plants and from the plants that reprocess nuclear fuel. Notable among these
are tritium, with a half life of 12.5 years, and krypton-85, with a similar half Tife of
10.7 years. Krypton-85 is a noble gas that remains more or Tess permanently in the
atmosphere without undergoing any chemical combinations, so it builds up in the atmo-
sphere, subject only to its slow radioactive decay.




When a krypton-85 atom disintegrates it produces an energetic electron that ionizes
the air in its vicinity. There are other sources of ionization in the lower atmosphere,
such as cosmic rays and the radioactive products of urantum, notably radon and its decdy
products. As the concentration of krypton-85 builds up 1in the troposphere, assuming a
continued increase of the use of nuclear power in the world, the ionization from this
source will begin to compete with al] the other natural radicactive and cosmic ray sources.

to 15% increase in the total ionization or conductivity of the lower atmosphere in about
50 years (Boeck et al., 1975; Boeck, 1976).

Such a change in the ionization of the atmosphere would have Tittle or no direct
effect on living things that we can identify (the level of krypton-85 discussed by Boeck
is 100 times less than the maximum permissible airborne concentration in unrestricted
areas), but if the conductivity of the lower atmosphere is increased one may expect that
there will be an effect on the fair weather electric field, which is maintained by all the
thunderstorms of the world acting together as a direct current generating mechanism. This
electrical system is in effect a global spherical condenser, with a positive charge in the
upper atmosphere (the outer shell, which is a good conductor) separated from a negative
charge on the earth (the inner shell) by the relatively non-conducting lower atmosphere.
The Tlower atmosphere is not a perfect insulator, however, and a steady Teakage of current
takes place from upper atmosphere to the ground that must be just balanced by the upward
countercurrents produced in the thunderstorms. If the conductivity of the lower atmo-
sphere were increased due to krypton-85 jonization, as suggested by Boeck, then the Teakage
between the two regions would be increased and (as when a condenser is partially dis-
charged) the electric field would be decreased--unless the thunderstorm generators worked
correspondingly harder. Actually, there is good reason to believe that the efficiency of
the. thunderstorm charge separation process depends in part on the fair-weather electric
field (Sartor, 1969), so a decrease in this electric field would probably decrease the

Taking this argument one step further, it is generally believed that the process that
initiates rain formation,‘especiaTIy in thunderstorms, is enhanced by the existence of
strong electric fields in the clouds, and these electric fields in the clouds (closely
related to the global recharging processes Just discussed) are activated in part by the
fair weather electric field that was there before the cloud formed (Sartor, 1967; 1969).
Thus, it has been hypothesized that a decrease in the fair weather electric field would
decrease the rate of electric field generation in clouds, and that this in turn would
result in a decrease in the rate of formation of precipitation and perhaps a weakening of
the g]oud dynamical processes as wel] (Ney, 1959; Vonnegut, 1963; Kellogg, 1975c; Markson,
1975).

Unfortunately, these processes are not understood gquantitatively, and it is impos-
sible at this time to assign any value to the effect of an increase in conductivity or a
decrease in the fair weather electric field on precipitation--though we would guess that
it would be a negative effect. Any such change on a global scale would also affect the
heat balance, since thunderstorms account for a major part of the vertical exchange of
heat and momentum at low and middle latitudes (Palmén and Newton, 1969).

2.2.7 Patterns of land use

There are many ways by which mankind can influence the heat balance of the earth, and
the one that he has been working at longest is the alteration of patterns of vegetation.

When a forest is cleared for a pasture or wheat field the resylt is an area that generally
reflects more sunlight, since crops and grassland are usually less absorbing than trees.
The same is true when nomadic tribesmen allow their cattle or (especially) goats to over-
graze on marginal Tand, since the destruction of vegetation markedly increases the ref]ec-
tivity of the surface (SMIC, 1971; Glantz and Parton, 1975; Eckholm, 1975; Bryson and
Baerreis, 1967).
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Such changes in the solar radiation absorbed by the surface must certainly have an
effect on the heat balance and climate of a region, and influence its precipitation as
well as its mean temperature (Otterman, 1974; Charney et al., 1975; Charney, GARP-16, App.
2.6, 1975). A secondary effect is very likely to be the Therease in windblown soil and
sand (discussed in Section 2.2.5), which also affects the radiation at the surface and the
stability of the atmosphere above it (Bryson and Baerreis, 1967).

So far as we know, there has never peen a comprehensive worldwide inventory of this
kind of effect, though we do know that some regional surface changes have been and will be
very extensive (SMIC, 1971; Newell, 1971; Bryson, 1974). Flohn (GARP-16, App. 1.2, 1975)
has made global estimates of some parts of the problem, such as the energy impact of the
conversion of tropical rain forest to cropland and the effect of tropospheric dust due
to vegetation destruction, and this appears to be a good start. While we do not know how
much of a cumulative effect all these changes have had on our climate, our belief is that
it has not been as extensive as some of the other effects that have been described.

2.3 Summary of mankind's influences on climate together with their time scales, and a
comparison with nature

We have mentioned a number of anthropogenic causes for climate change in terms of
their effects on the mean temperature of the surface, and Table 2 summarizes these effects.
To a first approximation they can probably be considered as additive, because they represent
small fractional changes (and therefore follow more or 1ess linear relationships, though
for much larger changes some of the effects must definitely become non-linear).

The last column of Table 2 indicates the expected rates of change of temperature, and
we have presented them in order to make a comparison with the natural rates of change of
temperature that would be expected based on the statistics of past changes. If an anthro-
pogenic change is much smaller than natural fluctuations it is difficult--if not impos-
sible with our current ignorance of the causes of such fluctuations--to distinguish it
from the natural "noise." On the other hand, if it is larger than the expected natural
fluctuations its “"signal" should be fairly evident (Broecker, 1975; Mitchell, 1977).

A recent report by the U.S. National Academy of Sciences (NAS, 1975) contains a rough
harmonic analysis of the mean temperature record of the past several hundred thousand
years, and this is presented graphically in Figure 6. It can be seen that the long
100, 000-yr period has a large amplitude (4°C) but produces a very gradual rate of change,
with a maximum of only = 0.0025°C decade-'; and, on the other hand, the shorter 100- and
200-yr periods have small amplitudes (0.5°C) but produce relatively rapid rates of change,
with maxima of + 0.15 and =* 0.075°C decade™’, respectively. In the decade of the 1970s
the average natural rate of change is expected to be -0.154°C decade™'. According to this
analysis the rate of change cannot be more than + 0.257°C decade™!.

There are a number of potential pitfalls in applying this kind of statistic, the main
ones being (a) the assumption that there are such harmonics in the paleoclimatic record
when it is only of finite Tength (which is borne out by the plethora of "discoveries" of
other periodicities in other climatic records coupled with the suspicion that they cannot
all be real (e.g., Aaby, 1976)), (b) the uneasy realization that we have no good explana-
tion of any but the longer periods (which are in rough agreement with the Milankovitch
(1930) hypothesis relating climate change to regular modulations of the earth's spin axis
and orbit around the sun), and (c) the rather clear evidence that there have been sudden

anomalies in the climate (always, it seems, in the direction of a very rapid cooling).

The Jast point is borne out in the upper part of Figure 6, which shows a particular
record obtained by Michols (1974; 1975), based on studies of ancient poliens in peat
deposits at six locations across northern Canada, the dating being done by '"C. From
pollen counts one can derive the relative abundances of various kinds of shrubs, grasses,
Tichens, and trees, and this in turn indicates the position of the tree 1ine and the mean
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Table 2

Summary of Anthropogenic Influences
on the Global Mean Surface Temperature

Effect of Time Period Influence on Rate of Change
Mankind for the Effect Surface Toward the End of
to Occur Temperature the Time Period
(°C) (°C/decade)
Raising the +25% by 2000 AD +0.5 to 2° 0.2 to 0.8
carbon dioxide a
content of the +100 by 2050 AD +1.5 to 6 0.3 to 1.2
atmosphere.
Adding chloro- 0.8 ppbv by 2000 Ap] 0.1 to 0.4 0.04 to 0.2
fluorocarbons 2.5 ppbv by 2050 ADC 0.25 to ]d 0.02 to 0.1
to the tropo- 3.5 ppbv by 2000 AD 0.4 to 1.5 0.2 to 0.8
sphere.
Raising the o
nitrous oxide +100% to 2050 AD 0.25 to 1 0.02 to 0.1
content of the '
atmosphere.
Adding aerosols to ? Hea'tingf ?
lower troposphere.
Direct addition 50-fold increase 0.5 to 2 0.05 to 0.29
of heat. by 2100 AD »
Patterns of ? ? ?

land use.

a. See Table 1.

b. Assuming continued FC production at 1973 Jevel] (NAS, 1976).

C. Assuming a 10% per year increase in FC production rate (NAS, 1976).

d. Estimate by Ramanathan (1975), and reviewed and extended by NAS (1976).

e. Estimated by Yung et al. (1976).
possible increase of N,0 in this time period

f. It is not clear whether the y
it will depend to a lar

This now a

ge extent on control of syl

will probably have to be reduced in some areas.

9. Estimated under the assumption that ener
the product of the two central curves in
(about 1°C) would be more si

up over a fairly long period.

ppears to be an upper limit on the

pward trend in anthropogenic aerosols will continue~-
phur-dioxide emissions, which

gy production would continue to grow as
Figure 2. In this case the total effect
gnificant than the rate of change because it builds
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was reconstructed were derived from a wide variety of paleoclimatic
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interglacials. The temperature record for northern Canada (upper part,
right-hand scale), obtained by Nichols (1974; 1975) from studies of
pollen in lake sediments, is roughly representative of records obtained

olsewhere at middle-to-high Jatitudes. Dating of such records is gen-
erally done by carbon-14 analysis.
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summertime temperature ov Jength of growing season (probably closely related). It does
not tell much about wintertime conditions, however. The abrupt and short-term cooling at
4800 years ago (marked with a question mark in Figure 6, since it is not clear just how
cold it got) killed of f the spruce forests of northern Canada and forced the line separat-
ing forest from Arctic tundra southward almost to its present position. The tree Tine
slowly moved back northward in the succeeding century or two, but then there was another
less abrupt cooling around 3500 years ago, accompanied by an increase in forest fires in
summer, that forced the tree 1ine far south again.

This is just one example of this kind of climatic behavior, and there have been
ceveral others that were even more dramatic. For example, Flohn (GARP-16, App. 1.2, 1975)
discusses one at 89,000 years ago that seems to have been worldwide and was probably
considerably more intense. There is at present no general agreement on the causes of such
short-term coolings, and in any case their timing is apparently random, so it would be
folly to venture a guess as to when the next one might occur. A1l we can say is that it
is highly improbable that one will occur in the next century or SO, which is the period of
our scenario, since these major events are generally spaced 10,000 to 20,000 years apart.

In summary, if we add the best estimates of each of the anthropogenic effects, with
some judgment about the ones that are less likely to transpire, we conclude that the net
influence of mankind is as shown in Table 3 and illustrated in Figure 7. We note from
Table 2 that when we compare the rate of change of global mean surface temperature due to
anthropogenic factors with the expected * 0.1 to 0.2°C per decade natural changes they are
significantly larger. The effect of adding carbon dioxide is the largest, and even the
Jower limit of that estimate is enough to cause a ngignal" above the natural "noise" by
the end of this century.

Table 3

Best Estimate of the Influence of
Mankind on Mean Surface Temperature

Present 2000 AD 2050 AD

Absolute 0.5 +1.2. +4
Change (°C)
Rate of Change 0.15 +0.5 +0.7

Assumptions: a. Manufacture of chlorofluorocarbons will remain
at 1973 level.

b. Direct addition of heat will not be important
globally until after 2050 AD.

c. Effects of aerosols and patterns of Tand use
are not included.

Again the point must be emphasized that these all refer to the global mean surface

temperature changes, and the corresponding changes at middle and high Tatitudes will be

much larger, as shown in Figure 7. This distinction has important implications, as we
will show in the next section.
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3. IMPLICATIONS OF A WARMER EARTH

3.1 Length of growing season

One can quite simply make an empirical deduction about the relationship between
summertime mean surface temperature and length of growing season by plotting them both as
a function of latitude. It turns out that at middle and moderately high Tatitudes they
roughly parallel each other, and a good approximation is that a 1°C change in mean surface
temperature in summer at a given latitude corresponds to 10 days change 1in growing season.
The correspondence between length of growing season and yearly average temperatures is not
me temperatures are so strongly affected by continentality
and regional differences, but the above rule of thumb stil] applies moderately well.

This being the case, an increase in global mean surface temperature of 1°C, for
example, may result in about +2°C at 60° latitude and +3°C at 70° latitude, and this would
give respectively about 20 or 30 days longer average growing seasons at these two lati-
tudes. At 50° Tatitude the corresponding increase might be 15 days. This s the magni-
tude of the change that we estimate wil] occur a little before 2000 AD (see Table 3).  (We
have based this Tatitudinal dependence of temperature change on the model results of
Manabe and Wetherald (1975) and Sellers (1974).)

3.2 Lessons from history

3.2.1 The temperature record

We have already mentioned the fact that there have been periods in the history of the
earth when it was warmer than the present. In fact, when we study the paleoclimatic
record on the time scale familiar to geologists we find that since the beginning of the
Cambrian Period (about 500 million years ago) there have been Just two relatively "short"
periods when the earth had permanent ice at the poles, and the remaining 85 to 90 percent
of that time the earth had virtually ice-free poles. On that time scale, then, we are now
in an anomalousty cold period (SMIC, 1971; Lamb, 1972).

A great deal of speculation has taken place about the reason for our present long-
term ice age, and the most tikely contenders are lTong-term solar fluctuations and conti-
nental drift--the latter being probably the preferred one currently. However, these
extremely slow processes of climate change, whatever they are, seem largely irrelevant to
our discussion of what may happen in the next century.

It is certainly pertinent, on the other hand, to enquire about the Tast few hundred
thousand years, because that record is now becoming much clearer, and because there are
some lessons here that may give helpful clues about the future.

Many readers of this report will recall the rather disturbing question that was
raised in 1971 by a distinguished group of paleoclimatologists contemplating the climatic
record for the Quaternary (the past one to two million years), a question that found its
way into the public press and excited an investigation by the United States' White House
(Kukla, et al., 1972). Their thought was, in brief, that in the past there have been
fairly regular transitions about every 100,000 years between warm interglacials and glacial
periods, that the interglacials have been relatively short and usually less than 10,000
years, that the end of the Tast warm interglacial (the Sangamon or Eemian, for which the
record is clearest) occurred rather suddenly, and, finally, that we have enjoyed our
present interglacial (the Holocene) for at Jeast 10,000 years. So it was entirely reason-
able to raise the question: Are we about to start our descent into another colder glacial
period?
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A subsequent sober review of this matter (Mitchell, 1972; NAS, 1975) has dispelied

the fear that we are due for a "snowblitz," although this spectre has been kept alive by
some popular writers (e.g., Calder, 1974). The 9robab111ty of a large natural change in
the next few centuries is very slight indeed, as can be seen by extending the sinusoidal
curves of Figure 6 into the future--a point which was made earlier in Section 2.3.

3.2.2 The precipitation record

Most of the discussion so far has concerned the surface temperature and the effects
that mankind might have on it, but it is equally important to know what might happen to
the distribution of precipitation. In fact, it is the latter that largely determines
whether vegetation will thrive and whether a region can grow food.

Even more so than temperature, precipitation is a function of the large-scale circula-
tion patterns that can bring water vapor to a region, together with the regional factors
that determine whether it will rain or Snow. There must be a relationship between these
all-important circulation patterns and the large-scale heat balance (or mean equator-to-
pole temperature gradient), of course, since they are both measures of the activity of the
atmospheric heat engine. The first js, in general terms, a measure of the kinetic energy
of the system, and the other is a measure of the thermal energy available to run it. We
would 1ike to know more about this relationship.

1t is natural to turn to our general circulation models (6CMs) and there have been a
number of experiments with GCMs (some of them already referred to) in which changes in the
heating applied to the system by the sun have been introduced, and the resulting change in
the circulation pattern noted (e.g., Wetherald and Manabe, 1975). In a similar category,
a number of other experiments have been done in which the surface boundary conditions of
the last ice age, roughly 18,000 years ago, have been introduced into the computation
(e.g., Witliams et al., 1974; CLIMAP, 1976). Unfortunately, we can no Jonger go back to

that period and verify how well the model has reproduced the ice age climate.

Such experiments have been most instructive, but we must recognize that there are
1imits to the ability of a GCM to simulate reality, particularly where the subtle varia-
tions of seasonal precipitation patterns are concerned (Manabe and Holloway, 1975; Gates,
1975). In a very real sense, it is these precipitation patterns that determine where the
deserts, marginal lands, and "food baskets" will be, and that is what should concern us in
a world where the climate may be changing.

In spite of their limitations, our GCM experiments have shown dramatically that when
there is a change in the heat input to the system the model atmosphere responds in a most
complex way. For examplie, with an increase in the total heat supplied to the system there
is an overall warming of mean surface temerature, but some regions will warm very much
more than others, and there may even be a cooling in some places (Washington, 1972). The
real atmosphere behaves the sameé way (van Loon and Williams, 1976a; 1976b). The same
complex response undoubtedly refers to the patterns of precipitation, and we would expect
that there will be places where the precipitation will increase and others where it will
decrease in the course of any marked climate change.

Another way to find out what a warmer earth might be like is to study a time when the
earth itself was warmer than it is now. Such a time actually existed roughly 4000 to 8000
years ago, during the period known as the "altithermal” {also known as the Hypsithermal,
Atlantic, or Climatic Optimum--optimum for whom?), and pa1eoc11mato]ogists are beginning
to piece together the strikingly complex picture of the conditions that existed then, at

the dawn of civilization. This warming is clearly shown in Figure 6.

fvidence for the conditions at that time is derived from the distribution of fossil
organisms in ocean sediments and of pollens in Take sediments, the history of the amounts
of water in lakes, the extent of mountain glaciers, the distribution of trees and other
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“Figure 8. A somewhat schematic map of the distribution of rainfall,

predominantly during the summer, during the Altithermal Period of 4,000
to 8,000 years ago when the world was generally several degrees warmer
than now. The terms "wetter" and "drier" are relative to the present.
Blank areas are not necessarily regions of no rainfal] change--our
information is still far from complete, and work is under way to fill in
some of those areas.
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vegetation in swamps, widths of tree rings, the Jocation of ancient sand dunes, changes in
the isotopic ratios of certain elements in ice and sedimentary cores, and soO forth (Lamb,
1972; 1974; Fiohn, GARP-16, App. 1.2, 1975; Kutzbach, GARP-16, App. 1.3, 1975). Out of

many such investigations the picture of the conditions during the Altithermal period can

be pieced together, as shown in Figure 8 referring to the precipitation relative to the
present (Kellogg, 1977a; 1977b). It will be noted, for example, that North Africa was
generally more Favorable for agriculture than it is now, that Europe was wetter, Scandinavia
dryer, and a belt of grass lands (sometimes called "the Prairie Peninsula") extended

across North America, the eastern part of which subsequently became forested land.

We must caution the reader not to accept this as a literal representation of what
might occur if the earth becomes warm again, since the causes and the characteristics of
the warming 4000 to 8000 years ago could have been quite different from the characteristics
of society's future effects. While we do not really know what caused that high level of
mean temperature to be maintained during the Altithermal, one likely cause is the total
output from the sun, and another possibility is the seasonal distribution of sunlight
between the northern hemisphere and the southern hemisphere as the earth's elliptical
orbit around the sun changed (the Milankovitch hypothesis). It is even possible that
there was more carbon dioxide then, though we have no good evidence for this. In any case,
each of these mechanisms to account for the higher mean temperature would presumably
result in a different distribution of that heat energy, and therefore the patterns of the
general circulation and precipitation would also depend on the mechanism involved.

Another reason for caution in using the Altithermal Period as a model for the future
is the short time scale involved in our scenario. While the Altithermal seems to have
evolved over a period of a few thousand years the anticipated warming may occur OVer a
few decades. There are many components of the climate system, as we have mentioned, that
have built-in delays, one being the ocean circulations and temperatures, another being
the response of our land areas. We have discussed the tendency for a desert to reinforce
itself because of its high albedo (see Section 2.2.7), a kind of positive feedback; and
this could mean that the subtropical deserts will (for a time at Teast) resist a tendency
toward more rainfall. These are clearly points that require more study.

In spite of all these reservations, it seems reasonable to study the way the world
was when it was warmer than it is now, and to note that this at least represents a 1ikely
pattern for the future warmer earth. Using the real earth as our model is at least as
good as, and probably better than, the theoretical numerical models that we currently run
on our computers.

The fact that the subtropical deserts were wetter during the Altithermal, as shown in
Figure 8, has a reasonable explanation in terms of two factors which must have been in
operation. First, a warmer atmosphere will cause more water to be evaporated from the
oceans, and the hydrologic cycle will conseqguently be more intense and there will be more
precipitation generally, a point that has been verified by GCM experiments (Manabe and
Holloway, 1975). Secondly, there will be a weakened equator-to-pole temperature gradient,
so the general atmospheric circulation, and the tropical Hadley circulation in particular,
will be less vigorous. Since a major cause of the present subtropical deserts 1is the
suppression of convection in those regions by the descending arm of the Hadley cell, a
decrease in this circulation should allow more convective precipitation in this part of
the subtropics. While such a relationship is very likely real, it must be only part of
the total explanation.

3.3 The fate of the ice masses

We have pointed out above that the most probable change in the mean surface tempera-
ture is a warming, and that the greatest changes will be in the polar regions, above 50°

or 60° latitude (see Figure 7Y.  This would certainly have an effect on the extent of
polar ice and snow.
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There are five distinct regimes of ice and snow: underground permafrost; the winter
snow cover on the land that melts in the summer; floating sea ice, or "pack ice," some of
which now survives through the summer in both polar regions; mountain glaciers, that can
occur at any Tatitude; and the great ice sheets of Greenland and the Antarctic, that have
remained more or less intact for many millions of years. Fach of these regimes of ice and
snow should be considered separately when we estimate their response to a change in the
mean temperature at high latitudes, and the two that are probably most important to con-
sider in our scenario are the floating sea ice and the great ice sheets. For an excellent
review of this subject, see Untersteiner's Appendix 7 in GARP-16 (1975).

3.3.1 Arctic Ocean ice pack

The floating sea ice in the Antarctic appears and nearly disappears each year, while
in the Arctic Ocean there is always a substantial area of multi-year sea ice the year
round. The contrast between the seasonal behavior of the two polar regions can be i1lus-
trated by the fact that the area of pack ice frozen each winter around the Antarctic
Continent (and melted each summer) is larger than the area of the entire Arctic Ocean.

Referring to the Arctic Ocean specifically, the major question is how much of a
warming would be required to remove the pack ice completely, and whether such a complete
removal will mean that it will remain open and not freeze over again in winter. There are
a number of reasons for arguing that it probably would tend to remain open once the ice
pack had been melted, barring a major change in sea level (Ewing and Donn, 1956; Donn and
Ewing, 1966; SMIC, 1971; Budyko, 1974; Fletcher, 1965; Kellogg, 1975a; 1975b).

For one thing, the Arctic Ocean would present a dark surface in summer compared to
the highly reflecting ice pack that exists now, so, even with some Tow clouds covering the
area, a great deal more solar energy would be absorbed by the system in summer. (However,
relatively more energy would be lost in winter.) Another rather compelling reason for
thinking that the Arctic Ocean would be harder to freeze over once the ice pack had been
removed is based on the fact that there is currently a layer of relatively Tow-salinity
water floating under the ice pack (to a depth of 10 to 30 m), and, since this relatively
fresh water has a Jower density than the normal salt water of the ocean, it produces a
stable Tayer that inhibits mixing and exchange of heat between the surface Tayers and the
warmer waters below {Aagaard and Coachman, 1975). With the ice pack removed wave action
and surface currents would be expected to eliminate this thin stable upper layer. For
both of these reasons, it seems Tikely that if and when the Arctic Ocean ice pack is
removed as a result of a global warming the open freely mixing ocean will not freeze over
again. On the other hand, Untersteiner (GARP-16, App. 7, 1975) injects a note of caution
Test we jump too quickly to this conclusion.

So far there is no adequate combined atmosphere-ocean-sea ice model that can be used
to estimate the response of Arctic sea ice to a global warming, though there have been
some notable advances in this area (Maykut and Untersteiner, 1971; Budyko, 1974; Rothrock,
19755 Untersteiner, GARP-16, App. 7, 1975; Washington et al., 1976). It must require a
considerable warming to remove the ice, however, since evidence from Arctic Ocean sedi-
ments suggests that it has never been ice-free for the past million years or more. Further-
more, Budyko (1974) estimates, based on a relatively simple pack ice model, that at least
a 4°C warming in summer would be required to eliminate it.

An open Arctic Ocean would, of course, allow a great deal more evaporation than the
frozen Arctic Ocean, and this would presumably result in more rain in summer and snow in
winter around its shores. What this would do to the mean snow cover on land, or to the
size of the Greenland ice sheet, is still a matter of speculation, but it would certainly
represent a major difference in the patterns of temperature and rainfall that exist now.
Experiments with the two-layer Mintz-Arakawa GCM have been performed at the Rand Corpora-
tion (Santa Monica, California) to determine the effect on temperature and precipitation
of an open Arctic Ocean (Fletcher et al., 1973), and the result was a warmer temperature
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at the edge of the ocean by 10°C, and an even larger increase in the central Arctic.
These results are for a wintertime situation. The change in precipitation in that model
simulation experiment does not seem to have been very significant, however, which is
surprising.

3.3.2 Ice sheets of the Antarctic and Greenland

Turning to the ice sheets of Greenland and the Antarctic, their total volume is
determined over a long time period by a balance between the snowfall on the tops and the
melting, ablation, or breakoff at their edges. Also, the effect of intermittent "surges"
of an ice sheet must be considered (Hughes, 19705 1973; Flohn, 1975), since these are
dynamic systems. It is not evident that a warming will necessarily result in the decrease
in the size of these ice sheets, since a warmer atmosphere can also hold more moisture,
and this in turn can result in more snow fall on their tops and a larger volume {a hypo-
thesis proposed by Scott as early as 1905). There is apparently some inconclusive evidence
that the East Antarctic ice sheet (which is by far the largest) shrank during the period
of the last glaciation in the northern hemisphere and then slightly enlarged during the
warming period (Denton et al., 1971; Flohn, 1963; Lamb, 1972, p. 485), out of phase with
the continental ice sheets of North America and Europe. (This was apparently not the case
for the Greenland ice sheet, however.)

Fach of these ice sheets should be considered separately in such a discussion, since
their characteristics are very different. Greenland, with a total volume that corresponds
to about 7 m of ocean water, is influenced by the Arctic Ocean and the other sources of
moisture in the northern hemisphere. It receives considerably more snow than the Antarctic
ice sheets, and its southern end extends well below the Arctic Circle. The Fast Antarctic
ice sheet is by far the most massive in the world, with a volume 8 to 10 times greater
than that of the Greenland ice sheet (thus representing as much as 70 m of ocean), and its
highest point is not far from the South Pole. The West Antarctic ice sheet, with a
slightly smaller volume than that of the Greenland ice sheet, has less snowfall to repien-
ish it, and unlike the other ice sheets its edges are partly grounded below sea level.
There are already some signs of a current retreat of this ice sheet (Denton et al.,

1971), and, if there is a major warming and it retreats so that the Antarctic Ocean water
can flow under it, it would presumably begin to melt faster (Hughes, 1973; Mercer, 1968).
On a geological time scale it is this ice sheet that we should watch with some concern.
However, obviously one should not expect much action in the time scale of human affairs--
that is, for the next few centuries at least--since the time required for a turnover of
water substance in the major ice sheets is on the order of 10" to 10° years (Untersteiner,
GARP-16, App. 7, 1975).

It must be clear, however, that, considering the immense volumes of these three ice
sheets, even a relatively small fractional change of their volumes would affect mean sea
Jevel. Since the turn of the century sea level has risen about 20 cm (SMIC, 1971), but
this rate of rise has slowed since 1940 (Hicks and Crosby, 1975). Can this have been due
to some melting of the ice sheets? Or can it have been caused by mankind's pumping of
"fossil water" from underground aquifers?

In the glaciological literature there is a type of event that has attracted much
attention, known as a glacier "surge." It is well known that mountain glaciers under
certain circumstances can move very rapidly for a period of a few months or years, and
then more slowly again. An explanation is that melting at the bottom of a glacier allows
it to slide with less friction over the underlying rock, and the greater motion (once a
surge starts) helps to generate heat at the interface, and that in turn maintains the
motion until a new equilibrium distribution of mass is attained. The same could, in
principle, happen to the ice sheets of the Antarctic (Wilson, 1969; Hughes, 1970) with
very pronounced effects on the climate of the world as these great blocks of ice were
carried to other latitudes by the ocean currents (Flohn, 1975; GARP-16, App. 1.2, 1875).
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When conditions are warmer there is more likely to be water on the underside of an
ordinary glacier, so an ice sheet might also be expected to respond to a warming by moving
faster. Actually, in the case of the ice sheets, changes in the air temperature on the
time scale in which we have been dealing would probably not be felt at the bottom, since
conductivity in these ice sheets s poor and they are extremely massive. Therefore, it is
highly unlikely, regardless of whether such Antarctic ice surges could occur or have
occurred in the distant past, that they would be a part of our scenario of warming in the
next century or so--but neither can we completely exclude it as a kind of highly unlikely
event that might take place anyway.

4.  VALUE OF A LONG-RANGE CLIMATE FORECAST

4.1 Who can use a climate forecast?

The scenario developed in this report (see Tables 2 and 3, and Figures 3 and 7)
covers a time period that is comparable to the 1ife of a human individual, and perhaps
roughly comparable to the average turnover time of the buildings and factories of a large
city, but very short compared to geological processes. Yet in planning for the future the
time scale usually considered by a government policy maker has tended to be his or her
expected term of office--though this appears to be changing.

Thus, even if scientists could agree that the future course of the climate would
indeed more or less follow our scenario, there remains the question of how useful this
information would be. Who would take advantage of it in their planning? What kinds of
| human activities would benefit from the knowledge that in the next few decades the temp-
= erature and precipitation patterns would be different?

The fact is that never in the history of mankind's affairs have planners and decision
makers been given such a forewarning--with the possible exception of the Biblical story of
Joseph's advice to the Pharaoh about the seven years of plenty and the seven years of
famine. We have no experience with how to act, given several decades of lead time.
Perhaps harbor designs and construction practices would be different if we knew sea level
would rise, perhaps real estate values in marginal regions would be affected if we knew
the growing conditions would improve, perhaps new orchards would be planted with the sure
prospect of a warmer earth, and so forth. However, so far these situations are hypo-
thetical, until scientists can give more assurance than they seem to feel they can give at
present (Kellogg and Schneider, 1974; Schneider, 1976).

It may never be possible to speak with complete assurance about the future of the
climate, because (as we have emphasized before) there will inevitably be natural climate
fluctuations [perhaps caused by volcanic activity or changes in the sun (Roberts and
Olson, 1973; Wilcox, 1975)], longer-term climate changes, and sudden anomalous cooling
events of the sort that have occurred in the past. Until we know a great deal more than
we do now about the climate system and the external influences on it we will not be able
to predict these natural interventions.

The fact remains, however, that our best estimate of the future magnitude of man-
kind's effects, based on a prediction of the second kind, is that these effects will be
considerably Tlarger than the expected natural changes. Therefore, it seems that the
warming will be Tikely to dominate throughout the next century or more, and the proba-
bility of a natural cooling taking over is low. This should be a useful piece of infor-
mation if we can agree on it.

There is another aspect to this prospect that makes it even more unique: If we
wanted to badly enough we could take action to avoid it. It may turn out that the extreme
warming that could conceivably occur toward the latter part of the next century will be
deemed "unacceptable" by the nations of the world, and that strong international action
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will then be taken to drastically cut down the burning of fossil fuels or to institute
countermeasures against the warming. These are certainly options that must be kept in
mind.

4.2 The longer time scale

The magnitude of such natural interventions is expected to be larger when we consider
a period longer than that of our scenario. Figure 6 shows that the amplitudes of the
100,000, 20,000 and 2,500 year oscillations are larger than the 100 and 200 year oscilla-
tions; and another way of expressing the same general concept (used by those who dislike
harmonic analyses) is to speak of climate as an almost stochastic process producing random
fluctuations with extra spectral power in the longer periods, or a "reddened spectrum”
(Kutzbach and Bryson, 1974; NAS, 1975). If some of the periodic oscillations prove to be
real (as they probably are) there is a chance that we can make some long range predictions
of the natural climate changes, but to the extent that it is a random or stochastic process
predictions can only be in probabilistic terms (Mitchell, 1976).

As we look at the longer range, then, beyond 2050 AD and the end of this scenario, we
may be faced with larger natural changes, but it is also possible that mankind's influence
will continue to grow larger. In the short term the largest single effect is due to our
addition of carbon dioxide (see Table 2), and the continuation of this activity could
result in a further increase beyond 2050 AD if coal continued to be burned. Furthermore,
recall that the estimated relaxation time for this added carbon dioxide, the time required
for the deep ocean to take up about two-thirds of it, is estimated to be 1500 years.

Thus, the carbon dioxide released in the next century or two will remain with us in the
atmosphere for the next millenium.

It may be somewhat fruitless to consider the centuries ahead, partly because of our
inability to predict what nature may have in store, but largely because we do not know
what mankind will do. It is possible to imagine a technologically successful and vigorous
"post-industrial society" with ample food and energy resources, a stable population, and
a continuingly increasing warming effect on the planet; and it is also possible to imagine
a society that is exhausting the earth's natural resources and being forced into a declin-
ing population and a declining standard of living. There are prophets of each of these
alternative fates for civilization (see Section 1.3). The future choice will probably not
Tie with technology itself, but in the skill with which technology is used and the social
strugtures that are adopted (Kellogg and Schneider, 1974; Schneider, 1976; Kahn et al.,
1976).

We mention these matters to indicate the nature of the problems that one must face as
one looks at the more distant future. Will climate change pose an ultimate limit to human
growth? This seems unlikely, but we cannot be sure of the answer. The only thing that is
abundantly clear is that scientists, technologists, and the leaders of society must work
together to make the right choices in the face of uncertainty. The dialogue between them
has already begun.

5. NARROWING AREAS OF UNCERTAINTY

Scientific endeavor is often seen as an almost random process of poking into shadowy
corners to retrieve new morsels of knowledge. While these morsels often prove to be
valuable, there are situations where science faces a set of relatively well formulated
problems, and then the process of selecting which dark corners to penetrate need no longer
be random. When the answers to these problems will have an influence on the future course
of mankind, then scientists have little choice but to try to bend their efforts together.
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The future effects of mankind on the climate seems to be a case in point. There are
a number of problems that need to be solved before we can make a "prediction of the second
kind" with the degree of certainty that is required by society. The question is one of
narrowing those areas of uncertainty that are not only challenging scientifically but have
the most important implications for our future--and the future of our children.

We will single out those problems that seem to be clear enough to attack now and
which seem to be most demanding of an answer, fully realizing that research is hardly ever
a thing that can be planned in detail ahead of time. Furthermore, the areas will be
Timited to those involving the effects of mankind, and we will not deal with the larger
guestion of research on the physical basis of natural climate change. These are dealt
with elsewhere (GARP-16, 1975; NAS, 1975).

5.1 Climate modeling

Predictions of the second kind depend on determining the response matrix of a climate
model that includes as many of the important feedback loops of the climate system as
possible, either explicitly or implicitly by parameterization. We may be able to satisfy
ourselves that for certain purposes a set of feedback loops can be neglected in the model,
but this requires careful study.

Great labor and ingenuity has gone into the development of a variety of climate
models already (Schneider and Dickinson, 1974; GARP-16, 1975), but it is generally recog-
nized that for climate experiments there are at least three parts of the system that must
be included in our models better than they have been so far, so that their responses can
be taken into account. These are:

0 response of cloudiness

0 response of ocean circulations

0 response of polar sea ice (to be discussed further).

In addition to improving our understanding of the components of the climate system,
illustrated in Figure 1, a major effort must continue to be directed toward schemes for
coupling them together. As our numerical techniques and the power of computers improve we

should be able to build more complete coupled models with which to do more refined experi-
ments on the climate system.

5.2 Carbon dioxide sources and sinks

Since the increase in carbon dioxide content of the atmosphere appears to be the
largest single anthropogenic influence on climate now and to be expected in the next
century, we must be sure we understand its natural sources and sinks. Its main reservoirs
(outside of fossil fuel still in the earth) are the oceans and the biomass of the earth,
mainly organic material in soils and the forests. The specific questions relating to
carbon dioxide that have been only partially answered so far are these--and there are
several ways of asking them:

0 how have the upper layers of the ocean taken up the added carbon dioxide from
the atmosphere already? and what is the temperature dependence of the process?

0 where and how rapidly do these upper Tayers mix with the deep ocean water?
and how will this exchange be influenced by a global warming?

0 what is thg magnitude of the biomass sink? and how will it be affected by
deforestation, especially in the tropics? and how will various ecosystems
respond to a changed climate and an increased atmospheric carbon dioxide
content?



5.3 Arctic ice pack

0f all the subsystems of the climate system, the one that is 1ikely to play the most
significant part in a warming of the earth is the Arctic Ocean ice pack, for reasons given
in Section 3.3.1. The WMO Executive Committee has already noted this as a special area of
study (in Resolution 12 (EC XXVIITY), If the ice pack is sensitive to warming, and
if it were possible to remove it all, this would come as close to an "ipreversible" process
as anything else we can think of. The heat balance of the ice pack has been studied
extensively (Fletcher, 1965; Untersteiner, GARP-16, App. 7, 1975), but it is still diffi-
cult to model (Maykut and Untersteiner, 1971; Yashington et al., 1976). The variable
effect of open leads on heat transfer between surface and atmosphere, the lack of a good
description of the mechanical or constitutive properties of sea ice, and the difficulty of
assessing heat transfer in the upper ocean layers seem to be the main difficulties now,
and there are others. The development of a better model of this ice pack would therefore
seem to demand a very high priority.

5.4 1Ice sheets

The possibility that a major global warming will cause a small fractional change in
the volume of the ice sheets of the Antarctic and Greenland is very real, though we are
not even sure of the sign of the change (see Section 3.3.2). Since together they account
for enough water substance to increase sea Tevel by 80 m, even a small and barely per-
ceptible change in volume would sTowly impact all the coastal cities and plains of the
world. This could be among the most devastating and costly of all the environmental
effects that we have discussed. In view of this, there are at least two major areas of
investigation that should be pursued (in addition to continuing to monitor sea level):

0 jmprove the models of the ice sheets, including not only the internal dynamics
of the ice mass but the relevant meteorological factors of temperature, precipita-
tion, and atmospheric circulation as they will be affected by a global warming
and changes in other parts of the system, e.g., in the case of Greenland a more
open Arctic Ocean;

0 carefully monitor the topography of the ice sheets; and radar altimeters on

satellites may now provide a new tool for obtaining unprecedented accuracy (less
than 1 m) over relatively level parts of the ice sheets.

5.5 Changing patterns of temperature and precipitation

A global warming will be most noticed by those 1iving in places that are affected by
the largest changes in temperature and precipitation, and these parameters will certainly
vary from region to region. It is therefore not enough to predict the overall response of
the climate system, for we must try to foresee the regional changes. There are two
approaches to this, as has been discussed (see Section 3.2.2):

0 experiment with changing the boundary conditions of improved general circulation
models that include realistic topography and hydrologic processes;

0 clarify the picture of the Altithermal period, when conditions were warmer, On a
region-by-region basis.
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5.6 Aerosols

We have not been able to assign any numbers to the effects of anthropogenic aerosols
on global or regional climate because of a lack of knowledge about the optical properties
and geographical distributions of such aerosols. Furthermore, the character of anthro-
pogenic aerosols must be changing as efforts are made to suppress the emission of the
larger soot particles from power plants and mills, control the use of backyard incinerators
1imit slash-and-burn agricultural practices, and so forth--all this combined with the
continued increase of sulphate particles produced secondarily from burning coal and fuel

011 (see Section 2.2.5). We must therefore study present aerosol types and also try to
predict the course of future emissions.

Among the recommendations of an ad hoc Working Group on Aerosols and Climate that met

in Garmisch Partenkirchen in August 1976, chaired by R. Charlson, were the following (with
some additions):

0 agree on the methodology for describing aerosol characteristics, including their
optical properties, in terms of a few fundamental aerosol types;:

0 ‘make measurements at selected Tocations and times to develop a simple :aerosol
climatology, showing the distribution seasonally, geographically, and with
altitude of the fundamental aerosol typesy

0 model the direct radiative effects of these aerosg] types on the regional hgat
batance ‘under both cloud-free and cloudy conditions, and determine the sensi-
tivity of ‘the overall results ‘to variations of relevant -measured :or assumed
parameters;

0 survey air pollution control activities and plans ‘in major :or repre§entatiye
countries to obtain «an estimate -of ‘the ‘trends that .can be -expected in ‘the Future.

5.7 Other areas of study

While these appear to us to ‘be ‘the problems that demand the most immediate a@tent1on
in our present context, ‘there are, of course, ‘many others. The possible changes in strato-
spheric ozone, for example, have implications for the climate as well as for so1ar_u1tra—
violet (Ramanathan et al., 1976); any increase in nitrous oxide and f1u9rocavbons in the
troposphere increases surface temperature, and the nitrous oxide-fertilizer issue w111 not .
be settled until we know more about the oceans as a source; changes of the character15?1cs
of the Tand will have an effect on heat and water balance, and this will influence regional
climate; and so forth. Clearly, none of these factors can be said to be unimportant.
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